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Abstract

Host-associated microbiota are increasingly being recognised as critical for eukaryotic host
functioning. This is true even for important habitat forming organisms such as macroalgae,
whose functioning and persistence often underpins wider ecosystem function. To improve our
understanding of the role of host-associated microbiota on macroalgal host function and
components of host fitness, I have combined manipulative field and mesocosm experiments
with 16S rRNA gene sequencing to examine host measures that included reproduction and

settlement of the dominant intertidal macroalga Hormosira banksii.

Firstly, in Chapter 2 I developed and tested an experimental framework for determining
causation in host-microbiota interactions. The experimental protocols were designed to try
and disentangle microbially mediated effects on hosts from direct effects on hosts associated
with the methods employed to manipulate host-microbiota. This was done through a
combination of antimicrobial treatments, which have widespread use in holobiont research,
and inoculations, in mesocosms and in the field. This experimental framework allows for
causal relationships to be determined within ecologically important macroalgal holobionts.
This should allow for better predictions of how these systems will respond to environmental

disturbances in their natural context.

In addition, in Chapter 3 I performed a series of experiments testing the role of host-
associated microbiota in not only host function, but also components of fitness. I manipulated
host- and benthic-associated microbiota in order to disentangle the relative importance of
microorganisms on reproductive output and settlement (i.e. attachment and morphogenesis of

algal zygotes). Our results demonstrate the importance of host-associated microbiota on host

vii



reproduction and the interactive effects of host- and benthic-associated microbiota on
settlement — both key ecological processes — with potentially important implications for host

fitness, ecosystem persistence and management.

Lastly, to investigate how host-microbiota interactions change under environmental stress, in
Chapter 4, I conducted a series of manipulative experiments following a series of unusually
extreme rainfall events along the coast of Sydney, Australia. I examined the effects of rainfall
(in the field) and lowered salinity (in the laboratory) on host reproductive output and
performance. Manipulative field experiments using a combination of antimicrobial treatments
applied once (pulse) or regularly (press) showed that disruption of Hormosira’s microbiome
after a rain event inhibited the post-event recovery of host reproductive output and
photosynthesis. Press disruption of host-microbiome prevented recovery of normal levels of
reproductive output and photosynthesis for over four months. This experiment demonstrates
the role host-associated microbiomes play in mediating responses of important habitat

forming algae to environmental stress.

Overall, this work has provided novel ecological insights into the relationship between a
dominant habitat forming macroalga and its bacterial consortia and provides a baseline for

future work into holobiont ecology.
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Chapter 1.

General introduction

1.1 Holobionts as an emergent form of life

Evidence from systems as diverse as grasslands to the human gut indicates that close
associations with microorganisms are fundamentally important to eukaryotic life (Rosenberg
& Zilber-Rosenberg, 2018a). The new understanding of these relationships is causing a
paradigm shift in biology, such that plants and animals are no longer viewed as singular
entities but rather as “holobionts”, composed of the eukaryotic host plus its associated
microbiota (McFall-Ngai et al., 2013; Theis et al., 2016). Whilst there is debate over how far
this paradigm shift extends, e.g., whether holobionts should be considered as superorganisms,
with selective pressure acting on the holobiont as a whole or on individual members of the
holobiont (see Douglas & Werren, 2016), there is clear evidence that host-associated
microbial communities are profoundly important for the normal development and functioning

of the host (Agler et al., 2016; Barott et al., 2011; Bourne et al., 2016).

Host-associated microbial communities have been characterized and shown to be important
to systems as diverse as the human gut (Donaldson et al., 2016; Lloyd-Price et al., 2019),
plants (Berendsen et al., 2012; Wagg et al., 2015), corals (Bourne et al., 2016; Glasl et al.,
2016), insects (Ferguson et al., 2018; Gupta & Nair, 2020; Kapheim et al., 2015) and sponges
(Fan et al., 2013; Hentschel et al., 2012). These systems — holobionts — by their nature are
often very complex. One response of researchers to this complexity is to do research on
holobionts in model systems under non-natural or even axenic conditions, removed from their

natural environment (Fontaine et al., 2015; Kennedy et al., 2018; KleinJan et al., 2021).
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Alternatively, researchers have adopted mostly descriptive approaches (as opposed to
experimental) when studying holobionts in situ. While much insight into holobionts has been
gained from these studies, not studying organisms in situ hinders our capacity to understand
the functioning of holobionts in their natural environment, and to predict their response to
disturbances or changing environmental conditions (Prosser, 2022; Trevathan-Tackett et al.,

2019).

Most holobionts harbor thousands of microbial taxa (Bourne et al., 2016; Donaldson et al.,
2016; Marzinelli et al., 2016) and the inherent variability in natural systems adds additional
complexity to any experimental approaches to studying holobionts in situ. The challenge of
how to determine host-microbiota interactions in the field is a central theme in modern
microbial ecology (Prosser, 2022; Trevathan-Tackett et al., 2019). Many studies have used
descriptive approaches where microbial communities are characterized or responses to
environmental variation are measured (Fan et al., 2013; Marzinelli et al., 2015; Pfister et al.,
2018; Weigel & Pfister, 2019). Typically, these studies place hosts are under different
environmental conditions and characterize host and microbial changes, from which
relationships are inferred (e.g., Pedicini et al 2023). Whilst descriptive approaches are useful
to assess diversity (who is there?) and potential function (what can/do they do?), such
approaches have led to a bottleneck in holobiont ecology wherein cause-effect relationships
are still not determined for most natural systems (Prosser, 2022; Prosser & Martiny, 2020).
To overcome this, experimental approaches which examine causation must be used. This
challenge for microbial ecology in some ways mirrors the development of macrobial ecology
which was transformed half a century ago from a descriptive field to a strong experimental
discipline (e.g. Connell, 1961; Paine, 1966; Simberloff & Wilson, 1969). This was the
impetus for Chapter 2 in which an experimental framework was developed for disentangling

cause-effect relationships in non-model holobionts in natural systems.
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Another key factor for predicting the response of holobionts to varying environmental
conditions or disturbances is understanding the role of host-associated microbial communities
throughout the life histories of hosts. Microbiomes can exert influence at different stages of a
hosts’ life cycle (Carrier et al., 2022; Pantoja-Feliciano et al., 2013). For example, in the
human gut, early gut colonization by commensal bacteria plays a significant role in mediating
the risk of non-communicable diseases such as obesity and metabolic dysfunction in
adulthood (Blaser, 2006; Gilbert et al., 2018; Wallace et al., 2016). These and other findings
have led to the idea of vertical transmission of the microbiome from adults to their offspring
(Blaser, 2006; Grieneisen et al., 2021; McFall-Ngai, 2002). Vertical transmission of
microbiota occurs in multiple mammalian hosts, although most examples are typically based
on studies done in highly controlled settings (Grieneisen et al., 2021; Moeller et al., 2018;
Tochitani, 2021). The majority of non-mammalian work on vertical transmission has used
hosts such as insects (Fukatsu & Hosokawa, 2002; Mclaren et al., 1975), sponges (Grice et
al., 2017; Hentschel et al., 2012) and corals (Ainsworth et al., 2015; Bourne et al., 2016).
Evidence for vertical transmission on microbiomes has been shown to be inconsistent,
suggesting that common predictions from model systems are not necessarily true when
considering complex microbiomes in natural systems (Bjork et al., 2019). Transmission of
microbiota from adults to their offspring can also occur horizontally, i.e. via the environment
(Rosenberg & Zilber-Rosenberg, 2018). Examples of this include the well-studied bobtailed
squid and its symbiont Vibrio fischeri (Nyholm et al., 2009), and grasslands where beneficial
microbes enhance early the life stages of habitat forming organisms (Frank et al., 2017;

Tadych et al., 2014; Wasai & Minamisawa, 2018).

In natural systems, habitat-forming organisms such as trees, grasses, corals and macrophytes
are increasingly being recognized in the literature as highly complex holobionts (Adak et al.,

2016; Egan et al., 2013a; van der Loos et al., 2019). These habitat-forming organisms host
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abundant epiphytic microbiota on the surface layer (Lemay et al., 2018; Weigel & Pfister,
2019), their rhizomes (Berendsen et al., 2012; Knief et al., 2012) and leaves (Enriquez et al.,
2002; Laforest-Lapointe et al., 2017), with some species (e.g. Sargassum muticum,
Himanthalia elongata, and Chondrus crispus) hosting an internal endophytic microbial
community (Bonthond et al., 2022). These host-associated microbial communities can
enhance host functions ranging from nutrient supply (Miranda et al., 2022; Penhale &
Capone, 1981; Weigel & Pfister, 2019), developmental regulation (Nakanishi et al., 1996a;
Stappenbeck et al., 2002), disease resistance (Li et al., 2022; Qiu et al., 2019), to assistance in
acclimating to environmental conditions such as salinity (Dittami et al., 2016; KleinJan et al.,
2021). For marine macrophytes - a broad ranging group of habitat-forming macroalgae (e.g.
kelps, fucoids) and plants (e.g. seagrasses, mangroves) which form extensive
forests/meadows in coastal seas - some of the clearest demonstrations of the importance of
microbial communities in host function and development have been shown in the macroalga
Ulva sp. (Nakanishi et al., 1996; Provasoli & Pintner, 1980) Ectocarpus sp (Dittami et al.,
2014, 2016; KleinJan et al., 2021) and Delisea pulchra (Campbell et al., 2011; Kumar et al.,
2016). But the importance of the microbiome in other, arguably more ecologically important
macrophytes is also increasingly emerging (Bondoso et al., 2017; Fuggle et al., 2023;
Gribben et al., 2017; Martin et al., 2020, 2020; Marzinelli et al., 2015; Miranda et al., 2022;

Pfister et al., 2018; Qiu et al., 2019; Weigel & Pfister, 2019).

1.2 Holobionts in the environment

One key reason why it is necessary to study holobionts in their natural environment is that it
is where they evolved, and host-microbiome interactions are a consequence of that history
(Bosch et al., 2019; Rosenberg & Zilber-Rosenberg, 2018). For example, deficiency in
specific gene pathways has led a number of species to rely on co-evolved microbial

communities for key metabolic functions such as ammino acid synthesis and carbon
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breakdown (Ley et al., 2008; Warnecke et al., 2007; Xia et al., 2017). Holobionts also
respond to, and in turn are affected by ecological interactions with other organisms, changes
in environmental conditions and the interaction between these factors. Herbivory and
predation have been shown to have strong effects on the structure of host-associated
microbiome which, in turn, has implications for host function (Carthey et al., 2020; Gilbert,
2020). Several studies have tested the relationship between variation in the physical
environment and holobionts, primarily through comparing the composition of microbial
communities in different habitats (Marzinelli et al., 2015; Weigel & Pfister, 2019).
Environmental conditions such as temperature (Case et al., 2011; Greenspan et al., 2020),
light intensity (Coelho-Souza et al., 2017; Pineda et al., 2016), salinity (Dittami et al., 2016;
KleinJan et al., 2021) and nutrient availability (Adak et al., 2016; Den Haan et al., 2016;
Seabloom et al., 2019; Szitenberg et al., 2022) all can affect holobiont community
composition with implications for their function. Furthermore, ecological interactions may
change with varying environmental conditions. For example, many bacteria and fungi present
in holobionts exhibit the genomic potential to degrade cell walls, whilst many remain
commensal or even mutualistic, and environmental change has been shown to shift these

interactions to pathogenic (Aiyar et al., 2017; Campbell et al., 2011).

Environmental variability is a natural part of any ecosystem, and holobionts must be resilient
to that variability. In marine systems, environmental conditions such as nutrient availability,
and salinity vary on multiple temporal and spatial scales (Ridgeway, 2009; Wernberg,
Thomsen, et al., 2013). However, the world’s oceans are also undergoing unprecedented
change driven in part by anthropogenic climate change (Solomon, 2023). Climate change is
having a multifaceted effect on marine ecosystems. Long-term stressors such as ocean
acidification (Beman et al., 2011) and warming (Lima et al., 2007) are changing the

distribution and function of ecological communities. Alongside these chronic stressors,
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climate change is also increasing the frequency and severity of extreme events such as
heatwaves, droughts and extreme rainfall (Hoegh-Guldberg & Bruno, 2010; Masson-

Delmotte et al., 2022).

In marine environments, heatwaves are the most studied extreme environmental events. This
is in part due to several recent extreme marine heatwaves (Oliver et al., 2019; Smale, 2020),
whose intensity (CSIRO et al., 2018; Smith et al., 2023) and length (Oliver et al., 2018) have
significantly increased over the past two decades. Other extreme events in coastal
environments include severe rainfall and flooding events, which can have a substantial effect
on the structure (O’Gorman et al., 2012) and functioning of these ecosystems (Duvat et al.,
2021; O’Connor et al., 2015). This is in part due to the multiple effects which are
characteristic of extreme rainfall events, that is, rapid salinity fluxes coupled with nutrient
enrichment and often chemical pollution from onshore (Kuntz et al., 2005; O’Connor et al.,
2015; White et al., 2018).Whilst there is experimental evidence for the effect of abiotic
stressors, such as elevated temperatures (Campbell et al., 2011; Case et al., 2011; Minich et
al., 2018) or changing salinities on microbial community composition (Dittami et al., 2016;
KleinJan et al., 2021), there is limited evidence as to the effect these microbial changes have
in host function (but see Dittami et al 2016; Martinez-Arias et al., 2022). This thesis

addresses this within the context of extreme rainfall in the field.

1.2 The study system — Hormosira banksii

As noted above, marine macroalgae are critical biogenic habitats in rocky coastal marine
environments worldwide (Bellgrove et al., 2010; Clark et al., 2018; Duffy et al., 2019;

Marzinelli et al., 2016; Pfister et al., 2018). On intertidal rocky shores, the canopy provided
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by their physical structures ameliorates the often harsh physical conditions and provides
important refuge for intertidal invertebrates and other species of non-canopy forming

seaweed (Bishop et al., 2009; Gemelli et al., 2019; Wright et al., 2014).

Hormosira banksii (Turner) Decainse (Hormosira hereafter) is a perennial fucoidan
macroalga which forms habitat on temperate intertidal rocky shores in Australia and New
Zealand (Bellgrove et al., 2010; Lilley & Schiel, 2006; Schiel et al., 2006). Hormosira is a
monospecific genus whose structure is characterized by its distinctive branched chains of
vesicles, leading to its common name of “Neptune’s necklace” (Getman, 1914; Osborn,
1948). This morphology, however, is highly variable and is dependent on environmental
conditions (Bishop et al., 2009; Clarke & Womersley, 1981; Taylor & Schiel, 2003).
Hormosira is distributed from northern New South Wales through to Albany in Western
Australia and is present in both Tasmania and New Zealand (Miller et al., 2020), although its
distribution in New Zealand has severely contracted following the earthquakes in 2016

(Schiel et al., 2019; Thomsen et al., 2020).

Intertidal macroalgae such as Hormosira are susceptible to both natural and anthropogenic
disturbances including climate change (Benedetti-Cecchi et al., 2001; Bulleri et al., 2018),
trampling (Povey & Keough, 2023; Schiel & Taylor, 1999a), increased nutrients and
pollutants due to sewage (Bellgrove et al., 2010; Doblin & Clayton, 1995; Seery et al., 2006),
storms and increased wave activity (Taylor & Schiel, 2003; Underwood, 1998). This is in
part due to the sessile nature of habitat forming macrophytes and increased urbanization in

coastal ecosystems (Benedetti-Cecchi et al., 2001).
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1.3 Thesis subject: The role of host-associated microbes in host function

This thesis examines the role of host-associated microbiota (primarily bacteria) in host
function for the important intertidal habitat-forming macroalga, Hormosira. The structure of
the thesis is summarized in Fig. 1. Three aspects of holobiont functioning are the focus here:
understanding the interaction of Hormosira and its bacterial microbiota in its natural
environment, including methodological approaches necessary for an in-situ approach, the
importance of microbial communities at various stages of the lifecycle of the host, and the
role of the microbiota in the response of the holobiont to extreme environmental events
(rainfall). The data chapters in this thesis, Chapter 2-4, have been prepared as stand-alone

manuscripts formatted for publication.

Chapter 2 develops an experimental framework for understanding the role of host-associated
microbial communities for non-model hosts in both the laboratory and field, using the
background of eukaryotic experimental marine ecology as a template (e.g. Underwood et al.,
1997, 2000). I conducted three separate manipulative experiments, two in mesocosms in a
flow-through aquarium and one in the field. These experiments addressed some of the
methodological challenges involved in using antimicrobials as protocols for understanding

causality in host-microbiota interactions.

Chapter 3 explores the independent and interactive effects of host- and benthic substratum-
associated microbiota on two key events in the life cycle of Hormosira: reproductive output

(propagule release and quantity) and settlement of zygotes (attachment and morphogenesis).

Chapter 4 investigated the role of host-associated microbial communities in mediating the
Hormosira holobiont response to extreme rainfall events. This chapter includes two

manipulative experiments (laboratory and field), firstly testing for the effect of salinity on the

27



Chapter 2

Host-associated
microbiota

Chapter 4

<= = = = Environmental stress

Gamete release

N Chapter 3
3 el oley
Settlement w

Benthic biofilm

Figure 1.1 Schematic overview of the thesis. Chapter 2 addresses how we approach
determining causality in non-model holobionts in the field. Chapter 3 determines the role of
host-associated microbiota across ontogeny and the role of benthic biofilms in settlement.
Chapter 4 explores the role of host-associated microbiota in host function, and potential

fitness during extreme rainfall events.
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holobiont, and secondly, exploring how microbial communities influence the response of the

holobiont to extreme rainfall which occurred in Sydney in February-April 2022.

The final chapter (Chapter 5, General Discussion) synthesizes this research and draws
together the outcomes and ideas presented in this thesis. It discusses the current knowledge of
holobiont ecology and integrates ideas from both ecological and microbiological fields.
Limitations and links with potential solutions are also discussed. Furthermore, this final
chapter presents how this work may be applied to conserving and managing highly important

habitat forming organisms in the face of climate change.
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Chapter 2.

Disentangling direct versus indirect effects of microbiome
manipulations in a habitat-forming marine holobiont.

2.1 Abstract

Host-associated microorganisms are now recognised as being critical for eukaryotic host
functioning; however, most studies to date have focused on descriptive approaches or have
used model systems, usually in the laboratory, to understand host-microbiome interactions.
To advance our understanding of host-microbiome interactions and their wider ecological
impacts, we need (i) robust experimental frameworks to explore causality in host-microbiome
interactions and (ii) protocols that apply to model systems but also to often highly diverse
natural systems. We used a dominant habitat-forming seaweed, Hormosira banksii, to
explore a widely applicable framework for experimentally testing host-microbiome
interactions. The experimental protocols were particularly designed to try and disentangle
microbially mediated effects on hosts from direct effects on hosts associated with the
methods employed to manipulate host-microbiota. This was done through a combination of
antimicrobial treatments, which have widespread use in holobiont research, and inoculations,
in mesocosms and in the field. Three different antibiotic treatments were used to disrupt
seaweed-associated microbial communities to test whether such microbiome disturbances
would negatively affect host performance. Responses of microbiomes to these disturbances
were complex and differed substantially among treatments. However, by comparing the
temporal sequence of antibiotic treatments, changes in microbial diversity, and decreases in
host performance, a consistent effect of the microbiome on host performance was observed in
some treatments. To further test these effects, we used 16S rRNA gene sequencing to

identify microbial taxa that were both correlated and uncorrelated with poor host
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performance following antibiotic treatment. These were then isolated and used in inoculation
experiments, independently or in combination with the previously used antibiotic treatments.
Negative effects on host condition were strongest where specific microbial disturbances (by
particular antimicrobials) were combined with inoculations of strains correlated with poor
host performance. For these treatments, negative host effects persisted the entire experimental
period (12 days), even though treatments were only applied at the beginning of the
experiment. Host condition recovered in all other treatments. This experimental framework
allows for causal relationships to be determined within ecologically important holobionts.
This should allow for better predictions of how these systems will respond to, and potentially

mitigate, environmental disturbances in their natural context.

2.2 Introduction

Evidence from systems as diverse as coral reefs and the human gut indicates that host-
associated microbial communities are fundamentally important for the normal development
and functioning of eukaryotic hosts (Lozupone et al., 2012; McFall-Ngai et al., 2013;
Rosenberg et al., 2007; Wilkins et al., 2019). This is leading to a paradigm shift in biology,
where eukaryotes are no longer viewed as single entities, but rather as part of a coherent
biological association comprised of the host and their microbiome, i.e. as “holobionts”

(Dittami et al., 2021; Rosenberg & Zilber-Rosenberg, 2018).

Our knowledge of holobiont biology is mostly based on observational approaches, that is,
descriptions of host or microbial characteristics of the holobiont, often measured in
association with variation in environmental parameters or host performance (e.g Nielsen et

al., 2016; Qiu et al., 2019). Such approaches typically involve sequencing and ‘omics’
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techniques that have allowed detailed characterisations of microbial diversity and, in some
cases, predicted function of holobionts (Gilbert & Dupont, 2011; Hug et al., 2016; Lloyd-

Price et al., 2019).

Descriptive studies are important in providing knowledge of the diversity (who is there?) and
the functional potential (what can/do they do?) of host-associated microorganisms and how
microbial diversity and function vary with host performance. These studies, however, do not
untangle causal relationships, where the effects of complex microbial communities on hosts
(and vice versa) can be distinguished and tested (Dittami et al., 2014; Prosser & Martiny,

2020).

While description of patterns is a fundamental first step in the scientific framework
(Underwood et al., 2000), to understand complex systems we need to move beyond
descriptions to experimental manipulations that determine causality and reveal potential
mechanisms (Jansson & Prosser, 2013; Prosser, 2022; Underwood et al., 1997). Relying on
inferred causation only from observations hinders, for example, our capacity to predict the
responses of holobionts to disturbances or changing environmental conditions (Prosser &
Martiny, 2020; Trevathan-Tackett et al., 2019). This issue has been long recognised in
macrobial ecology, when half a century ago a largely descriptive field was transformed into a
strong experimental discipline (e.g. Connell, 1961; Paine, 1966; Simberloff & Wilson, 1969).
Unlike in macrobial ecology, the question of how to experimentally approach holobiont
ecology remains a bottleneck and has become a major focus of modern microbial ecology
(Prosser & Martiny, 2020). This is part due to the complexity of most holobionts which
harbour thousands of taxa (Bourne et al., 2016; Donaldson et al., 2016; Marzinelli et al.,
2016), giving rise to the potential for millions of interactions among these taxa and between
the microbiome and the host. The most notable, if rare, example of an experimental system
for the manipulation of complex microbial communities is the use of “germ-free” mice in
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biomedical systems, which require intensive, whole-of-life-cycle facilities to raise mice

without their normal microbiome (Fontaine et al., 2015; Kennedy et al., 2018).

Other experimental manipulations with holobionts have predominately been performed in
“model” organisms, which have enabled us to determine causation and mechanisms,
particularly where model eukaryotic hosts are associated with one or a few microbial
symbionts, such as for the bobtail squid Euphrymna scolopes and its bacterial symbiont
Aliivibrio fisheri (Koch & McFall-Ngai, 2018). Within algal systems, the clearest
demonstrations of the role of complex microbial communities on host function (Reviewed in
Egan et al., 2013a) are those of Ulva spp (see Nakanishi et al., 1996; Provasoli & Pintner,

1980) and Ectocarpus spp (see Dittami et al., 2016; KleinJan et al., 2021).

The process of unravelling the complex associations and interactions between hosts and their
microbiome is at a very early stage for most non-model holobionts living in open, “real-
world” environmental systems where large, structurally complex, habitat-forming holobionts
such as trees, kelps or corals create the biogenic structure of ecosystems. Understanding of
host-microbiome interactions for such foundational holobionts is particularly significant
because the impacts on the interaction between these hosts and their microbiome can cascade

throughout entire ecosystems (e.g. Laforest-Lapointe et al., 2017).

Experimental frameworks that allow establishing causation of host-microbe interactions in
holobionts are beginning to be developed (Carrier & Reitzel, 2017; Dittami et al., 2014). In
general, to determine the causative effects of the microbiome on host functioning, we need
experimental approaches that manipulate the microbiome in a controlled manner (where there
are no effects of the manipulations other than on the microbiome) and, if possible, in a
specific fashion using targeted manipulations of specific microorganisms correlated with host

performance. Moreover, ideally for the environmental systems of concern here,
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manipulations would be conducted in the field (e.g., Campbell et al., 2011, 2014; Peixoto et
al., 2021) to avoid unwanted effects that are linked to the laboratory environment, as has been

the case for many other biotic interactions in ecology (Underwood et al., 2000).

One particular challenge for such manipulations is that many of the experimental protocols
do not disentangle direct effects of treatments on the hosts from effects of manipulations of
the microbiome on hosts. Experimental manipulations on holobionts can involve the selective
removal/reduction of microorganisms of interest (e.g., those found to correlate either
positively/negatively with host performance), the addition of such microorganisms or a
combination of both. The removal or reduction/disruption of host-associated microorganisms
using antibiotics is a common approach (reviewed in Kennedy et al., 2018) that has been used
to study, for example, effects on host immunity, metabolism and disease (Blacher et al.,
2019; Glasl et al., 2016; Peixoto et al., 2017). However, the key question which arises from
their use is: how do we decouple the potential direct physical/chemical effects of
antimicrobials on host performance (e.g. Kohanski et al., 2010; Rubin & Tamaoki, 2005)
from indirect, microbially-mediated effects? This is a complex and ongoing issue as different
antimicrobials cause vastly different effects, both within the host and on its microbiome
(Looft et al., 2012; Luo & Song, 2021). Resolving this issue is critical to understand

causation in holobionts and provides the foundation of the work presented here.

We used a dominant, habitat-forming marine holobiont to develop and test a general
experimental framework for exploring cause-effect relationships between microbiome and
host performance in non-model holobionts. We combined microbial reduction/disruption,
using antibiotics, with inoculations of specific microbial taxa associated with a widespread
marine habitat-forming fucoid alga, Hormosira banksii (hereafter Hormosira). Hormosira
forms extensive intertidal forests along Australian and New Zealand rocky shores but has
declined in many urbanised areas due to multiple anthropogenic stressors (e.g. Bellgrove,
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McKenzie, et al., 2017; Doblin & Clayton, 1995). As with other similar seaweeds, such

declines may be mediated by disruptions of their associated microbiome (Qiu et al., 2019).

We first used different antibiotic treatments that reduced/disrupted different components of
Hormosira’s surface-associated microbiome to test the hypothesis that such microbial
disruption would negatively affect host performance. To distinguish direct impacts of
antibiotics from indirect, microbially-mediated effects, we isolated, and subsequently
inoculated, microbial taxa whose abundance were either correlated (and thus predicted to
affect the host when added) or uncorrelated (no effect predicted) with effects on the host. By
inoculating such taxa, independently or in combination with microbiome reductions over an
ecologically relevant temporal scale, we were able to establish causation within the
microbiome. The benefits and challenges of these approaches, individually and in concert, are

explored.

2.3 Methodology

2.3.1 Relationships between microbiome and host performance

Mesocosm experiment

Hormosira individuals of similar frond size (mean diameter: 7.8 +/- S.E 2.2 cm, length: 11.2
+/- S.E 0.81 cm; N=120) were haphazardly collected by carefully detaching their holdfast
from intertidal rocks during low tide at Cronulla beach, Sydney, Australia (34°03°22.8” S
151°09°19.7” E) on 4 December 2018. Hormosira were transported in seawater within one
hour to the flow-through aquarium facility at the Sydney Institute of Marine Science (SIMS)
where they were thoroughly rinsed in autoclaved filtered (0.2 pm) seawater to remove
fouling organisms and loosely associated microorganisms. Hormosira individuals were then

placed into 12, 2-litre tanks (10 individuals 2.5cm apart per tank) by cable-tying their
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holdfasts to weighted mesh (e.g. Marzinelli et al., 2009) and left overnight to acclimatize.
Tanks were supplied by filtered (5 um), UV-treated, running seawater. The following day,
algae were rinsed with autoclaved filtered seawater (AFSW) and randomly assigned to one of
three antibiotic combinations (AB1, AB2 or AB3; see details in Table S2.1) or an AFSW
control. Algae were left to soak in the different antibiotic treatments or in AFSW (control) for
24 hours, then rinsed with AFSW and placed back into the 12 independent tanks (n=3 tanks

per treatment; 10 individuals per tank) with UV treated, 5 um filtered seawater.

One Hormosira individual was randomly selected and removed from each tank prior to the
addition of any antibiotics (day 0), just after their treatment with antibiotics (day 1) and every
second day for 1 week and on day 12 to characterise surface-associated microbiome and host
performance (see details in Supplementary Information). Temporal sampling allows for the
detection of unwanted direct effects as it is predicted that if antibiotics had any direct (e.g.,
chemical) effects on the host, such effects would be immediate (see Li et al 2022). On the
other hand, if effects on host are microbially-mediated, it is predicted that there would be a
lag between the application of the treatment and the response of the host (i.e. time for the
microbiota to respond to the treatment and consequentially elicit a response on the host).
Whilst temporal sampling provides evidence of direct effects if present, it is fundamentally
important to also use suitable controls, i.e., in this case multiple antibiotics with different

MOASs and chemical structures.

To characterise the associated microbiome, a consistent area of the algal surface (23 +/- SE
2.7 cm?; adjacent to, but independent from the area where photosynthesis was measured, see
below) was swabbed for 30 seconds with sterile cotton swabs, which were immediately
placed in sterile cryogenic tubes in liquid nitrogen and then stored at -80°C until DNA
extraction (as per Marzinelli et al., 2015). Host performance was assessed by quantifying the
maximum photosynthetic quantum yield (after individuals were dark-adapted for 15 min)
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using a Pulse Amplitude Modulated (PAM) fluorometer (WALZ, Germany), a metric of host
performance previously used for macroalgae that generally reflects poor host condition under

stress (Qiu et al., 2019; Straub et al., 2019).

Field experiment

Forty-two Hormosira individuals of similar size (approximately 6.8 +/- 2.3 cm in diameter
and 8.5 +/- SE 1.3 cm in length) approximately ~1m apart were tagged at Cape Banks,
Sydney, Australia (33°59°55.3” S 151°14°53.6” E) during low tide on 13 May 2018. Algae
were rinsed with AFSW for 1 minute and then subjected to one of 6 different treatments: 1)
the antibiotic combination AB2 (chosen due to its effect on the microbiome and host
performance in the mesocosm experiment above) applied once for 2 hours during exposure at
low tide, 2) Povidone lodine 10% w/v (‘iodine’ hereafter) applied once for 2 hours (10), 3)
iodine applied every ~ 2 days for 15 minutes (IM), 4) a procedural control for the treatment
application once (IMO; applying AFSW once for 2 hours), 5) a procedural control for the
continuous treatment application (IMC; applying AFSW for 15 mins every ~ 2 days), 6)

control (C, undisturbed individual; see details in Supplementary Table S1).

Half of the surface area of each individual (~12 +/- 2.7 cm?) was swabbed for 30 seconds to
quantify the surface-associated microbiome as described for the mesocosm experiment. Swab
controls (i.e., used similarly to those for swabbing alga except no algae was swabbed) were
collected. The other half was swabbed for bacterial culturing (details below); these swabs
were stored in 1.5ml Eppendorf filled with Iml of AFSW and placed in ice until arrival to the
laboratory. Additional swab controls were collected to test for potential contamination in
cultures due to the placement in AFSW. Samples were collected every 2™ day for a total of

46 days (see Supplementary Table S2 for specific dates).

37



Bacterial isolation and culture

For both the laboratory and field experiments, swabs were in 1.5 ml Eppendorf tubes filled
with 1ml of AFSW were immediately taken to the laboratory for spreading on plates. Briefly,
the suspended swab was vortexed and 10 ul of the solution was then plated on standard half
strength marine broth agar (MP Biomedicals LLC). Individual morphologically distinct
colonies were picked after 24hrs. These colonies were suspended in liquid marine broth and
left to grow for 48 hrs at room temperature on a shaker plate. 10 ul of the liquid culture was
then plated as above on a new sterile agar plate. Colonies were replated until only 1
morphological form remained which was then extracted and sequenced (details below).
Isolates were stored in glycerol at -80°C until resuspension in marine broth for inoculations

(see Supplementary Information for growth conditions).

Isolates were sequenced (details below) and the identity of the taxa were matched with those
from the mesocosm and field experiment. Microbial amplicon sequence variant (hereafter,
“ASV”) abundance was correlated with host photosynthetic yield to identify isolates for the
inoculation experiments. Two strains were used for inoculations: Vibrio genomosp (F10 str.
97.C157) and Vibrio chagasii (str ECSMB 14107). V. genomosp was chosen as its increase in
abundance post-antibiotic treatment was directly correlated with poor host performance
(PAM) and had the greatest change in total abundance over the experiment (Figure S1). V.
chagasii was chosen as it was phylogenetically similar to V. genomosp but remained at a
constant abundance throughout the experiment and was thus uncorrelated to variation in host

performance. It was therefore used as a control inoculant (Figure S1).

2.3.2 Testing for direct effects of components of the microbiome

Inoculation experiment
Hormosira individuals of similar length (7.5cm +/- SE 1.2; N=110) were haphazardly
collected as described above from the rocky shore at Cape Banks on 25 January 2021 and
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transported to the SIMS aquarium within an hour, where they were rinsed with AFSW.
Hormosira individuals were then placed into 15ml falcon tubes (1 individual per tube) and
attached via their holdfast to a stainless-steel rod at the bottom of the tube (Fig. S3). Each
tube was individually fed filtered (50 pm) seawater through aquarium airlines from four
replicate header tanks. Once all samples were attached in the aquarium, they were left
overnight to acclimatise. On the next day, all tubes were rinsed with AFSW and the algae

inside was randomly assigned to one of seven treatments (Table S1):

1) Microbiome disruption with antibiotic combination AB2 applied once for 25 hours (as in

the mesocosm experiment; Table S1);

2) Microbiome disruption as in (1) followed by inoculation with bacteria whose relative
abundances correlated with poor host condition in the experiments above (Vibrio genomosp,

see Fig S1; cell density 5x10% CFU);

3) Microbiome disruption as in (1) followed by inoculation with bacteria unrelated with host
performance in the experiments above (negative control: Vibrio chagsii sp.; see Fig S1; cell

density 5x10% CFU);

4) Microbiome left undisturbed (AFSW) for 24 hours followed by inoculation with V.

genomosp as in (2);

5) Microbiome left undisturbed (AFSW) for 24 hours followed by inoculation with the

negative control strain as in (3);
6) Procedural control, AFSW for 25 hours;
7) Control (undisturbed algae).

Inoculations were done by immersing Hormosira for 1 hour within the high-density cell

culture which allowed sufficient time for the inoculated bacteria to attach to algal surfaces
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(See supplementary figure S1). This timing was confirmed by leaving individuals within high
cell density washed cultures for varying times before being swabbed as above. DNA was
extracted and custom qPCR primers for the inoculants were used to determine abundance

(see Supplementary Information for further details)

Samples were collected following the same timepoints as in the previous experiment: 5
individuals were collected at day 0 before treatments were applied and 3 independent
individuals were randomly selected from each treatment on days 1, 2, 5, 8 and 12, at the same
time of day on each sampling occasion. These time-points and the overall duration of this
experiment were based on results from the previous experiments above which showed effects
on microbiome and hosts within ~3-5 days (see Results) and our capacity to maintain
independent replicate algae for each treatment x time combination. Surface-associated
bacteria and algal photosynthetic efficiency was then characterised for each sample as

described above (See mesocosm experiment above).

DNA extraction and sequencing

For characterisation of microbial communities in all experiments, microbial DNA was
extracted from each swab sample in a randomised order using a PowerSoil DNA Isolation kit
(Qiagen) following the manufacturers protocol. DNA extracts were quantified using

spectrophotometry (NanoDrop 1000) and stored at -20°C until sequencing.

The extracted DNA samples were amplified with Polymerase Chain Reaction (PCR) using
the 16S rRNA gene primers 341 (F) (5’- CCTACGGGNGGCWGCAG-3") and 805(R) — (5°-
GACTACHVGGGTATCTAATCC-3), covering the V3-V4 regions of the bacterial and
archaeal 16S rRNA gene (Klindworth et al., 2013). The PCR conditions involved a pre-
heating step to 95 °C for 3 min followed by 35 cycles of 95°C for 15 s, 55°C for 1 min and

73°C for 30 s. Both positive (with known DNA sequence) and negative controls (nuclease-
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free water, control swabs) were used. The negative controls did not amplify DNA, suggesting
no contamination on swabs/materials or during extraction and amplification. Agarose gel
electrophoresis and Nanodrop 1000 were used to ensure the quantity and quality of the
amplicons before they were sent for sequencing via the Illumina MiSeq 2000 platform at the

Ramaciotti Centre for Genomics (UNSW, Sydney).

Bioinformatics

Raw sequencing data was quality filtered using Trimmomatic (Bolger et al., 2014) with a
sliding window trim of 4:15 base pairs (bp) and removal of sequences with <36bp. Paired-
end reads were merged with a minimum length of 400bp and maximum of 500bp using
USEARCH (Edgar, 2017). UNOISE was then used to remove chimeras and produce
amplicon sequence variants (ASVs), i.e., operational taxonomic units at a unique sequence
level (0% distance) (Edgar, 2017). USEARCH was used to map the original reads back to
ASVs, generating a table of 5812, 7637 and 9138 ASVs for the mesocosm, field and
inoculation experiments, respectively. ASV sequences were searched with BlastN against the
SILVA SSU Ref NR99 database for taxonomic classification to classify and remove
chloroplasts, GTDB was then used for taxonomic assignment. Singletons and low abundance
taxa (<0.01% of reads) were removed from the dataset for statistical analyses, resulting in

4112, 6488 and 7028 ASVs (mesocosm, field and inoculation experiments respectively).

Estimation of absolute bacterial abundance

Total abundance of the 16S rRNA gene was quantified for each sample by qPCR using the
primers 341F/805R (Thijs et al., 2017). Gene amplification and analysis were performed
using the QuantStudio 3 thermocycler (Thermo Fisher with PrimeTime® Gene Expression
Master Mix, Integrated DNA Technologies) and associated software. The reaction conditions
for amplification of DNA were 56°C for 2 min, 95 °C for 10 min and 40 cycles of 95 °C for
15 s and 60 °C for 1 min. The final gene copy number per sample was corrected for the total
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extraction volume, the surface area and the dilution factor and DNA yield per sample (see
(Nappi et al., 2022) for further details on the normalisation) and were used to estimate

absolute abundances of ASVs and inoculants.

Statistical Analyses

To account for uneven sequencing depth among samples, data were normalised using the
counts per million reads method in the R package DESeq?2 (Love et al., 2014). This resulted
in a total of 4,423,807, 10,443,709 and 9,921,043 sequences for the mesocosm, field

experiment and inoculation datasets, respectively.

To test for effects of microbiome manipulations on host photosynthetic efficiency, we used a
linear model with the factors treatment (fixed) and time (fixed, crossed). For the first
mesocosm experiment where multiple Hormosira individuals were sampled from each tank,
‘tank’ was fitted as a random factor nested within treatment using the Ime4 R package
(v4.0.3). To meet the model’s assumptions, data were square root transformed. p-values were
obtained using the anova function within the car package in R with significance being tested
using F-tests, or likelihood ratio tests for the mixed model that included tank as a random

effect.

Alpha diversity measures of richness (i.e., number of unique sequences) and Simpson’s
diversity index were calculated using the ‘vegan’ R package (Oksanen et al., 2013) and
differences between treatment (fixed) and time (fixed, crossed) were examined using a linear

model in the R GAD package. Where appropriate, tank was included as a random factor.

To determine differences in the structure of the associated bacterial assemblages, the
normalised ASV data were analysed using permutational multivariate analysis of variance
(PERMANOVA) (Anderson & Walsh, 2013) in the R vegan package (Oksanen et al., 2013),

with the factors treatment, time and tank (mesocosm experiment only) as above. Similarity
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matrices were calculated using Bray-Curtis measure on square-root transformed data and
visualised through non-metric multi-dimensional scaling (nMDS) ordinations. We also
calculated and plotted mean Bray-Curtis similarities to the control (undisturbed algae)
treatment. To determine which bacterial taxa’s abundance differed among treatments and
times, we used multivariate generalised linear models (GLMs) using the R package
‘mvabund’ (Wang et al., 2012), assuming a negative-binomial distribution to account for
over-dispersion. In order to determine how the total abundance of the two inoculants changed
over the course of the experiment, linear models were fitted with the factors treatment (fixed)

and time (fixed, crossed) in R (v4.0.3).

2.4 Results

2.4.1 Mesocosm experiment

Antibiotic treatments significantly changed the bacterial community structure on Hormosira
in the mesocosm experiment, but there were significant differences among different
antibiotics and over time (PERMANOVA pseudo-Fo,3,=1.29, p<0.001; Table S7; Fig. 2.1.B).
The effects of the antibiotics were not immediate, with no effect of treatments at time 1. As
of day 2 Hormosira treated with antibiotic mix 2 had a significantly different community
structure than all other treatments and that difference remained until the end of the
experiment at day 12 (Fo, 30=2.71, p<0.001). Antibiotic mix 3’s microbial community differed
significantly from controls at day 2 which lasted till day 12 (F9, 32 = 1.94, p<0.001; Fig. 1B)
and was significantly different from controls and all other treatments at day 12 (F o, 32 = 3.63,

p<0.001; Fig. 2.1B).

Community richness was significantly lower in the treatment antibiotic mix 2 than the control

(ANOVA, F3, 85=6.05, p<0.001; Table S8), Antibiotic mix 3 had significantly lower richness
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than controls (ANOVA, F3, s5=4.84, p<0.016). Simpson’s diversity index was significantly
lower in the antibiotic mix 3 than all other treatments at the end of the experiment (day 12,

ANOVA, F3 s0= 5.49, p<0.001; Table S8).

These changes in the microbiome correlated with changes in host photosynthesis, which
occurred ~3 days after treatment with AB2. Hormosira’s photosynthetic yield under
antibiotic mix 2 experienced a continuous and significant decrease after 5 days (ANOVA,
Fo30=28.56, p<0.001). Algae treated with antibiotic mix 3 also had decreased photosynthetic
yield compared to controls, but only towards the end of the experiment, with the lowest
decrease at day 12 (ANOVA, Fo3=7.16, p<0.001; Fig. 2.1A). Algae treated with the
antibiotic mix 1 or in the control did not show any change in photosynthetic yield over time

(Fig. 2.1A).

2.4.2 Field experiment

In the field, bacterial relative abundance and community structure differed significantly
across time and among treatments (PERMANOVA, pseudo-F20,0s=1.6505, p<0.001, Fig
2.1.C and D; Table S9). Antibiotics and iodine both caused significant changes in community
structure from day 7 which lasted for the 46 days of the experiment (PERMANOVA, pseudo-
F20,08= 3.35, p<0.001). Multiple applications of iodine caused greater changes in community
structure than a single application alone (PERMANOVA, Fs9s= 3.506, p<0.001).

Antibiotics, when administered once, had a similar effect to multiple applications of iodine

(PERMANOVA, t=1.706, p>0.05; Table S9). The number of bacterial
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Fig. 2.1. Host photosynthetic efficiency (A, C) means +/- SE, n=3; and microbial community
responses Bray-Curtis dissimilarity (B, D) to experimental treatments in the mesocosm (A,B)
and field (C,D) experiments. Microbial community data were normalised, and square root
transformed prior to calculations of dissimilarities. Treatments are (AB1) Antibiotic mix 1;
(AB2) Antibiotic mix 2; (AB3) Antibiotic mix 3; (C) Control; (IM) Iodine press; (I0) lodine

pulse; (IMC) Iodine press control; (PC) Procedural control (AFSW).
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ASVs significantly decreased in algae treated with antibiotic and iodine relative to controls

(ANOVA, Fa095= 4.92, p<0.001)

Photosynthetic yield of the host differed significantly among treatments, with individuals in
the antibiotic treatment AB2 showing a significant decline in photosynthetic efficiency over

time (ANOVA, F4,162=6.145, p<0.001; Table S6), starting at day 9 with the greatest effect

occurring at day 21. This effect remained significant until day 46, when photosynthetic
efficiency did not differ from controls (Fig. 2.1.C; Table S6). Algae treated multiple times
with iodine (IodineM) also showed lower photosynthetic yield than controls and single
application of iodine but did not recover by the end of the experiment. Again, this was after a
lag period of 21 days (ANOVA, F20,162=3.201, p<0.001; Table S6). No other treatments
differed from the controls which was coupled with no significant differences in the

community composition within these treatments.

2.4.3 Bacterial Isolation

To identify strains correlated with host function we isolated bacteria, leading to over 140
isolates, of which 22 strains were correlated with poor host performance within both the
mesocosm and field experiments. The abundance/presence of Vibrio genomosp sp was most
strongly correlated with poor host performance (r=-0.68, p <0.0001; Fig S2.2) with its
abundance significantly increasing in all disruption treatments except AB1 (ANOVA, Fo 3=
4.39, p<0.001). There were also many bacterial taxa whose abundances were not correlated

with host performance, e.g., Vibrio chagasii sp (r=0.14, p<0.12; Fig S2.2).

2.4.4 Inoculation experiment
GLM analyses identified 172 ASVs (approx. 1.8% of a total of 9138 ASVs) whose
abundances differed significantly among treatments over the duration of the inoculation

experiment. Of those, we found a strong main effect of treatment on 10 ASVs in the classes
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Fig. 2.2. Host and microbial community responses to experimental treatments within the
inoculation experiment (Clockwise from top-left); A) Host photosynthetic yield; B) Absolute
abundance of the 16S rRNA gene within each treatment over time obtained with qPCR; C)
nMDS based on the Bray-Curtis measure on square root transformed absolute abundances of

ASVs on the algal surface across treatments (stress =0.0736). Treatments are: (AB2)
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Antibiotic mix 2; (AB2 + CI) Antibiotic mix 2 plus control inoculant (Vibrio chagasii); (AB2

+ T1) Antibiotic mix 2

Gammaproteobacteria, Alphaproteobacteria and Cyanophyceae, with abundances of the latter
two being lower in all treatments with microbiome disruption. There was a significant
increase in Vibrio species alongside a significant increase of the inoculants V. chagasii and V.
genomosp whose abundances were significantly higher within inoculation treatments

(ANOVA, Fs4= 1.77, p<0.001; Fig 2.3).

Inoculation with V. genomosp when combined with a disruption of the microbiome had the
strongest effect on microbial community structure, which differed from all other treatments at
day 2 and lasted until the end of the experiment (ANOVA, Fs24=4.28, p<0.001; Fig. 2.2.C
and D). The microbiome structure of algae disrupted with antibiotics and inoculated with V.
chagasii did not differ from disruption with antibiotics but was different from controls
(ANOVA, Fs24=1.31, p<0.01; Fig. 2.2.C) indicating that whilst the strain was present it did
not influence community structure. No significant differences were found throughout the
experiment among the three control treatments (Control, Procedural control, and inoculation
control, Table S12). Furthermore, all treatments with antibiotics had significantly lower
richness than controls until day 8 where there was no significant difference among treatments

(ANOVA, Fs24=0.969, p=0.21).

All antibiotic treatments, including both treatments where the algae were further inoculated
with both Vibrio spp., had significantly lower photosynthetic yield than those where
microbiomes were left undisturbed and this effect was observed ~2 days after observed
microbial changes (ANOVA, Fs24=4.25, p<0.001, Fig 2.2.A). Inoculation with V. genomosp
had a similar effect on photosynthesis as treatments with antibiotics but without inoculants or

inoculated with V. chagasii (ANOVA, Fs24=1.58, p<0.03, Fig 2.2.A). All treatments, except
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control (AFSW); (CI) Control inoculant (Vibrio chagasii); (TI) Test inoculant (Vibrio

genomosp).
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microbial disruption followed by inoculation with V. genomosp, recovered to the same level

of photosynthetic yield that was present at the start of the experiment by day 12.

2.5 Discussion

The structure and function of host-associated microbiomes are strongly related with host
performance, but as is highlighted in the recent literature (Marchesi et al., 2016), we still have
very limited understanding of cause-effect in these interactions in complex, non-model
holobionts. Here, we identified the effect of the microbiome, or subsets thereof, on the
performance (photosynthesis) of a dominant, marine habitat-forming holobiont via a
combination of removals and additions of microbial taxa associated with the host’s
performance in mesocosms and field experiments. We disrupted the host’s microbiome using
a series of different antibiotic mixes with several methods of action, also chosen because they
are thought to not have direct toxic effects on multicellular algae at the concentrations used
(see Fuetal., 2017; Li et al., 2022).We showed that the reduction/disruption of different
components of the microbiome affected host performance in different ways, which changed
in a non-linear fashion over time. Temporal sampling added further evidence of microbially
mediated effects, as any direct chemical effect of the antimicrobials on the host would likely
be immediate (Ebert et al., 2011; Fu et al., 2017) whereas microbially-mediated effects would
take time following the removal/decline of taxa (Schmidt & Saha, 2021), as was the case in

our experiments in both the lab and the field.

2.5.1 Microbiome manipulations using antibiotics

In the mesocosm experiment, when exposed to antibiotics, all microbial communities were
significantly altered. This was followed by a decrease in host performance, i.e., there was a
lag between the microbial changes and the effect on host performance. In addition, different
antibiotic mixes affected the microbiome differently despite having similar microbial targets

(Table S2.2). For instance, AB1 influenced the microbiome but not the host, while AB2 and
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AB3 affected the microbiome and subsequently the host, but host responses had different lag
times (3 vs 5 days after microbial changes, respectively). Because (i) microbial changes
occurred before host changes, (i1) the antibiotics had no discernible immediate effect on the
host which would be expected from previous work and (iii1) the three antibiotic mixes had
similar targets but varying MOA, all this suggests no (undesired) direct effects of the
antibiotics on the host — changes in host performance were therefore likely caused by changes
in the microbiome. Given the challenges associated with controlling for undesired, direct
effects of treatments on hosts, we argue that the combination of the use of several
antimicrobials with similar targets but varying MOAs and chemical structures, and temporal
sampling of the microbiome with host performance in parallel provides a robust approach to
understanding microbially mediated effects on host function. Within this work the antibiotics
used were selected from previous work which has suggested that they do not have chemical
effects on the host (Dittami et al., 2016). However, without direct characterisation of the
interaction of the chemicals with the host’s tissue we cannot be completely sure that this is
the case, thus the need for suitable treatment controls and temporal sampling. Microscopy of
the host could be incorporated to determine potential impacts on its cells, in addition to rapid
physiological assessments such as done here with maximum photosynthetic yield (e.g.

Dittami et al., 2016; Fuggle et al., 2023) .

The antibiotic mix which had the most significant and lasting effect was antibiotic mix 2
(AB2), whose difference from the other antibiotic mixes was the inclusion of the microbial
RNA polymerase inhibiting Rifampicin. Antibiotic mix 3 (AB3) also contained a similar
antibiotic target (Chloramphenicol) and was close to AB2’s efficacy in significantly
decreasing relevant microbial taxa from the microbiome. Indeed, the main group negatively
affected by these two treatments were nitrogen-fixing cyanobacteria which we were unable to

get into a pure culture. The most abundant cyanobacteria ranged from 1-3% (Pleurocapsa sp)
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of the total abundance. N-fixing bacteria such as these have been implicated in numerous
symbioses with terrestrial, and more recently, marine plants (Fiore et al., 2010; Mohr et al.,
2021; Nutman, 1969). N is a limiting nutrient within intertidal environments with many algal
species often relying on extracellular N fixation to meet their physiological needs (Bracken &

Nielsen, 2004; Pfister, 2007). This may explain the observed decline in host performance.

Microbiome manipulations in the field experiment supported the results from our mesocosm
experiment as microbial disruption to the host caused significant, negative effects on host
performance. As in the lab, the microbial disruption caused by AB2 had a significant
negative effect on host function, which eventually recovered over time (45 Days). Antiseptics
(Povidone iodine 10%) had a similar, negative effect on host function when applied once
(pulse) but caused lasting, negative effects on the host when applied multiple times (press).
This approach incorporating both pulse and press stressors allows us to probe the resistance
and resilience of Hormosira’s microbiome (Bender et al., 1984). This approach also mimics
the natural environment closer where Hormosira is exposed to both press (e.g., increasing
ocean temperatures) and pulse (e.g., desiccation at low tide or extreme rainfall) stressors over
varying timescales. Interestingly, as in the lab, cyanobacteria were the main bacteria which
remained at low abundances during the press treatments. Whilst our disruptions within both
the lab and field show consistent patterns, many others have shown difficulty in relating
findings in the lab to real-world settings (see Stachowicz et al., 2008), highlighting the need
to run these experiments in the field wherever possible. This is particularly important in the
context of environmental change because stressors can interact in complex ways, leading to
different responses of organisms depending on the environmental context (Mayer-Pinto et al.,

2015; Orr et al., 2020).
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2.5.2 Inoculations

Disruption of the microbiome then allowed us to develop the second experimental approach —
inoculations of relevant taxa — in an ecologically realistic way. From the lab and field
experiments we were able to isolate over 22 unique strains associated with poor host
performance. These isolates were dominated by highly culturable taxa from the orders
Altermonadales and Vibrionales, with several ASVs being assigned to taxa that are known
pathogens. Although the isolated taxa made up ~1% of total taxonomic diversity within the
community, their abundance contributed to ~5% of the total. We used some of these taxa in
inoculation experiments combined with microbial disruptions to determine their independent
or combined effect on host performance. Importantly though, and a limitation of this method
is the fact that we were unable to culture bacterial taxa positively correlated with host
function. This would be a logical first step for others to attempt and should be a focus of
future work. Alongside this, due to the increasing recognition of the prevalence of marine
fungi associated with hosts (see Amend et al., 2019; Tourneroche et al., 2019), future work

should also include attempts to isolate these members of the community.

Microbial disruption, when combined with inoculations of bacterial taxa associated with poor
host function (Vibrio genomosp sp), led to a much stronger negative effect on host
performance than disruption or inoculation alone, and their performance did not recover
during our experiment. This treatment also led to a shift in the bacterial community structure
that did not recover throughout the experiment, suggesting that a threshold may have been
reached where the resilience of the microbial community was overcome. Environmental
stressors can lead to dysbiosis or an imbalance in the microbiome of holobionts as diverse as
corals, kelps and humans, which, in turn, can make them more susceptible to being affected
by pathogens (Greenspan et al., 2020; Minich et al., 2018). Thus, the combination of

microbial disturbance and inoculations with taxa related to poor host performance can help
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understand and better predict responses of holobionts to environmental stressors and the

potential mechanisms underlying such responses.

Bacteria belonging to the genera Vibrio, Pseudoalteromonas and Phaeobacter have been
described as antagonistic towards their hosts (Li et al., 2022), although this is species-specific
as certain Phaeobacter species have been shown to provide antifouling and antilarval abilities
(Rao et al., 2007). The specificity of strains is further demonstrated as inoculation with our
control inoculant Vibrio changasii spp, despite its close taxonomic relation to Vibrio
genomosp, did not induce a negative effect on host condition — this was expected as this
taxon was chosen as an inoculation control because its abundance did not correlate with host
performance in our first set of experiments. Sequencing analyses after inoculation showed a
significant increase in the abundance of both Vibrio chagsii spp and Vibrio genomosp
indicating that our inoculation was successful in inducing temporary establishment within the
host microbiome. However, this establishment did not last throughout the experiment;
abundances of both inoculants returned to control levels by the end of the experimental
period. Both strains have been reported as opportunists within other host species and are not
found in high abundances within the undisturbed microbiome of H. banksii, which may be
the result of them being outcompeted by other taxa in the microbial assemblage. This initial
increase in abundance followed by rapid decrease is supported by recent work showing that
commensal and mutualistic bacterial taxa switch to antagonistic pathogens when disrupted

(Hoeger et al., 2022).

3.5.3 Understanding holobionts in their natural ecological settings

To enable us to understand how holobionts will respond to environmental change, it is
important to study them within their natural ecological settings. This is inherently a difficult
problem in natural systems, where thousands of taxa may contribute to millions of potential
interactions. Here we have developed an experimental protocol that combines microbiome
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disruption using antibiotics, and the identification and subsequent inoculation of presumed
harmful bacteria. This was done in both the laboratory and the field. We believe this
combined approach, applied (wherever possible) in real-world settings, provides a powerful
and necessary approach towards a causal understanding of these interactions. However, there
are critical aspects that still need to be considered when interpreting outcomes of these
experimental approaches, particularly the complex responses of microorganisms to different
antimicrobials, the potential direct (not microbially mediated) effects on the host of the
methodology employed to manipulate microbiome, and the temporal sequence of events and
the environmental context (i.e. lab vs field). We showed that disruption of the host-associated
microbiome using different antibiotics and subsequent temporal sampling of microbial
changes and host performance provided critical information on the microorganisms
potentially associated with host function, a pattern that was consistent in mesocosms and in
the field. We then targeted, isolated and cultured relevant microbial taxa associated with
changes in host performance (or lack thereof, as controls) and used them in controlled
experiments to formally test their impact on the host. This approach increased the strength of
our inferences as we can start to disentangle the effects of disturbance on the broader
microbial community (e.g., dysbiosis caused by the antimicrobials) from the effect of
individual strains of relevant microbial taxa, or both combined. A logical progression of this
work is to incorporate “natural” disruptions, as those influenced by environmental changes,
allowing better predictions of how these ecosystems will respond to, and potentially mitigate,

future environmental disturbances.
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2.6 Supplementary Information — Chapter 2

Culture conditions for bacterial inoculants

Bacterial isolates stored within 12.5% glycerol at -80°C were removed from the freezer and
thawed on ice. Once thawed, isolate was gently vortexed for 10s, 10ul of the isolate-glycerol
solution was pipetted into a sterile marine broth agar plate and raked. Bacterial stock solution
was then return to the freezer and the plate was placed into an incubator set to 250C
overnight. The following day, the plates were checked to ensure that only 1 morphological
form had grown, an individual colony was picked using a sterile inoculating loop and placed
into 25ml of liquid marine broth. The solution was vortexed and then placed on a shaker tray
set to 100rpm. The culture was grown until it reached a cell density of 5x10% CFU (i.e.,

culture was in a stationary phase) which was confirmed using spectroscopy (OD ~ 0.600).

Determination of isolate attachment success and custom primers

Inoculation success was tested for both candidate inoculants (Vibrio genomosp and Vibrio
Chagasii). This was done by exposing 60 individuals of Hormosira for each inoculant to cell
suspensions (cell density 5x108 CFU) of Vibrio genomosp and Vibrio Chagasii for varying
lengths of time (5, 15, 30, 60, 120 and 240 minutes). At each timepoint 10 individuals were
rinsed with AFSW and swabbed using protocols described in the methods. DNA was
extracted using a powersoil pro kit (Qiagen) and qPCR used to determine the abundance of
the isolates attached. Custom primers were used; Vibrio genomosp (F) (5°-
TCAGCGCCTTTGCTATCGGA-3’), (R) (5’-TGCGGATGGCAGTGAGACAT-3") and
(PRB) (°5- /56-FAM/TCAGAAGCC/ZEN/ATAGTCGGGAGTAGCC/31ABKFQ/-3"); and
Vibrio chagasii (F) (‘5- TACCGCTGACGAAGTATCGC-3’), (R) (“5-
TTCGCATTCCTCGGGTTTCA-3’) and (PRB) (“5-

/S6FAM/TCATGTCCC/ZEN/AGTGTTGTCGCCAAT/3IABKFQ/-3”). 60 minutes was
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chosen as the appropriate length of time as within both inoculants there was the greatest

attachment at this timepoint (Figure S2.1).
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Supplementary figure 2.1 — Abundances of gene reads extracted from qPCR data using
custom primers (A) Vibrio genomosp sp and (B) Vibrio chagasii. Shaded areas indicate

smoothing function applied to the data.
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A) Birds eye view

Each tube recieves m
5um ASW through

airline hose from the m
header tank

——— Airline

Falcon tube holder
The bottom of the falcon
tubes cut off to enable
drainage whilst
minimising cross

B) contamination

Supplementary figure 3 — Experimental setup showing schematic diagram (A) alongside
actual setup (B). Each individual algal was attached by their holdfast to the bottom of a 15ml

falcon tube. Each tube is then fed an individual and constant supply of Sum filtered seawater
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Table S2.1; Description of treatments used within the 3 experiments (Mesocosm, Field and Inoculation)

d) Sampling

e) Sampling

a) c¢) Treatment times for times for
Experiment b) Treatment’s specification
Abbreviation application amplicon Photosynthetic
sequencing yield
ABI Antiobiotic treatement 1: Penincilin 24 hours in Day 0 (before
Day 1
(100mg/ml)/Streptomycin(25mg/ml)/Norfloxacin antibiotic solution antibiotic
(24hours after
(Img/ml)/Kanamycin (25mg/ml) and rinsed with treatment-
antibiotic
AFSW 05/12/2018); day
treatement-
AB2 Antiobiotic treatement 2: Penincilin 24 hours in 1 (24hours after
06/12/2018);
(100mg/ml)/Neomycin(100mg/ml)/Rifampicin(50mg/ml) | antibiotic solution antibiotic
day 2
% and rinsed with treatement-
E (7/12/2018);
g AFSW 06/12/2018); day
5 day
g AB3 Antiobiotic treatement 3: Penincilin 24 hours in 2 (7/12/2018);
g 5(10/12/2018);
% (100mg/ml)/Streptomycin(25mg/ml)/Norfloxacin antibiotic solution day 5
=
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Field experiment

AB?2 for 2 hours
and thorough

rinse with AFSW

13/05/19); day
2 (2 days after

treatment

(Img/ml)/Kanamycin (25mg/ml)/ Neomycin(100mg/ml)/ | and rinsed with day 12 (10/12/2018);
Chloramphenicol (10mg/ml) AFSW (17/12/2018) | day 7
Control Control (no antibiotics ) 24 hours in (12/12/2018);
AFSW and rinsed day 12
with AFSW at the (17/12/2018);
same time then day 16(21
rinsing of
antibiotic
treatements
AB2 Antibiotic treatement 2 (as in laboratory experiment but Quick AFSW Day 0 (before | Day 0 (before
higher concentrations): Penincilin rinse and applying any | applying any
(900mg/ml)/Neomycin(900mg/ml)/Rifampicin(600mg/ml) | application of treatment- treatment-

13/05/19); day 2
(2 days after

treatment
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BetO

Betadine applied once (Povidone iodine solution 10%)

Quick AFSW
rinse and
application of
Betadine for 2
hours and
thorough rinse

with AFSW

BetM

Betadine applied multiple times (Povidone iodine solution

10%)

Quick AFSW
rinse and
application of
Betadine for 15
minutes and
rinsed with
AFSW. Same
process performed

approx. every 2

application-
15/05/19); day
9 (22/05/19);
day 21
(03/06/19);
day 45

(27/06/19)

application-
15/05/19); day 4
(17/05/19); day
7 (20/05/19);
day 9
(22/05/19); day
14 (27/05/19);
day 16
(29/05/19); day
21 (03/06/19);
day 28
(10/06/19); day
36 (18/06/19);
day 40
(22/06/19); day

45 (27/06/19)
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days (same days
then
photosynthetic
yield sampling see

column e)

ProcContO

Procedural control for AB and CBetO

Quick AFSW
rinse and
application of
AFSW for 2 hours
and thorough

rinse with AFSW

ProcContM

Procedural control for BetM

Quick AFSW
rinse and

application of
AFSW for 15

minutes and
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rinsed with
AFSW. Same
process performed
approx. every 2
days (same days
then BetM and
photosynthetic

yield sampling see

Inoculation

experiment

column e)
Control General control Quick AFSW
rinse
AB2 Antibiotic treatment 2: Penincilin Quick AFSW Day 0 (Before treatment), Day 1,
(100mg/ml)/Neomycin(100mg/ml)/Rifampicin(50mg/ml) | rinse and Day 2, Day 5, Day 8, Day 12

application of

AB2 for 25 hours
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and thorough

rinse with AFSW

AB2 V+

Antibiotic treatment with Active inoculant

microbiome
disruption with
antibiotic
combination
(AB2) for 24
hours followed by
“active” inoculant
(Vibrio genomosp,
Cell density 5x10%

CFU) for 1 hour,

AB2 V-

Antibiotic treatment with Control inoculant

microbiome
disruption with
antibiotic

combination
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(AB2) for 24
hours followed by
control inoculant
(Vibrio chagsii sp.
Cell density 5x10°

CFU) for 1 hour,

Vibrio +

Active inoculant

microbiome left
intact (AFSW) for
24 hours followed
by “active”
inoculant (Vibrio
genomosp,Cell
density 5x10%

CFU) for 1 hour
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Vibrio -

Control Inoculant

microbiome left
intact (AFSW) for
24 hours followed
by control
inoculant (Vibrio
chagsii sp. Cell
density 5x10%

CFU) for 1 hour

PC Procedural control Algae left in
AFSW for 25Hrs
C Control Algae left in

aquarium during

treatment
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Table S2.2 Method of action and key bacterial targets of antibiotics used

Antibiotic Method of Action Bacterial target Half Life References Antibiotic
mix
Penincilin Inhibition of transpeptidase - | Gram-positive 0.4-0.9 hrs Tipper and Trominger, 1965; | 1,2,3
inhibition of cell wall bacteria Waxman et al 1980; Sass,
biosynthesis 2023
Streptomycin Interference with ribosomal Limited aerobic 2.5hrs Demirci et al 2013 1,3
peptide synthesis bacteria due to
antibiotic resistance
Norfloxacin Inhibits DNA gyrase Most gram-negative 3-4hrs Goldstein 1987 1,3
and gram-positive
bacteria
Kanamycin Binding to bacterial 30S and | Gram-negative 2.5hrs Brezden et al 2016 1,3

16S ribosomal subunit —

causes misreading of t-RNA

bacteria
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Neomycin Binding to bacterial 30S Gram-negative N/A Veirup et al 2022; Patidaret | 2
ribosomal subunit — inhibits bacteria al 2013
elongation of peptide
synthesis
Rifampicin Inhibits DNA-dependant Gram-positive cocci 3.5hrs Campbell et al 2001; 2
RNA-polymerase McClure et al 1978
Chloramphenicol Bacteriostatic inhibitor of Gram-positive and 1.5-3.5hrs Brook et al 2016; Dinos et al | 3

protein synthesis — binds to
bacterial 50S ribosomal

subunit

gram-negative

bacteria

2016
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Table S2.3. Analysis of Variance (ANOVA) tests comparing maximum photosynthetic yields of Hormosira banksii across sampling time points

and different treatments for the mesocosm experiment (Fixed, crossed, Treatment 4 levels, AB1, AB2, AB3, C; Time 6 levels, 0, 1, 2, 5, 8, 12)

Source Df Sum of Sq Mean Sq F P-Value
Treatment 3 0.041843 0.0139476 20.645 5.30E-10
Sampling time 3 0.42831 0.0142768 21.133 3.54E-10
Treatment*Sampling 9 0.11584 0.0128712 19.052 <2.2E-16
time

Residual 80 0.054047 0.0006756

Table S2.4; Post-hoc analysis comparing maximum photosynthetic yields of Hormosira banksii across sampling time points and different

treatments for the mesocosm experiment

Days Treatment estimate | SE df t.ratio p.value
comparison

0d No Significant differences

1d
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2d

5d AB2-AB1 0.085644 | 0.015 80 5.707 <.0001
AB3-AB2 0.082365 | 0.015 80 5.489 <.0001
Control-AB2 0.088333 | 0.015 80 -5.886 <.0001
9d
12d AB2-AB1 0.085644 | 0.015 80 5.707 <.0001
AB3-AB1 0.168009 | 0.015 80 11.196 <.0001
AB3-AB2 0.082365 | 0.015 80 5.489 <.0001
Control-AB2 - 0.015 80 -5.886 <.0001
0.088333
Control-AB3 - 0.015 80 -11.375 <.0001
0.170698
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Table S5; Statistical results. Analysis of Variance (ANOVA) tests comparing maximum photosynthetic yields of Hormosira banksii across

sampling time points and different treatments for the field experiment

Source Df Sum of Sq Mean Sq F P-Value
Treatment 5 0.21121 0.042241 5.6901 7.30E-05
Sampling time 4 0.15841 0.039604 5.3348 4.63E-04
Treatment*Sampling time 20 0.65118 0.032559 4.3859 4.29E-08
Residual 162 1.20263 0.007424
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Table S6; Post-hoc analysis comparing maximum photosynthetic yields of Hormosira banksii across sampling time points and different treatments

for the field experiment

Days Treatment estimate | SE df t.ratio p.value
comparison

0d No Significant differences

1d

2d

5d

9d Control-AB -0.15014 | 0.0461 | 162 -3.260 | 0.0168
ProcContM- 0.19557 | 0.0461 | 162 4.247 0.0005
BetM
ProcContM-BetO | 0.21157 | 0.0461 | 162 4.594 0.0001

12d
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21d BetM-AB -0.18786 | 0.0461 162 -4.079 0.0010
BetO-AB -0.26243 | 0.0461 162 -5.698 <.0001
ProcContM-AB | -0.25743 | 0.0461 162 -5.590 <.0001
ProcContO-AB -0.24914 | 0.0461 162 -5.410 <.0001
Control-AB -0.28300 | 0.0461 162 -6.145 <.0001
45d BetM-AB 0.19525 | 0.0609 | 162 3.205 0.0199
Control-BetM - 0.0583 | 378 -3.201 0.0185
0.186750
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Table S7 Statistical results. ANOVA results for analysis of bacterial community alpha diversity measures: number of species and Simpson index in

Hormosira banksii individuals within the mesocosm experiment.

Source Df Sum of | Mean F P-value
Sq Sq

Treatment 3 73457 24486 6.0464 | 0.00221

Sampling time 6 132847 | 44282 10.9348 | 4.22¢-05

Treatment x 9 38336 | 4260 1.0518 | 0.42293

Sampling time

Residual 32 129589 | 4050
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Table S8. Statistical results. ANOVA results for analysis of bacterial community alpha diversity measures: number of species and Simpson index in
Hormosira banksii subject to different treatments across time in the field). Post-hoc pairwise comparisons are also presented (only showing results

of time points and treatments with significant differences).

Source effect size Df Sum of | Mean F P-value
Sq Sq

Treatment 0.15 5 101780 | 20356 |4.9231 | 0.0004984

Sampling time 0.21 4 143095 | 35774 | 8.6519 | 5.911e-06

Treatment x 20 69236 | 3462 0.8372 | 0.6631976

Sampling time

Residual 98 372129 | 4135

Pairwise test

Treatment AB?2 - Control | p<0.005**

AB2 - CBetM | p<0.5*

AB2 -CBetO | p<0.5*

BetM - Control | p<0.5*

BetM- CBetO | p<0.5*
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Table S9; PERMANOVAs based on Bray—Curtis Similarity measure for square root-transformed relative abundance (9999 permutations) of
bacterial communities (ASVs) in Hormosira banksii across sampling time points and different treatments the mesocosm experiment. Table S1 has

the treatments used. Significant p values(p<0.05) are highlighted in bold and italics.

Source df SS MS Pseudo- | P(perm) | perms
F

Treatment 3 5699.3 | 1899.8 |2.1882 | 0.0001 |9798

Sampling time 3 19463 6487.7 | 7.4726 | 0.0001 | 9884

Treatment x 9 10151 1127.9 |1.2991 |0.0014 | 9677

Sampling time

Tank 6 1059 176.5 1.862 0.3298 | 9786
Residual 32 27782 868.19
Total 47 63095
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Table S10; Pairwise contrasts on PERMANOVAs based on Bray—Curtis Similarity measure for square root-transformed relative abundance

(9999 permutations) of bacterial communities (ASVs) in Hormosira banksii across sampling time points and different treatments the mesocosm

experiment.
Pairwise test Days Treatment
comparison
Treatment x Sampling time | 12d AB2 - ABI p<0.005%**
AB3 - Control p<0.5*
AB3 - ABI p<0.005%**
Treatment AB?2 - Control p<0.005**
AB2 - ABI p<0.005%**
AB2 - AB3 p<0.5%*
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Table S11. PERMANOV As based on Bray—Curtis Similarity measure for square root-transformed relative abundance (9999 permutations)

of bacterial communities (ASVs) in Hormosira banksii across sampling time points and different treatments the field experiment. Table S1

has the treatments used. Significant p values(p<0.05) are highlighted in bold and italics.

Source

df SS MS Pseudo-F | P(perm) perms
Treatment 5 22032 4406.4 7.6284 0.0001 9811
Sampling time 4 33213 8303.2 14.374 0.0001 9846
Treatment x Sampling time 20 26297 1314.9 2.2763 0.0001 9591
Residual 90 51987 577.64
Total 119 133530
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Table S12. PERMANOV As based on Bray—Curtis Similarity measure for square root-transformed relative abundance (9999
permutations) of bacterial communities (ASVs) in Hormosira banksii across sampling time points and different treatments the

field experiment. Table S1 has the treatments used. Significant p values(p<0.05) are highlighted in bold and italics.

Days Treatement t P(perm) perms P(MC)
comparison

0d No significant differences

2d BetO- ProcContO 2.3292 0.0292 35 0.0076
BetO- ProcContM 2.265 0.0292 35 0.0091
BetO- Control 2.1701 0.0247 35 0.0135
ProcContO- BetM 2.8772 0.0265 35 0.0033
ProcContO- AB 1.9269 0.0289 35 0.0142
BetM- ProcContM 2.6858 0.0294 35 0.0033
BetM- Control 2.446 0.03 35 0.0068
BetM- AB 1.7065 0.0279 35 0.0543
ProcContM- AB 1.8055 0.0308 35 0.0188
Control- AB 1.5982 0.0298 35 0.0419




9d BetO- BetM 2.7522 0.0319 35 0.0026
BetO- Control 1.7677 0.0292 35 0.026
BetO- AB 1.7588 0.0296 35 0.0366
ProcContO- BetM 3.2668 0.0287 35 0.0012
ProcContO- AB 1.8704 0.0303 35 0.0195
BetM- ProcContM 3.5876 0.0312 35 0.0007
BetM- Control 3.4544 0.0275 35 0.0008
BetM- AB 2.589 0.0313 35 0.0049
ProcContM- AB 2.013 0.0273 35 0.0152
Control- AB 1.8592 0.0256 35 0.0198

21d BetO- BetM 3.0037 0.0292 35 0.0024
ProcContO- BetM 3.5358 0.0313 35 0.0009
ProcContO- AB 1.6949 0.0285 35 0.0299
BetM- ProcContM 4.3121 0.0281 35 0.0008
BetM- Control 3.2017 0.0285 35 0.0013
BetM- AB 2.7522 0.03 35 0.0019
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ProcContM- AB 2.016 0.0287 35 0.0104
Control- AB 1.5638 0.0267 35 0.0501
45d BetO- BetM 2.2648 0.0277 35 0.0061
ProcContO- BetM 2.7101 0.0285 35 0.0031
BetM- ProcContM 2.4161 0.0261 35 0.0037
BetM- Control 2.6674 0.0292 35 0.003
BetM- AB 2.5228 0.0286 35 0.004
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Chapter 3.

Disruption of host-associated and benthic microbial
communities affects reproductive output and settlement of
a habitat forming macroalga

3.1 Abstract

The reproduction and settlement of habitat-forming macroalgae are often key processes
affecting the structure of marine benthic communities. Increasingly, macroalgae are being
considered as holobionts — the host and associated microbiota — but the role of
microorganisms in influencing algal reproduction and settlement, and thus potentially fitness,
is poorly understood. Using a dominant habitat forming macroalgae on Australian rocky
shores, Hormosira banksii, we manipulated host- and benthic-associated microbes in order to
determine the relative importance of microbes to reproductive output (number of viable eggs
released) and settlement (i.e. attachment and morphogenesis of algal zygotes). Reproductive
output decreased after two weeks when the host microbiota was disrupted, this effect
however was dependant on the antibiotic used, and as a result the microbiota disrupted.
Disruption of both host- and benthic-associated microbes caused a significant and near total
decrease in settlement of Hormosira zygotes. Interestingly, host-associated microbes had a
greater effect on settlement success than benthic-associated microbes. Our results
demonstrate the importance of host-associated microbes in host reproduction and interactive
effects of host- and benthic microbes on settlement — both key ecological processes — with

potentially important implications for host fitness, ecosystem persistence and management.
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3.2 Introduction

A central challenge in ecology is to understand the factors affecting dynamics of natural
populations throughout their life cycle (Boyce et al, 2006; Lande et al, 2003). This is
especially relevant for habitat-forming organisms whose survival and persistence can
underpin broader biodiversity and ecosystem function(Brockerhoff et al, 2017; Oliver et al,
2015). In the marine environment, the persistence and success of habitat-forming organisms
such as corals, sponges and macroalgae is often dependant on their reproductive output,
settlement, morphogenesis, and subsequent survival of their early developmental stages
(Ettinger-Epstein et al, 2008; Price, 2010; Veenhof et al 2022). It is therefore imperative to
assess the response of all phases of the life-cycle of these organisms to determine where they
are most vulnerable. Indeed an understanding of recruitment — the arrival and success of early
life history stages into the adult habitat - of marine organisms has been a central feature of
our understanding marine ecology and evolution for many years (Bellgrove et al, 2004; Caley

et al 1996; Lewis et al, 2021; Price, 2010)

The life cycles of many marine habitat forming organisms are complex and often biphasic,
with a pelagic propagule phase (e.g., algal zygotes or spores, invertebrate larvae) followed by
a sessile or low-motility post-settlement benthic stage (Hadfield, 2011; Ramirez Llondra,
2002; Suchanek, 1981). Settlement is the process wherein a planktonic propagule transitions
from plankton to the benthos (Connell, 1985). This process often includes morphogenesis
Hadfield, 2011; Hadfield & Paul, 2001), i.e., cell differentiation and development of the
settling propagule. Morphogenesis can be induced by environmental cues such as light
intensity and attenuation (Callow & Callow, 2000; Edmunds, 2023; Thomsen et al, 2021),
surface chemistry and wettability (Finlay, 2002), acoustics (Pysanczyn et al, 2023), and
surface topography (Callow et al, 2002; Hugget et al, 2009; Yang et al, 2017) that may

indicate suitable rocky reef or shore habitat (Bak & Engel, 1979; Gleason & Hofmann, 2011;
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Nakamura et al, 2011). Furthermore, cues from conspecifics or other macro-organisms can
either induce (e.g. Bertness & Grosholz, 1985) or inhibit settlement (Steinberg & Kjelleberg,

2002).

Microbial biofilms can also play an important role in settlement and the early life stages of
marine macro-organisms (Dobrestov & Rittschoff, 2020). Settlement can be affected by the
density of biofilm bacteria (Huang & Boney, 1983; La Marca et al, 2021; Tu et al, 2023),
bacterial quorum sensing molecules (Joint et al, 2007; Tait et al, 2009; Tait & Havenhand,
2013), age (Keough & Raimondi, 1996; Lamare & Baker, 2001; Toupoint et al 2012),
specific taxa (Hadfield et al, 2021; Huggett et al, 2009) and other properties of microbial
biofilms (e.g. Hadfield et al 2011). The strongest evidence that microbial biofilms induce
settlement is for invertebrates such as sponges (Whalan 2014; Abdul et al 2014), cnidarians
(Webster et al 2004), bryozoans (Bertrand & Woollacott, 2005) and echinoderms (Huggett et

al 2006; Dworjanyn et al 2008).

We know relatively less about the role microbes play in algal propagule settlement and
morphogenesis and this evidence is limited to few algal systems such as Ulva sp. (Joint et al,
2007; Tait et al, 2009). While there is emerging evidence that early life history phases of
other algal species are also affected by surface dwelling microorganisms (Li et al, 2019;
Mieszkin et al, 2012, 2013; Pedicini et al, 2023; Weinberger et al, 2007), in general we

still know little about how, or if, microbial communities can affect the various early stages of
algal histories such as propagule release, settlement, attachment, morphogenesis, and which,

if any, microbial taxa are important for these effects.

The concept of microbially mediated development has long been considered within algal
systems. For example, algal oogonia and antheridia development has been shown to be in part

controlled by exudates released from bacterial consortia (Agrawal, 2012; Machlis, 1973;
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Tapia et al, 2016). Furthermore, evidence from several algal species such as Ulva sp.,
Ectocarpus sp., Chondrus crispus and Fucus sp. has shown that microbial communities are
fundamentally important for the normal development and function of the algal host (Davis et

al, 2021; Dittami et al, 2016; Nakanishi et al, 1996).

Another reason for focusing on the role host-associated microbiota has in reproduction and
early life history stages of holobionts is that these processes or stages are key to the fitness of
the organism. Performance of holobionts in response to manipulation of their microbiota is
often measured via physiological or molecular parameters, such as photosynthetic yield (Qiu
et al, 2019; Straub et al, 2019), nutrient content (Fiore et al, 2010; Weigel & Pfister, 2019) or
stress marker genes (Fan et al, 2013; Parkinson et al, 2018). Ultimately, in assessing
performance we want to know if the microbiota affects the fitness of the holobiont —i.e.,
reproduction and/or survival. While fitness measures typically rely on multigenerational data
which is difficult to collect for slow growing, long lived species, proxies have been used to
accurately predict lifetime fitness, including survival (Ladah & Zertuche-Gonzalez, 2007)
and reproductive output and development (Alif et al., 2022; Hendry et al., 2001), Here we

focus on reproductive output and success of propagules.

Here, we examined the effect of host associated and benthic microbial communities on the
reproduction or early life history stages of Hormosira banksii (See Figure 1 for Hormosira’s
life cycle), We using manipulative field and lab-based experiments in which we disrupted
these communities, , assessing how the host-associated microbiota may affect reproductive
output of the host, and the effect of both host- and benthic-associated microbiota on the
settlement and morphogenesis of non-motile algal propagules — zygotes. If microbes are
important drivers of host reproduction and settlement, we hypothesised that 1) disruption to
the hosts” microbiota would negatively affect reproductive output, and 2) the disruption to the
host and/or benthic microbiota would negatively affect settlement success of zygotes.
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Figure 3.1. Life cycle of Hormosira banksii: A) Adult individuals (male or female) release
either eggs (B) from ooangia, or sperm from enochites (C). Motile biflagellate sperm have
strong chemotactic movement towards eggs and will typically fertilise an egg within 30
minutes of release within the water column (assuming suitable distance between male and
female adults) (Osborn, 1948). Fertilised eggs (D) will then attach to suitable habitat and
undergo morphogenesis, usually within 12-24 hours, firstly secreting a mucilage to the
surface before developing rhizoids (E -3-4 days) to assist in attachment (F — 12 days; G) 86

days) (Dimartino et al, 2016). Full development is described within (Osborn, 1948).
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3.3 Methods

3.3.1 Effect of disruption of the host’s microbiota on reproductive output

120 Hormosira banksii (Hormosira hereafter) individuals of approximately 0.8cm +/- 0.3cm
in diameter and 8.2 +/- SE 1.7 in length, separated by ~1m, were tagged at Cape Banks
Aquatic Reserve, Sydney, Australia (33°59'55.3"S 151°14'53.6"E) during low tide in
December 2022. 30 individuals were assigned to each of 4 treatments: 1) Control (HC),
Hormosira left undisturbed, 2) Procedural control (PC), 50ml of Autoclaved filtered seawater
(AFSW) applied once for 4 hours, 3) Antibiotics AB2 (Penicillin (100mg/ml), Neomycin
(100mg/ml) and Rifampicin (50mg/ml)), 50ml applied once for 4 hours, and 4) Antibiotics
AB3 (Penicillin (100mg/ml), Streptomycin (25mg/ml), Norfloxacin (1mg/ml), Kanamycin
(25mg/ml), Neomycin (100mg/ml) and Chloramphenicol (10mg/ml) 50ml applied once for 4
hours. The antibiotic treatments were based on earlier work, (described in Chapter 2) in
which I provided evidence that the mixes used in treatments 3 & 4 significantly affected the

host microbiota but did not have a discernible direct effect on the host.

All individuals were collected from the field after two weeks, as a previous study showed that
the greatest effect of microbial disruption on host function was observed after this time-
period (Chapter 2). Individuals were then transported within 40 minutes to the laboratory at
The University of Sydney, refrigerated for 12 hours at 4°C and placed under high light (~500
Lux) in individual containers to induce spawning (adapted from Dimartino et al, 2016). 5
individuals from each treatment were removed before spawning to destructively sample the
bacterial communities (described below). The number of eggs released from each individual
was counted and eggs were fertilised by introducing 1ml of sperm (OD400) suspended in
AFSW into each individual’s tank before leaving them for 30 minutes to fertilise. Sperm was
collected from a common group of 20 males who were separate from the experimental

individuals, but which were collected at the same.
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3.3.2 Effect of disturbance of microbial communities on zygote settlement

To compare the effect of host- versus benthic-associated microbial communities on the
settlement and attachment of Hormosira’s zygotes, 100 sandstone tiles (12 x 12 cm side
length, 1cm thickness) were installed at Cape Banks Aquatic Reserve for two weeks prior to
treatment. This allowed a natural biofilm to develop (Tan et al, 2015) onto the plates, whilst
limiting the time available for colonisation of macro-organisms which could confound
analyses. Plates were checked on collection to make sure no zygotes had already attached
before being assigned to one of 5 treatments: 1-4 were the same treatments as those applied to
the host (described above), and 5) (Plate Sterile, PS) Sterile (Tile autoclaved after collection),
this last treatment (PS) was to test whether the bacteria within the biofilm had to be alive to
induce settlement. Tiles were then collected after two weeks and transported to the aquarium

at the University of Sydney where they were placed within individual tanks.

Zygotes, released within the individuals above were introduced to the tiles as follows with
each individuals’ zygotes being presented to individual replicate tile. To control for potential
density dependant effects, fertilised eggs (zygotes, fertilised as above) were diluted to the
lowest concentration obtained (200 +/- SE=23 zygotes per 50 ml) from each individual
(n=5/treatment). Zygotes were then introduced to the tiles where all host and tile treatments
were crossed (20 treatment combinations; n=5 plates and females per treatment combination).
Zygotes were allowed to attach for 4 hours, which represents the time of average low tides at
Cape Banks. Then, each plate was flushed using 50ml of AFSW to remove any unattached

zygotes and the remaining number of settled zygotes were counted.

Bacterial sampling

To collect surface associated microbial communities for characterisation, the surface of each
alga and tile was swabbed for 30 seconds with a sterile cotton swab. Swab controls (treated
similarly to those for swabbing surfaces, except no surfaces were swabbed) were also
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collected. Swabs were immediately placed intro sterile cryogenic tubes and placed in liquid

nitrogen and then stored at -80°C until DNA extraction.

DNA Extraction and sequencing

Microbial DNA was extracted from each swab sample in a randomised order to avoid
introducing any bias due to order and time of processing, using a Powersoil DNA Isolation
kit (Qiagen) following the manufacturer’s protocol. DNA extracts were quantified using

spectrophotometry (Nanodrop 1000) and stored at -20°C until sequencing.

The extracted DNA samples were amplified with Polymerase Chain Reaction (PCR) using
the 16S primers 341 (F) (5’- CCTACGGGNGGCWGCAG-3’) and 805(R) — (5°-
GACTACHVGGGTATCTAATCC-3), containing the V3-V4 regions of the bacterial and
archaeal 16S rRNA gene (Klindworth et al., 2013). Both positive (with known DNA
sequences) and negative controls (nuclease-free water, control swabs) were used. The
negative controls did not amplify DNA, suggesting no contamination of swabs or during
extraction and amplification. Agarose gel electrophoresis and Nanodrop 1000 were used to
ensure the quantity and quality of the amplicons before they were sent for sequencing via the

[Mlumina MiSeq 2000 platform at the Ramaciotti Centre for Genomics (UNSW, Sydney).

Bioinformatics

Raw sequences were received from the sequencing centre as demultiplexed pair-ended
sequences per sampled. UNOISE was used to remove chimeras and produce amplicon
sequence variants (ASVs), i.e., operational taxonomic units at a unique sequence level (0%
distance) (Edgar, 2016). DADA2 was used to map the original reads back to ASVs,
generating a table of 11847 ASVs (Callahan et al., 2016). ASV sequences were searched with
BlastN against the SILVA SSU Ref NR99 database for taxonomic classification and to

remove chloroplasts, Genome Taxonomy Database (GTDB) was then used for taxonomic
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assignment. Singletons and low abundance taxa (<0.01% of reads) were removed from the

dataset prior to statistical analyses, resulting in 8075 ASVs.

Estimation of absolute bacterial abundance

Total abundance of the 16S rRNA gene was quantified for each sample by qPCR using the
primers 341F/805R (Thijs et al, 2017). Gene amplification and analysis were performed using
the QuantStudio 3 thermocycler (Thermo Fisher with PrimeTime® Gene Expression Master
Mix, Integrated DNA Technologies) and associated software. The reaction conditions for
amplification of DNA were 50°C for 2 min, 95°C for 10 min and 40 cycles of 95°C for 15s
and 60°C for 1 min. The final gene copy number per sample was corrected for the total
extraction volume, the surface area, the dilution factor and DNA yield per sample (see Nappi
et al 2021 for further details) and were used to estimate absolute abundances of ASVs and

inoculants.

Statistical Analyses

To test for the effects of microbiota manipulations on host reproductive output, we used a one
factor ANOVA (fixed, 4 levels) in R (v4.0.3). To test for the effect of host and tile microbial
disruption on settlement we used a two factor ANOVA (Host and Tile factors, fixed, crossed,

4 and 5 levels, respectively) in R using the GAD package.

Alpha diversity measures of bacterial richness (i.e. number of unique sequences) and
Simpson’s diversity index were calculated using the ‘vegan’ R package (Oksanen et al.,
2013) and differences between host and tile treatment combinations (as above) were

examined using a linear model in the R GAD package.

To account for uneven sequencing depth among samples, data were normalised using qPCR
reads of the 16S v3-4 region (See Nappi et al 2022). To determine differences in the structure

of the associated bacterial assemblages, the normalised ASV data were analysed using
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permutational multivariate analysis of variance (PERMANOVA, Anderson & Walsh, 2013)
was based on Bray-Curtis dissimilarities between sample pairs calculated on square-root
transformed absolute (QPCR normalised) abundances of ASVsin the R vegan package
(Okansen et al, 2013). For significant main effects or significant interactions, pairwise
comparisons were performed using the pairwise.adonis.2 function in

the pairwise.adonis package (Martinez Arbizu, 2020).

. Generalised linear latent variable models (GLLVMs) were used to visualise the multivariate

models using ordination plots (See Niku et al 2019).

To determine which bacterial taxa differed among treatments, we used multivariate
generalised linear models (GLMs, Host and Tile factors as above) using the R package
‘mvabund’ (Wang et al., 2012), assuming a negative binomial distribution to account for

over-dispersion of sequence counts.

3.4 Results

3.4.1 The effect of disruption on the microbial communities

Disruption with to the host and tiles with AB2 caused significant changes in the microbial
community structure (PERMANOVA, pseudo-Fi,,ss=5.09, p<0.001 Fig, 3.1). Disruption
with AB3 had a significant effect on the microbial community structure of both tiles and
hosts after 2 weeks (Table S3.3, S3.4). Disruption with autoclaving significantly changed the

structure and abundance of the benthic biofilm (Fig 3.1; Table S3.3).

GLM analyses identified 146 ASVs (approx. 1.8% of a total of 8075 ASVs) whose
abundances differed significantly among treatments. Of those we found a strong effect of
treatment on 13 ASVs in the classes Gammaproteobacteria and Cyanophyceae, with

abundances of the latter being lower in AB2 treatments and autoclaving.
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Host AB2
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* Tile AB2
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Figure 3.2 Bacterial community structure after 2 weeks. A) Bacterial community associated

with the individual hosts from each treatment (n=5) B) Bacterial community structure of the

tiles each dot within the panel indicates the community of microbes associated with n=5

independent replicates of each treatment. Data is an ordination based on a GLLVM model

(Niku et al, 2019).
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3.4.2 The effect of microbial disruption on reproductive output

Disruption of the host microbiota with antibiotic treatment with AB2 caused significant
decreases in the number of eggs released (ANOVA, F;,=812.7, p <0.001, Fig.3.3), with egg
output in this treatment significantly different from all other treatments (p<0.001, Fig.3.3,
Table S3.3, S3.4). AB3 did not have a significant effect on host reproductive output versus

controls (Fig. 3.3. Table S3.1).

o T

1000

500

Number of Eggs released

0 _

AB2 AB3 AFSW Control

Host treatment
Figure 3.3. Number of eggs released by Hormosira from each treatment (means +/- SE;

n=25).
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3.4.3 Effect of microbial disruption on settlement of 7ygotes

Disruption to the host- and benthic-associated microbial communities caused significant, but

complex and interactive, effects on the settlement of Hormosira’s zygotes (ANOVA,
Fi.5:=7.604, p<0.001. Fig.3.4). AB2, when applied to the host in combination with
autoclaving the tile had the lowest settlement percentage of all treatments (0.64% +/-0.43%
n=5, Fig.3). All treatments where the benthic biofilm was reduced by autoclaving had
significantly lower levels of settlement (~7%) than those which were not autoclaved (Table

S3.2).

All treatments where the host was treated with AB2 had significantly lower numbers of
settled zygotes than controls or AB3 (Table S3.2). This negative effect was significantly
increased when the benthic biofilm was also disrupted with either AB2 or by autoclaving
(Table S3.2). AB3 applied to the host had a significant effect on settlement only in
combination with biofilms treated with AB2 (Table S3.2). There was no significant
difference in the number of settled zygotes between tiles treated with AB2 and autoclaved

tiles treatment except when the host was also treated with AB2 (Table S3.2).

2
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Figure 3.4. Percentage number of eggs that settled out of 200 added to each tile after 4 hours

on plates following treatment (means +/- SE, n=5 tiles/treatment combination).
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3.5 Discussion

Evidence from a diversity of fields shows that associated microbial communities are
fundamentally important for normal host function and performance (Berendsen et al, 2012;
Fuggle et al, 2023; Graham et al, 2016), and the work presented here shows that microbial
communities are critical for a macroalgal host at several stages of their life cycles. We show
that disruption to host-associated microbial communities affected host reproductive output,
with likely implications for longer term fitness of this habitat-forming species. Furthermore,
microbial communities associated with both the adult host and the benthic substratum had a
strong interactive effect on zygote settlement and morphogenesis. This adds support to the
broad significance of the “microbial seascape” in the functioning of these communities

(Delong, 2007; Karl & Letelier, 2009).

Treatment of the host with AB2 had the greatest effect on the structure of the hosts
microbiota. This led to significant decreases in the number of eggs released. As disruption
occurred prior to the observed effect and different bacterial groups were affected by the
different antibiotic treatments which caused varying host effects and corroborates evidence
from previous work (Chapter 2), we can infer that the disruption of the microbiota is causing
the observed effect. However, as discussed in Chapter 2, we cannot fully rule out direct

effects of antibiotics on the host.

The abundance of 104 ASVs associated with the host-microbiota significantly changed in
response to treatment with AB2. Most of the bacteria reduced by this treatment belonged to
the class Cyanophyceae. Cyanophyceae are important microbial consorts in a number of
marine organism, ranging from sponges (Hinde et al, 1994; Usher, 2008), to macroalgae
(Penhale & Capone, 1981), and are often important components of the nitrogen-fixing
capabilities of their hosts (Fiore et al, 2010; Mohr et al, 2021). The acquisition pathways of

nitrogen is especially important to understand, particularly in intertidal systems where often
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nitrogen is limited (Bracken & Nielsen, 2004; Elser et al, 2007; Pfister, 2007). As nitrogen is
a key nutrient required for growth and development (Fernandez et al, 2020; Lesser et al,
2007) the loss of nitrogen acquisition pathways from the removal of Cyanophyceae may
reduce the nitrogen availability for the host. This could, in turn, lead to a lower investment of
nutrients into zygote development, as is often seen within terrestrial plants in nutrient scarce
environments (Fujita et al, 2014; McGinley & Charnov, 1988; Wright et al, 2011). Future
work could incorporate stable isotope probing to determine the relative role of microbial taxa

in the acquisition of nitrogen within this species (Raven & Hurd, 2012).

Whilst AB3 also had a significant effect on microbial community structure, it did not affect
the number of viable eggs released. Interestingly, AB3 caused fewer numbers of ASVs to
change in abundance (N=37) and many of the reduced taxa belonged to the class
Gammaproteobacteria. Gammaproteobacteria have been suggested to be symbionts within
several species ranging from snails to sponges. In these associations they have the metabolic
pathways to degrade sulphur and as such when not associated with a host are often found in
deep sea and sediment microbial communities (Bugnot et al, 2023; Fuggle et al, 2023;
Kvennefors et al, 2012). As changes in their abundance did not affect host performance, we
can infer that they are not required for host function. However, this relationship may change
in different environmental/ ecological contexts as is reported for a number of microbes (Pita

et al, 2018; Rosenberg et al, 2007; Wasai & Minamisawa, 2018).

Host-associated microbes had a strong effect on zygote settlement and survival as well as on
reproductive output. This was antibiotic specific. Zygotes released from adults whose
surface-associated microbiota were disrupted with AB2 had significantly lower levels of

settlement. Whereas hosts treated with AB3 did not influence settlement. This is intriguing as
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AB3 when applied to the host did cause significant changes in the microbial community. This
finding suggests that the effect of the microbiota could be due to the removal of specific
microbial taxa which are important for early life stages. For example, specific bacterial taxa
belonging to the classes Rhodobacteraceae, Alteromonadaceae, and Oceanospirillaceae have
suggested to effect the attraction of sperm to eggs in other invertebrates (Damjanovic et al,
2020; Miller, 1977), in turn influencing fertilisation rates. Whilst we do not have data from
the eggs microbial community, these bacterial groups were not found in high abundance in
the hosts microbiota. Furthermore, this explanation is unlikely to be the mechanism here as
the successful fertilisation of eggs was checked before they were introduced to the plates for
settlement. Rather, we posit that disruption to the hosts microbiota may potentially affect the
transfer of beneficial microbes from adults to their gametes and eventually zygotes through
vertical transmission. This fits with evidence from the field which have shown vertically
transmitted microbes being important drivers of early life stage survival and morphogenesis
of hosts ranging from corals to sponges (Epstein et al, 2019; Lesser et al, 2007). To explore
the mechanisms underlying this observation, further work could examine the microbiota
associated with the host, gametes and zygotes - in both disrupted and un-disrupted individuals

(e.g. Bjork et al, 2019).

Disruption to the microbiota on the settlement surface also had a significant effect on the
morphogenesis of Hormosira’s zygotes. Autoclaving the settlement plates caused the greatest
decrease in biofilm density which was correlated with the greatest reduction in settlement of
Hormosira, though some settlement still occurred. As autoclaving has been shown to be
highly successful in sterilising surfaces and denaturing DNA (Calderon-Franco et al, 2020;
Lopez-Andreo et al, 2012), we can suggest that live bacterial cells are important cues for the
settlement of this species. However, without using FISH or other cell viability protocols (e.g.

Benoit et al, 2010; Shailaja et al, 2022) this cannot be confirmed. Treatment with AB2
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significantly reduced the overall abundance of the benthic biofilm along with reducing
specific microbial taxa which significantly reduced the number of successfully settled

zygotes.

Settlement of marine invertebrates has been strongly correlated with the presence and
abundance of overall biofilm density as well as specific microbial taxa such as Proteobacteria
and Cyanobacteria species (La Marca et al, 2021; Lee et al, 2014). This suggests that key
bacterial taxa are important for the successful settlement of this host unlike other hosts such
as bryozoans (Bertrand & Woollacott, 2005) which respond to broader cues. Alongside
specific microbial taxa, biofilm density and age have been shown to be key determinants of
larval settlement (Hadfield, 2011; Hadfield et al, 2021). As all biofilms were the same age (2
weeks), age cannot explain the observed differences in zygote settlement. Autoclaved tiles
had the lowest bacterial densities and rate of successful morphogenesis, which were
correlated. Whilst this pattern has been observed in other invertebrates (Dobrestov &
Rittschof, 2020; Rittschof et al, 1998), more work is required to determine the mechanisms

behind these observations in this system.

Recruitment (propagule settlement, morphogenesis, and survival) can explain much of the
spatial or temporal variation in population dynamics in marine organisms (Albertoni et al,
1999; Baird et al, 2003; Raimondi & Keough, 1990). Understanding the drivers of
recruitment is an important step in determining lifetime fitness and population persistence
(Bassar et al, 2010). Whilst there is a large body of literature showing recruitment patterns for
multiple seaweed species (Deysher & Dean, 1986; Lewis et al, 2021; Pfister et al, 2018), the
role of microbial communities in mediating these key life history processes is poorly known
(but see Pedicini et al, 2023). Here we show that microbial communities associated with both
the host and the benthos have important roles in key stages of a hosts’ life cycle —
reproductive output and settlement. Future work should examine the molecular mechanisms
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underpinning these observations and incorporate sampling to test for vertical transmission of
microbes. Understanding these factors which potentially control habitat forming hosts fitness
across their life cycles is important for how we the ecology of these habitat forming

organisms in the era of the holobiont.
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3.6 Supplementary information — Chapter 3

Supplementary figure 3.1 Settlement plates in situ at Cape Banks Aquatic Reserve 2022
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Supplementary figure 3.2 female Hormosira spawning within the lab.
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Supplementary figure 3.3. Female Hormosira stress spawning in response to low salinity

103



1080 e

Supplementary figure 3.4 Fertilised eggs of Hormosira following spawning in the lab
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Table S3.1. ANOVA results for analysis of host treatment (fixed, 4 levels, AB2, C, PC, AB3) on reproductive output. Post-hoc

pairwise comparisons calculated using emmeans, all treatment differences are based on alpha = 0.05

Source Df SumofSq |MeanSq |F P-value
Host Treatment 3 11574 812.7 <0.001
Residual 96 14243

Pairwise Comparisons

AB2<C=PC=

AB3

Table S3.2. Analysis of on settlement rates versus treatment (fixed, crossed, 20 levels: Host — AB2, C, PC, AB3; Tile — AB2, C, PC,

AB3, Autoclaved). Post-hoc pairwise comparisons calculated using emmeans, all treatment differences are based on alpha = 0.05

Source Df Sum of Sq | Mean Sq F P-value
Host Treatment 3 34724483 | 11574828 | 811.063 <0.001
Tile Treatment 4 93486 23371 1.638 <0.001
Host Treatment * Tile Treatment 12 132002 11000 0.771 <0.001
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Residual

81

1213050

14271

Pairwise Comparisons

Tile treatment

Host treatment

Control

AB2<C=PC=AB3

Autoclaved

AB2<C=PC=AB3

Procedural control

AB2<C=PC=AB3

AB2

AB2<AB3 <PC=C

AB3

AB2<C=PC=AB3

AB3=PC=C>AB2> AB2
Autoclaved
AB3=PC=C>AB2= AB3

Autoclaved

AB3=PC=C=AB2>

Autoclaved

Procedural control
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AB3=PC=C=AB2>

Autoclaved

Control

Table S3.3. PERMANOVA based on Bray—Curtis similarity measures for gPCR-normalised, square-root transformed ASV abundances

on Hormosira banksii across different host treatments (fixed, 4 levels: AB2, AB3, C, PC). Significant p-values (alpha = 0.05) are

highlighted in bold. Post-hoc contrasts were calculated using the pairwise.adonis R function and p-values adjusted for multiple-testing

(alpha=0.05).

Source df SS MS pseudo-F | p(perm) | perms
Host treatment 3 1524 214 6.74 0.0001 9871
Residual 17 1842 327.4

Total 20 3366

Pairwise

comparisons

AB2>C=PC<AB3
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Table S3.4. PERMANOVA based on Bray—Curtis similarity measures for gPCR-normalised, square-root transformed ASV abundances

on Hormosira banksii across different Tile treatments (fixed, 4 levels: AB2, AB3, C, PC, Autoclaved). Significant p-values (alpha =

0.05) are highlighted in bold. Post-hoc contrasts were calculated using the pairwise.adonis R function and p-values adjusted for multiple-

testing (alpha=0.05).

Source df SS MS pseudo-F' | p(perm) perms
Tile treatment 4 723.8 118.04 9.60 0.0001 9741
Residual 21 941.97 276.38

Total 25 1665.77

Pairwise

comparisons

Autoclaved > C=PC < AB3 < AB2
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Chapter 4.

Effects of extreme rainfall on a dominant seaweed are
mitigated by its microbiota

4.1 Abstract

Extreme weather events are becoming more intense and frequent, driving unprecedented
ecological changes globally. In the marine environment, these changes can be exacerbated
along coastal habitats due to high levels of urbanisation along the coastlines and its associated
anthropogenic impacts (e.g., runoff, eutrophication, human disturbance). Following a series
of unusually extreme rainfall events along the coast of Sydney, Australia, I examined the
effects of rainfall (in the field) and hypo-saline environments (in the lab) on the reproductive
output and performance in female of a dominant habitat forming seaweed, Hormosira
banksii, and the extent to which its surface microbiota mitigated stress from
rainfall/freshwater input. Rainfall and reduced salinity negatively affected host reproductive
output and photosynthetic yield. Manipulative field experiments using a combination of
antimicrobial treatments applied once (pulse) or regularly (press) showed that the disruption
of Hormosira’s microbiota after a rain event inhibited the post-event recovery of host
reproductive output and photosynthesis. Press disruption of host-microbiota prevented
recovery of normal (control) reproductive output and photosynthetic efficiency for over four
month. This experiment demonstrates the role host-associated microbiota plays in mediating

responses of important habitat forming algae to environmental stress.
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4.2 Introduction

Climate change is driving an increase in the frequency and severity of extreme weather
events such as heatwaves, droughts and rainfall (Hoegh-Guldberg & Bruno, 2010; Masson-
Delmotte et al., 2022; Solomon et al., 2007). The ecological consequences of such extreme
events can be severe, particularly when habitat-forming species are affected (Bulleri et al.,
2018; Wernberg, Smale, et al., 2013), because this can lead to cascading effects on the

ecosystems they underpin (Poloczanska et al., 2016; Smale, 2020; Sydeman et al., 2015).

Within marine environments, marine heatwaves are one of the most studied extreme events,
primarily due to the ease of measurement and the recent occurrence of several marine
heatwaves that have had strong ecological impacts (Garrabou et al., 2022; Oliver et al., 2019;
Smith et al., 2023; Wernberg, Smale, et al., 2013). However, other extreme events which are
influenced by a changing climate, such as storms and associated intense rainfall, are also
becoming prominent (Bass et al., 2023; Fong et al., 2020). In coastal environments, rainfall
can have a substantial effect on the structure (O’Gorman et al., 2012) and functioning of
marine ecosystems (Duvat et al., 2021; O’Connor et al., 2015). This can be due to changes in
rainfall per se, but also due to the synergistic effects which are characteristic of extreme
rainfall events, that is, rapid salinity fluxes coupled with nutrient enrichment and chemical
pollution from the land, which have the potential for significant negative effects on marine
organisms (Kuntz et al., 2005; O’Connor et al., 2015; White et al., 2018). It is important to
decouple which of the multiple stressors associated with severe rainfall events cause
ecological impacts in order to understand how marine assemblages will respond to future

extreme environmental events.

Extreme rainfall events and associated stressors can affect the physiology of marine and
estuarine habitat-forming species, negatively affecting their performance and survival

(Cornwall et al., 2017; Martinez et al., 2012). Physiological effects such as cellular damage
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(Davison & Pearson, 1996), reduced growth rates (Kroeker et al., 2010), reduced recruitment
(Deysher & Dean, 1986) and survival have commonly been reported for habitat-forming
organisms ranging from corals (Price, 2010) and sponges (Pita et al., 2018; Ribes et al., 2016)
to macroalgae (Straub et al., 2022; Wernberg, Smale, et al., 2013). Macroalgae are often
more susceptible to rainfall than other habitat forming species due to their sensitivity to
nutrient additions from terrestrial run-off (Bellgrove et al., 2010; Bellgrove, McKenzie, et al.,
2017; Fong et al., 2020; Worm et al., 1999) and relative intolerance of rapid salinity changes

(Fong et al., 1996; Takolander et al., 2017).

Understanding the effects of extreme weather events on macroalgae is challenging because of
the numerous life history stages and transitions upon which environmental stressors can act
(Schiel & Foster, 2006). For instance, stress tolerance, and thus effects of stressors, may vary
across different life history stages within a species (Fain & Murray, 1982; Ladah & Zertuche-
Gonzélez, 2007). Macrocystis pyrifera provides a clear example of this variability across
ontogeny, with negative effects of temperature on spore production (Buschmann et al., 2004),
germination (Buschmann et al., 2004), recruitment (Deysher & Dean, 1986) and sporophyte
growth (Rothdusler et al., 2009, 2011) varying spatially, with different components of
ontogeny being affected in different populations (Deysher & Dean, 1986; Muioz et al.,
2004). Thus, incorporating multiple life stages is critical to better understand how individual

populations of habitat forming organisms will respond to extreme events.

Stressors such as rainfall may act directly on host physiology, but for holobionts, they may
also act via disruption of the host’s microbiome. There is strong evidence that microbial
communities (here broadly referred to as microbiota) associated with macroalgae are
important for their normal development and function (Egan et al., 2013; Li et al., 2022;
Nakanishi et al., 1996). Microorganisms have been shown to influence host properties or
processes such as morphogenesis (Matsuo et al., 2005; Nakanishi et al., 1996),
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photosynthesis (Qiu et al., 2019), nutrient cycling and provision (Minich et al., 2018; Pfister
et al., 2019) and defence against pathogens (Li et al., 2022; Longford et al., 2019). However,
with relatively few exceptions, we still know little about how microbiomes affect core
components of fitness — survivorship and reproduction — for macroalgae, particularly in the
field. Reproductive output (number of viable offspring produced by an individual) is a
potential proxy of fitness (Alif et al., 2022; Hamel et al., 2010; McCoy et al., 2020) and was
used in this study as a metric to quantify macroalgal responses to stress. Hormosira is
dioecious; we focused on females as there are easily identifiable in the field and previous

work showed effects of their microbiome on egg release and zygote morphogenesis (Chapter

3).

In this study, I investigated the response of a dominant coastal seaweed Hormosira banksii to
extreme rainfall events and experimentally tested whether those responses were mitigated by
their surface-associated microbiome. Specifically, I hypothesised that extreme rainfall would
have significant effects on algal reproductive output and photosynthesis. I predicted that, if
effects of rainfall on the host were primarily due to freshwater (as opposed to other rainfall-
associated stressors such as nutrients), the exposure of hosts to freshwater levels similar to
those observed in rainfall events in the field would lead to similar reductions in reproductive
output and photosynthesis comparable to that observed during rainfall events in the field.
Using the techniques developed in Chapter 2 to manipulate host associated microbiota, I
further examined the model that the reproductive output of the host is mediated by its
microbiota. I hypothesised that the disruption of the host’s microbiota would reduce the
ability of the host to recover its reproductive output after extreme rainfall events and that
such responses would be strongest where the host-microbiome was subjected to chronic,

press disruption, as opposed to one-off (pulse) disruption.
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4.3 Methods

4.3.1 Extreme rainfall events

To identify and examine extreme rainfall events during 2022, monthly rainfall data was
collected from the Australian Bureau of Meteorology online data portal using the Sydney
Airport weather station (Sydney, NSW, Australia; 151.17 °E, 33.95 °S, Bureau of
Meteorology, 2023). Rainfall levels in Sydney during 2022 was 209% greater than the
average of all years since data has been collected (164 years). Rainfall in March was
significantly higher than all other months in 2022, with the highest daily rainfall on the 3™ of
March (153mm; see Results). Extreme rainfall events in the dataset were identified when the
average monthly rainfall was greater than 99 percentile than the previous 50 years of rainfall
data . Furthermore, to determine how salinity changed during the extreme rainfall event, open
access datasets were collected through the NSW Government’s Department of Planning and

Environment Beach Watch program (DPE, 2022).

4.3.2 Effect of extreme rainfall on Hormosira’s reproductive output

To determine the effect of extreme rainfall on reproductive output of Hormosira banksii
(Hormosira hereafter), 20 female Hormosira of approximately 1.3 +/- 0.5 cm in diameter and
12.5 +/- SE 0.4 cm in length, ~1 m apart were collected from the rocky platform at Cape
Banks Aquatic Reserve, Sydney (33°59'55.3"S 151°14'53.6"E) during low tide each month
from October 2021 through to March 2023 (N=340). Spawning was induced by placing algae
into a refrigerator at 4°C for 12 hours (Dimartino et al., 2016; Forbes & Hallam, 1978) and
then into individual containers with no water and under a high LUX (~500 Lux) lamp for 2
hours at room temperature. Gametes were washed from the individuals with 50ml of
autoclaved filtered seawater (AFSW) and 5 subsamples of 5ml were used to count the

number of eggs released by each individual female (n=20).
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4.3.3 Effect of salinity on Hormosira’s reproductive output

To directly test the impact of lowered salinity on reproduction in Hormosira, 80 female
individuals (approximately 1.3 +/- 0.5 in diameter; 12.3 +/- SE 0.6 in length) separated by ~1
m from each other were collected at Cape Banks Aquatic Reserve during low tide in March
2023. Individuals were transported in seawater within 30 minutes to The University of
Sydney where they were placed into a recirculating aquarium for 24 hours to acclimate. 15
individuals were then placed into separate 1L tanks and assigned to each of five salinity
treatments to represent the range of salinity experienced in the field: Freshwater (Oppt), Sppt,
15ppt, 25ppt and 35ppt. To avoid rapid osmotic stress to the individuals salinity levels were
decreased to the desired level over the course of 1hr (Davis et al., 2022). Individuals were left
in each of these treatments for 24 hours. To see whether any eggs were released as a stress
response, the number of eggs released into the treatment tanks were counted. Spawning was
then induced (as above) in 10 individuals from each treatment to give a ratio of eggs released
due to stress. The remaining 5 individuals from each treatment were then sampled to

characterise their surface-associated bacterial communities.

4.3.4 Effect of disruption of surface microbiota on recovery of host reproduction

180 female Hormosira individuals of similar size (approximately 1.2 +/- 0.6 in diameter and
11.9 +/- SE 1.1 in length) separated by ~1 m were tagged at Cape Banks Aquatic Reserve
during low tide on the 24™ of March 2022. Algae were rinsed with AFSW for 30 seconds to
remove loosely attached epiphytes and then subjected to one of 6 treatments: 1) pulse
microbial disruption via exposure to an antibiotic combination containing Penicillin
(100mg/ml), Neomycin (100mg/ml) and Rifampicin (50mg/ml) applied once for 4 hours; 2)
pulse microbial disruption via exposure to iodine (povidone-iodine, Betadine©) applied once
for 4 hours; 3) a pulse procedural control (AFSW applied for 4 hours); 4) undisturbed

control; 5) press microbial disruption via exposure to iodine applied for 4 hours every month;
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6) press procedural control (AFSW applied for 4 hours every month). Samples were collected
at day 0O (before treatment application), 7, 21, 35, 60, 90, and 120. Antimicrobial treatments
used were based on those described in Chapter 2/McGrath et al. (in review), who explored
the effects of these different antimicrobials on Hormosira and controls for those treatments.
Thus, treatments 1 and 2 here were chosen because previous experimental work showed that
disruption by these treatments caused changes to specific bacterial taxa in the microbiome
which, in turn, caused significant effects on host function. Importantly, these treatments did
not have any discernible direct effect on host function which is critical when trying to

disentangle microbially mediated effects from direct chemical effects (see Chapter 2).

Host measurements

Host performance was quantified in several ways. Maximum photosynthetic quantum yield
(after dark-adapting individuals for 15min) was measured using a Pulse amplitude Modulated
(PAM) fluorometer (Walz, Germany). PAM was used because previous work has shown it to
be a metric which generally reflects the condition of photosynthetic hosts under stress (Qiu et
al., 2019; Straub et al., 2019). Reproductive development was estimated by taking thin
sections of the third vesicle from the apical end of the longest frond of each individual
Hormosira. To do this, fronds were fixed in 80% ethanol for 24 hours before embedding in
paraffin. Sections were then taken on a microtome set to 7um, they were then stained with
Tylenol blue (0.4%) and the number of developing eggs counted in the sexual conceptacles
under a light microscope. Reproductive output was quantified as the number of eggs released

per ml of AFSW (as detailed above).

Sampling the surface microbiota

The surface of the kelp was swabbed for 30 seconds with a sterile cotton swab to collect
surface-associated microbiota at each of the timepoints described above, following methods
established in Marzinelli et al., (2015) and Qiu et al., (2019). Swab controls (i.e., treated
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similarly to those for swabbing kelp except no kelp was swabbed) to test for contamination
during processing were also used. Swabs were immediately placed intro sterile cryogenic

tubes and placed in liquid nitrogen and then stored at -80°C until DNA extraction.

DNA Extraction and sequencing

Microbial DNA was extracted from each swab sample in a randomised order to avoid
introducing any bias due to order and time of processing, using a Powersoil DNA Isolation
kit (Qiagen) following the manufacturers protocol. DNA extracts were quantified using

spectrophotometry (Nanodrop 1000) and stored at -200C until sequencing.

The extracted DNA samples were amplified with Polymerase Chain Reaction (PCR) using
the 16S primers 341 (F) (5’- CCTACGGGNGGCWGCAG-3’) and 805(R) — (5’-
GACTACHVGGGTATCTAATCC-3), containing the V3-V4 regions of the bacterial and
archaeal 16S rRNA gene (Klindworth et al., 2013). The PCR protocol used is described in
Chapter 2. Both positive (with known DNA sequence) and negative controls (nuclease-free
water, control swabs) were used. The negative controls did not amplify DNA, suggesting no
contamination on swabs or during extraction and amplification. Agarose gel electrophoresis
and Nanodrop 1000 were used to ensure the quantity and quality of the amplicons before they
were sent for sequencing via the Illumina MiSeq 2000 platform at the Ramaciotti Centre for

Genomics (UNSW, Sydney).

Bioinformatics

Raw sequences were received from the sequencing centre as demultiplexed pair-ended
sequences per sampled. UNOISE was then used to remove chimeras and produce amplicon
sequence variants (ASVs), i.e., operational taxonomic units at a unique sequence level (0%
distance) (Edgar, 2016). DADA2 was used to map the original reads back to ASVs,

generating a table of 17,387 ASVs (Callahan et al., 2016). ASV sequences were searched
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with BlastN against the SILVA SSU Ref NR99 database for taxonomic classification to
classify and remove chloroplasts; Global Taxonomy Database (GTDB) was then used for
taxonomic assignment. Singletons and low abundance taxa (<0.01% of reads) were removed

from the dataset for statistical analyses, resulting in 13,210 microbial taxa.

Estimation of absolute bacterial abundance

Total abundance of the 16S rRNA gene was quantified for each sample by qPCR using the
primers 341F/805R developed by Thijs et al., (2017). Gene amplification and analysis were
performed using the QuantStudio 3 thermocycler (Thermo Fisher with PrimeTime® Gene
Expression Master Mix, Integrated DNA Technologies) and associated software. The reaction
conditions for amplification of DNA were 50°C for 2 min, 95 °C for 10 min and 40 cycles of
95 °C for 15s and 60 °C for 1 min. The final gene copy number per sample was corrected for
the total extraction volume, the surface area and the dilution factor and DNA yield per sample
(see Nappi et al., 2021 for further details) and were used to estimate absolute abundances of

ASVs and inoculants.

Statistical Analyses
All statistical analyses were conducted in the R (v4.0.3) coding language in R-Studio
(RStudio Team, 2020). To determine whether rainfall varied among months and between

years, ANOVA was run with the fixed, crossed factors Month and Year.

To test for effects of microbial disruption on host function (PAM, number of eggs released,
number of developing eggs), we used a linear model with the orthogonal factors’ treatment
(fixed, 6 levels) and time (fixed, with 7 levels) using the GAD package. To meet the model’s
assumptions, the response variables number of developing eggs and eggs released, were

square-root transformed. Post-hoc tests were run on significant interaction terms, or
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significant main effects (when no interactions were present) with more than two levels, using

the emmeans function of the emmeans package (Lenth et al., 2019).

To account for uneven sequencing depth among samples, data were normalised using total
16S rRNA reads per sample of the v3-v4 region which was calculated using qPCR (see Nappi
et al 2022). Alpha diversity measures of richness (i.e. number of unique sequences) and
Simpson’s diversity index were calculated using the ‘vegan’ R package (Oksanen et al.,
2013) and differences between treatment (fixed), time (fixed, crossed) and their interaction

were examined using a linear model in the GAD package.

To determine differences in the structure of the associated bacterial assemblages, the
normalised ASV data were analysed using permutational multivariate analysis of variance
(PERMANOVA) (Anderson & Walsh, 2013) in the vegan package (Oksanen et al., 2013),
with the factors treatment, time and their interaction, as above. PERMANOVA was based on
Bray-Curtis dissimilarities between sample pairs calculated on square-root transformed
absolute (qQPCR normalised) abundances of ASVs. For significant main effects or significant
interactions, pairwise comparisons were performed using the pairwise.adonis.2 function in

the pairwise.adonis package (Martinez Arbizu, 2020).

To determine which bacterial taxa differed the most between treatments and times and their
interaction, we used multivariate generalised linear models (GLMs) using the package
mvabund (Wang et al., 2012), assuming a negative binomial distribution to account for over-
dispersion of sequence counts. Generalised linear latent variable models (GLLVMs) were

used to visualise the bacterial community structure (see Niku et al 2019).
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4.4 Results

4.4.1 The effect of extreme rainfall on the reproductive output of Hormosira

Rainfall significantly varied over the year with March 2022 recording the highest monthly
rainfall (>15mm/day; daily max. 156mm; ANOVA, F11,283=431.8, p<0.001; Table S4.1).
Rainfall was negatively associated with Hormosira’s reproductive output, with thalli in
March 2022 having a significantly lower reproductive output than all other months (p<0.001;
Fig. 4.1 A-B). April had significantly lower reproductive output that all other months except
March (p<0.001; Fig. 4.1). February, May, and August had significantly lower reproductive

output than the remaining months other than March and April (Table S4.1; Fig. 4.1).
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Figure 4.1. A) Monthly rainfall in 2022 (red line) and average from 1972-2022 (blue line,
data are means +/- SE; n=50. B) Average monthly salinity in 2022; the red line indicates the
threshold where salinity drops below 25ppt (means +/- SE, n=15). C) Mean (+/- SE, n=20)

number of eggs released per individual at each monthly sampling time.
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4.4.2 Effect of salinity on reproductive output

Lower salinity (Oppt, Sppt 15ppt.) caused significant increases in the number of eggs
Hormosira spawned in the laboratory (ANOVA, F445=376.8, p<0.001, Fig 4.2, Table S3).
Freshwater (Oppt) caused the highest level of spawning (98%) and was significantly different
from all other salinity levels (Table S4.2, Fig 4.2). 5ppt had significantly higher levels of
stress spawning (~55%) than 15, 25 and 35ppt but lower levels than freshwater (Table S4.2).
15ppt had significantly higher levels of stress spawning (~24%) than 25 and 35ppt but lower
than freshwater and 5ppt (Table S4.2). There was no significant difference between 25ppt

and 35ppt (Table S4.2).
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Figure 4.2. Mean (+/-SE, n=10) percentage number of eggs released during the salinity stress

experiment.
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4.4.3 Effect of microbial disruption on host reproductive output

Microbial community

The surface-associated microbiota of Hormosira significantly differed across treatments and
times (PERMANOVA, pseudo-F3o,165 = 6.903, p<0.001, Fig. 4.3, Table S4.3). Antibiotics
(AB2) and iodine caused significant changes in the community structure compared to
controls from day 7 which lasted till day 60 (Fig. 4.3, Table S4.3). The effect of antibiotics
(AB2) on the community structure differed from that of iodine, for both pulse and press
application, from days 7 to 60 (Table S4.3). Press application of the Iodine treatment caused
significant and lasting effects compared with controls for the entire experimental period of

120 day, and was significantly different from all treatments from day 60 (Fig, 4.3)

The disruption of the surface microbiota with antibiotics (AB2) and antiseptics (iodine)
caused significant decreases in ASV richness which recovered to control levels over time
(Table S4.4). Antibiotics caused a greater decrease in ASV richness than iodine but richness
recovered to control levels by day 60 (Table S4.4). The only treatment which remained
significantly different from all others at day 120 was the repeated application of iodine (Table

S4.4).
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Reproductive output

Host reproductive output from thalli in the field was significantly affected by microbial
disruption, and this effect varied over time (ANOVA, F30,164=105.7.1, p<0.001; Fig 4.4.B;
Table S4.5). Reproductive output in thalli subjected to pulse treatments recovered to pre-
rainfall stress levels by day 60 (Fig 4.4.B; Table S4.5). However, press disruption when
applied to thalli caused significantly lower reproductive output relative to controls from day
one until day 120 and relative to other disruption treatments from day 60 to 120 (Fig 3.B;
Table S4). Overall, across all treatments, host reproductive output also increased over time

following the freshwater stress at the start of the experiment (Fig 4.4.B; Table S4).

Overall, the number of developing eggs increased over the course of the experiment
following rainfall stress (120 days; Fig 4.4.C). Microbial disruption with AB2 and Iodine
caused a significant lag in the recovery of Hormosira’s egg development (Fig 4.4.C).
Individuals treated with antibiotics and iodine had significantly lower numbers of developing

eggs versus controls until day 60, when there was no significant difference (Table S5).

Photosynthetic efficiency

Disruption to the host microbiota caused significant, negative effects on host photosynthetic
efficiency (ANOVA, Fs16s= 33.1, p<0.001; Fig 4.5.A; Table S4.4). Hosts whose microbiota
were treated with pulse disruptions recovered over time and by day 30 there was no
significant effect of these treatments (Table S4.4). Press treatments however caused
significant and lasting effects on host photosynthetic efficiency which lasted the entire
experimental period (120 Days; Fig 4.5.A). Antibiotics had a greater negative effect on host
photosynthetic efficiency than Iodine when applied in a pulse treatment; effects lasted until
day 60 wherein individuals from both Antibiotics and lodine treatments returned to control

levels (Fig 4.5A; Table S6).
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4.5 Discussion

In this study, bacteria associated with a dominant habitat-forming seaweed enhanced
recovery following extreme rainfall events of both host physiological function and
reproductive output. The results show that, disruption of Hormosira’s microbiome inhibited
host recovery: in treatments where the microbiome recovered, host reproductive output also
recovered. Conversely, when the microbiota were not allowed to recover (as in the press
treatment), there was also no recovery of host reproductive output. Furthermore, individuals
whose microbiomes were subjected to a pulse disturbance with antibiotics and antiseptics
took two months longer to recover reproductive capacity following a one-in-100-year rainfall
event than controls. This work thus provides insights into the importance of microbial

communities in mediating host responses to extreme events.

Whilst direct osmotic effects on Hormosira could have led to the observed decrease in
reproductive output as a result of lower salinity levels, our evidence suggests that it was
likely a microbially mediated response because 1) changes in the microbial community
occurred prior to changes in reproductive output, and 2) where the microbial community
recovered, the reproductive output of the host also recovered. Algal holobionts have been
shown to actively alter their microbiome in response to environmental stress through the
release of algal metabolites (Saha et al., 2019, 2020).This alteration of the microbial
community potentially increases host fitness and resilience against environmental change.
The observed temporal change in the microbial communities within our control treatments
adds additional evidence that microbial communities enhance the resilience of the host to
environmental change. This has been shown within Ectocarpus sp. where microbial
communities facilitate algal survival within different environmental conditions through

mitigation of osmotic stress (Dittami et al., 2016b; KleinJan et al., 2021b).

126



Physiological measures such as photosynthetic efficiency and nutrient content are commonly
used to assess macroalgal performance under stress (Fernandez et al., 2020; Pfister et al.,
2019; Qiu et al., 2019; Straub et al., 2019). However here, rainfall did not affect the
photosynthetic efficiency of Hormosira. This is potentially due to the large variability in the
measurements of the efficiency of chlorophyll, as has been described within previous work
using PAM fluorometry (Durako & Kunzelman, 2002; Enriquez et al., 2002). Whilst
physiological measures are useful for assessing the performance of an organism, relating
them to host fitness is challenging, especially in the field. Other measures that relate to
reproduction and survival of hosts can provide a better indication of host responses to stress
and are better proxies for fitness, and thus should be incorporated when assessing holobiont

responses to extreme events.

4.5.1 Effect of extreme rainfall on reproductive output

Extreme rainfall caused significant decreases in the reproductive output of female Hormosira.
This effect was greatest in March 2022 when rainfall was also the greatest (489.4mm total,
156mm daily max). Interestingly, whilst there were significant spikes in rainfall in July
(344.2mm total, 19.4 daily max.) and October (259.4mm total, 24.4 daily max.) 2022, these
rainfall events did not induce a similar negative effect to that observed in March. The
microbial community associated with Hormosira in the months of July and October did not
differ from those in other months in 2022; the only difference was between March and all
other months. One likely explanation is that the salinity in the bay did not drop below 25 ppt
except in March 2022 — this salinity value was a threshold in the salinity experiment in the
laboratory, below which Hormosira stress spawned. The microbial community associated
with individuals at lower salinities (<25ppt) was significantly different than that on
individuals at higher salinity levels. All this combined suggests that the observed negative

effect on the host reproductive output was potentially induced by changes in the microbial
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community. Previous work has shown that microbial communities associated with various
seaweed species can mediate abiotic effects such as salinity fluxes through functional
enrichments, i.e. the microbiota add additional functional capacities to the host that otherwise
would not able to undertake (Dittami et al., 2016; Saha et al., 2020). These functional
enrichments enhance host responses to abiotic stress and are potentially the driver of the

observed patterns here.

4.5.2 Effect of microbial disruption on recovery of host reproduction

Evidence from the previous chapters shows the complex effect of disrupting the microbiome
of hosts with antibiotics (Chapters 2 and 3). That is, the difficulty in determining whether the
observed effect on the host is mediated by its microbiota or a consequence of the
methodology used to manipulate the microbiota. The work presented here adds additional
evidence to suggest the former — a microbially mediated effect. Disruption to different
components of the microbiome affected the host in different ways, an effect which was also
induced not by chemicals but exposure to varying salinity levels. Furthermore, the observed
host effects occurred after the microbial community changed, which is important as any
direct chemical effects of the antimicrobials used would likely be immediate (Ebert et al.,

2011; Fuet al., 2017).

Disruption with antibiotics and antiseptics caused significant differences in the community
structure of the microbiome when compared with controls. These differences were
characterised by significant decreases in ASVs belonging to the classes Cyanophyceae. The
most abundant of these ASVs (Pleurocaspa sp) ranged from 3-5% of the total community
abundance. Cyanobacteria, e.g. Pleurocaspa sp, are suggested to be ubiquitous in the sunlit
waters of the ocean and have been implicated in a number of symbioses with eukaryotic hosts
(Schvarcz et al., 2022; Taylor, 1973; Webster & Blackall, 2009). As symbionts,
Cyanobacteria have been reported to provide hosts with a number of key nutrients including
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carbon (Foster et al., 2022), nitrogen (Fiore et al., 2010; Zehr & Kudela, 2011), and sulphur
(Jensen et al., 2017). The provision of nutrients is key to host persistence, especially in
nutrient limited environments such as intertidal environments (Bracken & Nielsen, 2004;
Elser et al., 2007). Thus, disruption to the host’s supply of nutrients by the loss of important
microbial taxa potentially leads to lower reproductive output, as has been shown in plant
systems (Li et al., 2017; McGinley & Charnov, 1988). Press disruption with antiseptics
inhibited the recovery of reproductive output for the entire experimental period (120 days).
As in the pulse treatments, the main bacterial taxa that were reduced by the press treatment
belonged to the class Cyanophyceae, but unlike the pulse treatments the abundance of this
taxa did not recover over the entire experimental period. Future work should focus on
uncovering the mechanisms behind these observations to determine whether these taxa really

are important, and if so what function do they provide the host.

Host-associated microbiomes have critical roles in the normal functioning and development
of marine organisms (Brodie et al., 2016; Fuggle et al., 2023; Trevathan-Tackett et al., 2019).
There is growing evidence that disruption to the microbiome, and by proxy the interactions
between host and its microbiome, can negatively affect host health and function (Qiu et al.,
2019). Whilst this reinforces the idea that organisms should be studied as holistically, as
holobionts, it is unclear the role that microbes play in host fitness (Carthey et al., 2020;
Harley et al., 2006; Prosser & Martiny, 2020). This is particularly important to understand for
habitat-forming holobionts which form the biogenic structure of the ecosystems they grow in,
as interactions within the holobiont can cascade throughout the entire ecosystem (Laforest-
Lapointe et al., 2017). Such habitat forming species are in decline within marine ecosystems
in many places in the world, in part due to an increase in extreme events exacerbated by
climate change (Bellgrove et al., 2010; Carthey et al., 2020; Straub et al., 2019). Whilst we

are gaining an understanding of the consequences of these losses (Beman et al., 2011; M.
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Koch et al., 2013), we still know very little as to the importance of host-microbe interactions
in mitigating and enhancing responses to climate change. Given the importance of Hormosira
on intertidal rocky shores along coastal Australasia (Bellgrove, McKenzie, et al., 2017; Schiel
& Taylor, 1999), and the growing recognition of the role of microbes in host function, it is
critical to understand their role in host fitness to better manage and conserve critical marine

ecosystems.
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4.6 Supplementary information — Chapter 4
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Figure S4.1. nMDS based on the bray-Curtis measure on square-root transformed absolute
abundances of ASVs on the algal surface across treatments (stress =0.0186). Colour
represents the salinity of the treatment. Each dot within the panel indicates the community of
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Table S4.1. Analysis of monthly rainfall across month and year (fixed, 12 levels: January — December) Post-hoc contrasts were

calculated using the emmeans R function and p-values adjusted for multiple-testing (alpha=0.05).

Source df Sum of Sq Mean Sq F p
Month 11 6332 575.6 431.8 >0.001 0
Residual 551 384 1.3

1

Pairwise contrasts

NP

Month

March > February > July =October >January = April = June = August = September = November =

December

Table S4.2. Analysis of number of eggs released by Hormosira individuals exposed to different salinities (fixed, 5 levels: 0, 5,

15, 25, 35 ppt). Post-hoc contrasts were calculated using the emmeans R function and p-values adjusted for multiple-testing

(alpha=0.05).

Source Df SumofSq | MeanSq |F p
Salinity 4 144565 36141 374.8 >0.001
Residual 45 43163 9592

Pairwise comparison

Salinity

0<5<15<25=35
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Table S4.3. PERMANOVA based on Bray—Curtis similarity measures for gPCR-normalised, square-root transformed ASV
abundances on Hormosira banksii across different treatments (fixed, 6 levels: AB2, I, IP, C, PC, PPC) and sampling times

(fixed, crossed, 7 levels: 120 days). Significant p-values (alpha = 0.05) are highlighted in bold. Post-hoc contrasts were

calculated using the pairwise.adonis R function and p-values adjusted for multiple-testing (alpha=0.05).

Source df SS MS pseudo-F | p(perm) | perms
Treatment 5 4499.3 1795.8 1.988 0.0001 9698
Sampling time 6 94683 6487.7 4.2726 0.0001 9891
Treatment x 30 145271 26814.9 | 6.903 0.0014 9787
timepoint
Residual 168 60587 682.19
Total 209 305040.3
Pairwise
comparisons

Day Treatment
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AB2=[=IP=C=PC=PPC

AB2<I-IP<C=PC=PPC

21

AB2<I=IP<C=PC=PPC

35

AB2=]=]P<C=PC=PPC

60

[P<AB2=]=C=PC=PPC

90

[P<AB2=]=C=PC=PPC

120

[P<AB2=]=C=PC=PPC

7=21<35<0=60=90=120

AB2

7<21=35<0=60=90=120

I

90<7=60=120<21=35<0

IP

0<7<21=35=60=90=120

C

0<7<21=35=60=90=120

PC

0<7<21=35=60=90=120

PPC
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Table S4.4 ANOVA results for analysis of bacterial community alpha diversity measures: number of species and Simpson

index in Hormosira banksii subject to different treatments (fixed, 6 levels: AB2, I, IP, C, PC, PPC) and sampling times (fixed,

crossed, 7 levels: 120 days). Significant p-values (alpha = 0.05) are highlighted in bold. Post-hoc pairwise comparisons

calculated using emmeans, all treatment differences are based on alpha = 0.05.

Source Df Sum of Sq | Mean Sq | F P-value
Treatment 5 101780 20356 4.9231 0.0004984
Timepoint 6 143095 35774 8.6519 5.911e-06
Treatment: Timepoint 30 69236 3462 0.8372 0.6631976
Residual 168 372129 4135

Pairwise comparisons

Day

0=7<21<35=60=90=120

Treatment

AB2=]P<I<C=PC=PPC
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Table S4.5 ANOVA results for analysis of host photosynthetic yield between different treatments (fixed, 6 levels: AB2, I, IP, C,

PC, PPC) and sampling times (fixed, crossed, 7 levels: 120 days). Significant p-values (alpha = 0.05) are highlighted in bold.

Post-hoc contrasts were calculated using the emmeans R function and p-values adjusted for multiple-testing (alpha=0.05).

Source Df Sum of Sq | Mean Sq | F P-value
Treatment 5 15.013 3.003 33.190 >3.4e-6
Timepoint 6 16.410 2.735 30.257 >2.2e-08
Treatment x Timepoint 30 14.844 4.9448 5.474 >2.72e-16
Residual 168 15.1866 9.04
Pairwise comparisons

Day Treatment

0 AB2=I=IP=C=PC=PPC

7 AB2=I-IP<C=PC=PPC

21 AB2<I=IP<C=PC=PPC

35 AB2=I=IP<C=PC=PPC

60 [P<AB2=I=C=PC=PPC
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90

[P<AB2=[=C=PC=PPC

120

[P<AB2=[=C=PC=PPC

7=21<35<0=60=90=120

AB2

7<21=35<0=60=90=120

I

90<7=60=120<21=35<0

IP

0>7=21=35=60=90=120

C

0>7=21=35=60=90=120

PC

0>7=21=35=60=90=120

PPC
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Table S7 ANOVA results for analysis of numbers of developing eggs between different treatments (fixed, 6 levels: AB2, I, IP,

C, PC, PPC) and sampling times (fixed, crossed, 7 levels: 120 days). Significant p-values (alpha = 0.05) are highlighted in bold

post-hoc contrasts were calculated using the emmeans R function and p-values adjusted for multiple-testing (alpha=0.05). °
Source Df Sum of Sq | MeanSq | F P-value
Treatment 5 37.91 7.582 4.937 0.00304
Timepoint 6 118.63 19.771 12.874 >6.04e-12
Treatment x Timepoint 30 46.06 1.535 1.00 0.4744
Residual 168 258 1.536

Pairwise comparisons

Day

0=7=21<35=60=90=120

Treatment

[P<AB2=I<PC=C=PPC
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Chapter 5.

General discussion

There is growing evidence that microbes associated with eukaryotic hosts are critically
important for their normal function and development (Blacher et al., 2019; Nakanishi et al.,
1996). These microbial associations are nearly ubiquitous, spanning the tree of life and across
ecosystems (Greenspan et al., 2020; Laforest-Lapointe et al., 2017; van der Loos et al., 2019).
This is leading to a paradigm shift in biology where eukaryotes are no longer viewed as
single entities, but rather as a coherent biological association comprised of the host and its
microbiome, i.e. as “holobionts” (McFall-Ngai et al., 2013; Rosenberg & Zilber-Rosenberg,

2018).

Work has shown that habitat forming organisms ranging from trees and grasslands to corals
and macroalgae are in fact highly complex holobionts (Bourne et al., 2016; Egan et al., 2013;
Laforest-Lapointe et al., 2017). Microbial communities within these holobionts have been
described to provide functions ranging from nutrient acquisition (Adak et al., 2016; Fiore et
al., 2010), developmental assistance (Carrier et al., 2022; Nakanishi et al., 1996; Tochitani,
2021), pathogen resistance (Egan et al., 2014; J. Li et al., 2022; Saha et al., 2019), carbon
uptake and sequestration (Bengtsson et al., 2011; Tsubaki et al., 2020), to abiotic
amelioration (e.g. salinity acclimation (Agler et al., 2016; Dittami et al., 2016).
Understanding the causative roles of these microbial communities is, however, a major
bottleneck in holobiont ecology (Prosser & Martiny, 2020). This is especially true for habitat

forming organisms whose biogenic structure underpins the ecosystems they live in.

There is a growing number of studies that aim at understanding causation and mechanisms by

which microbiota affect host performance. To understand causation and the underlying
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mechanisms, manipulations of the microbiota are required; however, such manipulations can
be challenging. Examples of previous approaches include experiments on the gut microbiota
of mice (Blacher et al., 2019; Kennedy et al., 2018), zebra fish (Bordenstein & Theis, 2015;
Fraune & Bosch, 2010; Levraud et al., 2022), microbiota of mosquitos (Cansado-Utrilla et
al., 2021; Coon et al., 2016; Dada et al., 2021; Rodriguez-Ruano et al., 2020) and daphnia
(Decaestecker et al., 2005; Massol et al., 2021). However, in most cases, these host-
microbiota manipulations occur in the laboratory, removed from their natural environment,
limiting the extent of our inferences and our capacity to predict responses of holobionts in

nature.

This thesis used experimental marine ecology as a framework to develop and test an approach
to determine causation for a dominant marine habitat-forming host — the intertidal seaweed
Hormosira banksii (Chapter 2). This approach allows for the effects of complex microbial
communities on hosts (and vice versa) to be distinguished and tested within their natural
systems (Dittami et al., 2014; Prosser & Martiny, 2020; Underwood et al., 2000). The use of
this experimental approach enabled us to test for the effects of microbial communities (host-
associated and benthic) on components of fitness across ontogeny (reproductive output,
zygote attachment and morphogenesis; Chapter 3). To further understand the role of
microbial communities in mediating host function and reproduction under environmental
stress — an extreme rainfall event — a series of manipulative experiments were conducted in
Chapter 4. The findings of this thesis extend our base understanding of host-microbiota
interactions and lay the foundation for further manipulative experimentation in holobiont

ecology.

5.1 Determining causation in non-model holobionts

Chapter 2 developed a framework to determine the effect of the host-associated microbiota,

or subsets thereof, on the photosynthetic efficiency — a proxy for host performance — of

140



Hormosira. To do this, I combined microbiota disruptions using antibiotics, with the
identification, culturing, isolation, and subsequent inoculation of presumed harmful bacteria.
To quantify whether the observed effects were representative of natural systems, these
experiments were done in the laboratory and in the field. Whilst antibiotics have been used
widely as a method for reducing/disrupting components of a hosts microbiome (Dittami et al.,
2014, 2016; Kennedy et al., 2018; KleinJan et al., 2021), few studies have considered that the
use of these chemicals might have a direct effect on the host (reviewed in Kennedy et al.,
2018). The complex responses of microorganisms to different antimicrobials, the potential
direct (not microbially mediated) effects on the host of the methodology employed to
manipulate the associated microbiota, as well as the temporal sequence of events and the
environmental context (i.e., laboratory vs field) are critical aspects that must be considered
when interpreting outcomes of experimental approaches that involve microbial manipulations

on hosts.

The combination of both approaches, i.e. the disruption/removal and the addition/inoculation
of microorganisms, applied (wherever possible) in real-world settings, coupled with temporal
sampling, provides a powerful and necessary approach towards a causal understanding of
host-microbiota interactions. This combined approach is, however, not infallible and suffers
from one of the great challenges of microbiology: the ability to broadly culture bacteria
(Barer & Harwood, 1999; Das et al., 2015; Martiny, 2019). Recent work examining corals
and their associated microbiota has provided a potential avenue for future study, that is, the
culture independent technique of homogenisation of a host’s tissue to generate a bacterial
suspension for inoculation (Damjanovic et al., 2019; Doering et al., 2021; Peixoto et al.,
2022; Villela et al., 2023). This technique enables the inclusion of slow growing and difficult
to culture bacterial taxa such as cyanobacteria, which seemed to be of high importance within

our system (Chapters 2-4), in a suspension which can then be used as the inoculant.
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Homogenisation would also allow future work to potentially ‘conventionalise’ hosts.
Conventionalisation is a term that refers to the application of the treatment (e.g. antibiotics or
antiseptics) before restoring the normal, pre-treatment microbiota. Such approach provides an
appropriate procedural control for manipulative experiments involving the removal/disruption
of the microbiota (Blacher et al., 2019; Kennedy et al., 2018; Levraud et al., 2022). Whilst
the framework used in Chapter 2 to examine causation incorporated the use of several
chemically similar antimicrobials but with different effects on the microbiota, which,
combined with temporal sampling, allowed us to make inferences about microbial effects on
the host, the inclusion of a host-conventionalisation treatment would be ideal as it is a more
robust control for potential artefacts introduced by manipulations. This technique is difficult
to incorporate outside of germ-free or model systems, but there are a number of studies which
have attempted it in mosquitos and daphnia, although, removed from their natural ecological
settings (Cansado-Utrilla et al., 2021; Coon et al., 2016; Massol et al., 2021). A logical next
step for our framework is to incorporate these culture independent techniques to generate
conventionalised hosts where the microbiota are removed/disrupted and/or re-introduced as a

whole within natural, open systems (i.e. in the field).

Within this thesis, when considering microbial communities, I have mainly focused on the
effect of bacterial taxa on proxies for host function (e.g. photosynthetic efficiency) and
fitness (e.g. reproduction, morphogenesis). Bacteria have been the focus here because
previous work has suggested that they are important members of seaweed-associated
microbiota (Egan et al., 2013, 2014; J. Li et al., 2022; Longford et al., 2019; Marzinelli et al.,
2015; Miranda et al., 2022; Weigel & Pfister, 2019). However, fungi (Amend et al., 2012,
2019; Ferrari et al., 2021; Roik et al., 2022; Tourneroche et al., 2019; Yarden, 2014) and
viruses (Kim et al., 2016; Lachnit et al., 2016; Ren et al., 2022; van der Loos et al., 2019) are

increasingly being recognised as important to eukaryotic host function and may also play a
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significant role in Hormosira. The antimicrobials used in this thesis included antibiotics,
which mainly target bacteria (see Chapter 2), as well as iodine, which can also affect other
microorganisms (Manna et al., 1984; Piérard et al., 1997; World Health Organization &
others, 2020). The observed effects on host function and potential fitness may therefore be
attributed to changes in the fungal or phage communities. Future work should include
molecular tools and analyses (e.g., 18S rRNA gene and ITS amplicon sequencing), as well as
targeted culturing and isolation approaches, to capture other members of the microbial

community and understand their role on host performance.

5.2 Effect of microbiota on hosts across ontogeny and beyond physiology

Most studies testing the effect of microbiomes on hosts function have focused on molecular
(e.g. stress marker genes) or physiological parameters (e.g. metabolic rate) (Carrier et al.,
2022; Fiore et al., 2010; Kennedy et al., 2018; Lesser et al., 2007; Mohr et al., 2021; Pedersen
et al., 2016). The ubiquity of host-microbiota associations and their effects on host function
strongly suggest that host-associated microorganisms may affect host fitness (Davitt et al.,
2011; Glasl et al., 2016; Graham et al., 2014; Rosengaus et al., 2011), that is, may affect
survivorship and reproduction across generations. However, for many marine holobionts, the
effect of microbiota on host fitness has not necessarily been established because relating
individual physiological functions to fitness components such as survival or reproduction, or
even broader ecological concepts such as resilience, can be fraught with difficulty (Bjork et
al., 2019; Leray et al., 2021; O’Brien et al., 2019; Sison-Mangus et al., 2014). For example,
in long-lived and slow-growing species such as Hormosira (~5-8 months from zygote to 3
vesicles, Kain, 2015), it may not feasible to accurately measure fitness over short timescales
(Bassar et al., 2010). For instance, most research projects and funding cycles are far shorter
(often 3 years) than the lifespan of many of the hosts studied. As such, many researchers use

proxies of fitness to estimate overall lifetime fitness. These measures include germination
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rates (Kaur et al., 2017; Myers et al., 2006, 2007; Ordofiez et al., 2017), size (Earl &
Whiteman, 2015; Hendry et al., 2001; McGinley & Charnov, 1988), biomass (Calmes et al.,
2020; Dudenhoffer et al., 2018; Hughes et al., 2016) and reproductive investment or output
(Alif et al., 2022; Fujita et al., 2014; Hamel et al., 2010; Hendry et al., 2001; Pfister, 1992)
which was used in this thesis. Incorporating ontogeny, through the use of measures such as
reproductive output and reproductive investment, into proxies of fitness further increases the
accuracy of inferences of an organism’s lifetime fitness (Alif et al., 2022; Bassar et al., 2010;
Wallace et al., 2016). Ultimately though, multi-generational studies are required to truly
understand the effect of microbial communities on life histories. This however requires
longer project times or other, shorter-lived hosts.

Given how the probability of surviving or reproducing varies across the life cycle or age of an
organism, this also highlights how important it is to understand the effects of the microbiome
on the host throughout its entire life cycle (Agrawal, 2012; Davitt et al., 2011; Glasl et al.,
2016; Hamel et al., 2010; Nakamura et al., 2011). There is evidence that host-associated
microbial communities have different effects at different life stages of a holobiont (Carrier et
al., 2022; Pantoja-Feliciano et al., 2013; Vijayan et al., 2019). For example, recent work has
shown both ticks and helminths have a core microbial community which is present
throughout its life, but which varies in function as the host progresses through its life cycle
(Hahn et al., 2022; Jorge et al., 2020; Zolnik et al., 2016). Considering the effect of microbial
communities over ontogeny is especially important for ecologically dominant organisms such
as Hormosira because understanding which microorganisms are important at which life
history stage may be critical for any management strategy or intervention (Peixoto et al.,

2017, 2021).

Chapter 3 provided important insights as to the role of host-associated microbes in mediating

reproductive output and attachment success across Hormosira’s life history. Host-associated
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microorganisms had a strong effect on the reproductive output of female Hormosira. As the
reproductive output of male individuals was not quantified, the effects of host-associated
microorganisms on males is not clear. However, the observed decrease in female
reproductive output is critically important for a recruitment-limited species such as
Hormosira because disruption to propagule supply can have significant, negative effects on
recruitment and population persistence (Bellgrove et al., 2004; D’ Antonio et al., 2001;
Hoffmann & Ugarte, 1985; Lee & Bruno, 2009; Schiel & Foster, 2006; Seabloom, 2011).
Furthermore, there was a strong interactive effect of host- and benthic-associated microbial
communities on the attachment of the zygotes. Whilst previous studies have reported between
5-8% of zygotes surviving after 12 hours in the field (Bellgrove et al., 2004; Clarke &
Womersley, 1981; Taylor & Schiel, 2003), here I found significantly higher zygote survival
rates (10-15%), potentially as an artifact of spawning in the laboratory. Despite this potential
artefact, I showed that disruption to the microbial community led to a near complete loss of
zygote survival (0-2%), with potential strong effects on the establishment and maintenance of
populations under stress. Whilst there is significant literature on how benthic-associated
microbes induce settlement in marine invertebrates (reviewed in Dobretsov & Rittschof,
2020), as well as development in some algal species (Nakanishi et al., 1996a; Provasoli &
Pintner, 1980), this work is one of the first to show that adult host-associated microbial

communities can influence successful zygote morphogenesis.

5.3 Host-associated microbes can enhance recovery from extreme rainfall

events

Host associated microbial communities have been suggested to ameliorate environmental
conditions within a number of systems ranging from grasslands to coral reefs (Adak et al.,
2016; Carrier & Reitzel, 2017; Case et al., 2011; Fuggle et al., 2023; Tadych et al., 2014). In
Chapter 4, I examined the effect of extreme rainfall on host-microbe interactions and how
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these interactions can mediate the response of the host to stress. Whilst Hormosira has been
shown to be fecund throughout the year, with several studies showing differences in
recruitment across seasons (Bellgrove et al., 2004; Clayton et al., 1985; Kain, 2015; Taylor &
Schiel, 2003; Underwood, 1998), I found a strong effect of salinity — an important variable
that changed during the extreme rainfall event — on the reproductive development of females
and release of eggs. Interestingly, I found that when Hormosira was subjected to low salinity
levels (>20ppt) for a prolonged period (1 month) there was an almost complete collapse of
Hormosira’s reproductive output (females) in the field. As the microbial community
associated with Hormosira mediated its reproductive response, changes in this community as
a result of increased and more intense rainfall events have the potential to cause declines of
the entire populations. To future-proof these populations in the context of climate change and
related stressors, there are two potential avenues of inquiry: 1) manipulate the microbial
communities to increase the resilience of the hosts and/or 2) utilise the hosts genetics (e.g. out
planting/ selective breeding). The experimental approach outlined in Chapter 2 can be used to
identify microbes which enhance host resilience to stress, which can then be used as probiotic
treatments as is currently done in corals (e.g. Peixoto et al., 2017, 2021, 2022). However,
whilst there is promise within these probiotic approaches, their application within the field
can be challenging. Additionally, microbial communities with their inherently high adaptive
potential may develop tolerance to stress without the need for manipulation (Bosch et al.,

2019; Fraune & Bosch, 2010; Lowe et al., 2021).

Alternatively, future-proofing approaches may focus on the host, or combine microbial
manipulations as described above with specific host genotypes, deemed tolerant to stress.
Hormosira has two unique ecotypes (as described by King, 1981) which are exposed to
varying salinity regimes. The free-living ecotype of Hormosira is consistently subjected to

low salinities in its estuarine environment and remains detached for its entire life cycle
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(Coleman et al., 2019; King, 1981). The coastal ecotype is consistently subjected to a higher
average salinity regime that the free-living ecotype due to its exposure to the open sea (den
Hartog, 1968). Work from other systems suggest that ecotypes exposed to more variable
environmental regimes have greater plasticity in their responses and may thus explain why
the low salinity ecotype can reproduce in such conditions (De Jong, 2005; Gibbons et al.,
2017; Hollander & Butlin, 2010; Huang & Boney, 1983). Recent genetic evidence shows a
clear separation of the ecotypes which may suggest their differential responses to salinity
may be inheritable (Bellgrove, van Rooyen, et al., 2017; Coleman et al., 2019). As extreme
rainfall events are predicted to increase, crossbreeding of these two ecotypes may provide a
genetic lifeline for this species given the strong effects rainfall had on reproduction of the
coastal ecotype. Genetic lifelines such as crossbreeding have shown promising results in
increasing the resilience and persistence in organisms at their ranges edges (Abicair et al.,
2020; Attard et al., 2016; Hails et al., 1993; Van Oppen et al., 2017; Van Oppen & Aranda

Lastra, 2022).

5.4 Conclusion and future directions

This work explored how to determine causation in non-model holobionts, particularly
seaweed holobionts, and lays the foundation for future work into holobiont research. Whilst
the use of 16S rRNA gene amplicon sequencing has allowed us to understand the diversity of
the bacterial communities associated with this seaweed host, and which taxa are involved in
cause-effect relationships, it does not allow us to determine the function of these
communities. Using this manipulative approach with functional measures of the microbiome
and the host, such as metagenomics, meta-transcriptomics and metabolomics coupled with
host transcriptomics, would allow better mechanistic understanding of host-microbiota
interactions. Whilst these genomic tools are by no means without issue, primarily low

numbers of annotated functional identity (Sunagawa et al., 2015), their use would also allow
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determination of critical functions and also whether there is redundancy in the microbiome.
There are a number of studies which have shown that specific microbial functions are of
greater importance to host function and survival than the identity of the microbial taxa
(Balser et al., 2002; Glasl et al., 2016; Spoerner et al., 2012). However, these studies have
shown that these interactions are highly species-specific, which suggests that drawing
predictions from these systems and applying them to others should be done with caution

(Tadych et al., 2014).

Results from Chapter 3 indicate that microbial communities are important for seaweed
function and survival across ontogeny. I showed that host-associated microbiota are
important for both reproductive output and settlement in this species. A question which arises
from this is: where do hosts acquire the microbes which are important for these processes —
reproduction and settlement? Habitat forming organisms have been shown to host unique
microbial communities from their surrounding environment (Adak et al., 2016; Marzinelli et
al., 2015; Miranda et al., 2022; Palit et al., 2022; Weigel & Pfister, 2019). However, whilst
several studies have established that vertical transmission of the microbiome is commonplace
within natural systems (Carrier et al., 2022; Davitt et al., 2011; Donaldson et al., 2016;
Tochitani, 2021), the evidence for this within habitat forming seaweeds is limited. Future

work could determine the prevalence and importance of the origin of a host-microbiota.

Holobionts live in variable ecosystems and can be exposed to rapid environmental changes. It
is important to understand the ecology of holobionts within their natural environment
(Rosenberg & Zilber-Rosenberg, 2018b) as the response of holobionts to environmental
conditions is, at least partially, determined by the microbial communities (Seymour et al.,
2017; Simon et al., 2019). In this thesis, host-associated microbial communities mediated
host responses following extreme rainfall events. Future work should aim at determining key
functions within the microbiome and the mechanisms by which they mediate this response.
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Furthermore, as is currently done within corals (Peixoto et al., 2017, 2021), the development
of probiotic microbial treatments to assist habitat forming organism could prove to be a
lifeline in a changing environment. Developing suitable probiotics is challenging as microbial
taxa may vary from commensal and mutualistic to parasitic within varying conditions (Singh
& Reddy, 2016). Therefore, the function of the microbes of interest must be taken in a
number of different environmental and ecological contexts (Epstein et al., 2019; Peixoto et
al., 2021, 2022). If the culturability of the microbes on interest is low or difficult,
homogenisation of the a health host could be used as a ‘microbiome donor’ as has been done
with faecal transplants (Kaakoush, 2020; E. K. A. Schmidt et al., 2020; Secombe et al., 2021;

Vrieze et al., 2013).

Overall, this thesis shows that host-associated microbes are fundamentally important for host
function and potential fitness and exert influence through an organism’s life history. This is
an important step for holobiont ecology and has implications for how we consider holobionts’
persistence within a changing ocean. To further our understanding of an organism ecology

within a variable world, we must consider the whole ecological unit — the holobiont — if we

are to actively conserve and manage ecologically important species.

149



6. References

Abicair, K., Manning, A. D., Ford, F., Newport, J., & Banks, S. C. (2020). Habitat selection
and genetic diversity of a reintroduced ‘refugee species’. Animal Conservation, 23(3), 330-

341. https://doi.org/10.1111/acv.12550

Adak, A., Prasanna, R., Babu, S., Bidyarani, N., Verma, S., Pal, M., Shivay, Y. S., & Nain, L.
(2016). Micronutrient enrichment mediated by plant-microbe interactions and rice cultivation
practices. In Journal of Plant Nutrition (Vol. 39, Issue 9, pp. 1216-1232).

https://do1.0rg/10.1080/01904167.2016.1148723

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S. T., Weigel, D., & Kemen, E. M.
(2016a). Microbial Hub Taxa Link Host and Abiotic Factors to Plant Microbiome Variation.

In PLoS Biol (Vol. 14, Issue 1, p. €1002352). https://doi.org/10.1371/journal.pbio.1002352

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S.-T., Weigel, D., & Kemen, E. M.
(2016b). Microbial Hub Taxa Link Host and Abiotic Factors to Plant Microbiome Variation.

PLOS Biology, 14(1), €1002352. https://doi.org/10.1371/journal.pbio.1002352

Agrawal, S. C. (2012). Factors controlling induction of reproduction in algae—review: The

text. Folia Microbiologica, 57(5), 387—407. https://doi.org/10.1007/s12223-012-0147-0

Ainsworth, T., Krause, L., Bridge, T., Torda, G., Raina, J.-B., Zakrzewski, M., Gates, R. D.,
Padilla-Gamifio, J. L., Spalding, H. L., Smith, C., Woolsey, E. S., Bourne, D. G., Bongaerts,
P., Hoegh-Guldberg, O., & Leggat, W. (2015). The coral core microbiome identifies rare
bacterial taxa as ubiquitous endosymbionts. The ISME Journal, 9(10), 2261-2274.

https://doi.org/10.1038/ismej.2015.39

Aiyar, P., Schaeme, D., Garcia-Altares, M., Carrasco Flores, D., Dathe, H., Hertweck, C.,

150



Sasso, S., & Mittag, M. (2017). Antagonistic bacteria disrupt calcium homeostasis and
immobilize algal cells. In Nat Commun (Vol. 8, Issue 1, p. 1756).

https://doi.org/10.1038/s41467-017-01547-8

Alif, Z., Dunning, J., Chik, H. Y. J., Burke, T., & Schroeder, J. (2022). What is the best
fitness measure in wild populations? A case study on the power of short-term fitness proxies
to predict reproductive value. PLOS ONE, 17(4), €0260905.

https://doi.org/10.1371/journal.pone.0260905

Amend, A. S., Barshis, D. J., & Oliver, T. A. (2012). Coral-associated marine fungi form
novel lineages and heterogeneous assemblages. The ISME Journal, 6(7), 1291-1301.

https://doi.org/10.1038/ismej.2011.193

Amend, A. S., Burgaud, G., Cunliffe, M., Edgcomb, V. P., Ettinger, C. L., Gutiérrez, M. H.,
Heitman, J., Hom, E. F. Y., laniri, G., Jones, A. C., Kagami, M., Picard, K. T., Quandt, C. A.,
Raghukumar, S., Riquelme, M., Stajich, J., Vargas-Muiiiz, J., Walker, A. K., Yarden, O., &
Gladfelter, A. S. (2019). Fungi in the Marine Environment: Open Questions and Unsolved

Problems. MBio, 10(2), €01189-18. https://doi.org/10.1128/mBi0.01189-18

Anderson, M. J., & Walsh, D. C. 1. (2013). PERMANOVA, ANOSIM, and the Mantel test in
the face of heterogeneous dispersions: What null hypothesis are you testing? Ecological

Monographs, 83(4), 557-574. https://doi.org/10.1890/12-2010.1

Attard, C. R. M., Mdller, L. M., Sasaki, M., Hammer, M. P., Bice, C. M., Brauer, C. J.,
Carvalho, D. C., Harris, J. O., & Beheregaray, L. B. (2016). A novel holistic framework for
genetic-based captive-breeding and reintroduction programs: Holistic Framework for
Reintroductions. Conservation Biology, 30(5), 1060—1069.

https://doi.org/10.1111/cobi.12699

Balser, T. C., Kinzig, A. P., & Firestone, M. K. (2002). Linking Soil Microbial Communities
151



and Ecosystem Functioning. In A. P. Kinzig, S. W. Pacala, & D. Tilman (Eds.), The
Functional Consequences of Biodiversity: Empirical Progress and Theoretical Extensions.

Princeton University Press.

Barer, M. R., & Harwood, C. R. (1999). Bacterial viability and culturability. Advances in

Microbial Physiology, 41, 93—137.

Barott, K. L., Rodriguez-Brito, B., Janouskovec, J., Marhaver, K. L., Smith, J. E., Keeling,
P., & Rohwer, F. L. (2011). Microbial diversity associated with four functional groups of
benthic reef algae and the reef-building coral Montastraea annularis: Microbial diversity on
benthic algae and corals. Environmental Microbiology, 13(5), 1192—1204.

https://doi.org/10.1111/5.1462-2920.2010.02419.x

Bass, A. V., Smith, K. E., & Smale, D. A. (2023). Marine heatwaves and decreased light
availability interact to erode the ecophysiological performance of habitat-forming kelp

species. Journal of Phycology, 59(3), 481-495. https://doi.org/10.1111/jpy.13332

Bassar, R. D., Lopez-Sepulcre, A., Walsh, M. R., Turcotte, M. M., Torres-Mejia, M., &
Reznick, D. N. (2010). Bridging the gap between ecology and evolution: Integrating density
regulation and life-history evolution: Bridging the gap between ecology and evolution.
Annals of the New York Academy of Sciences, 1206(1), 17-34. https://doi.org/10.1111/1.1749-

6632.2010.05706.x

Bellgrove, A., Clayton, M. N., & Quinn, G. P. (2004). An integrated study of the temporal
and spatial variation in the supply of propagules, recruitment and assemblages of intertidal
macroalgae on a wave-exposed rocky coast, Victoria, Australia. Journal of Experimental

Marine Biology and Ecology, 310(2), 207-225. https://doi.org/10.1016/j.jembe.2004.04.011

Bellgrove, A., McKenzie, P. F., Cameron, H., & Pocklington, J. B. (2017a). Restoring rocky

intertidal communities: Lessons from a benthic macroalgal ecosystem engineer. Marine

152



Pollution Bulletin, 117(1-2), 17-27. https://doi.org/10.1016/j.marpolbul.2017.02.012

Bellgrove, A., McKenzie, P. F., Cameron, H., & Pocklington, J. B. (2017b). Restoring rocky
intertidal communities: Lessons from a benthic macroalgal ecosystem engineer. Marine

Pollution Bulletin, 117(1-2), Article 1-2. https://doi.org/10.1016/j.marpolbul.2017.02.012

Bellgrove, A., McKenzie, P., McKenzie, J., & Sfiligoj, B. (2010). Restoration of the habitat-
forming fucoid alga Hormosira banksii at effluent-affected sites: Competitive exclusion by
coralline turfs. Marine Ecology Progress Series, 419, 47-56.

https://doi.org/10.3354/meps08843

Bellgrove, A., van Rooyen, A., Weeks, A. R., Clark, J. S., Doblin, M. A., & Miller, A. D.
(2017). New resource for population genetics studies on the Australasian intertidal brown
alga, Hormosira banksii: Isolation and characterization of 15 polymorphic microsatellite loci
through next generation DNA sequencing. Journal of Applied Phycology, 29(3), 1721-1727.

https://doi.org/10.1007/s10811-016-1015-0

Beman, J. M., Chow, C. E., King, A. L., Feng, Y., Fuhrman, J. A., Andersson, A., Bates, N.
R., Popp, B. N., & Hutchins, D. A. (2011a). Global declines in oceanic nitrification rates as a
consequence of ocean acidification. In Proc Natl Acad Sci U S A (Vol. 108, Issue 1, pp. 208—

213). https://doi.org/10.1073/pnas.1011053108

Beman, J. M., Chow, C. E., King, A. L., Feng, Y., Fuhrman, J. A., Andersson, A., Bates, N.
R., Popp, B. N., & Hutchins, D. A. (2011b). Global declines in oceanic nitrification rates as a
consequence of ocean acidification. In Proc Natl Acad Sci U S A (1; Vol. 108, Issue 1, pp.

208-213). https://doi.org/10.1073/pnas.1011053108

Bender, E. A., Case, T. J., & Gilpin, M. E. (1984). Perturbation Experiments in Community

Ecology: Theory and Practice. Ecology, 65(1), 1-13. https://doi.org/10.2307/1939452

153



Benedetti-Cecchi, L., Pannacciulli, F., Bulleri, F., Moschella, P., Airoldi, L., Relini, G., &
Cinelli, F. (2001). Predicting the consequences of anthropogenic disturbance: Large-scale
effects of loss of canopy algae on rocky shores. Marine Ecology Progress Series, 214, 137—

150. https://doi.org/10.3354/meps214137

Bengtsson, M., Sjetun, K., Storesund, J., & @Qvreés, J. (2011). Utilization of kelp-derived
carbon sources by kelp surface-associated bacteria. Aquatic Microbial Ecology, 62(2), 191—

199. https://doi.org/10.3354/ame01477

Berendsen, R. L., Pieterse, C. M., & Bakker, P. A. (2012). The rhizosphere microbiome and
plant health. In Trends Plant Sci (8; Vol. 17, Issue 8, pp. 478-486).

https://doi.org/10.1016/j.tplants.2012.04.001

Bishop, M., Morgan, T., Coleman, M., Kelaher, B., Hardstaff, L., & Evenden, R. (2009).
Facilitation of molluscan assemblages in mangroves by the fucalean alga Hormosira banksii.

Marine Ecology Progress Series, 392, 111-122. https://doi.org/10.3354/meps08247

Bjork, J. R., Diez-Vives, C., Astudillo-Garcia, C., Archie, E. A., & Montoya, J. M. (2019).
Vertical transmission of sponge microbiota is inconsistent and unfaithful. Nature Ecology &

Evolution, 3(8), 1172—1183. https://doi.org/10.1038/s41559-019-0935-x

Blacher, E., Bashiardes, S., Shapiro, H., Rothschild, D., Mor, U., Dori-Bachash, M.,
Kleimeyer, C., Moresi, C., Harnik, Y., Zur, M., Zabari, M., Brik, R. B.-Z., Kviatcovsky, D.,
Zmora, N., Cohen, Y., Bar, N., Levi, I., Amar, N., Mehlman, T., ... Elinav, E. (2019).
Potential roles of gut microbiome and metabolites in modulating ALS in mice. Nature,

572(7770), 474-480. https://doi.org/10.1038/s41586-019-1443-5

Blaser, M. J. (2006). Who are we?: Indigenous microbes and the ecology of human diseases.

EMBO Reports, 7(10), 956-960. https://doi.org/10.1038/sj.embor.7400812

154



Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for
[llumina sequence data. Bioinformatics, 30(15), 2114-2120.

https://doi.org/10.1093/bioinformatics/btul 70

Bondoso, J., Godoy-Vitorino, F., Balagu¢, V., Gasol, J. M., Harder, J., & Lage, O. M. (2017).
Epiphytic Planctomycetes communities associated with three main groups of macroalgae.

FEMS Microbiology Ecology, fiw255. https://doi.org/10.1093/femsec/fiw255

Bonthond, G., Barilo, A., Allen, R. J., Cunliffe, M., & Krueger-Hadfield, S. A. (2022).
Fungal endophytes vary by species, tissue type, and life cycle stage in intertidal macroalgae.

Journal of Phycology, 58(2), 330-342. https://doi.org/10.1111/jpy.13237

Bordenstein, S. R., & Theis, K. R. (2015). Host Biology in Light of the Microbiome: Ten
Principles of Holobionts and Hologenomes. PLOS Biology, 13(8), €1002226.

https://doi.org/10.1371/journal.pbio.1002226

Bosch, T. C. G., Guillemin, K., & McFall-Ngai, M. (2019). Evolutionary “Experiments” in
Symbiosis: The Study of Model Animals Provides Insights into the Mechanisms Underlying
the Diversity of Host—Microbe Interactions. BioEssays, 41(10), 1800256.

https://doi.org/10.1002/bies.201800256

Bourne, D. G., Morrow, K. M., & Webster, N. S. (2016). Insights into the Coral Microbiome:
Underpinning the Health and Resilience of Reef Ecosystems. Annual Review of

Microbiology, 70(1), 317-340. https://doi.org/10.1146/annurev-micro-102215-095440

Bracken, M. E. S., & Nielsen, K. J. (2004a). Diversity of intertidal macroalgae increases with
nitrogen loading by invertebrates. Ecology, 8§5(10), 2828-2836. https://doi.org/10.1890/03-

0651

Bracken, M. E. S., & Nielsen, K. J. (2004b). Diversity of intertidal macroalgae increases with

155



nitrogen loading by invertebrates. Ecology, 8§5(10), Article 10. https://doi.org/10.1890/03-

0651

Brodie, J., Williamson, C., Barker, G. L., Walker, R. H., Briscoe, A., Yallop, M., & Olson, J.
(2016). Characterising the microbiome of Corallina officinalis, a dominant calcified intertidal
red alga. In FEMS Microbiology Ecology (8; Vol. 92, Issue 8).

https://doi.org/10.1093/femsec/fiw110

Bulleri, F., Eriksson, B. K., Queir6s, A., Airoldi, L., Arenas, F., Arvanitidis, C., Bouma, T. J.,
Crowe, T. P., Davoult, D., Guizien, K., Ive$a, L., Jenkins, S. R., Michalet, R., Olabarria, C.,
Procaccini, G., Serrdo, E. A., Wahl, M., & Benedetti-Cecchi, L. (2018). Harnessing positive
species interactions as a tool against climate-driven loss of coastal biodiversity. PLOS

Biology, 16(9), €2006852. https://doi.org/10.1371/journal.pbio.2006852

Buschmann, A. H., Vasquez, J. A., Osorio, P., Reyes, E., Filan, L., Hernandez-Gonzalez, M.
C., & Vega, A. (2004). The effect of water movement, temperature and salinity on abundance
and reproductive patterns of Macrocystis spp. (Phaeophyta) at different latitudes in Chile.

Marine Biology, 145(5), 849-862. https://doi.org/10.1007/s00227-004-1393-8

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S.
P. (2016). DADAZ2: High-resolution sample inference from Illumina amplicon data. Nature

Methods, 13(7), 581-583. https://doi.org/10.1038/nmeth.3869

Calmes, B., Strittmatter, M., Jacquemin, B., Perrineau, M.-M., Rousseau, C., Badis, Y., Cock,
J. M., Destombe, C., Valero, M., & Gachon, C. M. M. (2020). Parallelisable non-invasive
biomass, fitness and growth measurement of macroalgae and other protists with

nephelometry. Algal Research, 46, 101762. https://doi.org/10.1016/j.algal.2019.101762

Campbell, A. H., Harder, T., Nielsen, S., Kjelleberg, S., & Steinberg, P. D. (2011). Climate

change and disease: Bleaching of a chemically defended seaweed: CLIMATE CHANGE
156



AND SEAWEED BLEACHING. Global Change Biology, 17(9), 2958-2970.

https://do1.org/10.1111/5.1365-2486.2011.02456.x

Campbell, A. H., Marzinelli, E. M., Vergés, A., Coleman, M. A., & Steinberg, P. D. (2014).
Towards Restoration of Missing Underwater Forests. PLoS ONE, 9(1), e84106.

https://doi.org/10.1371/journal.pone.0084106

Cansado-Utrilla, C., Zhao, S. Y., McCall, P. J., Coon, K. L., & Hughes, G. L. (2021). The
microbiome and mosquito vectorial capacity: Rich potential for discovery and translation.

Microbiome, 9(1), 111. https://doi.org/10.1186/540168-021-01073-2

Carrier, T. J., Maldonado, M., Schmittmann, L., Pita, L., Bosch, T. C. G., & Hentschel, U.
(2022). Symbiont transmission in marine sponges: Reproduction, development, and

metamorphosis. BMC Biology, 20(1), 100. https://doi.org/10.1186/s12915-022-01291-6

Carrier, T. J., & Reitzel, A. M. (2017). The Hologenome Across Environments and the
Implications of a Host-Associated Microbial Repertoire. Frontiers in Microbiology, 8, 802.

https://doi.org/10.3389/fmicb.2017.00802

Carthey, A. J. R., Blumstein, D. T., Gallagher, R. V., Tetu, S. G., & Gillings, M. R. (2020a).
Conserving the holobiont. Functional Ecology, 34(4), 764—776. https://doi.org/10.1111/1365-

2435.13504

Carthey, A. J. R., Blumstein, D. T., Gallagher, R. V., Tetu, S. G., & Gillings, M. R. (2020b).
Conserving the holobiont. Functional Ecology, 34(4), Article 4. https://doi.org/10.1111/1365-

2435.13504

Case, R. J., Longford, S. R., Campbell, A. H., Low, A., Tujula, N., Steinberg, P. D., &
Kjelleberg, S. (2011). Temperature induced bacterial virulence and bleaching disease in a

chemically defended marine macroalga: Temperature, disease and algal chemical defense.

157



Environmental Microbiology, 13(2), 529-537. https://doi.org/10.1111/1.1462-

2920.2010.02356.x

Clark, J. S., Poore, A. G. B., & Doblin, M. A. (2018). Shaping up for stress: Physiological
flexibility is key to survivorship in a habitat-forming macroalga. Journal of Plant Physiology,

231, 346-355. https://doi.org/10.1016/j.jplph.2018.10.005

Clarke, S., & Womersley, H. (1981). Cross-fertilization and hybrid development of forms of
the brown alga Hormosira banksii (Turner) Decaisne. Australian Journal of Botany, 29(4),

497. https://doi.org/10.1071/BT9810497

Clayton, M. N., Hallam, N. D., Luff, S. E., & Diggins, T. (1985). Cytology of the apex,
thallus development and reproductive structures of Hormosira banksii (Fucales, Phaeophyta).

Phycologia, 24(2), 181-190. https://doi.org/10.2216/i0031-8884-24-2-181.1

Coelho-Souza, S. A., Jenkins, S. R., Casarin, A., Baeta-Neves, M. H., Salgado, L. T.,
Guimaraes, J. R. D., & Coutinho, R. (2017). The Effect of Light on Bacterial Activity in a
Seaweed Holobiont. Microbial Ecology, 74(4), 868—876. https://doi.org/10.1007/s00248-017-

0995-x

Coleman, M. A., Clark, J. S., Doblin, M. A., Bishop, M. J., & Kelaher, B. P. (2019). Genetic
differentiation between estuarine and open coast ecotypes of a dominant ecosystem engineer.

Marine and Freshwater Research, 70(7), 977. https://doi.org/10.1071/MF17392

Connell, J. H. (1961). The Influence of Interspecific Competition and Other Factors on the
Distribution of the Barnacle Chthamalus Stellatus. Ecology, 42(4), 710-723.

https://doi.org/10.2307/1933500

Coon, K. L., Brown, M. R., & Strand, M. R. (2016). Mosquitoes host communities of

bacteria that are essential for development but vary greatly between local habitats. Molecular

158



Ecology, 25(22), 5806—5826. https://doi.org/10.1111/mec.13877

Cornwall, C. E., Revill, A. T., Hall-Spencer, J. M., Milazzo, M., Raven, J. A., & Hurd, C. L.
(2017). Inorganic carbon physiology underpins macroalgal responses to elevated CO2. In Sci

Rep (Vol. 7, p. 46297). https://doi.org/10.1038/srep46297

CSIRO, Hobday, A., Oliver, E., Sen Gupta, A., Benthuysen, J., Burrows, M., Donat, M.,
Holbrook, N., Moore, P., Thomsen, M., Wernberg, T., & Smale, D. (2018). Categorizing and

Naming Marine Heatwaves. Oceanography, 31(2). https://doi.org/10.5670/oceanog.2018.205

Dada, N., Jupatanakul, N., Minard, G., Short, S. M., Akorli, J., & Villegas, L. M. (2021).
Considerations for mosquito microbiome research from the Mosquito Microbiome

Consortium. Microbiome, 9(1), 36. https://doi.org/10.1186/s40168-020-00987-7

Damjanovic, K., Van Oppen, M. J. H., Menéndez, P., & Blackall, L. L. (2019). Experimental
Inoculation of Coral Recruits With Marine Bacteria Indicates Scope for Microbiome

Manipulation in Acropora tenuis and Platygyra daedalea. Frontiers in Microbiology, 10,

1702. https://doi.org/10.3389/fmicb.2019.01702

D’Antonio, C., Levine, J., & Thomsen, M. (2001). Ecosystem resistance to invasion and the

role of propagule supply: A California perspective. Journal OfMediterranean Ecology, 2.

Das, N., Tripathi, N., Basu, S., Bose, C., Maitra, S., & Khurana, S. (2015). Progress in the
development of gelling agents for improved culturability of microorganisms. Frontiers in

Microbiology, 6. https://doi.org/10.3389/fmicb.2015.00698

Davis, T. R., Larkin, M. F., Forbes, A., Veenhof, R. J., Scott, A., & Coleman, M. A. (2022).
Extreme flooding and reduced salinity causes mass mortality of nearshore kelp forests.
Estuarine, Coastal and Shelf Science, 275, 107960.

https://doi.org/10.1016/j.ecss.2022.107960

159



Davison, L. R., & Pearson, G. A. (1996). STRESS TOLERANCE IN INTERTIDAL
SEAWEEDS. Journal of Phycology, 32(2), 197-211. https://doi.org/10.1111/1.0022-

3646.1996.00197.x

Davitt, A. J., Chen, C., & Rudgers, J. A. (2011). Understanding context-dependency in plant—
microbe symbiosis: The influence of abiotic and biotic contexts on host fitness and the rate of

symbiont transmission. Environmental and Experimental Botany, 71(2), 137-145.

https://doi.org/10.1016/j.envexpbot.2010.11.004

De Jong, G. (2005). Evolution of phenotypic plasticity: Patterns of plasticity and the
emergence of ecotypes. New Phytologist, 166(1), 101-118. https://doi.org/10.1111/j.1469-

8137.2005.01322.x

Decaestecker, E., Declerck, S., De Meester, L., & Ebert, D. (2005). Ecological implications
of parasites in natural Daphnia populations. Oecologia, 144(3), 382—390.

https://doi.org/10.1007/s00442-005-0083-7

Den Haan, J., Huisman, J., Brocke, H. J., Goehlich, H., Latijnhouwers, K. R. W., Van
Heeringen, S., Honcoop, S. A. S., Bleyenberg, T. E., Schouten, S., Cerli, C., Hoitinga, L.,
Vermeij, M. J. A., & Visser, P. M. (2016). Nitrogen and phosphorus uptake rates of different
species from a coral reef community after a nutrient pulse. Scientific Reports, 6(1), 28821.

https://doi.org/10.1038/srep28821

den Hartog, C. (1968). The littoral environment of rocky shores as a border between the sea
and the land and between the sea and the fresh water. Blumea: Biodiversity, Evolution and

Biogeography of Plants, 16(2), 375-393.

Deysher, E., & Dean, T. A. (1986). In situ recruitment of sporophytes of the giant kelp,

Macrocystis pyrijkra (L.) C.A. Agardh: Effects of physical factors.

160



Dimartino, S., Savory, D. M., Fraser-Miller, S. J., Gordon, K. C., & McQuillan, A. J. (2016).
Microscopic and infrared spectroscopic comparison of the underwater adhesives produced by
germlings of the brown seaweed species Durvillaea antarctica and Hormosira banksii.
Journal of The Royal Society Interface, 13(117), 20151083.

https://doi.org/10.1098/rsif.2015.1083

Dittami, S. M., Arboleda, E., Auguet, J.-C., Bigalke, A., Briand, E., Cardenas, P., Cardini, U.,
Decelle, J., Engelen, A. H., Eveillard, D., Gachon, C. M. M., Griffiths, S. M., Harder, T.,
Kayal, E., Kazamia, E., Lallier, F. H., Medina, M., Marzinelli, E. M., Morganti, T. M., ...
Not, F. (2021). A community perspective on the concept of marine holobionts: Current status,

challenges, and future directions. Peer.J, 9, e10911. https://doi.org/10.7717/peerj.10911

Dittami, S. M., Duboscg-Bidot, L., Perennou, M., Gobet, A., Corre, E., Boyen, C., & Tonon,
T. (2016a). Host—microbe interactions as a driver of acclimation to salinity gradients in
brown algal cultures. The ISME Journal, 10(1), 51-63.

https://doi.org/10.1038/ismej.2015.104

Dittami, S. M., Duboscg-Bidot, L., Perennou, M., Gobet, A., Corre, E., Boyen, C., & Tonon,
T. (2016b). Host—microbe interactions as a driver of acclimation to salinity gradients in
brown algal cultures. The ISME Journal, 10(1), Article 1.

https://doi.org/10.1038/ismej.2015.104

Dittami, S. M., Eveillard, D., & Tonon, T. (2014). A metabolic approach to study algal-
bacterial interactions in changing environments. Molecular Ecology, 23(7), 1656—1660.

https://doi.org/10.1111/mec.12670

Doblin, M. A., & Clayton, M. N. (1995). Effects of secondarily-treatedsewage effluent on the
early life-history stages of two species of brown macroalgae: Hormosirabanks#and

Durvillaea potatorum. Marine Biology, 122, 10.

161



Dobretsov, S., & Rittschof, D. (2020). Love at First Taste: Induction of Larval Settlement by
Marine Microbes. International Journal of Molecular Sciences, 21(3), 731.

https://doi.org/10.3390/ijms2103073 1

Doering, T., Wall, M., Putchim, L., Rattanawongwan, T., Schroeder, R., Hentschel, U., &
Roik, A. (2021). Towards enhancing coral heat tolerance: A “microbiome transplantation”

treatment using inoculations of homogenized coral tissues. Microbiome, 9(1), 102.

https://doi.org/10.1186/s40168-021-01053-6

Donaldson, G. P., Lee, S. M., & Mazmanian, S. K. (2016). Gut biogeography of the bacterial

microbiota. Nature Reviews Microbiology, 14(1), 20-32. https://doi.org/10.1038/nrmicro3552

Douglas, A. E., & Werren, J. H. (2016). Holes in the Hologenome: Why Host-Microbe
Symbioses Are Not Holobionts. MBio, 7(2), €02099-15. https://doi.org/10.1128/mBi0.02099-

15

DPE, D. of P. and E. (2022). State of the beaches 2021-22.

Dudenhoffer, J.-H., Ebeling, A., Klein, A.-M., & Wagg, C. (2018). Beyond biomass: Soil
feedbacks are transient over plant life stages and alter fitness. Journal of Ecology, 106(1),

230-241. https://doi.org/10.1111/1365-2745.12870

Dufty, J. E., Benedetti-Cecchi, L., Trinanes, J., Muller-Karger, F. E., Ambo-Rappe, R.,
Bostrom, C., Buschmann, A. H., Byrnes, J., Coles, R. G., Creed, J., Cullen-Unsworth, L. C.,
Diaz-Pulido, G., Duarte, C. M., Edgar, G. J., Fortes, M., Goni, G., Hu, C., Huang, X., Hurd,
C. L., ... Yaakub, S. M. (2019). Toward a Coordinated Global Observing System for
Seagrasses and Marine Macroalgae. In Frontiers in Marine Science (Vol. 6).

https://doi.org/10.3389/fmars.2019.00317

Durako, M. J., & Kunzelman, J. I. (2002). Photosynthetic characteristics of Thalassia

162



testudinum measured in situ by pulse-amplitude modulated (PAM) fluorometry:
Methodological and scale-based considerations. Aquatic Botany, 73(2), 173—185.

https://doi.org/10.1016/S0304-3770(02)00020-7

Duvat, V. K. E., Magnan, A. K., Perry, C. T., Spencer, T., Bell, J. D., Wabnitz, C. C. C.,
Webb, A. P., White, 1., Mclnnes, K. L., Gattuso, J., Graham, N. A. J., Nunn, P. D., & Le
Cozannet, G. (2021). Risks to future atoll habitability from climate-driven environmental

changes. WIREs Climate Change, 12(3). https://doi.org/10.1002/wcc.700

Earl, J. E., & Whiteman, H. H. (2015). Are commonly used fitness predictors accurate? A

meta-analysis of amphibian size and age at metamorphosis. Copeia, 103(2), 297-309.

Ebert, 1., Bachmann, J., Kithnen, U., Kiister, A., Kussatz, C., Maletzki, D., & Schliiter, C.
(2011). Toxicity of the fluoroquinolone antibiotics enrofloxacin and ciprofloxacin to
photoautotrophic aquatic organisms. Environmental Toxicology and Chemistry, 30(12),

2786-2792. https://doi.org/10.1002/etc.678

Edgar, R. C. (2016). UNOISE?2: Improved error-correction for Illlumina 16S and ITS

amplicon sequencing [Preprint]. Bioinformatics. https://doi.org/10.1101/081257

Edgar, R. C. (2017). Accuracy of microbial community diversity estimated by closed- and

open-reference OTUs. PeerJ, 5, €3889. https://doi.org/10.7717/peerj.3889

Egan, S., Fernandes, N. D., Kumar, V., Gardiner, M., & Thomas, T. (2014). Bacterial
pathogens, virulence mechanism and host defence in marine macroalgae: Bacterial pathogens
of macroalgae. Environmental Microbiology, 16(4), 925-938. https://doi.org/10.1111/1462-

2920.12288

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., & Thomas, T. (2013a). The

seaweed holobiont: Understanding seaweed-bacteria interactions. In FEMS Microbiol Rev

163



(Vol. 37, Issue 3, pp. 462—476). https://doi.org/10.1111/1574-6976.12011

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., & Thomas, T. (2013b). The
seaweed holobiont: Understanding seaweed-bacteria interactions. In FEMS Microbiol Rev (3;

Vol. 37, Issue 3, pp. 462—476). https://doi.org/10.1111/1574-6976.12011

Elser, J. J., Bracken, M. E. S., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H.,
Ngai, J. T., Seabloom, E. W., Shurin, J. B., & Smith, J. E. (2007). Global analysis of nitrogen
and phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecology Letters, 10(12), Article 12. https://doi.org/10.1111/j.1461-

0248.2007.01113.x

Enriquez, S., Merino, M., & Iglesias-Prieto, R. (2002). Variations in the photosynthetic
performance along the leaves of the tropical seagrass Thalassia testudinum. Marine Biology,

140(5), 891-900. https://doi.org/10.1007/s00227-001-0760-y

Epstein, H. E., Smith, H. A., Torda, G., & Oppen, M. J. (2019). Microbiome engineering:
Enhancing climate resilience in corals. Frontiers in Ecology and the Environment, 17(2),

100—108. https://doi.org/10.1002/fee.2001

Fain, S. R., & Murray, S. N. (1982). EFFECTS OF LIGHT AND TEMPERATURE ON NET
PHOTOSYNTHESIS AND DARK RESPIRATION OF GAMETOPHYTES AND
EMBRYONIC SPOROPHYTES OF MACROCYSTIS PYRIFERA. Journal of Phycology,

18(1), 92-98. https://doi.org/10.1111/j.1529-8817.1982.tb03161 .x

Fan, L., Liu, M., Simister, R., Webster, N. S., & Thomas, T. (2013). Marine microbial
symbiosis heats up: The phylogenetic and functional response of a sponge holobiont to
thermal stress. In ISME J (Vol. 7, Issue 5, pp. 991-1002).

https://doi.org/10.1038/ismej.2012.165

164



Ferguson, L. V., Dhakal, P., Lebenzon, J. E., Heinrichs, D. E., Bucking, C., & Sinclair, B. J.
(2018). Seasonal shifts in the insect gut microbiome are concurrent with changes in cold
tolerance and immunity. Functional Ecology, 32(10), 2357-2368.

https://doi1.org/10.1111/1365-2435.13153

Fernandez, P. A., Gaitan-Espitia, J. D., Leal, P. P., Schmid, M., Revill, A. T., & Hurd, C. L.
(2020). Nitrogen sufficiency enhances thermal tolerance in habitat-forming kelp: Implications
for acclimation under thermal stress. In Sci Rep (Vol. 10, Issue 1, p. 3186).

https://doi.org/10.1038/s41598-020-60104-4

Ferrari, J., Goncalves, P., Campbell, A. H., Sudatti, D. B., Wood, G. V., Thomas, T., Pereira,
R. C., Steinberg, P. D., & Marzinelli, E. M. (2021). Molecular analysis of a fungal disease in
the habitat-forming brown macroalga Phyllospora comosa (Fucales) along a latitudinal

gradient. Journal of Phycology, 57(5), 1504-1516. https://doi.org/10.1111/jpy.13180

Fiore, C. L., Jarett, J. K., Olson, N. D., & Lesser, M. P. (2010). Nitrogen fixation and
nitrogen transformations in marine symbioses. Trends in Microbiology, 18(10), 455—463.

https://doi.org/10.1016/5.tim.2010.07.001

Fong, C. R., Gaynus, C. J., & Carpenter, R. C. (2020). Extreme rainfall events pulse
substantial nutrients and sediments from terrestrial to nearshore coastal communities: A case
study from French Polynesia. Scientific Reports, 10(1), 2955. https://doi.org/10.1038/s41598-

020-59807-5

Fong, P., Boyer, K. E., Desmond, J. S., & Zedler, J. B. (1996). Salinity stress, nitrogen
competition, and facilitation: What controls seasonal succession of two opportunistic green
macroalgae? Journal of Experimental Marine Biology and Ecology, 206(1-2), 203-221.

https://doi.org/10.1016/S0022-0981(96)02630-5

Fontaine, C. A., Skorupski, A. M., Vowles, C. J., Anderson, N. E., Poe, S. A., & Eaton, K. A.
165



(2015). How free of germs is germ-free? Detection of bacterial contamination in a germ free

mouse unit. Gut Microbes, 6(4), 225-233. https://doi.org/10.1080/19490976.2015.1054596

Forbes, M. A., & Hallam, N. D. (1978). Gamete structure and fertilization in the brown alga
Hormosira banksii (Turner) Decaisne. British Phycological Journal, 13(4), 299-310.

https://doi.org/10.1080/00071617800650361

Foster, R. A., Tienken, D., Littmann, S., Whitehouse, M. J., Kuypers, M. M. M., & White, A.
E. (2022). The rate and fate of N2 and C fixation by marine diatom-diazotroph symbioses.

The ISME Journal, 16(2), 477-487. https://doi.org/10.1038/s41396-021-01086-7

Frank, A., Saldierna Guzmaén, J., & Shay, J. (2017). Transmission of Bacterial Endophytes.

Microorganisms, 5(4), 70. https://doi.org/10.3390/microorganisms5040070

Fraune, S., & Bosch, T. C. G. (2010). Why bacteria matter in animal development and

evolution. BioEssays, 32(7), 571-580. https://doi.org/10.1002/bies.200900192

Fu, L., Huang, T., Wang, S., Wang, X., Su, L., Li, C., & Zhao, Y. (2017). Toxicity of 13
different antibiotics towards freshwater green algae Pseudokirchneriella subcapitata and their
modes of action. Chemosphere, 168, 217-222.

https://doi.org/10.1016/j.chemosphere.2016.10.043

Fuggle, R. E., Gribben, P. E., & Marzinelli, E. M. (2023). Experimental evidence root-

associated microbes mediate seagrass response to environmental stress. Journal of Ecology.

Fujita, Y., Venterink, H. O., Van Bodegom, P. M., Douma, J. C., Heil, G. W., Hélzel, N.,
Jabtonska, E., Kotowski, W., Okruszko, T., Pawlikowski, P., De Ruiter, P. C., & Wassen, M.
J. (2014). Low investment in sexual reproduction threatens plants adapted to phosphorus

limitation. Nature, 505(7481), 82—86. https://doi.org/10.1038/nature12733

Fukatsu, T., & Hosokawa, T. (2002). Capsule-Transmitted Gut Symbiotic Bacterium of the

166



Japanese Common Plataspid Stinkbug, Megacopta punctatissima. Applied and
Environmental Microbiology, 68(1), 389-396. https://doi.org/10.1128/AEM.68.1.389-

396.2002

Garrabou, J., Gomez-Gras, D., Medrano, A., Cerrano, C., Ponti, M., Schlegel, R.,
Bensoussan, N., Turicchia, E., Sini, M., Gerovasileiou, V., Teixido, N., Mirasole, A.,
Tamburello, L., Cebrian, E., Rilov, G., Ledoux, J., Souissi, J. B., Khamassi, F., Ghanem, R.,
... Harmelin, J. (2022). Marine heatwaves drive recurrent mass mortalities in the
Mediterranean Sea. Global Change Biology, 28(19), 5708-5725.

https://doi.org/10.1111/gcb.16301

Gemelli, F., Johnson, C. R., & Wright, J. T. (2019). Gastropod communities associated with
different morphologies of the intertidal seaweed Hormosira banksii. Marine and Freshwater

Research, 70(2), 280. https://doi.org/10.1071/MF18159

Getman, M. R. (1914). Oogenesis in Hormosira. Botanical Gazette, 58(3), 264-271.

https://doi.org/10.1086/331401

Gibbons, T. C., Metzger, D. C. H., Healy, T. M., & Schulte, P. M. (2017). Gene expression
plasticity in response to salinity acclimation in threespine stickleback ecotypes from different

salinity habitats. Molecular Ecology, 26(10), 2711-2725. https://doi.org/10.1111/mec.14065

Gilbert, J. A., Blaser, M. J., Caporaso, J. G., Jansson, J. K., Lynch, S. V., & Knight, R.
(2018). Current understanding of the human microbiome. Nature Medicine, 24(4), 392—400.

https://doi.org/10.1038/nm.4517

Gilbert, J. A., & Dupont, C. L. (2011). Microbial Metagenomics: Beyond the Genome.
Annual Review of Marine Science, 3(1), 347-371. https://doi.org/10.1146/annurev-marine-

120709-142811

167



Gilbert, S. F. (2020). Developmental symbiosis facilitates the multiple origins of herbivory.

Evolution & Development, 22(1-2), 154—164. https://doi.org/10.1111/ede.12291

Glasl, B., Herndl, G. J., & Frade, P. R. (2016). The microbiome of coral surface mucus has a
key role in mediating holobiont health and survival upon disturbance. The ISME Journal,

10(9), 2280-2292. https://doi.org/10.1038/ismej.2016.9

Graham, E. B., Wieder, W. R., Leff, J. W., Weintraub, S. R., Townsend, A. R., Cleveland, C.
C., Philippot, L., & Nemergut, D. R. (2014). Do we need to understand microbial
communities to predict ecosystem function? A comparison of statistical models of nitrogen
cycling processes. Soil Biology and Biochemistry, 68, 279-282.

https://doi.org/10.1016/j.s011bi0.2013.08.023

Greenspan, S. E., Migliorini, G. H., Lyra, M. L., Pontes, M. R., Carvalho, T., Ribeiro, L. P.,
Moura-Campos, D., Haddad, C. F. B., Toledo, L. F., Romero, G. Q., & Becker, C. G. (2020).
Warming drives ecological community changes linked to host-associated microbiome
dysbiosis. Nature Climate Change, 10(11), 1057-1061. https://doi.org/10.1038/s41558-020-

0899-5

Gribben, P. E., Nielsen, S., Seymour, J. R., Bradley, D. J., West, M. N., & Thomas, T.
(2017). Microbial communities in marine sediments modify success of an invasive

macrophyte. Scientific Reports, 7(1), 9845. https://doi.org/10.1038/s41598-017-10231-2

Grice, L. F., Gauthier, M. E. A., Roper, K. E., Fernandez-Busquets, X., Degnan, S. M., &
Degnan, B. M. (2017). Origin and evolution of the sponge aggregation factor gene family.

Molecular Biology and Evolution, msx058. https://doi.org/10.1093/molbev/msx058

Grieneisen, L., Dasari, M., Gould, T. J., Bjork, J. R., Grenier, J.-C., Yotova, V., Jansen, D.,
Gottel, N., Gordon, J. B., Learn, N. H., Gesquiere, L. R., Wango, T. L., Mututua, R. S.,

Warutere, J. K., Siodi, L., Gilbert, J. A., Barreiro, L. B., Alberts, S. C., Tung, J., ...
168



Blekhman, R. (2021). Gut microbiome heritability is nearly universal but environmentally

contingent. Science, 373(6551), 181-186. https://doi.org/10.1126/science.aba5483

Gupta, A., & Nair, S. (2020). Dynamics of Insect—Microbiome Interaction Influence Host and
Microbial Symbiont. Frontiers in Microbiology, 11, 1357.

https://doi.org/10.3389/fmicb.2020.01357

Hahn, M. A, Piecyk, A., Jorge, F., Cerrato, R., Kalbe, M., & Dheilly, N. M. (2022). Host
phenotype and microbiome vary with infection status, parasite genotype, and parasite

microbiome composition. Molecular Ecology, 31(5), 1577-1594.

Hails, R. S., Rees, M., & Kohn, D. (1993). Ecology of transgenic oilseed rape in natural

habitats. 363.

Hamel, S., Gaillard, J.-M., Yoccoz, N. G., Loison, A., Bonenfant, C., & Descamps, S. (2010).
Fitness costs of reproduction depend on life speed: Empirical evidence from mammalian
populations: Fitness costs of reproduction in mammals. Ecology Letters, 13(7), 915-935.

https://doi1.org/10.1111/5.1461-0248.2010.01478.x

Harley, C. D., Randall Hughes, A., Hultgren, K. M., Miner, B. G., Sorte, C. J., Thornber, C.
S., Rodriguez, L. F., Tomanek, L., & Williams, S. L. (2006). The impacts of climate change
in coastal marine systems. In Ecol Lett (2; Vol. 9, Issue 2, pp. 228-241).

https://doi.org/10.1111/5.1461-0248.2005.00871.x

Hendry, A. P., Day, T., & Cooper, A. B. (2001). Optimal Size and Number of Propagules.
Allowance for Discrete Stages and Effects of Maternal Size on Reproductive Output and

Offspring Fitness.

Hentschel, U., Piel, J., Degnan, S. M., & Taylor, M. W. (2012). Genomic insights into the

marine sponge microbiome. In Nat Rev Microbiol (Vol. 10, Issue 9, pp. 641-654).

169



https://doi.org/10.1038/nrmicro2839

Hoeger, A.-L., Jehmlich, N., Kipping, L., Griehl, C., & Noll, M. (2022). Associated bacterial
microbiome responds opportunistic once algal host Scenedesmus vacuolatus is attacked by
endoparasite Amoeboaphelidium protococcarum. Scientific Reports, 12(1), 13187.

https://doi.org/10.1038/s41598-022-17114-1

Hoegh-Guldberg, O., & Bruno, J. F. (2010). The Impact of Climate Change on the World’s
Marine Ecosystems. Science, 328(5985), 1523—-1528.

https://doi.org/10.1126/science.1189930

Hoffmann, A. J., & Ugarte, R. (1985). The arrival of propagules of marine macroalgae in the
intertidal zone. Journal of Experimental Marine Biology and Ecology, 92(1), 83-95.

https://doi.org/10.1016/0022-0981(85)90023-1

Hollander, J., & Butlin, R. K. (2010). The adaptive value of phenotypic plasticity in two
ecotypes of a marine gastropod. BMC Evolutionary Biology, 10(1), 333.

https://doi1.org/10.1186/1471-2148-10-333

Huang, R., & Boney, A. D. (1983). Effects of diatom mucilage on the growth and
Morphology of marine algae. Journal of Experimental Marine Biology and Ecology, 67(1),

79-89. https://doi.org/10.1016/0022-0981(83)90136-3

Hug, L. A., Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle, C. J.,
Butterfield, C. N., Hernsdorf, A. W., Amano, Y., Ise, K., Suzuki, Y., Dudek, N., Relman, D.
A., Finstad, K. M., Amundson, R., Thomas, B. C., & Banfield, J. F. (2016). A new view of

the tree of life. Nature Microbiology, 1(5), 16048. https://doi.org/10.1038/nmicrobiol.2016.48

Hughes, A. R., Hanley, T. C., Schenck, F. R., & Hays, C. G. (2016). Genetic diversity of

seagrass seeds influences seedling morphology and biomass. In Ecology (Vol. 97, pp. 3538-

170



3546.).

Jansson, J. K., & Prosser, J. I. (2013). The life beneath our feet. Nature, 494(7435), 40—41.

Jensen, S., Fortunato, S. A. V., Hoffmann, F., Hoem, S., Rapp, H. T., Ovreas, L., & Torsvik,
V. L. (2017). The Relative Abundance and Transcriptional Activity of Marine Sponge-
Associated Microorganisms Emphasizing Groups Involved in Sulfur Cycle. Microbial

Ecology, 73(3), 668—676. https://doi.org/10.1007/s00248-016-0836-3

Jorge, F., Dheilly, N. M., & Poulin, R. (2020). Persistence of a Core Microbiome Through
the Ontogeny of a Multi-Host Parasite. Frontiers in Microbiology, 11, 954.

https://doi.org/10.3389/fmicb.2020.00954

Kaakoush, N. O. (2020). Fecal transplants as a microbiome-based therapeutic. Current

Opinion in Microbiology, 56, 16-23. https://doi.org/10.1016/].mib.2020.05.008

Kain, J. M. (2015). Hormosira banksii (Phaeophyceae): A tough survivor in the harsh
conditions of high intertidal pools in southeast Australia. European Journal of Phycology,

50(4), 408—-421. https://doi.org/10.1080/09670262.2015.1075594

Kapheim, K. M., Rao, V. D., Yeoman, C. J., Wilson, B. A., White, B. A., Goldenfeld, N., &
Robinson, G. E. (2015). Caste-Specific Differences in Hindgut Microbial Communities of
Honey Bees (Apis mellifera). PLOS ONE, 10(4), €0123911.

https://doi.org/10.1371/journal.pone.0123911

Kaur, N., Erickson, T. E., Ball, A. S., & Ryan, M. H. (2017). A review of germination and
early growth as a proxy for plant fitness under petrogenic contamination—Knowledge gaps
and recommendations. Science of The Total Environment, 603—604, 728-744.

https://doi.org/10.1016/j.scitotenv.2017.02.179

Kennedy, E. A., King, K. Y., & Baldridge, M. T. (2018). Mouse Microbiota Models:

171



Comparing Germ-Free Mice and Antibiotics Treatment as Tools for Modifying Gut Bacteria.

Frontiers in Physiology, 9, 1534. https://doi.org/10.3389/fphys.2018.01534

Kim, G. H., Klochkova, T. A., Lee, D. J., & Im, S. H. (2016). Chloroplast virus causes green-
spot disease in cultivated Pyropia of Korea. Algal Research, 17,293-299.

https://doi.org/10.1016/j.algal.2016.05.023

King, R. J. (1981). The Free-Living Hormosira banksii (Turner) Decaisne Associated with
Mangroves in Temperate Eastern Australia. Botanica Marina, 24(11).

https://doi.org/10.1515/botm.1981.24.11.569

KleinJan, H., Caliafano, G., Aite, M., Fremy, E., Frioux, C., Karimi, E., Corre, E., Wichard,
T., Siegel, A., Boyen, C., & Dittami, S. M. (2021a). Changing microbial activities during low
salinity acclimation in the brown alga Ectocarpus subulatus [Preprint]. Ecology.

https://doi.0org/10.1101/2021.04.13.439635

KleinJan, H., Caliafano, G., Aite, M., Fremy, E., Frioux, C., Karimi, E., Corre, E., Wichard,
T., Siegel, A., Boyen, C., & Dittami, S. M. (2021b). Changing microbial activities during
low salinity acclimation in the brown alga Ectocarpus subulatus [Preprint]. Ecology.

https://doi.0org/10.1101/2021.04.13.439635

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., & Glockner, F. O.
(2013). Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-
generation sequencing-based diversity studies. Nucleic Acids Research, 41(1), el—el.

https://doi.org/10.1093/nar/gks808

Knief, C., Delmotte, N., Chaffron, S., Stark, M., Innerebner, G., Wassmann, R., von Mering,
C., & Vorholt, J. A. (2012). Metaproteogenomic analysis of microbial communities in the
phyllosphere and rhizosphere of rice. In ISME J (Vol. 6, Issue 7, pp. 1378—1390).

https://doi.org/10.1038/ismej.2011.192
172



Koch, E. J., & McFall-Ngai, M. (2018). Model systems for the study of how symbiotic
associations between animals and extracellular bacterial partners are established and
maintained. Drug Discovery Today: Disease Models, 28, 3—12.

https://doi.org/10.1016/;.ddmod.2019.08.005

Koch, M., Bowes, G., Ross, C., & Zhang, X. H. (2013). Climate change and ocean
acidification effects on seagrasses and marine macroalgae. In Glob Chang Biol (1; Vol. 19,

Issue 1, pp. 103—-132). https://doi.org/10.1111/.1365-2486.2012.02791.x

Kohanski, M. A., Dwyer, D. J., & Collins, J. J. (2010). How antibiotics kill bacteria: From
targets to networks. Nature Reviews Microbiology, 8(6), 423-435.

https://doi.org/10.1038/nrmicro2333

Kroeker, K. J., Kordas, R. L., Crim, R. N., & Singh, G. G. (2010). Meta-analysis reveals
negative yet variable effects of ocean acidification on marine organisms: Biological
responses to ocean acidification. Ecology Letters, 13(11), 1419-1434.

https://doi1.org/10.1111/5.1461-0248.2010.01518.x

Kumar, V., Zozaya-Valdes, E., Kjelleberg, S., Thomas, T., & Egan, S. (2016). Multiple
opportunistic pathogens can cause a bleaching disease in the red seaweed Delisea pulchra. In
Environ Microbiol (Vol. 18, Issue 11, pp. 3962—-3975). https://doi.org/10.1111/1462-

2920.13403

Kuntz, N., Kline, D., Sandin, S., & Rohwer, F. (2005). Pathologies and mortality rates caused
by organic carbon and nutrient stressors in three Caribbean coral species. Marine Ecology

Progress Series, 294, 173—180. https://doi.org/10.3354/meps294173

Lachnit, T., Thomas, T., & Steinberg, P. (2016). Expanding our Understanding of the
Seaweed Holobiont: RNA Viruses of the Red Alga Delisea pulchra. Frontiers in

Microbiology, 6. https://doi.org/10.3389/fmicb.2015.01489
173



Ladah, L. B., & Zertuche-Gonzalez, J. A. (2007). Survival of microscopic stages of a
perennial kelp (Macrocystis pyrifera) from the center and the southern extreme of its range in
the Northern Hemisphere after exposure to simulated El Nifo stress. Marine Biology, 152(3),

677—-686. https://doi.org/10.1007/s00227-007-0723-z

Laforest-Lapointe, 1., Paquette, A., Messier, C., & Kembel, S. W. (2017a). Leaf bacterial
diversity mediates plant diversity and ecosystem function relationships. Nature, 546(7656),

145-147. https://doi.org/10.1038/nature22399

Laforest-Lapointe, 1., Paquette, A., Messier, C., & Kembel, S. W. (2017b). Leaf bacterial
diversity mediates plant diversity and ecosystem function relationships. Nature, 546(7656),

Article 7656. https://doi.org/10.1038/nature22399

Lee, S. C., & Bruno, J. F. (2009). Propagule supply controls grazer community structure and
primary production in a benthic marine ecosystem. Proceedings of the National Academy of

Sciences, 106(17), 7052—7057. https://doi.org/10.1073/pnas.0809284106

Lemay, M. A., Martone, P. T., Hind, K. R., Lindstrom, S. C., & Wegener Parfrey, L. (2018).
Alternate life history phases of a common seaweed have distinct microbial surface

communities. Molecular Ecology, 27(17), 3555-3568. https://doi.org/10.1111/mec.14815

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2019). Package ‘emmeans’. R

Package Version, 1(3.2).

Leray, M., Wilkins, L. G. E., Apprill, A., Bik, H. M., Clever, F., Connolly, S. R., De Leén,
M. E., Dufty, J. E., Ezzat, L., Gignoux-Wolfsohn, S., Herre, E. A., Kaye, J. Z., Kline, D. 1.,
Kueneman, J. G., McCormick, M. K., McMillan, W. O., O’Dea, A., Pereira, T. J., Petersen, J.
M., ... Eisen, J. A. (2021). Natural experiments and long-term monitoring are critical to
understand and predict marine host-microbe ecology and evolution. PLOS Biology, 19(8),

€3001322. https://doi.org/10.1371/journal.pbio.3001322
174



Lesser, M., Falcon, L., Rodriguez-Roman, A., Enriquez, S., Hoegh-Guldberg, O., & Iglesias-
Prieto, R. (2007). Nitrogen fixation by symbiotic cyanobacteria provides a source of nitrogen
for the scleractinian coral Montastraea cavernosa. Marine Ecology Progress Series, 346,

143—152. https://doi.org/10.3354/meps07008

Levraud, J.-P., Rawls, J. F., & Clatworthy, A. E. (2022). Using zebrafish to understand
reciprocal interactions between the nervous and immune systems and the microbial world.

Journal of Neuroinflammation, 19(1), 170. https://doi.org/10.1186/s12974-022-02506-x

Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher, J. S.,
Schlegel, M. L., Tucker, T. A., Schrenzel, M. D., Knight, R., & Gordon, J. L. (2008).
Evolution of Mammals and Their Gut Microbes. Science, 320(5883), 1647—1651.

https://doi.org/10.1126/science.1155725

Li, J., Majzoub, M. E., Marzinelli, E. M., Dai, Z., Thomas, T., & Egan, S. (2022). Bacterial
controlled mitigation of dysbiosis in a seaweed disease. The ISME Journal, 16(2), 378-387.

https://doi.org/10.1038/s41396-021-01070-1

Li, J., Wang, T., Yu, S., Bai, J., & Qin, S. (2019). Community characteristics and ecological
roles of bacterial biofilms associated with various algal settlements on coastal reefs. Journal

of Environmental Management, 250, 109459. https://doi.org/10.1016/j.jenvman.2019.109459

Li, S., Show, P. L., Ngo, H. H., & Ho, S.-H. (2022). Algae-mediated antibiotic wastewater
treatment: A critical review. Environmental Science and Ecotechnology, 9, 100145.

https://doi.org/10.1016/j.ese.2022.100145

Li, Y., Hou, L., Song, B., Yang, L., & Li, L. (2017). Effects of Increased Nitrogen and
Phosphorus Deposition on Offspring Performance of Two Dominant Species in a Temperate

Steppe Ecosystem. Scientific Reports, 7(1), 40951. https://doi.org/10.1038/srep40951

175



Lilley, S. A., & Schiel, D. R. (2006). Community effects following the deletion of a habitat-
forming alga from rocky marine shores. Oecologia, 148(4), 672—681.

https://doi.org/10.1007/s00442-006-0411-6

Lima, F. P., Ribeiro, P. A., Queiroz, N., Hawkins, S. J., & Santos, A. M. (2007). Do
distributional shifts of northern and southern species of algae match the warming pattern?
Global Change Biology, 13(12), 2592-2604. https://doi.org/10.1111/j.1365-

2486.2007.01451.x

Lloyd-Price, J., Arze, C., Ananthakrishnan, A. N., Schirmer, M., Avila-Pacheco, J., Poon, T.
W., Andrews, E., Ajami, N. J., Bonham, K. S., Brislawn, C. J., Casero, D., Courtney, H.,
Gonzalez, A., Graeber, T. G., Hall, A. B., Lake, K., Landers, C. J., Mallick, H., Plichta, D.
R., ... Huttenhower, C. (2019a). Multi-omics of the gut microbial ecosystem in inflammatory

bowel diseases. Nature, 569(7758), Article 7758. https://doi.org/10.1038/s41586-019-1237-9

Lloyd-Price, J., Arze, C., Ananthakrishnan, A. N., Schirmer, M., Avila-Pacheco, J., Poon, T.
W., Andrews, E., Ajami, N. J., Bonham, K. S., Brislawn, C. J., Casero, D., Courtney, H.,
Gonzalez, A., Graeber, T. G., Hall, A. B., Lake, K., Landers, C. J., Mallick, H., Plichta, D.
R., ... Huttenhower, C. (2019b). Multi-omics of the gut microbial ecosystem in inflammatory

bowel diseases. Nature, 569(7758), 655—662. https://doi.org/10.1038/s41586-019-1237-9

Longford, S. R., Campbell, A. H., Nielsen, S., Case, R. J., Kjelleberg, S., & Steinberg, P. D.
(2019a). Interactions within the microbiome alter microbial interactions with host chemical
defences and affect disease in a marine holobiont. In Sci Rep (1; Vol. 9, Issue 1, p. 1363).

https://doi.org/10.1038/s41598-018-37062-z

Longford, S. R., Campbell, A. H., Nielsen, S., Case, R. J., Kjelleberg, S., & Steinberg, P. D.
(2019Db). Interactions within the microbiome alter microbial interactions with host chemical

defences and affect disease in a marine holobiont. In Sci Rep (Vol. 9, Issue 1, p. 1363).

176



https://doi.org/10.1038/s41598-018-37062-z

Looft, T., Johnson, T. A., Allen, H. K., Bayles, D. O., Alt, D. P., Stedtfeld, R. D., Sul, W. J.,
Stedtfeld, T. M., Chai, B., Cole, J. R., Hashsham, S. A., Tiedje, J. M., & Stanton, T. B.
(2012). In-feed antibiotic effects on the swine intestinal microbiome. Proceedings of the

National Academy of Sciences, 109(5), 1691-1696. https://doi.org/10.1073/pnas.1120238109

Love, M. L., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology, 15(12), 550.

https://doi.org/10.1186/s13059-014-0550-8

Lowe, W. H., Martin, T. E., Skelly, D. K., & Woods, H. A. (2021). Metamorphosis in an Era
of Increasing Climate Variability. Trends in Ecology & Evolution, 36(4), 360-375.

https://doi.org/10.1016/j.tree.2020.11.012

Lozupone, C. A., Stombaugh, J. 1., Gordon, J. L., Jansson, J. K., & Knight, R. (2012).
Diversity, stability and resilience of the human gut microbiota. Nature, 489(7415), 220-230.

https://doi.org/10.1038/nature1 1550

Luo, Y., & Song, Y. (2021). Mechanism of Antimicrobial Peptides: Antimicrobial, Anti-
Inflammatory and Antibiofilm Activities. International Journal of Molecular Sciences,

22(21), 11401. https://doi.org/10.3390/ijms222111401

Manna, V. K., Pearse, A. D., & Marks, R. (1984). The Effect of Povidone-lodine Paint on
Fungal Infection. Journal of International Medical Research, 12(2), 121-123.

https://do1.0rg/10.1177/030006058401200210

Marchesi, J. R., Adams, D. H., Fava, F., Hermes, G. D. A., Hirschfield, G. M., Hold, G.,
Quraishi, M. N., Kinross, J., Smidt, H., Tuohy, K. M., Thomas, L. V., Zoetendal, E. G., &

Hart, A. (2016). The gut microbiota and host health: A new clinical frontier. Gut, 65(2), 330—

177



339. https://doi.org/10.1136/gutjnl-2015-309990

Martin, B. C., Alarcon, M. S., Gleeson, D., Middleton, J. A., Fraser, M. W., Ryan, M. H.,
Holmer, M., Kendrick, G. A., & Kilminster, K. (2020). Root microbiomes as indicators of
seagrass health. FEMS Microbiology Ecology, 96(2), fiz201.

https://doi.org/10.1093/femsec/fiz201

Martinez Arbizu, P. (2020). pairwiseAdonis: Pairwise multilevel comparison using adonis. R

Package Version 0.4, 1.

Martinez, B., Arenas, F., Rubal, M., Burgués, S., Esteban, R., Garcia-Plazaola, I., Figueroa,
F. L., Pereira, R., Saldafia, L., Sousa-Pinto, 1., Trilla, A., & Viejo, R. M. (2012). Physical
factors driving intertidal macroalgae distribution: Physiological stress of a dominant fucoid at

its southern limit. Oecologia, 170(2), 341-353. https://doi.org/10.1007/s00442-012-2324-x

Martiny, A. C. (2019). High proportions of bacteria are culturable across major biomes. 7The

ISME Journal, 13(8), 2125-2128. https://doi.org/10.1038/s41396-019-0410-3

Marzinelli, E. M., Campbell, A. H., Zozaya Valdes, E., Verges, A., Nielsen, S., Wernberg, T.,
de Bettignies, T., Bennett, S., Caporaso, J. G., Thomas, T., & Steinberg, P. D. (2015).
Continental-scale variation in seaweed host-associated bacterial communities is a function of
host condition, not geography. In Environ Microbiol (Vol. 17, Issue 10, pp. 4078—4088).

https://doi.org/10.1111/1462-2920.12972

Marzinelli, E. M., Leong, M. R., Campbell, A. H., Steinberg, P. D., & Vergés, A. (2016).
Does restoration of a habitat-forming seaweed restore associated faunal diversity? In

Restoration Ecology (Vol. 24, Issue 1, pp. 81-90). https://doi.org/10.1111/rec.12292

Marzinelli, E. M., Zagal, C. J., Chapman, M. G., & Underwood, A. J. (2009). Do modified

habitats have direct or indirect effects on epifauna? Ecology, 90(10), 2948-2955.

178



https://doi.org/10.1890/08-1893.1

Massol, F., Macke, E., Callens, M., & Decaestecker, E. (2021). A methodological framework
to analyse determinants of host-microbiota networks, with an application to the relationships

between Daphnia magna’ s gut microbiota and bacterioplankton. Journal of Animal Ecology,

90(1), 102-119. https://doi.org/10.1111/1365-2656.13297

Masson-Delmotte, V., Zhai, P., Portner, H.-O., Roberts, D., Skea, J., Shukla, P. R., & others.
(2022). Global Warming of 1.5° C: IPCC Special Report on Impacts of Global Warming of
1.5° C above Pre-industrial Levels in Context of Strengthening Response to Climate Change,

Sustainable Development, and Efforts to Eradicate Poverty. Cambridge University Press.

Matsuo, Y., Imagawa, H., Nishizawa, M., & Shizuri, Y. (2005). Isolation of an Algal
Morphogenesis Inducer from a Marine Bacterium. Science, 307(5715), 1598—1598.

https://doi.org/10.1126/science.1105486

Mayer-Pinto, M., Underwood, A. J., & Marzinelli, E. M. (2015). The matrix influences direct
and indirect effects of an anthropogenic disturbance on marine organisms. Environmental

Research, 136, 15-20. https://doi.org/10.1016/j.envres.2014.10.006

McCoy, S. J., Krueger-Hadfield, S. A., & Mieszkowska, N. (2020). Evolutionary Phycology:
Toward a Macroalgal Species Conceptual Framework. Journal of Phycology, 56(6), 1404—

1413. https://doi.org/10.1111/jpy.13059

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-LoSo, T.,
Douglas, A. E., Dubilier, N., Eberl, G., Fukami, T., Gilbert, S. F., Hentschel, U., King, N.,
Kjelleberg, S., Knoll, A. H., Kremer, N., Mazmanian, S. K., Metcalf, J. L., Nealson, K.,
Pierce, N. E., ... Wernegreen, J. J. (2013a). Animals in a bacterial world, a new imperative
for the life sciences. Proceedings of the National Academy of Sciences, 110(9), Article 9.

https://doi.org/10.1073/pnas.1218525110
179



McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Loso, T.,
Douglas, A. E., Dubilier, N., Eberl, G., Fukami, T., Gilbert, S. F., Hentschel, U., King, N.,
Kjelleberg, S., Knoll, A. H., Kremer, N., Mazmanian, S. K., Metcalf, J. L., Nealson, K.,
Pierce, N. E., ... Wernegreen, J. J. (2013b). Animals in a bacterial world, a new imperative
for the life sciences. Proceedings of the National Academy of Sciences, 110(9), 3229-3236.

https://doi.org/10.1073/pnas.1218525110

McFall-Ngai, M. J. (2002). Unseen Forces: The Influence of Bacteria on Animal

Development. Developmental Biology, 242(1), 1-14. https://doi.org/10.1006/dbi0.2001.0522

McGinley, M. A., & Charnov, E. L. (1988). Multiple resources and the optimal balance
between size and number of offspring. Evolutionary Ecology, 2(1), 77-84.

https://doi.org/10.1007/BF02071590

Mclaren, D. J., Worms, M. J., Laurence, B. R., & Simpson, M. G. (1975). Micro-organisms
in filarial larvae (Nematoda). Transactions of the Royal Society of Tropical Medicine and

Hygiene, 69(5-6), 509-514. https://doi.org/10.1016/0035-9203(75)90110-8

Mieszkin, S., Callow, M. E., & Callow, J. A. (2013). Interactions between microbial biofilms
and marine fouling algae: A mini review. Biofouling, 29(9), 1097-1113.

https://do1.0org/10.1080/08927014.2013.828712

Mieszkin, S., Martin-Tanchereau, P., Callow, M. E., & Callow, J. A. (2012). Effect of
bacterial biofilms formed on fouling-release coatings from natural seawater and Cobetia
marina , on the adhesion of two marine algae. Biofouling, 28(9), 953-968.

https://doi.org/10.1080/08927014.2012.723696

Miller, A. D., Coleman, M. A., Clark, J., Cook, R., Naga, Z., Doblin, M. A., Hoffmann, A.
A., Sherman, C. D. H., & Bellgrove, A. (2020). Local thermal adaptation and limited gene

flow constrain future climate responses of a marine ecosystem engineer. Evolutionary

180



Applications, 13(5), 918-934. https://doi.org/10.1111/eva.12909

Minich, J. J., Morris, M. M., Brown, M., Doane, M., Edwards, M. S., Michael, T. P., &
Dinsdale, E. A. (2018a). Elevated temperature drives kelp microbiome dysbiosis, while
elevated carbon dioxide induces water microbiome disruption. PLOS ONE, 13(2), €0192772.

https://doi.org/10.1371/journal.pone.0192772

Minich, J. J., Morris, M. M., Brown, M., Doane, M., Edwards, M. S., Michael, T. P., &
Dinsdale, E. A. (2018b). Elevated temperature drives kelp microbiome dysbiosis, while
elevated carbon dioxide induces water microbiome disruption. PLOS ONE, 13(2), Article 2.

https://doi.org/10.1371/journal.pone.0192772

Miranda, K., Weigel, B. L., Fogarty, E. C., Veseli, I. A., Giblin, A. E., Eren, A. M., & Pfister,
C. A. (2022). The Diversity and Functional Capacity of Microbes Associated with Coastal

Macrophytes. MSystems, 7(5), €00592-22. https://doi.org/10.1128/msystems.00592-22

Moeller, A. H., Suzuki, T. A., Phifer-Rixey, M., & Nachman, M. W. (2018). Transmission
modes of the mammalian gut microbiota. Science, 362(6413), 453-457.

https://doi.org/10.1126/science.aat7164

Mohr, W., Lehnen, N., Ahmerkamp, S., Marchant, H. K., Graf, J. S., Tschitschko, B.,
Yilmaz, P., Littmann, S., Gruber-Vodicka, H., Leisch, N., Weber, M., Lott, C., Schubert, C.
J., Milucka, J., & Kuypers, M. M. M. (2021). Terrestrial-type nitrogen-fixing symbiosis
between seagrass and a marine bacterium. Nature, 600(7887), 105-109.

https://doi.org/10.1038/541586-021-04063-4

Muioz, V., Hernandez-Gonzalez, M. C., Buschmann, A. H., Graham, M. H., & Vasquez, J.
A. (2004). Variability in per capita oogonia and sporophyte production from giant kelp
gametophytes (Macrocystis pyrifera, Phaeophyceae). Revista Chilena de Historia Natural,

77(4). https://doi.org/10.4067/S0716-078X2004000400007
181



Myers, J. H., Duda, S., Gunthorpe, L., & Allinson, G. (2006). Assessing the performance of
Hormosira banksii (Turner) Desicaine germination and growth assay using four reference
toxicants. Ecotoxicology and Environmental Safety, 64(3), 304-311.

https://doi.org/10.1016/j.ecoenv.2005.04.013

Myers, J. H., Duda, S., Gunthorpe, L., & Allinson, G. (2007). Evaluation of the Hormosira
banksii (Turner) desicaine germination and growth inhibition bioassay for use as a regulatory

assay. Chemosphere, 69(6), 955-960. https://doi.org/10.1016/j.chemosphere.2007.05.019

Nakamura, M., Ohki, S., Suzuki, A., & Sakai, K. (2011). Coral Larvae under Ocean
Acidification: Survival, Metabolism, and Metamorphosis. PLoS ONE, 6(1), e14521.

https://doi.org/10.1371/journal.pone.0014521

Nakanishi, K., Nishijima, M., Nishimura, M., Kuwano, K., & Saga, N. (1996a). Bacteria that
induce morphogenesis in ulva pertusa (Chlorophyta) grown under axenic conditions. Journal

of Phycology, 32(3), 479-482. https://doi.org/10.1111/j.0022-3646.1996.00479.x

Nakanishi, K., Nishijima, M., Nishimura, M., Kuwano, K., & Saga, N. (1996b). Bacteria that
induce morphogenesis in Ulva Pertusa (Chlorophyta) grown under axenix conditions. Journal

of Phycology, 32(3), Atticle 3. https://doi.org/10.1111/j.0022-3646.1996.00479.x

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

https://doi.org/10.1111/mec.16336

Nielsen, S., Needham, B., Leach, S. T., Day, A. S., Jaffe, A., Thomas, T., & Ooi, C. Y.
(2016). Disrupted progression of the intestinal microbiota with age in children with cystic

fibrosis. Scientific Reports, 6(1), 24857. https://doi.org/10.1038/srep24857

182



Niku, J., Hui, F. K. C., Taskinen, S., & Warton, D. I. (2019). gllvm: Fast analysis of
multivariate abundance data with generalized linear latent variable models in R. Methods in

Ecology and Evolution, 10(12), 2173-2182. https://doi.org/10.1111/2041-210X.13303

Nutman, P. S. (1969). Genetics of symbiosis and nitrogen fixation in legumes. Proceedings of

the Royal Society of London. Series B. Biological Sciences, 172(1029), 417-437.

Nyholm, S. V., Stewart, J. J., Ruby, E. G., & McFall-Ngai, M. J. (2009). Recognition
between symbiotic Vibrio fischeri and the haemocytes of Euprymna scolopes. Environmental

Microbiology, 11(2), 483—493. https://doi.org/10.1111/j.1462-2920.2008.01788.x

O’Brien, P. A., Webster, N. S., Miller, D. J., & Bourne, D. G. (2019). Host-Microbe
Coevolution: Applying Evidence from Model Systems to Complex Marine Invertebrate

Holobionts. MBio, 10(1), €02241-18. https://doi.org/10.1128/mBi0.02241-18

O’Connor, N. E., Bracken, M. E. S., Crowe, T. P., & Donohue, 1. (2015). Nutrient
enrichment alters the consequences of species loss. Journal of Ecology, 103(4), 862—870.

https://do1.org/10.1111/1365-2745.12415

O’Gorman, E. J., Fitch, J. E., & Crowe, T. P. (2012). Multiple anthropogenic stressors and
the structural properties of food webs. Ecology, 93(3), 441-448. https://doi.org/10.1890/11-

0982.1

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’hara, R., Simpson, G.
L., Solymos, P., Stevens, M. H. H., Wagner, H., & others. (2013). Package ‘vegan’.

Community Ecology Package, Version, 2(9), 1-295.

Oliver, E. C. J., Burrows, M. T., Donat, M. G., Sen Gupta, A., Alexander, L. V., Perkins-
Kirkpatrick, S. E., Benthuysen, J. A., Hobday, A. J., Holbrook, N. J., Moore, P. J., Thomsen,

M. S., Wernberg, T., & Smale, D. A. (2019). Projected Marine Heatwaves in the 21st

183



Century and the Potential for Ecological Impact. Frontiers in Marine Science, 6, 734.

https://doi.org/10.3389/fmars.2019.00734

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. V.,
Benthuysen, J. A., Feng, M., Sen Gupta, A., Hobday, A. J., Holbrook, N. J., Perkins-
Kirkpatrick, S. E., Scannell, H. A., Straub, S. C., & Wernberg, T. (2018). Longer and more
frequent marine heatwaves over the past century. Nature Communications, 9(1), 1324.

https://doi.org/10.1038/s41467-018-03732-9

Ordofiez, A., Kennedy, E. V., & Diaz-Pulido, G. (2017). Reduced spore germination explains
sensitivity of reef-building algae to climate change stressors. PLOS ONE, 12(12), e0189122.

https://doi.org/10.1371/journal.pone.0189122

Orr, J. A., Vinebrooke, R. D., Jackson, M. C., Kroeker, K. J., Kordas, R. L., Mantyka-
Pringle, C., Van den Brink, P. J., De Laender, F., Stoks, R., Holmstrup, M., Matthaei, C. D.,
Monk, W. A., Penk, M. R., Leuzinger, S., Schéfer, R. B., & Piggott, J. J. (2020). Towards a
unified study of multiple stressors: Divisions and common goals across research disciplines.
Proceedings of the Royal Society B: Biological Sciences, 287(1926), 20200421.

https://doi.org/10.1098/rspb.2020.0421

Osborn, J. E. M. (1948a). The Structure and Life History of Hormosira banksii (Turner)
Decaisne. TRANSACTIONS AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW

ZEALAND, 77, 47.

Osborn, J. E. M. (1948b). The Structure and Life History of Hormosira banksii (Turner)
Decaisne. TRANSACTIONS AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW

ZEALAND, 77, 47.

Paine, R. T. (1966). Food web complexity and species diversity. The American Naturalist,

100(910), 65-75.
184



Palit, K., Rath, S., Chatterjee, S., & Das, S. (2022). Microbial diversity and ecological
interactions of microorganisms in the mangrove ecosystem: Threats, vulnerability, and
adaptations. Environmental Science and Pollution Research, 29(22), 32467-32512.

https://doi.org/10.1007/s11356-022-19048-7

Pantoja-Feliciano, I. G., Clemente, J. C., Costello, E. K., Perez, M. E., Blaser, M. J., Knight,
R., & Dominguez-Bello, M. G. (2013). Biphasic assembly of the murine intestinal microbiota
during early development. The ISME Journal, 7(6), 1112—1115.

https://doi.org/10.1038/ismej.2013.15

Pedersen, H. K., Gudmundsdottir, V., Nielsen, H. B., Hyotylainen, T., Nielsen, T., Jensen, B.
A. H., Forslund, K., Hildebrand, F., Prifti, E., Falony, G., Le Chatelier, E., Levenez, F., Doré¢,
J., Mattila, L., Plichta, D. R., P6ho, P., Hellgren, L. I., Arumugam, M., Sunagawa, S., ...
Pedersen, O. (2016). Human gut microbes impact host serum metabolome and insulin

sensitivity. Nature, 535(7612), 376-381. https://doi.org/10.1038/nature 18646

Pedicini, L., Vannini, C., Rindi, F., Ravaglioli, C., Bertocci, 1., & Bulleri, F. (2023).
Variations in epilithic microbial biofilm composition and recruitment of a canopy-forming
alga between pristine and urban rocky shores. Marine Environmental Research, 188, 106035.

https://doi.org/10.1016/j.marenvres.2023.106035

Peixoto, R. S., Rosado, P. M., Leite, D. C. de A., Rosado, A. S., & Bourne, D. G. (2017).
Beneficial Microorganisms for Corals (BMC): Proposed Mechanisms for Coral Health and

Resilience. Frontiers in Microbiology, 8. https://doi.org/10.3389/fmicb.2017.00341

Peixoto, R. S., Sweet, M., Villela, H. D. M., Cardoso, P., Thomas, T., Voolstra, C. R., Hgj,
L., & Bourne, D. G. (2021). Coral Probiotics: Premise, Promise, Prospects. Annual Review of

Animal Biosciences, 9(1), 265-288. https://doi.org/10.1146/annurev-animal-090120-115444

Peixoto, R. S., Voolstra, C. R., Sweet, M., Duarte, C. M., Carvalho, S., Villela, H., Lunshof,
185



J. E., Gram, L., Woodhams, D. C., Walter, J., Roik, A., Hentschel, U., Thurber, R. V.,
Daisley, B., Ushijima, B., Daffonchio, D., Costa, R., Keller-Costa, T., Bowman, J. S., ...
Berg, G. (2022). Harnessing the microbiome to prevent global biodiversity loss. Nature

Microbiology, 7(11), 1726-1735. https://doi.org/10.1038/s41564-022-01173-1

Penhale, P. A., & Capone, D. G. (1981). Primary Productivity and Nitrogen Fixation in Two

Macroalgae-Cyanobacteria Associations. 31.

Pfister, C. A. (1992). Costs of Reproduction in an Intertidal Kelp: Patterns of Allocation and

Life History Consequences. Ecology, 73(5), 1586—1596. https://doi.org/10.2307/1940012

Pfister, C. A. (2007). INTERTIDAL INVERTEBRATES LOCALLY ENHANCE

PRIMARY PRODUCTION. Ecology, 88(7), 1647-1653. https://doi.org/10.1890/06-1913.1

Pfister, C. A., Altabet, M. A., & Weigel, B. L. (2019). Kelp beds and their local effects on
seawater chemistry, productivity, and microbial communities. In Ecology (10; Vol. 100, Issue

10).

Pfister, C. A., Berry, H. D., & Mumford, T. (2018). The dynamics of Kelp Forests in the
Northeast Pacific Ocean and the relationship with environmental drivers. Journal of Ecology,

106(4), 1520-1533. https://doi.org/10.1111/1365-2745.12908

Piérard, G. E., Piérard-Franchimont, C., & Arrese, J. E. (1997). Povidone-iodine wash
solutions in the prevention of superficial fungal infections; predictive evaluation using the
corneofungimetry bioassay. European Journal of Clinical Pharmacology, 53(2), 101-104.

https://doi.org/10.1007/s002280050345

Pineda, M.-C., Strehlow, B., Duckworth, A., Doyle, J., Jones, R., & Webster, N. S. (2016).
Effects of light attenuation on the sponge holobiont- implications for dredging management.

Scientific Reports, 6(1), 39038. https://doi.org/10.1038/srep39038

186



Pita, L., Rix, L., Slaby, B. M., Franke, A., & Hentschel, U. (2018). The sponge holobiont in a
changing ocean: From microbes to ecosystems. Microbiome, 6(1), 46.

https://doi.org/10.1186/s40168-018-0428-1

Poloczanska, E. S., Burrows, M. T., Brown, C. J., Garcia Molinos, J., Halpern, B. S., Hoegh-
Guldberg, O., Kappel, C. V., Moore, P. J., Richardson, A. J., Schoeman, D. S., & Sydeman,
W. J. (2016). Responses of Marine Organisms to Climate Change across Oceans. Frontiers in

Marine Science, 3. https://doi.org/10.3389/fmars.2016.00062

Povey, A., & Keough, M. J. (2023). Effects of Trampling on Plant and Animal Populations

on Rocky Shores.

Price, N. (2010). Habitat selection, facilitation, and biotic settlement cues affect distribution
and performance of coral recruits in French Polynesia. Oecologia, 163(3), 747-758.

https://doi.org/10.1007/s00442-010-1578-4

Prosser, J. 1. (2022). How and why in microbial ecology: An appeal for scientific aims,
questions, hypotheses and theories. Environmental Microbiology, 24(11), 4973—4980.

https://doi1.0org/10.1111/1462-2920.16221

Prosser, J. 1., & Martiny, J. B. H. (2020a). Conceptual challenges in microbial community
ecology. Philosophical Transactions of the Royal Society B: Biological Sciences, 375(1798),

20190241. https://doi.org/10.1098/rstb.2019.0241

ety B: Biological Sciences, 375(1798), Article 1798. https://doi.org/10.1098/rstb.2019.0241

Provasoli, L., & Pintner, I. J. (1980). Bacteria induced polymorphism in an axenic laboratory
strain of Ulva lactuca (Chlorophyceae). Journal of Phycology, 16(2), 196-201.

https://do1.org/10.1111/5.1529-8817.1980.tb03019.x

187



Qiu, Z., Coleman, M. A., Provost, E., Campbell, A. H., Kelaher, B. P., Dalton, S. J., Thomas,
T., Steinberg, P. D., & Marzinelli, E. M. (2019a). Future climate change is predicted to affect
the microbiome and condition of habitat-forming kelp. Proceedings of the Royal Society B:

Biological Sciences, 286(1896), 20181887. https://doi.org/10.1098/rspb.2018.1887

Rao, D., Webb, J. S., Holmstrom, C., Case, R., Low, A., Steinberg, P., & Kjelleberg, S.
(2007). Low Densities of Epiphytic Bacteria from the Marine Alga Ulva australis Inhibit
Settlement of Fouling Organisms. Applied and Environmental Microbiology, 73(24), 7844—

7852. https://doi.org/10.1128/AEM.01543-07

Ren, C., Liu, Z., Wang, X., & Qin, S. (2022). The seaweed holobiont: From microecology to
biotechnological applications. Microbial Biotechnology, 15(3), 738-754.

https://doi.org/10.1111/1751-7915.14014

Ribes, M., Calvo, E., Movilla, J., Logares, R., Coma, R., & Pelejero, C. (2016). Restructuring
of the sponge microbiome favors tolerance to ocean acidification. In Environ Microbiol Rep

(Vol. 8, Issue 4, pp. 536—544). https://doi.org/10.1111/1758-2229.12430

Ridgeway, K. (2009). The East Australian Current (EAC).

Rodriguez-Ruano, S. M., Juhanakova, E., Vavra, J., & Novakova, E. (2020). Methodological
Insight Into Mosquito Microbiome Studies. Frontiers in Cellular and Infection Microbiology,

10, 86. https://doi.org/10.3389/fcimb.2020.00086

Roik, A., Reverter, M., & Pogoreutz, C. (2022). A roadmap to understanding diversity and
function of coral reef-associated fungi. FEMS Microbiology Reviews, 46(6), fuac028.

https://doi.org/10.1093/femsre/fuac028

Rosenberg, E., Koren, O., Reshef, L., Efrony, R., & Zilber-Rosenberg, 1. (2007). The role of

microorganisms in coral health, disease and evolution. In Nat Rev Microbiol (Vol. 5, Issue 5,

188



pp. 355-362). https://doi.org/10.1038/nrmicro1635

Rosenberg, E., & Zilber-Rosenberg, 1. (2018a). The hologenome concept of evolution after

10 years. Microbiome, 6(1), Article 1. https://doi.org/10.1186/s40168-018-0457-9

Rosengaus, R. B., Zecher, C. N., Schultheis, K. F., Brucker, R. M., & Bordenstein, S. R.
(2011). Disruption of the Termite Gut Microbiota and Its Prolonged Consequences for
Fitness. Applied and Environmental Microbiology, 77(13), 4303—-4312.

https://doi.org/10.1128/AEM.01886-10

Rothéausler, E., Gomez, 1., Hinojosa, 1. A., Karsten, U., Tala, F., & Thiel, M. (2009). Effect of
temperature and grazing on growth and reproduction of floating Macrocystis spp.
(Phaeophyceae) along a latitudinal gradient. Journal of Phycology, 45(3), 547-559.

https://doi1.org/10.1111/5.1529-8817.2009.00676.x

Rothéusler, E., Gomez, 1., Karsten, U., Tala, F., & Thiel, M. (2011). Physiological
acclimation of floating Macrocystis pyrifera to temperature and irradiance ensures long-term
persistence at the sea surface at mid-latitudes. Journal of Experimental Marine Biology and

Ecology, 405(1-2), 33—41. https://doi.org/10.1016/j.jembe.2011.05.018

Rubin, B. K., & Tamaoki, J. (2005). Antibiotics as anti-inflammatory and immunomodulatory

agents (Vol. 48). Springer Science & Business Media.

Saha, M., Dove, S., & Weinberger, F. (2020). Chemically Mediated Microbial “Gardening”
Capacity of a Seaweed Holobiont Is Dynamic. Microorganisms, 8(12), 1893.

https://doi.org/10.3390/microorganisms8121893

Saha, M., Weinberger, F., & Van Alstyne, K. (2019). Microbial “gardening” by a seaweed
holobiont: Surface metabolites attract protective and deter pathogenic epibacterial settlement.

In Journal of Ecology (Vol. 107, Issue 5, pp. 2255-2265). https://doi.org/10.1111/1365-

189



2745.13193

Schiel, D. R., Alestra, T., Gerrity, S., Orchard, S., Dunmore, R., Pirker, J., Lilley, S., Tait, L.,
Hickford, M., & Thomsen, M. (2019). The Kaikoura earthquake in southern New Zealand:
Loss of connectivity of marine communities and the necessity of a cross-ecosystem

perspective. Aquatic Conservation: Marine and Freshwater Ecosystems, 29(9), 1520-1534.

https://doi.org/10.1002/aqc.3122

Schiel, D. R., & Foster, M. S. (2006). The Population Biology of Large Brown Seaweeds:
Ecological Consequences of Multiphase Life Histories in Dynamic Coastal Environments.
Annual Review of Ecology, Evolution, and Systematics, 37(1), 343-372.

https://doi.org/10.1146/annurev.ecolsys.37.091305.110251

Schiel, D. R., & Taylor, D. L. (1999a). Effects of trampling on a rocky intertidal algal
assemblage in southern New Zealand. Journal of Experimental Marine Biology and Ecology,

235(2), 213-235. https://doi.org/10.1016/S0022-0981(98)00170-1

Schiel, D. R., & Taylor, D. L. (1999b). Effects of trampling on a rocky intertidal algal
assemblage in southern New Zealand. Journal of Experimental Marine Biology and Ecology,

235(2), Article 2. https://doi.org/10.1016/S0022-0981(98)00170-1

Schiel, D. R., Wood, S. A., Dunmore, R. A., & Taylor, D. L. (2006). Sediment on rocky
intertidal reefs: Effects on early post-settlement stages of habitat-forming seaweeds. Journal
of Experimental Marine Biology and Ecology, 331(2), 158—172.

https://doi.org/10.1016/j.jembe.2005.10.015

Schmidt, E. K. A., Torres-Espin, A., Raposo, P. J. F., Madsen, K. L., Kigerl, K. A.,
Popovich, P. G., Fenrich, K. K., & Fouad, K. (2020). Fecal transplant prevents gut dysbiosis
and anxiety-like behaviour after spinal cord injury in rats. PLOS ONE, 15(1), €0226128.

https://doi.org/10.1371/journal.pone.0226128
190



Schmidt, R., & Saha, M. (2021). Infochemicals in terrestrial plants and seaweed holobionts:
Current and future trends. New Phytologist, 229(4), 1852—1860.

https://doi.org/10.1111/nph.16957

Schvarcz, C. R., Wilson, S. T., Caffin, M., Stancheva, R., Li, Q., Turk-Kubo, K. A., White,
A. E., Karl, D. M., Zehr, J. P., & Steward, G. F. (2022). Overlooked and widespread pennate
diatom-diazotroph symbioses in the sea. Nature Communications, 13(1), 799.

https://doi.org/10.1038/s41467-022-28065-6

Seabloom, E. W. (2011). Spatial and temporal variability in propagule limitation of
California native grasses. Oikos, 120(2), 291-301. https://doi.org/10.1111/1.1600-

0706.2010.18781.x

Seabloom, E. W., Condon, B., Kinkel, L., Komatsu, K. J., Lumibao, C. Y., May, G.,
McCulley, R. L., & Borer, E. T. (2019). Effects of nutrient supply, herbivory, and host

community on fungal endophyte diversity. Ecology, 100(9). https://doi.org/10.1002/ecy.2758

Secombe, K. R., Al-Qadami, G. H., Subramaniam, C. B., Bowen, J. M., Scott, J., Van
Sebille, Y. Z. A., Snelson, M., Cowan, C., Clarke, G., Gheorghe, C. E., Cryan, J. F., &
Wardill, H. R. (2021). Guidelines for reporting on animal fecal transplantation (GRAFT)
studies: Recommendations from a systematic review of murine transplantation protocols. Gut

Microbes, 13(1), 1979878. https://doi.org/10.1080/19490976.2021.1979878

Seery, C. R., Gunthorpe, L., & Ralph, P. J. (2006). Herbicide impact on Hormosira banksii
gametes measured by fluorescence and germination bioassays. Environmental Pollution,

140(1), 43-51. https://doi.org/10.1016/j.envpol.2005.07.001

Seymour, J. R., Amin, S. A., Raina, J.-B., & Stocker, R. (2017). Zooming in on the
phycosphere: The ecological interface for phytoplankton—bacteria relationships. Nature

Microbiology, 2(7), 17065. https://doi.org/10.1038/nmicrobiol.2017.65
191



Simberloff, D. S., & Wilson, E. O. (1969). Experimental zoogeography of islands: The

colonization of empty islands. Ecology, 50(2), 278-296.

Simon, J.-C., Marchesi, J. R., Mougel, C., & Selosse, M.-A. (2019). Host-microbiota
interactions: From holobiont theory to analysis. Microbiome, 7(1), 5.

https://doi.org/10.1186/s40168-019-0619-4

Singh, R. P., & Reddy, C. R. K. (2016). Unraveling the Functions of the Macroalgal

Microbiome. Frontiers in Microbiology, 6. https://doi.org/10.3389/fmicb.2015.01488

Sison-Mangus, M. P., Jiang, S., Tran, K. N., & Kudela, R. M. (2014). Host-specific
adaptation governs the interaction of the marine diatom, Pseudo-nitzschia and their

microbiota. The ISME Journal, 8(1), 63—76. https://doi.org/10.1038/ismej.2013.138

Smale, D. A. (2020). Impacts of ocean warming on kelp forest ecosystems. New Phytologist,

225(4), Article 4. https://doi.org/10.1111/nph.16107

Smith, K. E., Burrows, M. T., Hobday, A. J., King, N. G., Moore, P. J., Sen Gupta, A.,
Thomsen, M. S., Wernberg, T., & Smale, D. A. (2023). Biological Impacts of Marine
Heatwaves. Annual Review of Marine Science, 15(1), 119-145.

https://doi.org/10.1146/annurev-marine-032122-121437

Solomon, B. D. (2023). Intergovernmental panel on climate change (IPCC). In Dictionary of

Ecological Economics (pp. 302-302). Edward Elgar Publishing.

Solomon, S., Qin, D., Manning, M., Averyt, K., & Marquis, M. (2007). Climate change
2007-the physical science basis: Working group I contribution to the fourth assessment

report of the IPCC (Vol. 4). Cambridge university press.

Spoerner, M., Wichard, T., Bachhuber, T., Stratmann, J., & Oertel, W. (2012). Growth and

Thallus Morphogenesis of Ulva mutabilis (Chlorophyta) Depends on A Combination of Two

192



Bacterial Species Excreting Regulatory Factors. Journal of Phycology, 48(6), 1433—1447.

https://do1.org/10.1111/5.1529-8817.2012.01231.x

Stachowicz, J. J., Graham, M., Bracken, M. E., & Szoboszlai, A. 1. (2008). Diversity
enchances cover and stability of seaweed assemblages: The role of heterogeneity and time. In

Ecology (Vol. 89, Issue 11).

Stappenbeck, T. S., Hooper, L. V., & Gordon, J. I. (2002). Developmental regulation of
intestinal angiogenesis by indigenous microbes via Paneth cells. Proceedings of the National

Academy of Sciences, 99(24), 15451-15455. https://doi.org/10.1073/pnas.202604299

Straub, S. C., Wernberg, T., Marzinelli, E. M., Vergés, A., Kelaher, B. P., & Coleman, M. A.
(2022). Persistence of seaweed forests in the anthropocene will depend on warming and
marine heatwave profiles. Journal of Phycology, 58(1), 22-35.

https://doi.org/10.1111/jpy.13222

Straub, S. C., Wernberg, T., Thomsen, M. S., Moore, P. J., Burrows, M. T., Harvey, B. P., &
Smale, D. A. (2019). Resistance, Extinction, and Everything in Between — The Diverse
Responses of Seaweeds to Marine Heatwaves. Frontiers in Marine Science, 6, 763.

https://doi.org/10.3389/fmars.2019.00763

Sunagawa, S., Coelho, L. P., Chaffron, S., Kultima, J. R., Labadie, K., Salazar, G.,
Djahanschiri, B., Zeller, G., Mende, D. R., Alberti, A., Cornejo-Castillo, F. M., Costea, P. L.,
Cruaud, C., d’Ovidio, F., Engelen, S., Ferrera, 1., Gasol, J. M., Guidi, L., Hildebrand, F., ...
Bork, P. (2015). Structure and function of the global ocean microbiome. In Science (Vol. 348,

Issue 6237).

Sydeman, W. J., Poloczanska, E., Reed, T. E., & Thompson, S. A. (2015). Climate change
and marine vertebrates. Science, 350(6262), 772-777.

https://doi.org/10.1126/science.aac9874
193



Szitenberg, A., Beca-Carretero, P., Azcarate-Garcia, T., Yergaliyev, T., Alexander-Shani, R.,
& Winters, G. (2022). Teasing apart the host-related, nutrient-related and temperature-related
effects shaping the phenology and microbiome of the tropical seagrass Halophila stipulacea.

Environmental Microbiome, 17(1), 18. https://doi.org/10.1186/s40793-022-00412-6

Tadych, M., Bergen, M. S., & White, J. F. (2014). Epichloé spp. associated with grasses:
New insights on life cycles, dissemination and evolution. Mycologia, 106(2), 181-201.

https://doi.org/10.3852/106.2.181

Takolander, A., Cabeza, M., & Leskinen, E. (2017). Climate change can cause complex
responses in Baltic Sea macroalgae: A systematic review. Journal of Sea Research, 123, 16—

29. https://doi.org/10.1016/j.seares.2017.03.007

Taylor, D. 1., & Schiel, D. R. (2003). Wave-related mortality in zygotes of habitat-forming
algae from different exposures in southern New Zealand: The importance of ‘stickability’.
Journal of Experimental Marine Biology and Ecology, 290(2), 229-245.

https://doi.org/10.1016/S0022-0981(03)00094-7

Taylor, D. L. (1973). Algal Symbionts of Invertebrates. Annual Review of Microbiology,

27(1), 171-188. https://doi.org/10.1146/annurev.mi.27.100173.001131

Theis, K. R., Dheilly, N. M., Klassen, J. L., Brucker, R. M., Baines, J. F., Bosch, T. C. G,

Cryan, J. F., Gilbert, S. F., Goodnight, C. J., Lloyd, E. A., Sapp, J., Vandenkoornhuyse, P.,
Zilber-Rosenberg, 1., Rosenberg, E., & Bordenstein, S. R. (2016). Getting the Hologenome
Concept Right: An Eco-Evolutionary Framework for Hosts and Their Microbiomes.

MSystems, 1(2), Article 2. https://doi.org/10.1128/mSystems.00028-16

Thijs, S., Op De Beeck, M., Beckers, B., Truyens, S., Stevens, V., Van Hamme, J. D.,
Weyens, N., & Vangronsveld, J. (2017). Comparative Evaluation of Four Bacteria-Specific

Primer Pairs for 16S rRNA Gene Surveys. Frontiers in Microbiology, 8.
194



https://doi.org/10.3389/fmicb.2017.00494

Thomsen, M. S., Metcalfe, L., Siciliano, A., South, P. M., Gerrity, S., Alestra, T., & Schiel, D.
R. (2020). Earthquake-driven destruction of an intertidal habitat cascade. Aquatic Botany,

164, 103217. https://doi.org/10.1016/j.aquabot.2020.103217

Tochitani, S. (2021). Vertical transmission of gut microbiota: Points of action of
environmental factors influencing brain development. Neuroscience Research, 168, 83—94.

https://doi.org/10.1016/j.neures.2020.11.006

Tourneroche, A., Lami, R., Hubas, C., Blanchet, E., Vallet, M., Escoubeyrou, K., Paris, A., &
Prado, S. (2019). Bacterial-Fungal Interactions in the Kelp Endomicrobiota Drive
Autoinducer-2 Quorum Sensing. Frontiers in Microbiology, 10, 1693.

https://doi.org/10.3389/fmicb.2019.01693

Trevathan-Tackett, S. M., Sherman, C. D. H., Huggett, M. J., Campbell, A. H., Laverock, B.,
Hurtado-McCormick, V., Seymour, J. R., Firl, A., Messer, L. F., Ainsworth, T. D., Negandhi,
K. L., Daffonchio, D., Egan, S., Engelen, A. H., Fusi, M., Thomas, T., Vann, L., Hernandez-
Agreda, A., Gan, H. M., ... Macreadie, P. I. (2019). A horizon scan of priorities for coastal
marine microbiome research. Nature Ecology & Evolution, 3(11), 1509-1520.

https://doi.org/10.1038/s41559-019-0999-7

Tsubaki, S., Nishimura, H., Imai, T., Onda, A., & Hiraoka, M. (2020). Probing rapid carbon
fixation in fast-growing seaweed Ulva meridionalis using stable isotope 13C-labelling.

Scientific Reports, 10(1), 20399. https://doi.org/10.1038/s41598-020-77237-1

Underwood, A. J. (1998). Grazing and disturbance: An experimental analysis of patchiness in
recovery from a severe storm by the intertidal alga Hormosira banksii on rocky shores in
New South Wales. Journal of Experimental Marine Biology and Ecology, 231(2), 291-306.

https://doi.org/10.1016/S0022-0981(98)00091-4
195



Underwood, A. J., Chapman, M. G., & Connell, S. D. (2000). Observations in ecology: You
can’t make progress on processes without understanding the patterns. Journal of
Experimental Marine Biology and Ecology, 250(1-2), 97-115.

https://doi.org/10.1016/S0022-0981(00)00181-7

Underwood, A. J., Underwood, A. L., Underwood, A. J., & Wnderwood, A. (1997).
Experiments in ecology: Their logical design and interpretation using analysis of variance.

Cambridge university press.

van der Loos, L. M., Eriksson, B. K., & Falcao Salles, J. (2019). The Macroalgal Holobiont
in a Changing Sea. Trends in Microbiology, 27(7), 635—650.

https://doi.org/10.1016/}.tim.2019.03.002

Van Oppen, M. J. H., & Aranda Lastra, M. (Eds.). (2022). Coral Reef Conservation and
Restoration in the Omics Age (Vol. 15). Springer International Publishing.

https://do1.0org/10.1007/978-3-031-07055-6

Van Oppen, M. J. H., Gates, R. D., Blackall, L. L., Cantin, N., Chakravarti, L. J., Chan, W.
Y., Cormick, C., Crean, A., Damjanovic, K., Epstein, H., Harrison, P. L., Jones, T. A., Miller,
M., Pears, R. J., Peplow, L. M., Raftos, D. A., Schaffelke, B., Stewart, K., Torda, G., ...
Putnam, H. M. (2017). Shifting paradigms in restoration of the world’s coral reefs. Global

Change Biology, 23(9), 3437-3448. https://doi.org/10.1111/gcb.13647

Vijayan, N., Lema, K. A., Nedved, B. T., & Hadfield, M. G. (2019). Microbiomes of the
polychaete Hydroides elegans (Polychaeta: Serpulidae) across its life-history stages. Marine

Biology, 166(2), 19. https://doi.org/10.1007/s00227-019-3465-9

Villela, H., Modolon, F., Schultz, J., Delgadillo-Ordofiez, N., Carvalho, S., Soriano, A. U., &
Peixoto, R. S. (2023). Genome analysis of a coral-associated bacterial consortium highlights

complementary hydrocarbon degradation ability and other beneficial mechanisms for the

196



host. Scientific Reports, 13(1), 12273. https://doi.org/10.1038/s41598-023-38512-z

Vrieze, A., De Groot, P. F., Kootte, R. S., Knaapen, M., Van Nood, E., & Nieuwdorp, M.
(2013). Fecal transplant: A safe and sustainable clinical therapy for restoring intestinal

microbial balance in human disease? Best Practice & Research Clinical Gastroenterology,

27(1), 127-137. https://doi.org/10.1016/j.bpg.2013.03.003

Wagg, C., Barendregt, C., Jansa, J., van der Heijden, M. G. A., & Mommer, L. (2015).
Complementarity in both plant and mycorrhizal fungal communities are not necessarily
increased by diversity in the other. In Journal of Ecology (Vol. 103, Issue 5, pp. 1233—-1244).

https://doi.org/10.1111/1365-2745.12452

Wallace, J. G., Gohir, W., & Sloboda, D. M. (2016). The impact of early life gut colonization
on metabolic and obesogenic outcomes: What have animal models shown us? Journal of
Developmental Origins of Health and Disease, 7(1), 15-24.

https://do1.0rg/10.1017/S2040174415001518

Wang, Y., Naumann, U., Wright, S. T., & Warton, D. 1. (2012). mvabund - an R package for
model-based analysis of multivariate abundance data: 7he mvabund R package. Methods in

Ecology and Evolution, 3(3), 471-474. https://doi.org/10.1111/.2041-210X.2012.00190.x

Warnecke, F., Luginbiihl, P., Ivanova, N., Ghassemian, M., Richardson, T. H., Stege, J. T.,
Cayouette, M., McHardy, A. C., Djordjevic, G., Aboushadi, N., Sorek, R., Tringe, S. G.,
Podar, M., Martin, H. G., Kunin, V., Dalevi, D., Madejska, J., Kirton, E., Platt, D., ...
Leadbetter, J. R. (2007). Metagenomic and functional analysis of hindgut microbiota of a
wood-feeding higher termite. Nature, 450(7169), 560-565.

https://doi.org/10.1038/nature06269

Wasai, S., & Minamisawa, K. (2018). Plant-Associated Microbes: From Rhizobia To Plant

Microbiomes. Microbes and Environments, 33(1), 1-3.

197



https://doi.org/10.1264/jsme2.ME3301rh

Webster, N. S., & Blackall, L. L. (2009). What do we really know about sponge-microbial

symbioses? The ISME Journal, 3(1), 1-3. https://doi.org/10.1038/ismej.2008.102

Weigel, B. L., & Pfister, C. A. (2019). Successional Dynamics and Seascape-Level Patterns
of Microbial Communities on the Canopy-Forming Kelps Nereocystis luetkeana and
Macrocystis pyrifera. Frontiers in Microbiology, 10, 346.

https://doi.org/10.3389/fmicb.2019.00346

Weinberger, F., Beltran, J., Correa, J. A., Lion, U., Pohnert, G., Kumar, N., Steinberg, P.,
Kloareg, B., & Potin, P. (2007). Spore release in Acrochaetium sp (Rhodophyta) is
bacterially controlled. Journal of Phycology, 43(2), 235-241. https://doi.org/10.1111/5.1529-

8817.2007.00329.x

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

https://doi.org/10.1038/nclimate1627

Wernberg, T., Thomsen, M. S., Connell, S. D., Russell, B. D., Waters, J. M., Zuccarello, G.
C., Kraft, G. T., Sanderson, C., West, J. A., & Gurgel, C. F. D. (2013). The Footprint of
Continental-Scale Ocean Currents on the Biogeography of Seaweeds. PLoS ONE, 8(11),

e80168. https://doi.org/10.1371/journal.pone.0080168

White, L., Donohue, 1., Emmerson, M. C., & O’Connor, N. E. (2018). Combined effects of
warming and nutrients on marine communities are moderated by predators and vary across
functional groups. Global Change Biology, 24(12), 5853-5866.

https://doi.org/10.1111/gcb.14456

198



Wilkins, L. G. E., Ettinger, C. L., Jospin, G., & Eisen, J. A. (2019). Metagenome-assembled
genomes provide new insight into the microbial diversity of two thermal pools in Kamchatka,

Russia. Scientific Reports, 9(1), 3059. https://doi.org/10.1038/s41598-019-39576-6

World Health Organization & others. (2020). lodine in drinking-water. World Health

Organization.

Worm, B., Lotze, H. K., Bostrom, C., Engkvist, R., Labanauskas, V., & Sommer, U. (1999).
Marine diversity shift linked to interactions among grazers, nutrients and propagule banks. In

Marine Ecology Progress Series (Vol. 185, pp. 309-314).

Wright, J. T., Byers, J. E., DeVore, J. L., & Sotka, E. E. (2014). Engineering or food?
Mechanisms of facilitation by a habitat-forming invasive seaweed. Ecology, 95(10), 2699—

2706. https://doi.org/10.1890/14-0127.1

Xia, X., Gurr, G. M., Vasseur, L., Zheng, D., Zhong, H., Qin, B., Lin, J., Wang, Y., Song, F.,
Li, Y., Lin, H., & You, M. (2017). Metagenomic Sequencing of Diamondback Moth Gut
Microbiome Unveils Key Holobiont Adaptations for Herbivory. Frontiers in Microbiology,

8, 663. https://doi.org/10.3389/fmicb.2017.00663

Yarden, O. (2014). Fungal association with sessile marine invertebrates. Frontiers in

Microbiology, 5. https://doi.org/10.3389/fmicb.2014.00228

Zehr, J. P., & Kudela, R. M. (2011). Nitrogen Cycle of the Open Ocean: From Genes to
Ecosystems. Annual Review of Marine Science, 3(1), 197-225.

https://doi.org/10.1146/annurev-marine-120709-142819

Zolnik, C. P., Prill, R. J., Falco, R. C., Daniels, T. J., & Kolokotronis, S.-O. (2016).
Microbiome changes through ontogeny of a tick pathogen vector. Molecular Ecology, 25(19),

4963—4977. https://doi.org/10.1111/mec.13832

199



Thank you for reading this far.

Lex

200



	Abstract
	Acknowledgements
	Statement of Co-Authorship
	List of figures
	List of tables
	Chapter 1.
	General introduction
	1.1 Holobionts as an emergent form of life
	1.2 Holobionts in the environment
	1.2 The study system – Hormosira banksii
	1.3 Thesis subject: The role of host-associated microbes in host function

	Chapter 2.
	Disentangling direct versus indirect effects of microbiome manipulations in a habitat-forming marine holobiont.
	2.1 Abstract
	2.2 Introduction
	2.3 Methodology
	2.3.1 Relationships between microbiome and host performance
	Mesocosm experiment
	Field experiment
	Bacterial isolation and culture

	2.3.2 Testing for direct effects of components of the microbiome
	Inoculation experiment
	DNA extraction and sequencing
	Bioinformatics
	Estimation of absolute bacterial abundance
	Statistical Analyses


	2.4 Results
	2.4.1 Mesocosm experiment
	2.4.2 Field experiment
	2.4.3 Bacterial Isolation
	2.4.4 Inoculation experiment

	2.5 Discussion
	2.5.1 Microbiome manipulations using antibiotics
	2.5.2 Inoculations
	3.5.3 Understanding holobionts in their natural ecological settings

	2.6 Supplementary Information – Chapter 2
	Culture conditions for bacterial inoculants
	Determination of isolate attachment success and custom primers


	Chapter 3.
	Disruption of host-associated and benthic microbial communities affects reproductive output and settlement of a habitat forming macroalga
	3.1 Abstract
	3.2 Introduction
	3.3 Methods
	3.3.1 Effect of disruption of the host’s microbiota on reproductive output
	3.3.2 Effect of disturbance of microbial communities on zygote settlement
	Bacterial sampling
	DNA Extraction and sequencing
	Bioinformatics
	Estimation of absolute bacterial abundance
	Statistical Analyses


	3.4 Results
	3.4.1 The effect of disruption on the microbial communities
	3.4.2 The effect of microbial disruption on reproductive output
	3.4.3 Effect of microbial disruption on settlement of zygotes

	3.5 Discussion
	3.6 Supplementary information – Chapter 3

	Chapter 4.
	Effects of extreme rainfall on a dominant seaweed are mitigated by its microbiota
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	4.3.1 Extreme rainfall events
	4.3.2 Effect of extreme rainfall on Hormosira’s reproductive output
	4.3.3 Effect of salinity on Hormosira’s reproductive output
	4.3.4 Effect of disruption of surface microbiota on recovery of host reproduction
	Host measurements
	Sampling the surface microbiota
	DNA Extraction and sequencing
	Bioinformatics
	Estimation of absolute bacterial abundance
	Statistical Analyses


	4.4 Results
	4.4.1 The effect of extreme rainfall on the reproductive output of Hormosira
	4.4.2 Effect of salinity on reproductive output
	4.4.3 Effect of microbial disruption on host reproductive output
	Microbial community
	Reproductive output
	Photosynthetic efficiency


	4.5 Discussion
	4.5.1 Effect of extreme rainfall on reproductive output
	4.5.2 Effect of microbial disruption on recovery of host reproduction

	4.6 Supplementary information – Chapter 4

	Chapter 5.
	General discussion
	5.1 Determining causation in non-model holobionts
	5.2 Effect of microbiota on hosts across ontogeny and beyond physiology
	5.3 Host-associated microbes can enhance recovery from extreme rainfall events
	5.4 Conclusion and future directions

	6. References

