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Abstract

Many marine organisms host microalgal symbionts. Complex holobionts require
adaptations to accommodate closely associated lifestyles when algae live within host
tissues. Six categories of physiological adaptation in Symbiodinium-holobiont systems
include pathways related to nutrient transfer, carbon concentration, nitrogen recycling,
calcification, oxidative stress and cell–cell communication. Combining traditional
physiological measurements with genomic and transcriptomic analysis informs
hypotheses about underpinning mechanisms. As methods advance, large, next
generation sequence data sets make broad comparative investigations possible. Inte-
grating data from multiple partners provides insight on physiological solutions to
cooperative living.

1. INTRODUCTION

Single-celled symbionts play an integral role in the evolution and
function of many organisms. Most plants cooperate with mycorrhizae fungi
as well as diverse microbes living within their roots and leaves. Lichens are

Advances in Botanical Research, Volume 64 � 2012 Elsevier Ltd.
ISSN 0065-2296,
http://dx.doi.org/10.1016/B978-0-12-391499-6.00004-9

All rights reserved. 119 j
Genomic Insights into the Biology of Algae, First Edition, 2012, 119–140

Author's personal copy



complex symbioses between fungi and either green algae or cyanobacteria.
Paramecium host Chlorella but the relationship has evolved to be facultative,
meaning both partners can live independently. Some well-characterized
obligative marine examples include the microbial symbionts in the squid
bioluminescent organ and the coral microbial community. The natural
world includes many such complex holobionts, where a multicellular host
and its diverse associated microbial assemblage live intimately together and
reciprocally affect the evolution of genes and lineages. It is becoming
increasingly clear that most organisms associate with diverse microbes
throughout their ontogeny. In endosymbiotic systems, where the symbiont
lives inside the cells of its host, processes become integrated and evolution
and development are tightly coupled.

What is a holobiont? Margulis (1993) defined the term as, ‘The holobiont
is the product, temporary or permanent, of the association between its
constituent bionts (partners)’. Iglesias-Prieto and Trench (1997) used hol-
osymbiont to describe highly integrated systems where host and symbiont
evolve together. Holobiont was adopted by Rowan (1998) to describe corals
together with their microalgal symbionts. Rohwer, Seguritan, Azam, and
Knowlton (2002) used holobiont to refer to the entire microbiome asso-
ciated with corals. This latter use stresses that a diverse microbial community
is also associated with the coral colony and that it may include fungi,
bacteria, archea, other unicellular eukaryotes and viruses. The holobiont has
become an accepted concept in coral biology where the host organism is
a colony composed of thousands of individual polyps and distinct microalgal
and microbial assemblages are associated with the animal tissue and the
mucus and layered within the skeleton. In this review, we will focus on
dinoflagellate components of the holobiont, but it is important to consider
them in the perspective of a diverse complex system.

Scleractinian corals host dinoflagellates from the genus Symbiodinium
(Freudenthal, 1962). Dinoflagellates are a diverse group of algae that have
acquired their photosynthetic activity through a secondary endosymbiosis.
We refer to Chapter I of this volume for a review of dinoflagellate diversity
and ecology (Not et al., 2012) and to Chapter III which covers the evolution
of this group of algae (Archibald, 2012). Although the diverse members of the
Symbiodinium lineage have been historically called zooxanthellae (from
zoo ¼ animal and xanth ¼ yellow), this term is categorical and includes
multiple groups of algal symbionts. Here we refer to a specific group of
microalgal symbionts by their Latin generic name, Symbiodinium; however,
we recognize that this may not be an accurate representation of the generic
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rank. With increasing attention and advancing sequencing methods, more
diversity has been discoveredwithin this genus thanwithinmany other orders
of dinoflagellates (Pochon & Gates, 2010; Rowan & Powers, 1992). Nine
lineages within Symbiodinium are composed of diverse phylotypes, many of
which appear to be functionally unique and occupy defined ecological niches
and roles within and across holobionts (Lajeunesse et al., 2010; Pochon &
Gates, 2010; Stat, Morris, & Gates, 2008). Closely related lineages of Sym-
biodinium are hosted by diverse eukaryotic organisms (Fig. 4.1). Single celled
hosts include foraminifera, radiolarians and ciliates. Metazoan hosts include
porifera, acoelomorpha, cnidaria and mollusca. Associations between these
hosts and Symbiodinium form the basis of the food web in coral reef ecosys-
tems. These associations form the basis of the food web in coral reef
ecosystems. However the stability of these symbioses is threatened by climate
change and as global temperatures rise, the symbiotic relationships become
unstable and break down in a phenomenon known as coral bleaching.

Here, we review the functional role of Symbiodinium in marine inverte-
brates focusing on corals and anemones. For these systems, we summarize
physiological characters that may be under selection pressure in symbiosis
systems. We will highlight algal contributions to holobiont physiology,
including the novel insights contributed from genomics, transcriptomics and
metabolomics. Finally, we will discuss the evolutionary trajectory of hol-
obionts; asking if physiological processes and functionality may be affected
by changing conditions and what we can learn about it using modern
methods.

Physiological processes evolved to accommodate algal cells living inside
host cells (Fig. 4.2). Adaptations that facilitate symbiosis in a variety of marine
invertebrates and single-celled eukaryotes are associated with six major
categories of physiological processes: (A) Transport pathways shuttle products
of photosynthesis from alga to host. (B) Light enhanced calcification,
a phenomenon in which corals and other hosts with calcified skeletons exploit
photosynthesis to precipitate calcium carbonate structures. (C) Carbon
concentration mechanisms in which carbon from seawater is concentrated
within animal cells to provide algal symbionts with raw materials for
photosynthesis. (D) Nitrogen recycling provides additional raw materials for
photosynthesis in nutrient limited seawater. (E) Reduction of oxidative stress
induced by photosynthesis and high light conditions. (F) Cell–cell commu-
nication and molecular recognition pathways as part of host immune systems,
which allow entry and residence to potential symbionts. Each of these
functional categories is related to symbiosis (see citations in following section
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for relevant work in each category) and allows the holobiont to function as
a complex and efficient photosynthetic meta-organism.

Genomic data for both host and algal symbiont will help clarify the
selection pressures imposed by symbiotic lifestyles on the physiology of each
partner. Although the field is moving rapidly, we do not yet know as much
about the algal genomes compared to the developing body of research on
cnidarian genomes. We have the complete genome for one coral: Acropora
digitifera (Shinzato et al., 2011); and four more in progress including Acropora
millepora, Stylophora pistilata,Montastraea faveolata,Acropora palmata (C. Voolstra,

Figure 4.1 Diversity of Symbiodinium and hosts. Symbiodinium and other closely
related lineages of dinoflagellates are hosted by diverse organisms across the tree of life.
Mollusk host lineages include nudibranchs and giant clams. Cnidarian host lineages
include jellyfish, soft corals, hard corals and anemones. Several sponge genera, including
Cliona, host Symbiodinum. Single-celled eukaryote hosts include ciliates, radiolarians and
foraminifera. Symbiont-produced photosynthate is implicated in the calcification of some
of these organisms: giant clams, scleractinian corals, sponges, radiolarians, foraminifera
(orange boxes). (Photo credits: Phyllodesmium and Tridacna, Michele Weber; Cassiopeia,
Erika Díaz-Almeyda; Xenia and Acropora, Michele Weber; Cliona, Deborah Gochfeld,
Maristentor, Chris Lobban; acantharian, Scott Fay; soritid foraminifera, Michele Weber). For
colour version of this figure, the reader is referred to the online version of this book.
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I. Baums, personal communication). The complete genome for the apo-
symbiotic anemone,Nematastella vectensis, is available (Putnam et al. 2007) and
the hydra, Hydra magnipapillata, was also recently published (Chapman et al.,
2010), and the genome of the symbiotic anemone, Aiptasia pallida, is in
progress ( J. Schwartz, personal communication). Although ESTs have been
generated for several other orders of dinoflagellates, only a few studies
have been published on Symbiodinium (Bayer et al., 2012; Leggat, Hoegh-
Guldberg, Dove, & Yellowlees, 2007; Leggat, Yellowlees, & Medina, 2011;
Voolstra et al., 2009b). With more coral genomes becoming available and
genomes for several Symbiodinium lineages in progress (N. Satoh, C. Voolstra,

Figure 4.2 Symbiodinium cells. In most organisms, Symbiodinium are housed inside
host cells. Images show symbionts living inside the tissues of jellyfish (a and b), coral
(c and d) and soritid foraminifera (e and f). White arrows indicate individual dinofla-
gellates. (Photo credits: a and b, Erika Díaz-Almeyda; c, Michele Weber; d, Nancy
Cabanillas-Ter�an; e and f, Scott Fay). For colour version of this figure, the reader is
referred to the online version of this book.
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personal communication), powerful comparative studies using symbiotic and
aposymbiotic hosts and the relevant symbionts, will become possible.

Genomics, transcriptomics, metabolomics and interactomics are ‘omics’
fields that will contribute perspectives on the evolution of physiological
processes. Growing collections of next generation sequence data for various
partners will allow comparative genomic studies to better understand how
holobiont physiologies have adapted to exploit cooperative lifestyles across
diverse lineages. Transcriptome response and EST libraries can be used to
characterize expressed genes and understand what parts of the genomes are
involved in which processes. Experiments monitoring gene expression can
suggest proteins and pathways that manage interactions between host and
microalgal symbiont. When transcriptome data generate functional
hypotheses, they can be tested using RNA interference (RNAi) methods to
knock down those genes. Metabolomics will clarify how metabolites are
produced and shared between intimately associated partners. Increasing
attention to individual protein–protein interactions and interactomes
(Medina & Sachs, 2010) will allow us to propose models and mechanisms for
the evolving physiological processes. Physiological genomics takes advan-
tage of these system wide approaches to consider physiological processes
within an integrated evolutionary framework.

2. HOLOBIONT PHYSIOLOGY

2.1. Nutrient Transfer
Ancestral cnidarians were filter feeders but many derived lineages supple-
ment heterotrophy with the products of photosynthesis provided by
microalgal endosymbionts. It was first shown in 1958 and then observed
further by Muscatine, Trench and their colleagues that nutrients of algal
origin were incorporated into host tissues (Muscatine, 1967; Muscatine &
Hand, 1958; Muscatine, Mccloskey, & Marian, 1981; Trench, 1971a,
1971b, 1971c). Subsequent studies inferred host pathways that function to
move metabolites from symbiont to host. Algal-derived nutrients supple-
ment host heterotrophy when they are transported through the symbiosome
into gastrodermal cells. Experimental evidence showed that the net sugars
produced by photosynthesis were greater than the products of algal
metabolism. These data suggested that excess algal-produced sugars were
transported out of the algal cell to meet host metabolism requirements
(Allemand, Furla, & Benazet-Tambutté, 1998). Using bleaching

124 Michele X. Weber and M�onica Medina

Genomic Insights into the Biology of Algae, First Edition, 2012, 119–140

Author's personal copy



experiments to ‘knockout’ potential transport pathways, Luo et al. (2009)
demonstrated that certain lipid bodies are responsible for moving algal-
synthesized lipids to the host. These bodies were not present in aposymbiotic
corals. Proteins involved in lipid transfer were differentially expressed
between symbiotic and aposymbiotic anemone transcriptomes (Ganot et al.,
2011). The Acropora digitifera genome revealed that this coral does not have
genes for an enzyme required for cysteine biosynthesis. This result suggested
that cysteine may be synthesized by the algae and then transported back to
the host along with photosynthate (Shinzato et al., 2011).

Little is known about how the algae transfer nutrients to their hosts.
However, an early-controlled experiment on cultured Symbiodinium
showed that they released more sugar in the presence of host tissue (Trench,
1971c). A study of Symbiodinium ESTs from cultured algae suggested that
symbiosis may strengthen selection pressures and described ‘symbiosis-
specific’ sequences as generally ‘evolving quickly’ in those dinoflagellate
lineages (Voolstra et al., 2009b). ESTs generated from Symbiodinium
collected from coral hosts revealed over 7% of sequences involved in
carbohydrate transport metabolism and over 3% of sequences involved in
amino acid transport and metabolism: both categories that potentially
include translocation of these products (Leggat et al., 2007). In addition,
a membrane spanning sugar phosphate permease was identified as part of
this EST library and may function to conduct carbohydrates from alga to
coral (Leggat et al., 2007). Transcripts with membrane-transport-related
functionality were obtained just under 10% of sequences for two lineages of
cultured Symbiodinium (Bayer et al., 2012).

2.2. Calcification
Biomineralization is common in marine environments and scleractinian
corals build massive calcium carbonate structures that form the multi-
dimensional reef framework. Some mollusks and various single-celled
eukaryote groups also produce calcium carbonate shells and tests (Fig. 4.1). A
large number of these skeleton building organisms host algal symbionts.
Hosts utilize a portion of algal fixed carbon to fuel metabolism. But some of
the energy derived from photosynthesis is used to build an organic matrix
and subsequent biomineralization of the skeleton or test. These activities
appear to increase in the presence of light; however, calcification happens
distant from the site of photosynthesis and it is unclear if algal cells play
a more direct role in calcification processes.
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Several models have been proposed to explain how animals utilize algal
photosynthesis to precipitate calcium carbonate (Allemand et al., 2004;
Goreau, 1959; Muscatine, 1990). Many authors and multiple lines of
evidence suggest that calcification is light enhanced, meaning that in the
presence of light, deposition of aragonite calcium carbonate increases
(Goreau, 1959). An experiment conducted in aquaria showed that providing
glycerol to bleached corals increased their rate of calcification. Bleached
corals lack symbionts and therefore have fewer resources available to devote
to calcification processes. Exogenous resources provided to starving hosts
increased calcification rates because they simulated the resources that would
be reallocated from symbiont to host under normal conditions. Although
glycerol, a primary product of photosynthesis, did not accelerate calcification
rates in healthy corals, these results suggested that biomineralization path-
ways are photosynthesis driven (Colombo-Pallotta, Rodríguez-Rom�an, &
Iglesias-Prieto, 2010). Exogenous inhibitors were used to show that
calcification could be artificially decelerated in the light but not in the dark
(Al-Horani, Al-Rousan, Manasrah, & Rasheed, 2005). Under thermal stress
or elevated CO2 conditions, three coral species exhibited differential
expression of calcification-associated genes (Desalvo et al., 2008; Vidal-
Dupiol et al., 2009; Moya et al., 2012). These lines of evidence supported the
hypothesis that calcification is a photosynthesis-driven process because
thermal stress induces bleaching and loss of symbionts so that hosts subse-
quently lack the extra resources as products of photosynthesis.

Carbonic anhydrase helps deliver carbon to the symbiont for photo-
synthesis and it may also function to transport bicarbonate to the site of
calcium carbonate deposition in the host. Inhibition of carbonic anhydrase
dramatically decreased calcification rates (Al-Horani et al., 2005). A unique
form of carbonic anhydrase was localized at the site of precipitation of
calcium carbonate in the coral Stylophora pistillata. These data suggested
a role in a carbon-concentrating mechanism; the enzyme may convert
metabolic carbon into bicarbonate, which can then be precipitated as
aragonite skeleton (Bertucci, Tambutté, Supuran, Allemand, & Zoccola,
2011; Furla, Allemand, & Orsenigo, 2000a; Moya et al., 2008).

Analysis of an EST library for Symbiodinium in hospite (living inside coral
tissues) identified transport enzymes that may move glycerol generated by
photosynthesis to the site of calcification where it could supply energy
required for calcification (Colombo-Pallotta et al., 2010; Leggat et al., 2007).
Analyzing data from a complete Symbiodinium genome will generate addi-
tional candidate genes coding for proteins that transport products of

126 Michele X. Weber and M�onica Medina

Genomic Insights into the Biology of Algae, First Edition, 2012, 119–140

Author's personal copy



photosynthesis to the site of calcification. Comparing genomes from
symbiotic and free living lineages will further clarify the role of algal
symbionts in biomineralization.

2.3. Carbon Concentration
Metabolic production of CO2 from both host and symbiont are not enough
to supply carbon for algal photosynthesis. Dissolved inorganic carbon (DIC)
is a principle raw ingredient of photosynthesis but it is limited within host
tissues. Seawater is the primary source of carbon but algal symbionts do not
directly contact seawater once they are sequestered within host tissues.
Therefore, ancestral organisms must have evolved the ability to concentrate
carbon from the surrounding seawater (Raven, 1991) and deliver it directly
to Symbiodinium cells.

Membrane-bound carbonic anhydrase appears to play an important role
in moving carbon from the seawater environment, across multiple layers of
membrane, into the host cell and then into the algal cell (Furla, Galgani,
Durand, & Allemand, 2000b; Furla et al., 2000a, 2005; Leggat et al., 2002;
Weis, 1993; Weis, Smith, & Muscatine, 1989). Carbonic anhydrase is
present in host transcriptomes. The Pacific anemone, Anthopleura ele-
gantissima, is a facultative host and transcription of carbonic anhydrase was
upregulated in the presence of Symbiodinium (Weis & Reynolds, 1999). In
a Mediterranean anemone, Anemonia viridis, transcription of multiple
different carbonic anhydrases increases in symbiotic polyps (Ganot et al.,
2011). Carbon concentration and the presence of DIC in these symbiotic
non-calcifying anthozoans provide materials for photosynthesis; however,
some inorganic carbon is likely used to produce calcium carbonate skeletons
in scleractinian corals and other biomineralizing organisms such as giant
clams and foraminifera.

It is not clear how much the algal symbionts participate in this process or
whether they just passively receive carbon resources provided by their hosts.
A membrane-associated ATPase protein expressed by Symbiodinium in hospite
(but not in cultured algae) may function to adjust pH so that host-initiated
pathways can more easily deliver carbon to the chloroplasts (Bertucci,
Tambutté, Tambutté, Allemand, & Zoccola, 2010). Transcriptome data
from Symbiodinium revealed several sequences potentially related to carbon
transport but it was not possible to determine which membrane they
spanned (Bayer et al., 2012). Therefore, it is not clear if these proteins receive
DIC from the host or whether they move it around once it is already inside
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the algal cell (Bayer et al., 2012). Although algal EST data do not show direct
evidence for carbon-concentrating mechanisms, identifying enzymes in the
Symbiodinium genome that adjust pH would suggest the presence of
a mechanism that may allow DIC to diffuse into localized regions where it is
required.

2.4. Nitrogen Recycling
Nitrogen is a critical nutrient that is growth limiting for many organisms,
particularly organisms in tropical oceans (Muscatine & Porter, 1977).
Symbiotic algae use nitrogen as a raw ingredient for photosynthesis and
acquire it by several mechanisms. Holobionts can absorb inorganic nitrogen
from the water column. Although it is not known whether the host or algal
symbiont is primarily responsible, this capability is not physiologically
possible in most aposymbiotic organisms. Alternatively, heterotrophic
animal hosts can capture and ingest zooplankton. When metabolism releases
ammonium, it can be transferred to Symbiodinium. Algae then return usable
nitrogen to the host in the form of amino acids (Wang & Douglas, 1999;
Yellowlees, Rees, & Leggat, 2008). This active recycling of nitrogen
increases the supply of useful products for both symbiont and host that might
otherwise require additional energetically costly filtering processes.
However, the host must also limit the amount of nitrogen accessible to the
algal symbionts in order to prevent overgrowth (Wang & Douglas, 1998;
Yellowlees et al., 2008).

Symbiodinium ESTs revealed that over 3% of the sequences were similar
to prokaryote transporters with functions attributed to ammonium transport
and amino acid transport and metabolism. Some fraction of these are likely
involved in moving nitrogen acquired by the algae back to the host in the
form of amino acids. Although these sequences are not present in other
dinoflagellate ESTs to date, they are present in other eukaryotes (Leggat
et al., 2007). Genomic resources may further identify proteins and pathways
that have evolved to regulate transport and recycling processes. An inter-
esting start might experiment with cultured versus algae living in hospite. If
exogenous nitrogen is supplied, are there differences in algal gene
expression?

2.5. Oxidative Stress
Life in reef environments is stressful because the water is shallow and clear,
with limited capacity to filter out damaging ultra violet radiation (UVR).
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Symbiodinium require light energy in order to photosynthesize. They force
their hosts to adapt to these high-risk habitats in the photic zone where free
radicals and other oxidants increase mutation rates and detrimentally alter
DNA. Although cellular mechanisms can repair this damage, after a certain
threshold, permanent damage from oxidative stress results in death
(Tchernov et al., 2011). Host organisms have evolved certain morphologies
and specialized structures that increase horizontal surface area and maximize
the number of photons reaching chlorophyll pigments in their algal
symbionts. However, these morphological adaptations increase the risk of
oxidative stress and must be balanced by other adaptations that evolve to
protect host tissues.

One defence against oxidative stress is increased expression of enzymes
that either prevent or repair cell damage. Enzymes that quench free radicals
are most common in corals collected from shallow habitats (Shick et al.,
1995). For example, ferritin is a protein that sequesters metals that would
otherwise catalyze free radicals. Microarrays were used to measure differ-
entially expressed genes in Anthopleura elegantissima individuals that were
exposed to increased UVR and/or increased heat. One of the most dramatic
upregulated sequences was ferritin (Richier, Rodriguez-Lanetty, Schnitzler,
& Weis, 2008). These proteins were also highly expressed in two species of
Acropora (Schwarz et al., 2008). Microarray analysis compared symbiont-
hosting Anemonia viridis to aposymbiotic anemones and revealed differential
expression of genes with known antioxidant activity (Ganot et al., 2011;
Moya, Ganot, Furla, & Sabourault, 2012). Evaluating expression patterns for
corals under thermal stress also showed up-regulation of antioxidants
(Desalvo, Sunagawa, Voolstra, &Medina, 2010b; Desalvo et al., 2008). High
irradiance levels intensified cellular response to high temperature (Tchernov
et al., 2011). Since high temperature conditions are often associated with
high light, holobiont response mechanisms to oxidative stress initiated by
both stresses may have evolved together.

An EST library constructed from symbionts isolated from Acropora aspera
indicated that members of a family of peroxidases are expressed in Symbio-
dinium. These genes had not been previously recognized in dinoflagellates
but they are known to have a function related to oxidative stress in
prokaryotes (Leggat et al., 2007). Sequences encoding proteins that may
have antioxidant properties were identified in the transcriptome from two
different lineages of Symbiodinium. These proteins have been well studied in
plants where oxidative stress is associated with photosynthesis. According to
this study, many of the sequences with oxidative stress response functions
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were more highly expressed in Symbiodinium than in other photo-
synthesizing lineages (Bayer et al., 2012).

Another strategy to protect tissues in the high light conditions is to
produce sunscreens that prevent additional oxidative stress. Microsporine-
like amino acids (MAAs) are secondary metabolites, which act as sunscreens
by absorbing excess UVR and quenching free radicals (Garcia-Pichel,
Wingard, & Castenholz, 1993; Shick et al., 1995). Experimental and field-
collected data demonstrated that MAA concentration in coral holobionts
varied with depth and time of day, both of which affect UVR levels
(Gleason, 1993; Shick, 2004; Shick et al., 1995; Yakovleva & Hidaka, 2004).

Whether these compounds are produced by host or by dinoflagellate
symbionts is unknown. Basal lineages of Symbiodinium produced MAAs in
culture but more derived lineages did not (Banaszak, Lajeunesse, & Trench,
2000). MAAs were more diverse when Symbiodinium lived in corals but the
coral host may have altered precursor molecules produced by the algae
(Shick, 2004). The A. digitifera genome revealed evidence that at least some
MAAs are produced by corals themselves (Shinzato et al., 2011). None of the
available Symbiodinium EST data sets provided specific evidence for the
production of MAAs; however, all agreed that many sequences were
functionally unidentified and that these may have important symbiosis
specific roles (Bayer et al., 2012; Leggat et al., 2007; Voolstra et al., 2009b). A
symbiotic lifestyle exerts selection pressures that modify physiological
components for both partners. And products that would benefit the hol-
obiont by protecting both the symbionts and the host in high light condi-
tions are just one group of candidate functions for these unidentified algal
sequences.

2.6. Cell–Cell Communication and Recognition
Finally, a broad but critical component of holobiont physiology that evolved
to accommodate symbiosis includes cellular recognition and immune-
system-related pathways. Within this category are two critical types of
communication: (i) the partners must recognize each other to establish
a partnership, (ii) the host immune system must allow the alga access to host
tissues and accommodate the symbiont living in its tissues. Many groups of
Symbiodinium are not obligate and have a free-living phase of their life cycle.
Other lineages do not survive in culture, suggesting that they are more
adapted to a symbiotic lifestyle inside the host (Stat et al., 2008). However,
many hosts will not survive if they do not find the appropriate Symbiodinium
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cells during a brief phase in their larval development. Once acquired, the
host immune system must recognize the symbiont as an essential component
of the holobiont. Both these processes involve mechanisms of intercellular
communication between single-celled algae and metazoans (or other
eukaryotic hosts).

Symbiodinium is a diverse lineage but most hosts maintain some degree of
specificity (Lajeunesse et al., 2010). Many hosts reacquire Symbiodinium at
every generation, but a minority of taxa transfer symbiont cells from mother
to daughter organisms via vertical transmission. In the case of foraminifera
(granuloureticulose shelled unicellular eukaryotes), the mother cell can
divide and each daughter cell hosts a fraction of the original Symbiodinium
population. In some corals, egg cells are packaged with a complement of the
maternal Symbiodinium cells. However, for most scleractinian corals as well as
sponges and mollusks, gametes are released into the water column where
they meet and fuse (Fadlallah, 1983; Harrison et al., 1984). Therefore, it is
necessary for the developing planktonic larva to procure a population of
symbionts from free-living algal populations (Harii, Yasuda, Rodriguez-
Lanetty, Irie, & Hidaka, 2009).

Metazoans have evolved pathways to identify foreign cells that invade
their tissues triggering inflammatory response and phagocytosis. Compared
to the genome of aposymbiotic anemone Nematostella, immunity-associated
components were much more complex in the Symbiodinium-hosting coral
Acropora digitifera (Shinzato et al., 2011). Comparing ESTs from two different
species of Acropora showed that genes associated with the immune system
were under positive selection (Iguchi, Shinzato, Foret, & Miller, 2011;
Voolstra et al., 2011). During symbiosis breakdown, the coral, Pocillopora
damicornus, exhibited down regulation of lectin proteins associated with the
onset of symbiosis (Vidal-Dupiol et al., 2009; Wood-Charlson, Hollings-
worth, Krupp, &Weis, 2006). Several molecules involved in immunological
response, which evolved deep in cnidarian history, were identified in
Acropora millepora. Expression was localized to the gastroderm, where
symbionts are maintained (Kvennefors et al., 2010). These diverse proteins
likely evolved to play a role in both recognition and maintenance of the
symbiosis.

Perhaps homologous sequences associated with recognition evolved in
a more ancestral cnidarian lineage. In a study of aposymbiotic and symbiotic
anemones, A. viridis expressed multiple isoforms of a homolog to vertebrate
recognition proteins. One form was strongly suppressed in symbiotic
anemones compared to aposymbiotic anemones (Ganot et al., 2011). This
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suggested that symbionts play a role in suppressing host immune systems to
grant themselves ‘safe passage’. Also identified in anemone hosts, Sym32 was
first labelled a symbiosis gene because it was highly expressed in the
symbiotic state (Reynolds, Schwarz, & Weis, 2000). It was localized to the
membranes that contained the algal cells within the host suggesting that it
played a role in communication between the partners (Schwarz & Weis,
2003). In A. viridis, the ortholog to this sequence was highly upregulated in
the symbiotic state, as was Calumenin, which may help regulate Sym32
(Ganot et al., 2011).

In their analysis of ESTs from cultured Symbiodinium, Voolstra et al.
(2009b) found sequences with functions related to cell–cell communi-
cation. They proposed that free-living dinoflagellates sense their
surrounding environment when they are not protected by host tissue
(Voolstra et al., 2009b). However, it is also possible that these same
sequences produced proteins that were utilized in recognition between
free-living algae and competent host larvae. Onset of symbiosis does not
induce a strong transcriptomic signature in corals (Schnitzler & Weis,
2010; Voolstra et al., 2009a). However, under experimental conditions,
there was a strong host transcriptional response when coral larvae rejected
an incompatible lineage of Symbiodinium. These results also suggested that
successful symbionts evolved strategies to avoid host immune response
(Voolstra et al., 2009a).

It is possible that the immune systems of both host and symbiont are
becoming more tightly associated as they evolve together as a holobiont.
The host must ‘learn’ to recognize the symbiont and facilitate its entrance
into host tissues. Symbiodinium likely evolved from an infectious ancestor. As
is seen in pathogenic prokaryotes, certain products expressed by the micro-
organisms can interrupt the host immune system or even mask the presence
of infecting organisms. A precursor of this type would likely evolve in
a symbiotic system to signal the arrival of a compatible partner and promote
the establishment of a cooperative relationship.

3. PHYSIOLOGICAL GENOMICS

Increasingly, genomics and other ‘omics’ inspire new frontiers of
research targeting physiological adaptations to symbiosis. Experiments that
address host and algal symbiont responses to specific environmental condi-
tions offer new testable hypotheses. Gene expression analysis can identify
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candidate proteins that function in interactions and dialogues between hosts
and symbionts. New molecular methods are being used to test the function
of candidate proteins involved in these physiological pathways.

Experiments that analyze Symbiodinium transcriptome response to
conditions that disrupt symbiosis provide initial clues into understanding
how dynamic differential gene expression affects physiological processes. For
example, applying thermal stress to cultured Symbiodinium revealed physi-
ological responses related to reductions in key photosynthesis proteins. This
effect was partially due to decreased transcription and there was no
measurable difference in protein degradation. These data suggested that the
remainder of the decrease in photosynthesis proteins in bleached corals
resulted from differentially translated transcripts (Takahashi, Whitney, Itoh,
Maruyama, & Badger, 2008).

Another experiment used microarrays to test the effects of thermal stress
on cultured Symbiodinium. The data showed differential expression in 4% of
the genes and suggested that Symbiodinium grown at high temperatures
might experience cell damage. Expression patterns revealed increased
damage to protein and DNA as well as decreased protein production in
thermally stressed Symbiodinium. However, physiological data indicated
acclimation to high temperature because the electron transport rate in
photosystem II showed no difference between treatments. This experiment
showed that physiological response and gene expression are not perfectly
correlated (E. Díaz-Almeyda, C. Voolstra, M.K. DeSalvo, N. Masuoka and
M. Medina, unpublished observations).

Other stresses also affect algal transcription. Osmotic stress induced
cultured algae to upregulate transcription of enzymes related to glycerol
production and release. These data suggested that host signalling may
actively increase algal transcription related to photosynthesis. By limiting the
available carbon, they may also modulate algal population densities (L.P.
Suesc�un-Bolívar, P.E. Thomé and R. Iglesias-Prieto, unpublished obser-
vations). Investigations are in progress to test the effects of irradiance and
variable pH on both algal transcriptome and algal physiological processes.
These experiments underline the advantages of combining ‘omics’ methods
with traditional measurements of physiological proxies to understand the
evolution of holobiont physiological solutions under changing environ-
mental conditions. Scaling up and using RNA-seq to evaluate algal tran-
scriptome responses under variable experimental conditions will likely
advance existing mechanistic hypotheses. And comparative analysis of large-
scale transcriptomes from various Symbiodinium cultures and populations
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in hospite will contribute to hypotheses regarding physiological diversifica-
tion within this important lineage of microalgal symbionts.

Algal diversity affects host transcriptome response to symbiosis break-
down. Some lineages of Symbiodinium are more physiologically sensitive and
alter their transcription of important photosynthetic machinery when
thermally stressed (Takahashi et al., 2008). Microarray data showed that coral
gene expression under conditions of thermal stress was more dependent on
algal genotype than degree of stress, emphasizing the degree to which algal
physiology impacts host transcriptome (Desalvo et al., 2010a). As the
evolution of diversity within Symbiodinium is further explored using more
powerful sequencing strategies, we will learn how physiological characters
diverged and adapted in host specific versus generalist lineages of algae.

Several additional studies documented host transcriptome response to
stress and subsequent symbiosis breakdown. In order to better understand
mechanisms of bleaching, corals were thermally stressed to test the ability
of specific host-produced enzymes to mitigate the effects of reactive
oxygen species produced by algae (Tchernov et al., 2011). Certain genes
related to oxidative stress and cell–cell communication were differentially
expressed in coral hosts during naturally changing temperature regimes in
the field (Seneca et al., 2010). It therefore seems reasonable to expect, and
worthwhile to explore, how different host taxa might also drive specific
transcriptome responses in particular Symbiodinium lineages. These differ-
entially expressed genes evident in host transcriptomes during bleaching
may be part of symbiosis breakdown, and we would predict a similar
response from functionally equivalent genes in the algal partners. Recip-
rocal experiments to evaluate the role of thermal stress in algae are now
feasible and in progress thanks to the new genomic tools being released by
the Symbiodinium research community. Corresponding communication and
interaction with the host, viewed from the algal perspective, will be
a critical next step in understanding how algal symbionts react to changing
conditions in the short term and adapt to changing environments in the
long term.

Increasingly intimate contact and eventual incorporation of infectious
symbionts into host larvae influenced the evolution of holobiont physi-
ology. Therefore, the onset of symbiosis is a critical life history stage.
Comparing the genomic response of cultured Symbiodinium to dinoflagel-
lates living in hospite during the onset of symbiosis will provide insight
regarding the integration of physiological components. Evaluating the
transcriptome of coral larvae at the onset of symbiosis has shown that
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although recognition is critical, transcriptomic response is limited in
successful infections (Schnitzler & Weis, 2010; Voolstra et al., 2009a). Even
microarrays with limited features showed that for incompatible partners,
a large portion of the host transcriptome is differentially expressed as the
coral larva rejects that symbiont (Voolstra et al., 2009a). Genes associated
with immune systems and cell–cell communication, presumably including
communication at onset of symbiosis, were under positive selection and
were evolving quickly in the Acropora genome (Voolstra et al., 2011). As
mentioned above, further evaluating the onset of symbiosis using next
generation sequencing will add an algal perspective to these data collected
from metazoan hosts and inform hypotheses about the subsequent evolution
of the maintenance of symbiosis.

Following up on observed differences in expression, we need to
experimentally validate proposed physiological solutions starting with
protein function. Several methods have been developed to test function in
recombinant protein constructs. RNAi as well as more traditional methods
for knocking down gene function have been employed in Symbiodinium
(M.F. Ortiz-Matamoros, T. Islas-Flores, B. Voigt, D. Volkmann, D.
Menzel, F. Baluska and M.A. Villanueva, unpublished observations). These
methods will facilitate testing of mechanistic hypotheses for individual genes
that are expressed differently under different conditions. Using yeast two-
hybrid screens to test protein–protein interaction hypotheses, could also be
adapted to the Symbiodinium-host system (Medina & Sachs, 2010). A more
holistic view of the interactome will become possible as we optimize
molecular methods to validate functionality of interacting protein compo-
nents associated with both partners.

Large amounts of next generation sequence data make it possible to
further investigate the evolution of physiological processes in diverse
hosts and symbionts. The Symbiodinium ESTs that were recently published
are the largest public collection for any dinoflagellate (Bayer et al., 2012).
Several Symbiodinium genomes from known cultures within clades B
and C are in progress (N. Satoh, C. Voolstra, personal communication).
Comparative genomics across divergent Symbiodinium genomes will provide
insight into gene family evolution, genome rearrangements, copy number
variation, conserved regulatory regions, etc., associated with candidate genes
identified in physiological experiments. Downstream editing and post-
transcriptional modification can also affect physiological processes and
interactions between partners (e.g. Takahashi et al., 2008). Inheritance of
non-transcriptional processes also affect phenotypes ( Jablonka &Raz, 2009).
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As methods to explore variation in holobiont epigenomes and the effect of
epigenetics on physiological processes are developed, it will help explain
phenotypes and patterns that do not correspond with observed transcrip-
tional responses.

Physiological solutions evolved to allow organisms to survive and
succeed via cooperative interactions with phylogenetically divergent part-
ners. The mutualistic associations that sustain reef communities evolved at
several different hierarchical levels within the genome. Our capability to
integrate ‘omics’ insights from each partner is improving as technology
advances. Single gene and single protein hypotheses are now testable with
modern molecular methods; however, large-scale inferences about the
evolution of interkingdom interactions are within sight. This is an exciting
opportunity and paves the way for new interpretations about the evolution
of integrated physiological processes and meta-organism interactomes.
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