'.\' frontiers

in Marine Science

PERSPECTIVE
published: 16 March 2022
doi: 10.3389/fmars.2022.806491

OPEN ACCESS

Edited by:
Davide Seveso,
University of Milano-Bicocca, ltaly

Reviewed by:

Joshua Patterson,

University of Florida, United States
Gretchen Goodbody-Gringley,
Central Caribbean Marine Institute,
Cayman Islands

*Correspondence:
Kelly Gémez-Campo
kjg27@psu.edu
Roberto Iglesias-Prieto
zi3@psu.edu

Specialty section:

This article was submitted to
Aquatic Physiology,

a section of the journal
Frontiers in Marine Science

Received: 31 October 2021
Accepted: 25 January 2022
Published: 16 March 2022

Citation:

Gomez-Campo K, Enriquez S and
Iglesias-Prieto R (2022) A Road Map
for the Development of the Bleached
Coral Phenotype.

Front. Mar. Sci. 9:806491.

doi: 10.3389/fmars.2022.806491

Check for
updates

A Road Map for the Development of
the Bleached Coral Phenotype

Kelly Gomez-Campo'*, Susana Enriquez? and Roberto Iglesias-Prieto™

" Department of Biology, The Pennsylvania State University, University Park, PA, United States, 2 Unidad Académica
de Sistemas Arrecifales Puerto Morelos, Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Autdnoma
de México, Puerto Morelos, Mexico

Mass coral bleaching compromises the long-term persistence of coral reefs, yet our
current understanding of the different cellular mechanisms leading to the development
of a bleached coral is still limited. In this perspective, we mapped the cascade of
cellular events and physiological responses of symbiotic corals triggered by thermal
stress. Based on existing knowledge, we created an integrated model that describes
phenotypic changes induced by sensing mechanisms. Cellular responses are mapped
in the context of reactive oxygen species (ROS) production in the algal symbiont
chloroplast, followed by signaling to the nucleus and subsequent “leak” to the coral
host cell. The starting point is set by ROS production and signaling, which is a day-
to-day mechanism by which symbiotic corals maintain homeostasis and acclimate to
environmental variation. As stress and acclimation are intimately linked, our model maps
coral responses from the initial stimulus in the chloroplast to the complex cascade
of events leading to seasonal phenotypic changes (i.e., seasonal acclimation), and if
stress progresses, to the downstream coral bleached phenotype (i.e., when the coral’s
capacity to acclimate is overwhelmed by heat stress). Placing acclimation, heat stress
and bleaching responses in a common ground is a critical step to reduce the source of
uncertainty in understanding the coral response to climate change, fundamental for the
development of predictive climate models.
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INTRODUCTION

Mass coral bleaching is a widespread and conspicuous aspect of climate change in coral reefs.
Thermal anomalies (4 1.5-2°C above the long-term average of the warmest month) impose heat
stress levels above the limits of tolerance of the symbiotic relationship, inducing the collapse of the
algal and coral functional association (Hoegh-Guldberg, 1999). As a result, coral reefs are projected
to decline by a further 70-90% (> 99% at 2°C) (Hoegh-Guldberg, 1999; IPCC, 2019). Driven by
the association between coral bleaching and coral reef persistence, intense research efforts have
been directed to understand coral responses to heat-stress, with a large body of evidence directing
to the impairment of algal symbiont photosynthesis and subsequent host programmed cell death
(PCD) [reviewed in Weis (2008)]. However, understanding the cascade of events that leads to the
development of the bleached coral phenotype is still very limited.

Advances in our understanding of the inter-partner communication during thermal
stress responses place reactive oxygen species (ROS) at the center of the physiological
disturbance (Weis, 2008; Baird et al, 2009). In homeostasis, chloroplasts, peroxisomes,
and mitochondria are continuously producing ROS, maintaining radicals at relatively low
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levels (Chan et al., 2010). When thermal stress is under the limits
of tolerance for the symbiosis, increased ROS levels are non-
deleterious, and corals adjust to alternative homeostatic states
depending on the overall cellular quantity of ROS. When thermal
stress is outside the limits of tolerance, deleterious oxidative
stress triggers coral bleaching, suggested by the strong correlation
between induction of ROS and the accumulation of oxidative
damage products in both the algal symbiont and host (Brown
et al., 2002; Downs et al., 2002; Dias et al., 2019). Long-standing
attributions of “oxidative-damage” associated with ROS are
challenged by the realization that they are secondary intracellular
messengers, essential for the homeostasis of organisms (Chan
et al., 2010; Acin-Pérez et al., 2014). This results in the difficult
task of separating coral light acclimation and thermal acclimation
with the development of the bleached phenotype.

Homeostasis is accomplished through a complex network
of interacting genes and biochemical pathways, where different
stressors can affect common sets of genes or gene families,
which is consistent with the observation that certain overlapped
pathways are involved in coral physiological responses to various
stressors. Although key phenotypic descriptions may solve this
limitation, there no agreement on the definition of the bleached
coral phenotype. Large losses of pigments and/or symbionts are
insufficient in identifying the bleached condition, and alternative
descriptors such as the cessation of photosynthetic activity and
large alterations to optical traits have been found to be robust
proxies (Scheufen et al., 2017a,b). In this perspective, we used
the optical trait a*cy, (holobiont light absorption efficiency)
to quantify the seasonal variability of the acclimatory coral
condition and to identify the bleached phenotype (Scheufen
et al., 2017b). We conceptually delineate the possible sequence
of events linking early sensing of thermal stress in the algal
symbiont chloroplast, with host cascade responses leading to the
bleached phenotype.

LIMITS OF SEASONAL ACCLIMATION

Solar radiation is the main source of energy for all photosynthetic
primary producers, as well as for symbiotic corals, an
evolutionary consequence of a mutualistic association with
intracellular photosynthetic algae. Translocation of algal
photosynthates satisfies the majority of the carbon metabolic
requirements of the coral host and is also responsible for the
high rates of calcification that allow for the creation of tropical
coral reefs. A prominent emergent property of this mutualism is
the optimization of light absorption with a minimum investment
of resources, making symbiotic corals one of the most efficient
light collectors currently known (Enriquez et al., 2005, 2017;
Teran et al., 2010). Given the metabolic integration of host and
symbiont, acclimation to light or photoacclimation is a time-
dependent process that occur in all cellular compartments. At the
symbiont chloroplast level, adjustments in the photosynthetic
apparatus (Iglesias-Prieto and Trench, 1997; Gorbunov et al,
2001) operate on the scale of seconds to days. At the coral
colony level, changes in tissue pigmentation (Fitt et al., 2000;
Scheufen et al., 2017a), relative abundance of different algal

symbiont species (Rowan and Knowlton, 1995; Kemp et al., 2015;
Hoadley et al., 2019) and morphological and skeletal changes
(Gladfelter, 1984; Todd, 2008; Malik et al., 2021) operate over
periods of weeks to months. Overall, responses involve changes
in host metabolism (Lohr et al., 2019) and gene expression
(Malik et al., 2021). Distinctly, a main feature of symbiotic coral
photoacclimation to light is to ensure optimal photosynthetic
activity that guarantees enough translocation of photosynthates
to the host. This places the photosynthetic activity of symbionts
in hospite at the center of cellular processes that regulate coral
phenotypes (Scheufen et al., 2017a).

Seasonal changes in photosynthetic active radiation (PAR)
and sea surface temperature (SST) drive seasonal acclimation in
symbiotic corals, resulting in winter and summer phenotypes
(Brown et al., 1999; Fagoonee et al., 1999; Carricart-Ganivet
et al., 2000; Fitt et al, 2000; Warner et al., 2002; Scheufen
et al, 2017a). Winter phenotypes are generally characterized by
higher pigmentation and quantum yield of Chlorophyll a (Chla)
fluorescence in hospite (Fv/Fm). In contrast, summer phenotypes
are more efficient light collectors (Figure 1A), characterized
by decreased symbiont densities, Chla, Fv/Fm, and increased
photosynthetic and calcification rates. With the overall decrease
of Chla density in the tissue, corals increase exponentially the
absorption efficiency of their pigments (a*cpj,) due to multiple
scattering processes in the coral skeleton (Enriquez et al., 2005).
This results in a distinguishable winter-to-summer shift of the
light absorption efficiency of the holobiont (a*cy,) (Figure 1A).
Multiple scattering of light on the coral skeleton produces diffuse
light in the tissue, reducing pigment self-shading and increasing
the probability of light absorption for the symbionts in hospite
(Enriquez et al., 2005). In summer phenotypes, these processes
allow significant enhancements of the local irradiance within
the tissue for a smaller symbiont population, setting the limits
of the seasonal variation with this reduction (Enriquez et al.,
2005) (Figure 1A).

The well-balanced winter-to-summer oscillation is disrupted
during thermal anomalies (Hoegh-Guldberg, 1999). Under these
conditions, the symbiosis falls into a positive feed-back loop, with
the loss of symbiont cells enhancing the local irradiance within
the tissue, inducing further losses of symbiont cells. Increase in
magnitude of the environmental stress accelerates this symbiont
loss and bleaching (Swain et al., 2016), which is evident in an
a*chla inflection point (Figure 1A). This pushes the symbiosis
outside the limits of tolerance, compromising homeostasis, and
crosses the “tipping point” toward the bleached phenotype. The
severe loss of the symbiont population results in a no longer
functional symbiosis. If the deleterious stress is removed in time,
the symbiosis may be functionally re-established, but if the stress
persists, a further “tipping point” will lead to mass mortality
accompanied with an ecosystem collapse.

CASCADE OF CELLULAR EVENTS

Homeostasis establishment associated with a new acclimatory
state is not the result of a single physiological process, but
rather the result of many biological processes that the coral
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FIGURE 1 | Seasonal phenotypic variation and cellular communication in
symbiotic corals. (A) Seasonal changes in holobiont light absorption efficiency
(quantified by means of the specific absorption coefficient of Chlorophyll a,
a*chia) @s a function of pigment (Chla) density in corals. Lines show the
comparative increase in light absorption efficiency of freshly isolated symbiont
cells (yellow dashed line), absorption by intact coral laminae (black dashed
line), and the estimated enhanced factor of light absorption resulting from the
comparison of both optical measurements (red line). This amplification or
“enhancement factor” is the consequence of the capacity of the coral skeleton
to induce multiple scattering of light. Inflection point (lp) of a*cnia sets a limit for
the variation of the coral photoacclimatory response (shaded blue area) and
the development of the bleached phenotype (shaded red area) [modified from
Enriquez et al. (2005)]. (B) Responses in the different cellular compartments of
the holosymbiont: (1) Chloroplasts perceive the environmental change as “light
stress,” the increase in electron transfer produces over-reduction in the
PQ-pool and a ApH + (with associated NPQ) across the thylakoid membrane;
the net result is the decrease in Fv/Fm and the generation of an alternative
homeostatic state. (2) Symbiont cells perceive the change as “oxidative
stress,” energy sensors (ES) activate changes in gene expression; the net
result is the decrease in symbiont pigmentation and an alternative homeostatic
state. (8) Host cells perceive the change as “thermal stress,” energy sensors
activate changes in gene expression, and immune responses facilitate
symbiont trafficking to adjust symbiont cell density in the host tissue; the net
result is an alternative homeostatic state that sets the limits of acclimation.
(Chl-genes) Chloroplast genes, (Nu-genes) Nuclear genes, (GSH) Glutathione.

integrates over time. Compartmentalization of the eukaryotic cell
into different organelles presents paradigms in the regulation
of homeostasis compared to prokaryotes, where all the main
cellular processes happen within the same compartment (Chan
et al, 2010). Compartmentalization is especially relevant for
symbiotic corals, where additional cellular compartments are
present (chloroplasts, algal symbiont cells). Descriptions of
changes in coral metabolic activity over the past few decades
has led to the general agreement that crosstalk between the
chloroplast, the symbiont cell and the host occur to coordinate
holosymbiont homeostasis [reviewed in Davy et al. (2012)]. In
this context, ROS is the key player as a secondary intracellular
messenger among the different cellular compartments and its
production is required for cellular signaling to induce different
cellular adjustments (Cruz De Carvalho, 2008). Reactive oxygen
species levels are kept under control by an orchestrated enzymatic
and antioxidant efficient system that sets the redox-status of
the cell. Its signaling to the nucleus turns on such defense
mechanisms to minimize its deleterious effects (Erickson et al.,
2015). Moreover, extra-mitochondrial source of ROS can trigger
metabolic cellular adjustments in the mitochondria (Acin-Pérez
et al, 2014), fundamental in any acclimatory response to
temperature variation.

The starting point for the transition to a summer phenotype is
in the chloroplast (Figure 1B). The documented coral response
suggests that this environmental change is perceived as “light
stress” resulting in increased light absorption and decreased
Fv/Fm. The increased electron transport via a series of electron
carriers produces an over reduction of the plastoquinone pool
(PQ-pool) and expands the pH gradient (ApH +) across
the membrane, producing more adenosine triphosphate (ATP).
ApH + influences thermal dissipation via non-photochemical
quenching (NPQ), which provides a mechanism that protects the
photosynthetic apparatus from excess excitation energy (EEE),
and has been shown to be associated with the conversion of
diadinoxanthin to diatoxanthin (xanthophyll cycling) (Brown,
1997). With the change in electron transfer, ROS can fluctuate
in specific concentrations due to phase transitions of thylakoid
membrane lipids (Iglesias-Prieto et al., 1992; Tchernov et al,
2004), thermal inactivation of both photosystem II (PSII)
(Iglesias-Prieto, 1996; Warner et al., 1996, 1999; Iglesias-Prieto
and Trench, 1997) and Ribulose-1,5-bisphosphate carboxylase-
oxygenase (RuBisCO) (Jones et al., 1998), damage of repair
mechanisms in PSII (Warner et al, 1999; Takahashi et al,
2004), and changes in inorganic carbon concentrations (sink
limitation) (Buxton et al., 2009). This alters chloroplast
gene expression and ROS “leak” to the symbiont cytoplasm,
functioning as components of environmental-signaling pathways
(Chan et al, 2010). The modulation of this response can
be considered as the signal for corals to establish a new
homeostatic state, which is reversible upon removal of the
external stress.

As SST and PAR continue to increase toward the summer,
symbiont cells perceive in hospite the environmental change
as increasing levels of “oxidative stress” and increases in
excitation pressure in their photosynthetic apparatus. Under
these conditions, an energy sensor from the cytochrome bé6f
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(Cytbéf) activates changes in nuclear gene expression to modify
light-harvesting antenna size (Figure 1B) (Gierz et al., 2016,
2017). Light and thermal stress are associated with the loss and
inhibition of de novo synthesis of the major light-harvesting
complexes (Dove et al., 2006; Takahashi et al., 2008). Moreover,
NPQ-associated xanthophyll cycling decreases photon flux to
PSII reaction centers, thus preventing over reduction of the
PQ-pool by reducing the functional absorption cross-section of
PSII reaction centers (oPSII). This new homeostatic state with
decreased symbiont pigmentation is reversible upon removal of
the external stress.

Later in the summer, with continuation of the environmental
change, levels of oxidative stress continue to increase, and
ROS can activate changes in nuclear gene expression to induce
PCD in the host cell (and/or symbiont cell), reducing the
number of symbionts in the host tissue (Figure 1B). Although
the exact mechanism by which symbiont cell numbers are
controlled is not known, immune responses play a key role
in symbiont trafficking (Davy et al, 2012). Moreover, it is
recognized that cellular mechanisms of symbiont loss involve
symbiont degradation, exocytosis, host cell detachment (with
the intact symbiont), host cell apoptosis, autophagy, and/or
necrosis (Gates et al,, 1992; Dunn et al., 2002, 2007; Weis,
2008; Downs et al., 2009; Paxton et al., 2013). The decrease
of overall Chla density in the host tissue, via reduction in
Chla per symbiont cell as well as symbiont cell loss, results
in the development of the summer phenotype at the end of
the warmest period. This new homeostatic state with decreased
Fv/Fm, symbiont densities, and host tissue pigmentation is
the result of ROS-mediated changes in the different cellular
compartments of a mechanism tightly controlled by oxidant
scavengers providing the flexibility to acclimate to PAR and
SST. The fact that the summer phenotype presents higher
coral performance (photosynthesis and calcification rates)
(Scheufen et al.,, 2017a), demonstrates a successful acclimation
through a cascade of cellular events previously described.
This state is reversible when environmental conditions change,
and the coral returns to the previous homeostatic state. If
temperature continues to increase into a prolonged thermal
anomaly over the symbiosis limits of tolerance, all these
homeostatic mechanisms can be overwhelmed, and a bleached
coral phenotype is developed.

THE BLEACHED CORAL PHENOTYPE

Prolonged thermal anomalies (4 1.5-2°C above the long-term
average of the warmest month) drive the symbiosis outside its
limits of tolerance. The thermal stress is exacerbated by the
enhanced local illumination of the symbionts within the tissue,
a physical change that explains the severe loss of symbionts
during thermal stress. The extreme environmental condition
accelerates the production of ROS, eventually overwhelming
antioxidant responses. This extremely high reactivity facilitates
extensive cellular damage, including cellular membrane lipid
peroxidation (LPO), DNA degradation, and protein denaturation
(Weis, 2008; Roth, 2014). Although carbon fixation may continue

via the Calvin cycle, net translocation is significantly reduced
(Hillyer et al., 2017).

In this view, a plausible mechanistic road map recognizes
acclimatory states before the development of a bleached coral
phenotype. When exposed to thermal anomalies above the limits
of tolerance, several attempts to acclimate will take place within
the chloroplast, the symbiont cell (by oxidative stress), and
the host cell (with PCD), with subsequent failure to maintain
a functional symbiosis. With the accumulation of deleterious
oxidative damage, most symbiotic corals will eventually develop
a bleached phenotype through the same acclimatory attempts.
However, differences in coral susceptibility arise when we
disentangle the acclimatory state prior to the exposure to
stress and the susceptibility of the resident symbiont species.
Understanding these differences will allow for the determination
of a starting point in the road map that will determine the steps
involved in developing the bleached phenotype.

The last few decades have seen many new and exciting
findings paving the way to a better understanding of coral
stress responses [reviewed in Putnam (2021)]. Some of the
major areas of focus include genomics, symbiont responses in
cultured conditions, acclimation in depth gradients, and coral
bleaching. These conditions are associated with the need to
partition coral light acclimation, thermal acclimation, and the
definition of a bleached coral phenotype. However, there are
scarce approaches to delineate these differences, even when
environmental stress is a major factor changing homeostatic
states and coral acclimation. ROS are produced during normal
cell metabolism and their regulation is a common cellular event
accompanied with oxidative damage (Dat et al., 2000). This
mechanism triggers different homeostatic states in the coral
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FIGURE 2 | Road map of homeostatic states leading to the bleached coral
phenotype. Light and thermal responses triggered by ROS as a secondary
cellular messenger, are considered as the signal for corals to initiate processes
required for the establishment of new homeostatic states (H-st). Within the
road map, several phenotypic steps take place (white circles) to achieve the
new H-st. These states are time dependent and take place in the different
compartments of the cell: in the chloroplast (light stress), symbiont cell
(oxidative stress) and host cell (oxidative stress and Program Cell Death). All
H-st are reversible when environmental conditions change, and the coral may
return to previous homeostatic states. When thermal stress increases above
the limits of tolerance of the symbiosis, the net accumulation of oxidative
damage is deleterious and corals are unable to adjust by establishing a new
homeostatic state, developing the bleached phenotype.

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 806491


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Gomez-Campo et al.

Bleached Coral Phenotype

(Figure 2), with initial stimuli in the chloroplast, evident in
the variation of excitation pressure and Fv/Fm of symbionts
in hospite. If acclimation is not successful, the next step may
be controlled by ROS levels regulating expression of the light-
harvesting complexes (Gierz et al., 2016, 2017). If acclimation
is still not successful and the production of ROS continues, it
may trigger the regulation of symbiont cell densities in the host
tissue, similar to seasonal variation (Figure 2). In this context, a
continuous reduction in symbiont cell numbers may lead to the
development of the bleached coral phenotype.

The different roles of ROS, both in acclimation and in
the development of a bleached phenotype, results in a duality
that drives distinct processes in the symbiosis. Ecological
studies may track seasonal and bleaching dynamics at the
ecosystem level with non-invasive techniques. However, to
disentangle bleaching mechanisms, experimental approaches are
more suitable. In this case, commonly used parameters to
quantify coral bleaching such as, decrease in Fv/Fm, decrease in
pigmentation (merely chla density and color charts), increase in
ROS abundance, are insufficient to identify a bleached phenotype
and fully describe the physiological condition of the coral.
It is imperative to account for the loss of symbiont cells in
the host tissue, to distinguish between acclimatory conditions
(limits of acclimation) and bleached coral conditions. This, to
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