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Abstract

Photosynthetic dinoflagellates that live in symbiosis with corals (family
Symbiodiniaceae) are fundamental for the survival of coral reef ecosystems. During coral
bleaching events, it is assumed that these symbionts remain available in the water column, in
sediments, or are seeded from unbleached coral colonies. Yet, this hypothesis has not been
verified and it remains unclear whether some diversity of Symbiodiniaceae may be lost in the
process. Culture methods have been developed for some Symbiodiniaceae, but for the vast
majority of these photosynthetic symbionts, known culture methods are not successful at
maintaining them for extensive periods. For these unculturable symbionts, cryopreservation,
which places cells and tissues in suspended animation for days to decades, offers the best hope
for saving the biodiversity of these crucial coral partners. Some cryopreservation processes use
slow freezing, but if the cells are sensitive to low temperatures, as is the case for
Symbiodiniaceae, then rapid freezing, called vitrification, is needed. We here, tested two
published vitrification protocols that had been designed for algal symbionts extracted from
Hawaiian corals, but we were unable to recover living symbionts after vitrification and warming.
Therefore, we report a successful optimisation of the former vitrification protocols, which we
tested on algal symbionts freshly extracted from three Hawaiian coral species, the development
of ultra-rapid laser-warming cryopreservation techniques for symbionts, and banking procedures
for algal symbionts. We also present some successful uptake of cryopreserved algal symbionts
by coral larvae, although at a low rate. It is unclear why the former vitrification protocols failed
but we propose that it may have been related to thermal stress and bleaching events that occurred
on several occasions throughout the Hawaiian Islands. Maintenance of biodiversity is essential
for sustaining functional, productive ecosystems with the adaptability to effectively recover from
disturbances. By successfully cryopreserving and banking coral symbionts, we provide a
critically needed component for securing Symbiodiniaceae biodiversity into the future.
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Introduction

Coral reefs are threatened globally and it is estimated that almost one-third of reef-
forming coral species are at risk of extinction due to climate change (IPBES 2019). Therefore,
the need for innovative strategies to conserve and secure reef biodiversity is urgent (National
Academies of Sciences Engineering and Medicine 2019). Critical to the survival of coral reefs is
the mutualistic relationship between corals and their photosynthetic endosymbionts,
dinoflagellate algae from the family Symbiodiniaceae. The algal symbionts provide their hosts
with photosynthetic products, thus fulfilling most of the corals’ metabolic needs (Muscatine
1990). Most corals acquire their algal symbionts from the surrounding environment during early
developmental stages, through horizontal transmission (Abrego et al. 2009; Baird et al. 2009;
Nitschke et al. 2016). The exact thermal tolerance of the algal symbionts is species-specific
(Howells et al. 2016) but overall, thermal stress can damage the photosynthetic machinery in the
chloroplasts and cause the production of reactive oxygen species (Weis 2008). When this occurs,
the symbiotic relationship between corals and their photosynthetic symbionts breaks down,
resulting in coral bleaching.

The effects of climate change on corals are well documented (Hughes et al. 2017);
however, the effect of mass coral bleaching on the biodiversity of Symbiodiniaceae is largely
unknown. When outside their coral hosts, Symbiodiniaceae can be found in sediments, in the
water column, and on the surface of macroalgae (Littman et al. 2008; Quigley et al. 2017; Fujise
et al. 2021), but it is not clear whether these symbiont species in their free-living phase can
tolerate prolonged exposure to increased water temperatures (but see Bellantuono et al. 2019).
Additionally, it has been suggested that some Symbiodiniaceae species may be exclusively
symbiotic (Gonzélez-Pech et al. 2019), in which case these symbionts may not persist in the
environment for extensive periods without the host species present (Nitschke et al. 2016;
Thornhill et al. 2017). Extreme bleaching events that result in high coral mortality may therefore
have a significant impact on Symbiodiniaceae communities, comparable to intense fires that
sterilise forest soils and prevent rapid regrowth (Bowd et al. 2019). Therefore, it is essential to
secure the biodiversity of coral-associated Symbiodiniaceae while diverse populations still exist.
This can be accomplished through maintaining these algal symbionts in cultures (Fitt et al. 1981,
Polne-Fuller 1991; Santos et al. 2001), or through cryopreservation (Santiago-Vazquez et al.
2007; Hagedorn and Carter 2015; Lin et al. 2019). To date, many Symbiodiniaceae strains that
associate with corals have not yet been successfully cultured (Santos et al. 2001; Krueger and
Gates 2012; LaJeunesse et al. 2018), and therefore, until effective culture protocols are
developed, these strains are best secured through cryopreservation—the storage of material at
ultra-low temperatures—which can maintain living cells, tissues, and germplasm in a frozen state
indefinitely. Cryopreservation and biobanking of coral sperm have been ongoing since 2008 in a
variety of coral ecosystems (Hagedorn et al. 2012a; Hagedorn et al. 2012b; Hagedorn et al. 2019)
and a similar effort to preserve Symbiodiniaceae would be highly beneficial to reef-building
corals, which heavily rely on these algal symbionts for their survival.
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Cryopreservation techniques for algal symbionts have been developed for cultured strains
but post-thaw culture expansion time from these cryopreserved symbionts generally takes
months (Chong et al. 2016; Lin et al. 2019), suggesting that the cryopreservation process for
these cells may not yet be optimal (but see Kihika et al. 2022). Better symbiont cryopreservation
methods would be highly beneficial for these cultured species, but mostly, they are critical for a
vast range of coral-associated algal symbionts that are currently not culturable outside of their
hosts (Krueger and Gates 2012; VVoolstra et al. 2021). To date, cryopreservation of
Symbiodiniaceae still remains challenging due to high sensitivity to cryoprotectants and to
chilling (Hagedorn et al. 2010), even though some successful cryopreservation protocols have
been reported with different measures of post-thaw viability for culturable symbionts (Chong et
al. 2016; Lin et al. 2019; Kihika et al. 2022) as well as freshly extracted unculturable symbionts
(Hagedorn and Carter 2015).

For this work, we used extracted algal symbiont communities from the genus
Cladocopium (Symbiodiniaceae), which dominate the Hawaiian coral species Lobactis scutaria,
Porites compressa, and Leptastrea purpurea (LaJeunesse et al. 2004). Here, we test previous
cryopreservation protocols developed for unculturable Cladocopium symbionts and present a
novel cryopreservation protocol for algal symbionts using ultra-rapid laser-warming
cryopreservation techniques. We detail banking procedures for cryopreserved Symbiodiniaceae
and finally, we test the inoculation of coral larvae with symbionts cryopreserved using the novel
cryopreservation protocol.

Materials and Methods

Collection and Maintenance of Coral

Whole individuals of Lobactis scutaria, and 15 cm fragments of P. compressa and
Leptastrea purpurea were collected from reef flats (1-2m depth) and reef slopes (2-5m
depth) in Kaneohe Bay, Hawaii from 2018 to 2021 under permits to the Hawaii Institute of
Marine Biology SAP 2019-16, SAP 2020-25, and SAP 2021-33, from the State of Hawaii
Department of Land & Natural Resources. Corals chosen for collection were at least 10m
apart from each other and were sampled from multiple reefs to ensure as much genetic
diversity as possible and avoid collecting corals that shared the same genotype. Corals were
used immediately after collection or maintained in free-flowing seawater aquarium systems
connected directly to Kaneohe Bay with natural temperature and light exposure throughout
the study.

Isolation of Symbiodiniaceae

Symbiodiniaceae communities were freshly isolated from live coral tissue following
Bouwmeester et al. (2022a) to obtain a clean and homogenous suspension of algal
symbionts. The symbionts were then kept overnight in an antibiotic cocktail (Polne-Fuller
1991) and the next morning they were rinsed, passed through a 20 um cell strainer to
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remove clumps, and concentrated to ~ 4 x 107 cells/ml (Bouwmeester et al. 2022b). A fresh
algal symbiont isolation was performed for each cryopreservation attempt.

Vitrification and Thawing

Three vitrification protocols were tested (see Table 1): P1 — droplets of algal symbionts
in solution following Hagedorn and Carter (2015), P2 — droplets of algal symbionts encapsulated
in agar following Hagedorn and Carter (2015), and P3 — droplets of algal symbionts
encapsulated in alginate (this paper; electronic supplemental material). Two thawing methods
were tested: convective warming in 30 °C FSW following Hagedorn & Carter (2015), and laser
warming using an infrared laser following Khosla et al. (2017) with modifications as described
in Daly et al. (2018). Laser warming has shown to significantly improve the cryopreservation of
complex cells and tissues (Jin et al. 2014), such as fish embryos (Khosla et al. 2017) and coral
larvae (Daly et al. 2018), which are large, lipid-filled and have complex membrane
permeabilities. The details of the P3 vitrification protocol and the laser-warming methods are
detailed in the electronic supplemental material.

Table 1: The three vitrification protocols (P1, P2 and P3) tested for Symbiodiniaceae

P1: Vitrification of algal P2: Vitrification of algal ~ P3: Vitrification of

Protocol description symbionts in solution symbionts encapsulated in  algal symbionts
P following (Hagedorn agar following (Hagedorn encapsulated in
and Carter 2015) and Carter 2015) alginate (this paper)
Initial medium P3: 2% alginate in
containing P1: FSW P2: 1.5% agar in FSW deionised water with
Symbiodiniaceae 1M trehalose
Step 1 P1, P2, P3: 60 minutes in 10% DMSO in FSW
Step 2 P1, P2, P3: 30 minutes in 0.5M trehalose and 10% DMSO in FSW
P3: 3 minutes in 0.5M
Sten 3 P1, P2: 5 minutes in 0.5M trehalose, trehalose,
P 10% DMSO and 5% MeOH in FSW 10% DMSO and
5% MeOH in FSW
P3: 30 seconds in DPT
vitrification solution
Step 4 P1, P2: N/A (1M trehalose,
10% DMSO, 5% PG
in PBS)
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Assessments of Symbiodiniaceae Viability

The main role of algal symbionts when in symbiosis with their coral host is to
provide essential photosynthetic products to their host, covering the coral’s energetic needs
for growth and reproduction. We used a Junior Pulse Amplitude Modulated fluorometer
(Junior-PAM, Walz, Germany) to obtain the photosynthetic yield, an indication of the
viability of photosynthesis in the Photosystem Il (for more details, see electronic
supplemental material). Photosystem Il yield values were paired with light microscope
observations (Olympus BX-41), to verify the absence of any other photosynthetic organisms
and to assess the morphology of the post-thaw cells.

Four treatments were tested and assessed for each isolated Symbiodiniaceae community,
(i) Cryo/Cryopreserved = symbionts encapsulated in alginate, exposed to vitrification solutions,
vitrified and laser warmed; (ii) Tox/Toxicity = a toxicity control with symbionts encapsulated in
alginate, exposed to vitrification solutions only; (iii) Live = a live control with symbionts
encapsulated in alginate only; and, (iv) Dead = dead control, with symbionts encapsulated in
alginate, exposed to vitrification solutions, vitrified and slow-warmed or with symbionts exposed
to multiple freeze-thaw cycles.

Production of Coral Larvae

Coral (L. scutaria) individuals (n = 30-50) were placed in separate bowls at 16:00 one to
three days after the full moon during the 2021 summer months, covering the known times of
spawning of that species in Hawaii (Hagedorn et al. 2016). Between 16:30 and 18:30, the corals
began to spawn by expelling brief puffs of eggs or sperm. Eggs were collected from each female
bowl with a transfer pipette, and transferred to clean bowls. Sperm was captured with a transfer
pipette directly from around the mouth of the fungiids as sperm was being released. Each night,
the sperm from 5-7 individuals was pooled, and the sperm motility and concentration were
assessed with Computer Assisted Sperm Analysis following Zuchowicz et al. (2021). The fresh
sperm was added into the egg bowls for a final ratio of approximately 1:10000 (eggs:sperm) and
was allowed to fertilise for 1 hour. The water from the egg bowls was then gently replaced to
dilute and remove as much sperm as possible, and the eggs were left to develop in a 26°C
environment. Daily cleaning with filtered seawater maintained the larvae in good health.

Inoculation of Coral Larvae with Cryopreserved Symbionts

Larvae from the coral L. scutaria are most likely to take up their algal symbionts three to
four days after fertilisation (Schwarz et al. 1999). We conducted independent symbiont uptake
trials on both larval development days. Symbiont uptake was tested using the following
treatments: (i) Freshly isolated algae unfiltered= freshly isolated algae that were roughly cleaned
and that were not filtered through 70, 40, or 20 um mesh filters, therefore retaining some coral
cells and debris (n=9); (ii) Freshly isolated algae clean=thoroughly cleaned of most host coral
cells and embedded in alginate (n=3); (iii) Cryopreserved algae= symbionts thoroughly cleaned
of most host coral cells and embedded in alginate, vitrified and laser-warmed (n=45); (iv) No
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algae= no symbionts added (n=23); and, (v) Dead algae= symbionts cleaned of most host coral
cells and embedded in alginate, vitrified and ambiently warmed (n=12) or symbionts exposed to
several freeze-thaw cycles (n=3). One hundred to 200 larvae were used for each treatment, after
exposure to filtered Artemia sp. to induce feeding behaviour (Schwarz et al. 1999). They were
exposed to each treatment for 2 hours and then transferred to clean filtered seawater in new
dishes. All inoculations with algal symbionts were conducted in 1-ml volumes. Inoculations with
cryopreservation algal symbionts were tested at four different concentrations to determine the
ideal concentration for successful uptake (i.e. 1.5 x 10° cell/ml, 7.5 x 10* cell/ml, 3 x 10* cell/ml
or 1.5 x 10* cell/ml). All other inoculations were conducted at 1.5 x 10° cell/ml. Larvae were
then moved to 10-ml dishes and cleaned daily with filtered seawater until assessments 72 h later
(except for the last batch of day 4 infections, which were assessed 48 h later). All algal symbiont
uptake assessments were conducted under a compound microscope (Olympus BX-41) with a
10X objective. From each genotype and treatment, at least 100 larvae were transferred to a slide,
immobilised with a coverslip and scored for symbiont uptake.

Statistical Analysis

One-way ANOVASs were used to test for differences in symbiont photosynthetic yield
rates among the cryopreserved, live control, toxicity control, and dead control treatments.
Normality of the residuals was verified by plotting a histogram of the residuals against a normal
distribution curve and homoscedasticity was verified by plotting the model residuals against the
fitted model. Where relevant, post hoc tests were conducted with least square means pairwise
comparisons with Tukey adjustment for multiple comparisons. Simple logistic regressions were
used to test for differences in symbiont uptake success among the Cryopreserved, Live, No
Symbiont, and Dead treatments. Where relevant, significance of each treatment were assessed
using linear model contrasts. All statistical analyses were conducted using R (R Core Team
2019), and the R packages car (Fox and Weisberg 2019), rcompanion (Mangiafico 2019),
Ismeans (Lenth 2016), ggplot2 (Wickham 2016), multcompView (Graves et al. 2015), and Rmisc
(Hope 2013).

Results

Testing previously established cryopreservation protocols

We tested the two protocols that had been developed by Hagedorn and Carter (Hagedorn
and Carter 2015), i.e. with and without encapsulation in agar. Despite repeated attempts, the
algae’s photosynthetic activity post-cryopreservation, determined with a Junior-PAM, remained
below 0.050, indicating that the cells were not functional. During these attempts, several issues
were identified. First of all, the encapsulation in agar, which requires briefly mixing the algal
symbionts with melted agar at ~60°C, was detrimental to the symbionts, causing a 50% drop in
the photosynthetic health of the symbionts. Second, the algal symbionts were sensitive to the
toxicity of the vitrification solutes, as measured by a further drop in the photosynthetic health of
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the symbionts. Third, the vitrification of symbionts was inconsistent, as some samples appeared
clear while others were hazy, suggesting ice formation. Finally, less than a day post-
cryopreservation, the post-thaw algal symbionts were swarming with bacteria, which likely
further compromised recovery. The ultimate outcome was a year of post-thaw assessments that
yielded no clearly viable symbionts, as assessed with a PAM fluorometer.

Optimisation of algal symbiont cryopreservation

A series of modifications were made to optimise the cryopreservation protocol for
Symbiodiniaceae freshly extracted from their coral hosts (for details and for the full protocol, see
electronic supplemental material). Key changes that led to success were (i) enhanced cleaning of
algal symbiont cells, removing most coral host cells; (ii) treating symbionts with antibiotics prior
to cryopreservation; (iii) removal of salts from all solutions to reduce potential ice nucleation
events; (iv) replacement of high temperature agar with low-temperature alginate; (v) improved
equilibration and vitrification steps (Table 1); and (vi) ultra-rapid laser warming to reduce lethal
intracellular ice.

Post-thaw Viability Measurements

The optimised symbiont vitrification protocol was tested on three algal symbiont
communities, each extracted from a different coral species from Kaneohe Bay, Hawaii, and their
photosynthetic health was assessed 24 hrs later to determine their survival (Fig. 1, Table S1).
Symbionts extracted from the coral L. scutaria had the highest functional photosynthetic rates
post-thaw after the Cryopreservation treatment, retaining 73% photosynthetic function overall in
comparison to the Live treatment (Fig. 1A), whereas cryopreserved P. compressa symbionts
recovered 50% (Fig. 1B) and cryopreserved L. purpurea symbionts recovered 30%
photosynthetic function overall in comparison to the Live treatment (Fig. 1C).

These photosynthetic yields were paired with microscopic observations, to examine
morphological changes in the cells and to rule out the presence of possible contaminating
photosynthetic organisms. We observed that the symbionts from the Cryopreserved, Toxicity and
Live treatments all shared a similar morphology. Specifically, these living cells exhibited a deep
brown pigment, a spherical shape with smooth membranes and a distinguishable orange nucleus
(Fig. 1 D — F). In contrast, symbionts from the Dead treatments shared another type of
morphology. These dead symbionts had a lighter colour, a flatter, irregular shape with rough
membranes and many had condensed, black nuclei (Fig. 1 G).
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Fig. 1. Photosynthetic yield and microscopy assessments of algal symbiont communities extracted from
three Hawaiian coral species: (A) Lobactis scutaria, (B) Porites compressa, and (C) Leptastrea purpurea.
The upper panel shows representative images of the host coral species. (A — C) Photosynthetic yield was
representative of the health of the algal symbionts before and after cryopreservation. Four treatments were
assessed for each species, (i) Cryo/Cryopreserved = symbionts encapsulated in alginate, exposed to
vitrification solutions, vitrified and laser warmed (L. scutaria: n=13; P. compressa: n=17: L. purpurea:
n=5); (ii) Tox/Toxicity = a toxicity control with symbionts encapsulated in alginate, exposed to
vitrification solutions only (L. scutaria: n=5; P. compressa: n=3: L. purpurea: n=5); (iii) Live = a live
control with symbionts encapsulated in alginate only (L. scutaria: n=5; P. compressa: n=4: L. purpurea:
n=5); and, (iv) Dead = dead control, with symbionts encapsulated in alginate, exposed to vitrification
solutions, vitrified and ambiently-warmed (L. scutaria: n=5; P. compressa: n=3: L. purpurea: n=6). In the
Cryopreserved, Toxicity and Live treatments, viable symbionts with high photosynthetic yields were
present. In contrast, the Dead symbiont treatment demonstrated little photosynthetic yield. Treatments
that share the same lower-case letter in (A), (B), (C) are not significantly different from each other (one
way ANOVA post hoc tests with least square means pairwise comparisons and Tukey adjustment for
multiple comparisons; electronic supplemental material, Table S3). Data are presented as means + SEM.
Additionally, microscopic assessments of the algal symbionts 24 h post-treatment demonstrated no visible
change in morphology in symbionts from the (D — F) Cryopreserved, Toxicity and Live treatments.
However, the Dead symbiont treatments demonstrated degraded morphology. (G) Dead symbiont
treatment. Note orange nuclei in most symbionts in (D — F), but few in (G). Scale bar = 10 um.
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Banking

Post-bleaching coral symbionts were not only vitrified successfully, but they were also
banked successfully. Briefly, the vitrified symbionts encapsulated in alginate on the blades were
immersed in liquid nitrogen, the blades removed from their holder, placed individually into pre-
chilled cryovials and transferred to a cryobank where they were held at -190°C. This banking
process started in April 2021 with symbionts extracted from the coral L. scutaria and was
ongoing throughout the spring and summer. To use the samples, in our case for larval infection
experiments, the blades were returned to their holders under liquid nitrogen and then were laser-
warmed 24 h before their use. At 24 h post-thaw, the photosynthetic yield values of all the
cryopreserved material banked ranged from 0.180 to 0.401 throughout this entire banking period,
indicating 42-93% photosynthetic ability compared to control symbionts that had not undergone
any treatment.

Inoculation of L. scutaria coral larvae with cryopreserved algal symbionts

The uptake rate of dead symbionts killed by ambient warming was not different from
those killed by repetitive freezing and warming (logistic regression, p = 0.313). Therefore, these
groups were pooled into a single Dead algae treatment. The photosynthetic yields of the
symbionts from the Freshly isolated algae unfiltered, Freshly isolated algal clean and
Cryopreserved algae treatments demonstrated activity of Photosystem 1, whereas the Dead
treatments did not (electronic supplemental material, Table S2).

The Freshly isolated algae unfiltered treatment yielded twice as many larvae with
symbionts than the Freshly isolated algae clean treatment (logistic regression, p < 2.2 x 10°%6;
Fig. 2A, electronic supplemental material, Table S3). The symbiont uptake success for the larvae
exposed to the Cryopreserved algae treatment varied between 0 and 2.9 %, and was significantly
higher than the No algae and Dead algae treatments (logistic regression, contrasts, p = 0.021;
Fig. 2B; electronic supplemental material, Table S3). However, there was no difference between
the Dead and No Symbionts treatments (logistic regression, contrasts, p = 0.720 and p = 0.726,
respectively). Although four different concentrations of symbionts were used in Cryopreserved
treatments (i.e., 1.5 x 10°, 7.5 x 10% 3 x 10%*and 1.5 x 10* cells/mL), the larval uptake rates of
these different concentrations did not change (logistic regression, p = 0.846; electronic
supplemental material, Table S3), and therefore these data were pooled into a single
Cryopreserved algae treatment. The number of symbionts taken up by each larva was variable,
with larvae containing 0 to 49 symbionts in the Live with Coral Cells treatment, 0 to 27
symbionts in the Live Clean treatment, 0 to 14 symbionts in the cryopreserved treatment, and O
to 2 symbionts in the No Symbionts added treatment representing background symbiont uptake
levels (electronic supplemental material, Fig. S1).
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Fig. 2. Symbiont uptake success for Lobactis scutaria larvae. (A) A comparison of the uptake success of
the larvae exposed to symbionts from the two Freshly isolated algae treatments, clean (n=9) or unfiltered
(n=3), which produced different infection success (logistic regression, p-value < 2.2 x 10%¢). (B) The
uptake success of the larvae exposed to the Cryopreserved algae (n=45, includes four algal symbiont
concentrations that yielded similar uptake rates), No algae added (n=23), and Dead algae treatments
(n=15). The larvae from the Cryopreserved treatment contained significantly more larvae than the larvae
from the No algae and the Dead algae treatments (logistic regression, contrasts, p-value = 0.021).
Treatments that share the same lower-case letter in (A), (B) are not significantly different from each other
(logistic regression with posthoc linear model contrasts). Data are presented as means + SEM. (C — D)
Whole-mount larval light microscopic images of successful larval infections with (C) Live, here with
coral cells, and (D) Cryopreserved symbiont treatments. There was no visible morphological difference
between these two treatments. (E) Light microscopic image of a larva that did not absorb symbionts. All
infection successes were measured 48 to 72 h post-treatment. Scale bar = 50 pm.

Discussion

As we face ever-warming summers around the world, coral bleaching has the
potential to reduce coral abundance and diversity. Therefore, forming a robust,
comprehensive cryobank of the world’s algal symbionts is critical for ensuring the
maintenance of global coral diversity throughout the next decades. We show that this is now
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possible with freshly isolated algal symbionts, with high survival rates post-
cryopreservation.

The optimised Symbiodiniaceae cryopreservation protocol presented here
successfully vitrified and laser-warmed algal symbionts communities isolated from three
Hawaiian coral species. However, the failure of the protocol developed by Hagedorn and
Carter (2015) was surprising, despite several attempts both with and without encapsulation
of the symbionts in agar, given the Symbiodiniaceae were isolated from corals from the
same region (i.e. Kaneohe Bay, Hawaii) and given all experiments were conducted in the
same laboratory at the Hawaiian Institute of Marine Biology. This strongly suggests that the
Symbiodiniaceae communities have changed between the last algal symbiont
cryopreservation trials conducted by Hagedorn and Carter (2015) and the beginning of this
work in 2018. Some Symbiodiniaceae physiology assessments between the same two
periods indicated differences in chilling sensitivity, in cryoprotectant solution toxicity, and
in membrane permeability (Bouwmeester et al. 2019). Such changes may be caused by a
shift in the Symbiodiniaceae composition of communities isolated from corals in Kaneohe
Bay. However, this shift would have had to occur in at least three coral species and remain
stable over time. Alternatively, the physiology of the Symbiodiniaceae may have changed.
Specifically, the composition of the cell and thylakoid membranes may have been altered,
potentially, in response to climate change, progressively warming seawater temperatures
around the main Hawaiian Islands and several coral bleaching events (Bahr et al. 2017;

Couch et al. 2017; Rodgers et al. 2017; Ritson-Williams and Gates 2020). Similar
membrane changes have indeed been experimentally observed in other studies that involved
exposing algal symbionts to warmer temperatures (Tchernov et al. 2004; Diaz-Almeyda et
al. 2011; Beltran et al. 2021).

In addition to changes associated with climate change, some species-specific adjustments
to the cryopreservation protocol may need to be incorporated in the future to recover symbionts
with different rates of post-thaw photosynthetic function. For example, post-cryopreservation
photosynthetic function recovery was variable within symbionts from L. scutaria (78%) and L.
purpurea (30%), potentially due to differences in toxicity, for which the cryopreservation
protocol can be adapted. Interestingly, LaJeunesse et al. (2004) determined that both coral
species in Hawaii shared the same dominant group of Cladocopium clade C1f symbionts in
2004, but the data, shown here, indicated that there was a physiological difference in their
response to cryopreservation. This raises the question about whether they still host the same
dominant symbionts, or whether other symbiont clades present (not detected in the above study),
might have become more dominant. Therefore, further molecular work focused on genotyping
current symbiont communities in the corals studied here would be highly informative.
Alternatively, it is unknown whether cryopreservation could have selected some of the symbiont
species/taxa in each symbiont community. It is common for coral species to host a diverse
symbiont community (Mieog et al. 2007; Hume et al. 2015; Rouzé et al. 2017), and
cryopreservation might have successfully cryopreserved one species/taxon over another,
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accidently selecting the one that is the most tolerant to cryopreservation. Similar selective
processes have been identified in symbionts that are maintained in culture conditions, whereby
the cultured symbiont species may not well reflect the original population from which it was
extracted (Santos et al. 2001). Additional molecular work is therefore needed to confirm how
well the cryopreserved symbiont communities match the original symbiont communities in each
host coral species and whether selective changes occurred during the cryopreservation process.

Our data revealed low rates but successful inoculation of coral larvae with vitrified and
laser-warmed algal symbionts. The successful uptake of cryopreserved symbionts and the
stability of the symbiosis after three days in our experiments suggests that the cryopreserved
symbionts retained sufficient integrity and function for recognition, uptake, and retention by the
coral larvae. However, additional work is still needed to increase these rates. This study uses
Symbiodiniaceae encapsulated in alginate but it is unclear whether the alginate may have
detrimental effects on the initiation or the maintenance of symbiosis between the corals and their
algae. Additionally, we found that freshly isolated symbionts, unfiltered and in solution (in FSW)
yielded higher uptake rates than freshly isolated symbionts that were thoroughly cleaned and
encapsulated in alginate. The reason for these higher uptake rates is not yet clear but identifying
the factors that facilitate algal symbiont uptake may reveal to be highly information for
cryopreserved algal symbionts.

Symbiodiniaceae cryopreservation is key to the functionality of coral bio-repositories as
effective restoration tools, especially for endangered corals, such as the Caribbean coral
Dendrogyra cylindrus, that may have limited selection of algal symbiont types (Lewis et al.
2019) and for corals that shuffle their symbionts due to seasonal changes and after massive
bleaching (Hume et al. 2015; Lewis et al. 2019). Another important consideration is to
understand the development of the complement of symbionts needed during early coral
development. For example, some coral larvae have a complement of juvenile symbionts that
shifts to an adult form later in life, depending on the environment (Koerner 2019). With the
establishment of a successful method for the cryopreservation of coral symbionts of the family
Symbiodiniaceae, future work will require scaling up the process for restoration-ready usage.
This will require engaging with engineers to make this complex protocol and associated
processes easier and faster, for overall increased efficiency and output (Tiersch 2011).

We cannot help save coral reefs through ex situ conservation means without equally
balanced and robust frozen bio-repositories for both coral and algal symbionts. This study
revealed that the inoculation of coral larvae with algal symbionts was possible with
cryopreserved symbionts, opening new avenues for restoration of our reefs.

12


https://doi.org/10.1101/2022.06.14.495714
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.14.495714; this version posted June 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

The authors are grateful to Dr. Manuel Aranda (KAUST, Saudi Arabia) for providing feedback to
this manuscript. Collection was performed with the appropriate permits from the state of Hawaii’s
Department of Land and Natural Resources (Special Activity Permit # SAP 2018: 2011-1, 2019: 2012-63,
2020: 2013-47 and 2021: 2015-17). No institutional ethical approval was required for any of the
experimental research described herein; however, animals were maintained with the highest husbandry
standards. This work was supported by William H. Donner Family Foundation, the Paul M. Angell
Family Foundation, the Volgenau Foundation, the Barrett Family Foundation, the Skippy Frank
Foundation, the Compton Foundation, the Cedar Hill Foundation and the Anela Kolohe Foundation, the
Smithsonian Conservation Biology Institute, the Smithsonian Women’s Committee and the Hawaii
Institute of Marine Biology. Funders did not influence the interpretation of the project data or the decision
to publish the findings.

References

Abrego D, Van Oppen MJ, Willis BL (2009) Highly infectious symbiont dominates initial uptake in coral
juveniles. Molecular Ecology 18:3518-3531

Bahr KD, Rodgers KS, Jokiel PL (2017) Impact of three bleaching events on the reef resiliency of
Kane‘ohe Bay, Hawai‘i. Frontiers in Marine Science 4:398

Baird AH, Guest JR, Willis BL (2009) Systematic and Biogeographical Patterns in the Reproductive
Biology of Scleractinian Corals. Annual Review of Ecology, Evolution, and Systematics 40:551-
571

Bellantuono AJ, Dougan KE, Granados-Cifuentes C, Rodriguez-Lanetty M (2019) Free-living and
symbiotic lifestyles of a thermotolerant coral endosymbiont display profoundly distinct
transcriptomes under both stable and heat stress conditions. Molecular Ecology 28:5265-5281

Beltran V, Puill-Stephan E, Howells E, Flores-Moya A, Doblin M, Nufiez-Lara E, Escamilla V, Lopez T,
van Oppen M (2021) Physiological diversity among sympatric, conspecific endosymbionts of
coral (Cladocopium C1 acro) from the Great Barrier Reef. Coral Reefs:1-13

Bouwmeester J, Daly J, Quinn M, Hagedorn M (2022a) Isolation of Symbiodiniaceae from scleractinian
coral hosts suitable for cryopreservation and laser-warming. Protocols.io
doi.org/10.17504/protocols.io.b4e3qtgn

Bouwmeester J, Daly J, Quinn M, Hagedorn M (2022b) Preparation of Symbiodiniaceae for
cryopreservation and laser-warming. Protocols.io
doi.org/10.17504/protocols.io.14egn7momv5d/vl

Bouwmeester J, Daly J, Zuchowicz N, Lager C, Hagedorn M (2019) Climate Change Alters The
Cryophysiology Of Coral Symbiotic Dinoflagellates. Cryobiology 91:170
doi.org/110.1016/j.cryobiol.2019.1010.1100

Bowd EJ, Banks SC, Strong CL, Lindenmayer DB (2019) Long-term impacts of wildfire and logging on
forest soils. Nature Geoscience 12:113-118

Chong G, Tsai S, Wang L-H, Huang C-Y, Lin C (2016) Cryopreservation of the gorgonian endosymbiont
Symbiodinium. Scientific Reports 6:18816

Couch CS, Burns JH, Liu G, Steward K, Gutlay TN, Kenyon J, Eakin CM, Kosaki RK (2017) Mass coral
bleaching due to unprecedented marine heatwave in Papahanaumokuakea Marine National
Monument (Northwestern Hawaiian Islands). PLoS One 12:e0185121

13


https://doi.org/10.1101/2022.06.14.495714
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.14.495714; this version posted June 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Daly J, Zuchowicz N, Nufiez Lendo CI, Khosla K, Lager C, Henley EM, Bischof J, Kleinhans FW, Lin C,
Peters EC, Hagedorn M (2018) Successful cryopreservation of coral larvae using vitrification and
laser warming. Scientific Reports 8:15714

Diaz-Almeyda E, Thomé PE, El Hafidi M, Iglesias-Prieto R (2011) Differential stability of
photosynthetic membranes and fatty acid composition at elevated temperature in Symbiodinium.
Coral Reefs 30:217-225

Fitt WK, Chang SS, Trench RK (1981) Motility patterns of different strains of the symbiotic
dinoflagellate Symbiodinium (= Gymnodinium) microadriaticum (Freudenthal) in culture.
Bulletin of Marine Science 31:436-443

Fox J, Weisberg S (2019) An {R} Companion to Applied Regression, Third Edition. Sage, Thousand
Oaks (CA)

Fujise L, Suggett DJ, Stat M, Kahlke T, Bunce M, Gardner SG, Goyen S, Woodcock S, Ralph PJ,
Seymour JR (2021) Unlocking the phylogenetic diversity, primary habitats, and abundances of
free-living Symbiodiniaceae on a coral reef. Molecular Ecology 30:343-360

Gonzélez-Pech RA, Bhattacharya D, Ragan MA, Chan CX (2019) Genome evolution of coral reef
symbionts as intracellular residents. Trends in Ecology & Evolution 34:799-806

Graves S, Piepho H-P, Selzer L (2015) multcompView: Visualizations of Paired Comparisons. R package
version 0.1-7. URL.: https://CRAN.R-project.org/package=multcompView

Hagedorn M, Carter VL (2015) Seasonal Preservation Success of the Marine Dinoflagellate Coral
Symbiont, Symbiodinium sp. PLoS One 10:e0136358

Hagedorn M, Spindler R, Daly J (2019) Cryopreservation as a tool for reef restoration: 2019. In:
Comizzoli P, Brown JL, Hold WV (eds) Reproductive Sciences in Animal Conservation.
Springer Nature, Cham, Switzerland, pp 489-505

Hagedorn M, Carter V, Leong J, Kleinhans F (2010) Physiology and cryosensitivity of coral
endosymbiotic algae (Symbiodinium). Cryobiology 60:147-158

Hagedorn M, Carter VL, Lager C, Camperio Ciani JF, Dygert AN, Schleiger RD, Henley EM (2016)
Potential bleaching effects on coral reproduction. Reproduction, Fertility and Development
28:1061-1071

Hagedorn M, van Oppen MJ, Carter V, Henley M, Abrego D, Puill-Stephan E, Negri A, Heyward A,
MacFarlane D, Spindler R (2012a) First frozen repository for the Great Barrier Reef coral
created. Cryobiology 65:157-158

Hagedorn M, Carter V, Martorana K, Paresa MK, Acker J, Baums IB, Borneman E, Brittsan M, Byers M,
Henley M, Laterveer M, Leong J-A, McCarthy M, Meyers S, Nelson BD, Petersen D, Tiersch T,
Cuevas Uribe R, Woods E, Wildt D (2012b) Preserving and Using Germplasm and Dissociated
Embryonic Cells for Conserving Caribbean and Pacific Coral. PLoS One 7:e33354

Hope RM (2013) Rmisc: Ryan Miscellaneous. R package version 1.5. URL.: https://CRAN.R-
project.org/package=Rmisc

Howells EJ, Abrego D, Meyer E, Kirk NL, Burt JA (2016) Host adaptation and unexpected symbiont
partners enable reef-building corals to tolerate extreme temperatures. Global Change Biology
22:2702-2714

Hughes TP, Kerry JT, AIvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock RC,
Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE, Comeau S,
Connolly SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, Gilmour JP,
Harrison HB, Heron SF, Hoey AS, Hobbs J-PA, Hoogenboom MO, Kennedy EV, Kuo C-y,
Lough JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ, Pandolfi JM, Pears
RJ, Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B, Torda G, Wachenfeld DR,
Willis BL, Wilson SK (2017) Global warming and recurrent mass bleaching of corals. Nature
543:373-377

Hume BC, D'Angelo C, Smith EG, Stevens JR, Burt J, Wiedenmann J (2015) Symbiodinium
thermophilum sp. nov., a thermotolerant symbiotic alga prevalent in corals of the world's hottest
sea, the Persian/Arabian Gulf. Scientific Reports 5:8562

14


https://doi.org/10.1101/2022.06.14.495714
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.14.495714; this version posted June 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

IPBES (2019) Summary for policymakers of the global assessment report on biodiversity and ecosystem
services of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. In: Diaz S, Settele J, Brondizio ES, Ngo HT, Gueze M, Agard J, Arneth A, Balvanera P,
Brauman KA, Butchart SHM, Chan KMA, Garibaldi LA, Ichii K, Liu J, Subramanian SM,
Midgley GF, Miloslavich P, Molnéar Z, Obura D, Pfaff A, Polasky S, Purvis A, Razzaque J,
Reyers B, Roy Chowdhury R, Shin YJ, Visseren-Hamakers 13, Willis KJ, Zayas CN (eds). IPBES
Secretariat, Bonn, Germany 56 pages

Jin B, Kleinhans F, Mazur P (2014) Survivals of mouse oocytes approach 100% after vitrification in 3-
fold diluted media and ultra-rapid warming by an IR laser pulse. Cryobiology 68:419-430

Khosla K, Wang Y, Hagedorn M, Qin Z, Bischof J (2017) Gold nanorod induced warming of embryos
from the cryogenic state enhances viability. ACS Nano 11:7869-7878

Kihika JK, Wood SA, Rhodes L, Smith KF, Thompson L, Challenger S, Ryan KG (2022) Cryoprotectant
treatment tests on three morphologically diverse marine dinoflagellates and the cryopreservation
of Breviolum sp.(Symbiodiniaceae). Scientific Reports 12:1-12

Koerner SG (2019) M.Sc. Thesis: Timing and Potential Drivers of Symbiont Selection in the Early Life
Stages of the Massive Starlet Coral Siderastrea siderea. Nova Southeastern University, p1-38

Krueger T, Gates RD (2012) Cultivating endosymbionts — Host environmental mimics support the
survival of Symbiodinium C15 ex hospite. Journal of Experimental Marine Biology and Ecology
413:169-176

LaJeunesse TC, Thornhill DJ, Cox EF, Stanton FG, Fitt WK, Schmidt GW (2004) High diversity and host
specificity observed among symbiotic dinoflagellates in reef coral communities from Hawaii.
Coral Reefs 23:596-603

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, Santos SR (2018)
Systematic Revision of Symbiodiniaceae Highlights the Antiquity and Diversity of Coral
Endosymbionts. Current Biology 28:2570-2580.e2576

Lenth R, V. (2016) Least-Squares Means: The R Package Ismeans. Journal of Statistical Software 69:1-33

Lewis C, Neely K, Rodriguez-Lanetty M (2019) Recurring Episodes of Thermal Stress Shift the Balance
From a Dominant Host-Specialist to a Background Host-Generalist Zooxanthella in the
Threatened Pillar Coral, Dendrogyra cylindrus. Frontiers in Marine Science 6:5

Lin C, Thongpoo P, Juri C, Wang L-H, Meng P-J, Kuo F-W, Tsai S (2019) Cryopreservation of a
thermotolerant lineage of the coral reef dinoflagellate Symbiodinium. Biopreservation and
Biobanking 17:520-529

Littman RA, van Oppen MJ, Willis BL (2008) Methods for sampling free-living Symbiodinium
(zooxanthellae) and their distribution and abundance at Lizard Island (Great Barrier Reef).
Journal of Experimental Marine Biology and Ecology 364:48-53

Mangiafico S (2019) rcompanion: Functions to Support Extension Education Program Evaluation. R
package version 2.3.7. https://CRAN.R-project.org/package=rcompanion

Mieog JC, van Oppen MJ, Cantin NE, Stam WT, Olsen JL (2007) Real-time PCR reveals a high
incidence of Symbiodinium clade D at low levels in four scleractinian corals across the Great
Barrier Reef: implications for symbiont shuffling. Coral Reefs 26:449-457

Muscatine LM (1990) The role of symbiotic algae in carbon and energy flux in reef corals. In: Dubinsky
Z (ed) Coral Reefs Ecosystems of the World, pp75-87

National Academies of Sciences Engineering and Medicine (2019) A Research Review of Interventions
to Increase the Persistence and Resilience of Coral Reefs. National Academies Press Washington,
DC 258 pp

Nitschke MR, Davy SK, Ward S (2016) Horizontal transmission of Symbiodinium cells between adult
and juvenile corals is aided by benthic sediment. Coral Reefs 35:335-344

Polne-Fuller M (1991) A novel technique for preparation of axenic cultures of Symbiodinium
(Pyrrophyta) through selective digestion by amoebae. Journal of Phycology 27:552-554

15


https://doi.org/10.1101/2022.06.14.495714
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.14.495714; this version posted June 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Quigley KM, Bay LK, Willis BL (2017) Temperature and water quality-related patterns in sediment-
associated Symbiodinium communities impact symbiont uptake and fitness of juveniles in the
genus Acropora. Frontiers in Marine Science 4:401

R Core Team (2019) R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria, https://www.R-project.org

Ritson-Williams R, Gates RD (2020) Coral community resilience to successive years of bleaching in
Kane‘ohe Bay, Hawai‘i. Coral Reefs 39:757-769

Rodgers KS, Bahr KD, Jokiel PL, Richards Dona A (2017) Patterns of bleaching and mortality following
widespread warming events in 2014 and 2015 at the Hanauma Bay Nature Preserve, Hawai‘i.
PeerJ 5:€3355

Rouzé H, Lecellier GJ, Saulnier D, Planes S, Gueguen Y, Wirshing HH, Berteaux-Lecellier V (2017) An
updated assessment of Symbiodinium spp. that associate with common scleractinian corals from
Moorea (French Polynesia) reveals high diversity among background symbionts and a novel
finding of clade B. PeerJ 5:62856

Santiago-Vazquez LZ, Newberger NC, Kerr RG (2007) Cryopreservation of the dinoflagellate symbiont
of the octocoral Pseudopterogorgia elisabethae. Marine Biology 152:549-556

Santos SR, Taylor DJ, Coffroth MA (2001) Genetic comparisons of freshly isolated versus cultured
symbiotic dinoflagellates: implications for extrapolating to the intact symbiosis. Journal of
Phycology 37:900-912

Schwarz JA, Krupp DA, Weis VM (1999) Late larval development and onset of symbiosis in the
scleractinian coral Fungia scutaria. The Biological Bulletin 196:70-79

Tchernov D, Gorbunov MY, de Vargas C, Yadav SN, Milligan AJ, Haggblom M, Falkowski PG (2004)
Membrane lipids of symbiotic algae are diagnostic of sensitivity to thermal bleaching in corals.
Proceedings of the National Academy of Sciences of the United States of America 101:13531-
13535

Thornhill D, Howells E, Wham D, Steury T, Santos S (2017) Population genetics of reef coral
endosymbionts (Symbiodinium, Dinophyceae). Molecular Ecology 26:2640-2659

Tiersch TR (2011) Process pathways for cryopreservation research, application and commercialization.
In: Tiersch TR, Green CC (eds) Cryopreservation in Aquatic Species. World Aquaculture
Society, Baton Rouge, LA, pp 646-671

Voolstra CR, Quigley KM, Davies SW, Parkinson JE, Peixoto RS, Aranda M, Baker AC, Barno AR,
Barshis DJ, Benzoni F, Bonito V, Bourne DG, Buitrago-Lépez C, Bridge TCL, Chan CX,
Combosch DJ, Craggs J, Frommlet JC, Herrera S, Quattrini AM, Rothig T, Reimer JD, Rubio-
Portillo E, Suggett DJ, Villela H, Ziegler M, Sweet M (2021) Consensus Guidelines for
Advancing Coral Holobiont Genome and Specimen VVoucher Deposition. Frontiers in Marine
Science 8:701784

Weis VM (2008) Cellular mechanisms of Cnidarian bleaching: stress causes the collapse of symbiosis.
Journal of Experimental Biology 211:3059-3066

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York

Zuchowicz N, Daly J, Bouwmeester J, Lager C, Henley EM, Nufiez Lendo CI, Hagedorn M (2021)
Assessing coral sperm motility. Scientific Reports 11:61

16


https://doi.org/10.1101/2022.06.14.495714
http://creativecommons.org/licenses/by-nc-nd/4.0/

