Submitted 14 January 2022
Accepted 16 April 2022
Published 27 May 2022

Corresponding author
Emily J. Howells,
em.howells@gmail.com

Academic editor
Xavier Pochon

Additional Information and
Declarations can be found on
page 14

DOI 10.7717/peer;j.13395

© Copyright
2022 Howells et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Challenges of sperm cryopreservation
in transferring heat adaptation of corals
across ocean basins

Emily J. Howells'?*, Mary Hagedorn™*, Madeleine J.H. Van Oppen’* and
John A. Burt'
! Water Research Center and Center for Genomics and Systems Biology, New York University Abu Dhabi,

Abu Dhabi, United Arab Emirates

?National Marine Science Centre, Faculty of Science and Engineering, Southern Cross University,
Coffs Harbour, New South Wales, Australia

? Center for Species Survival, Smithsonian Conservation Biology Institute, Smithsonian Institution,
Free Royal, Virginia, United States of America

* Hawaii Institute of Marine Biology, University of Hawaii, Kaneohe, Hawaii, United States of America
*School of Biocsiences, The University of Melbourne, Melbourne, Victoria, Australia
¢ Australian Institute of Marine Science, Townsville, Queenslabd, Australia

ABSTRACT

Reef-building corals live very close to their upper thermal limits and their persistence is
imperiled by a rapidly warming climate. Human interventions may be used to increase
the thermal limits of sensitive corals by cross-breeding with heat-adapted populations.
However, the scope of breeding interventions is constrained by regional variation in
the annual reproductive cycle of corals. Here we use cryopreservation technology to
overcome this barrier and cross-breed conspecific coral populations across ocean basins
for the first time. During regional spawning events, sperm samples were cryopreserved
from populations of the widespread Indo-Pacific coral, Platygyra daedalea, from the

southern Persian Gulf (maximum daily sea surface temperature of 36 °C), the Oman
Sea (33 °C), and the central Great Barrier Reef (30 °C). These sperm samples were

thawed during a later spawning event to test their ability to fertilize freshly spawned
eggs of P. daedalea colonies from the central Great Barrier Reef. Average fertilization
success for the Persian Gulf (9%) and Oman Sea (6%) sperm were 1.4-2.5 times lower
than those for the native cryopreserved sperm from Great Barrier Reef (13-15%),

potentially due to lower sperm quality of the Middle Eastern sperm and/or reproductive
incompatibility between these distant populations. Overall, fertilization success with

cryopreserved sperm was low compared with fresh sperm (>80%), likely due to the

low motility of thawed sperm (<5%, reduced from 50% to >90% in fresh sperm). To
evaluate whether cross-bred offspring had enhanced thermal tolerance, the survival of
larvae sired by Persian Gulf cryopreserved sperm, Great Barrier Reef cryopreserved

sperm, and Great Barrier Reef fresh sperm was monitored for six days at ambient

(27 °C) and elevated (33 °C) temperature. Against expectations of thermal tolerance
enhancement, survival of larvae sired by Persian Gulf cryopreserved sperm was 2.6 times
lower than larvae sired by Great Barrier Reef fresh sperm at 33 °C (27% versus 71%),
but did not differ at 27 °C (77% versus 84%). This lack of enhanced thermal tolerance
was unlikely due to outbreeding depression as survival was equally poor in larvae

sired by Great Barrier Reef cryopreserved sperm. Rather, follow-up tests showed that
cryoprotectant exposure during fertilization (0.1% DMSO) has a negative effect on the
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survival of P. daedalea larvae which is exacerbated at elevated temperature. Collectively,
our findings highlight challenges of breeding corals for enhanced thermal tolerance
using cryopreserved sperm, which may be overcome by methodological advances in the
collection and preservation of high-quality motile sperm and minimizing the exposure
time of eggs to cryoprotectants.

Subjects Conservation Biology, Ecology, Marine Biology, Zoology, Climate Change Biology
Keywords Coral, Cryopreservation, Selective breeding

INTRODUCTION

Rising sea temperatures caused by climate change are increasingly exceeding the upper
thermal limits and fitness optima for reef-building corals (Hughes et al., 2018a; Jurriaans ¢
Hoogenboom, 2019). Thisis evidenced by temperature driven bleaching and mortality events
(Hoegh-Guldberg, 1999; Hughes et al., 2018b), increases in disease prevalence (Bruno et al.,
2007; Howells et al., 20205 Randall ¢ Van Woesik, 2015), declines in coral growth (Anderson
et al., 2017; Cantin et al., 2010; Mendes ¢» Woodley, 2002), and reductions in reproductive
output (Baird & Marshall, 2002; Howells et al., 2016b; Mendes & Woodley, 2002; Ward,
Harrison & Hoegh-Guldberg, 2002). While coral populations have likely undergone some
adaptation to contemporary warming (Berkelmans, 2009; Fox et al., 2021; Guest et al., 2012;
McClanahan ¢ Muthiga, 2014; Pratchett et al., 2013; Sully et al., 2019), the rapid rate and
extent of sea temperature rise over the coming decades threatens to exceed their adaptive
capacity (Hoegh-Guldberg et al., 2018). The potential for ongoing adaptation to climate
warming is greatest when heat tolerant alleles are already present within populations or
can easily spread among populations by migration, and when rates of warming are limited
by emissions reductions (Bay et al., 2017; Matz et al., 2018; Matz, Treml ¢» Haller, 2020).
However, because sea temperatures will continue to rise until at least 2050 under all
emissions scenarios (IPCC, 2021), interventions may be required to conserve and restore
populations, species, and the ecosystem services they provide (Anthony et al., 2017).
Selective breeding of corals can be applied to accelerate adaptation by increasing the
frequency of heat-tolerance alleles in target populations and as such enhance thermal
tolerance traits (Van Oppen et al., 2015; Voolstra et al., 2021). This involves cross-breeding
individuals from a target population with heat tolerant genotype(s) sourced from the
same (Drury et al., 2021; Humanes et al., 2021) or a different population, typically from
a warmer location (Dixon ef al., 2015; Howells et al., 2021; Quigley et al., 2020). When
information on individual genotypes and phenotypes is unknown, cross-breeding with
corals from a warmer location can enhance heat tolerance. For example, we recently
showed that crossing Oman Sea corals with conspecifics in the warmer Persian Gulf
produced offspring with thermal tolerance up to 37% higher than purebred Oman Sea
offspring (Howells et al., 2021). Coral populations from warmer locations tend to carry
a larger proportion of heat tolerance alleles due to local adaptation (Bay et al., 2017;
Jin et al., 2016) and this host genetic background strongly contributes to phenotypic
variation in coral thermal tolerance (Dziedzic et al., 2019; Fuller et al., 2020; Kirk et al.,
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2018; Palumbi et al., 2014). Additional benefits of population inter-breeding include
increasing overall genetic diversity (Quigley, Bay ¢ Van Oppen, 2019) and minimizing
genotype-environment and phenotype-environment mismatches that occur when heat-
tolerant adult corals are transplanted from warmer to cooler locations (Coles ¢ Riegl, 2013;
Howells et al., 2013). However, the feasibility and scalability of selective breeding is often
constrained by the discrete reproductive timing of coral populations and the logistical
challenges of transporting broodstock and/or gametes between locations.

Individual colonies of most coral species (>80%) release gametes into the water column
on only one or a few consecutive nights per year (reviewed in Baird, Guest ¢ Willis, 2009).
This spawning activity is highly synchronized at the scale of reefs to maximize cross
fertilization and is regulated by environmental cues including seawater temperature and
lunar phases (Baird, Guest & Willis, 2009; Keith et al., 2016; Lin et al., 2021). However, due
to spatial variation in these cues, the timing of spawning in the same species varies by lunar
night across nearby reefs (Babcock et al., 1986), by month across regions (Howells et al.,
2014; Willis et al., 1985), and by season across ocean basins (Guest et al., 2005; Keith et al.,
2016). As the viability of coral gametes declines within hours of release, crosses are restricted
to colonies spawning on the same night. Even when colonies from different populations
produce mature gametes during the same lunar cycle, their exact time of spawning can be
difficult to predict. However, mismatches in the reproductive timing of coral populations
targeted for selective breeding can potentially be overcome using the cryopreservation of
coral gametes.

Cryopreservation techniques for corals have been developed with the aim of conserving
the genetic diversity of endangered species (Daly et al., 2018; Hagedorn et al., 2012a;
Hagedorn ¢ Spindler, 2014) and providing tools for reef restoration (Hagedorn et al.,
2017). Cryopreservation techniques are the most advanced for coral sperm and have been
tested on and/or used to bank genetic material for >45 Indo-Pacific and Caribbean species
(https:/mationalzoo.si.edu/center-for-species-survival/coral-species-cryopreserved-global-
collaborators; see also Grosso-Becerra et al., 2021; Hagedorn et al., 2006; Hagedorn et al.,
2012b; Ohki et al., 2014; Viyakarn et al., 2018). Cryopreserved sperm has been successfully
used to breed corals from the same population across spawning nights and years (Grosso-
Becerra et al., 2021; Hagedorn et al., 2017), and proof-of-concept experiments for future
selective breeding between isolated populations (Hagedorn et al., 2021), but it has not yet
been used for the genetic improvement of fitness traits. Here we investigate the feasibility
of using cryopreserved sperm from warmer locations in the Middle East to enhance the
thermal tolerance of Great Barrier Reef corals. Populations of Platygyra daedalea from the
central Great Barrier Reef (maximum daily sea surface temperature of 30 °C) were crossed
with cryopreserved sperm from distant populations in the thermally extreme Persian Gulf
(36 °C) and Oman Sea (33 °C) as well as local sperm sources. We evaluated the effects of
cryopreservation and sire origin on fertilization success, survival, and thermal tolerance of
coral offspring.
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MATERIALS & METHODS

Cryopreservation of sperm populations

Platygyra daedalea sperm was collected and cryopreserved from populations on the central
Great Barrier Reef (Pelorus Island, Trunk Reef), the Oman Sea (Al Agah Island), and the
Persian Gulf (Saadiyat Reef) (Table 1). Permits for coral collection were provided by the

Great Barrier Marine Park Authority (G12/35236.1), the Fujairah and Dibba municipalities,
and the Environment Agency Abu Dhabi.

P. daedalea was identified according to the morphological criteria in Veron (2000) and
following examination of the species collection at the Museum of Tropical Queensland,
and only colonies with typical morphological features (i.e., meandroid growth form and
messy ragged septa) were targeted for collection. For each population, single fragments
were collected from 4-9 colonies with visibly mature gametes (i.e., pigmented eggs) prior to
the predicted nights of annual broadcast spawning and were housed in aquarium facilities
at the Australian Institute of Marine Science (Great Barrier Reef corals, December 2012) or
New York University Abu Dhabi (Oman Sea and Persian Gulf corals, April 2013). Colony
fragments were individually isolated in buckets with filtered seawater at sunset, monitored
for spawning activity, and spawning dates and times were recorded in the Coral Spawning
Database (Baird et al., 2021).

Spawned egg/sperm bundles were collected with transfer pipettes, and after bundles had
separated, concentrated sperm was filtered from eggs with 60 pm plankton mesh. Sperm
forward motility was assessed for each colony sample under a microscope immediately
following collection and after 30-60 min, if initial motility was poor. Individual sperm
samples with motility in >50% of cells were pooled by population and cryopreserved using
established methods (Hagedorn et al., 2012b). Briefly, 500 ul of the pooled sperm sample
from each population (in 0.2 pm filtered seawater) were added to a labelled cryotube, with
gradual addition of 500 w1 of 20% dimethyl sulfoxide (DMSO; final concentration 10%),
followed by gentle mixing by inversion. Samples were incubated at room temperature for
10 min and then added to a custom cryopreservation rack suspended above an insulated
container of liquid nitrogen. After samples were cooled to below —80 °C (~5 min) at
a mean freezing rate of 18 °C per minute, they were submerged and left floating in
liquid nitrogen for a minimum of 10 min. Sperm samples were stored and transported at
—196 °C using liquid nitrogen dry shippers. Samples were thawed immediately prior to
use by immersion of cryotubes in filtered seawater at room temperature for ~3 min, and
were mixed gently by immersion. Post-thaw sperm motility was assessed via examination
under a microscope in 1:10 dilutions.

Fertilization assays

The ability of local and distant cryopreserved sperm populations to fertilize P. daedalea
eggs was tested in a subsequent spawning season on the Great Barrier Reef. Sperm
samples from the Oman Sea and Persian Gulf were imported into Australia under CITES
permits 13MEW5563 and PWS2013-AU-001007, and used for breeding in a quarantine
approved research facility under Department of Agriculture, Fisheries and Forestry permit
IP13016887.
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Table 1 Coral sperm samples collected from Platygyra daedalea populations and used for fertilization and survival experiments in this study. Population daily max-
imum temperatures were obtained from in situ loggers recording over hourly intervals between 2010 and 2014 (Howells et al., 2016a; Howells et al., 2016b) and https:/
www.aims.gov.au/docsfesearch/climate-change/climate- monitoring/sst.html. Values for Trunk Reef were obtained from neighboring Kelso Reef (16 km distance).

Usage date Population State/Emirate Daily maximum Cryopreservation details: Fertilization: Pre-freeze Post-thaw

and Region and Country temperature no colonies, date, sperm density, Sperm density, forward forward
DMSO concentration DMSO concentration sperm motility sperm motility

21-Nov-2013 Pelorus Island, Queensland, 30.5°C 5, - 3 x 10° ml™!, 0% - —

22-Nov-2013 Great Barrier Reef Australia 4, - 1% 10°ml~!, 0%

21-Nov-2013 Pelorus Island, Queensland, 30.5°C 5,4-Dec-2012, 3 x 10® ml~!, 10% 3 x 10° ml™!, 0.01% 50% to 90% 5%

22-Nov-2013 Great Barrier Reef Australia 5, 4-Dec-2012, 3 x 108 ml~', 10% 1 x 10° ml~', 0.03% in all colonies

21-Nov-2013 Trunk Reef, Queensland, 30.5°C 1,- 3 x 10° ml™1, 0% - -

22-Nov-2013 Great Barrier Reef Australia 3, - 1 x 10°ml~!, 0%

21-Nov-2013 Trunk Reef, Queensland, 30.5°C 6, 4-Dec-2012, 1 x 10 ml~1, 10% 3 x 10° ml™!, 0.03% 50% to 70% 5%

22-Nov-2013 Great Barrier Reef Australia 6, 4-Dec-2012, 1 x 108 ml™!, 10% 1 x 10° ml™, 0.09% in all colonies

21-Nov-2013 Al Agah Island, Fujairah, 333°C 4,23-Apr-2013, 3 x 10" ml™!, 10% 3 x 10° ml~1, 0.1% 50% to 90% 5%

22-Nov-2013 Oman Sea United Arab Emirates 4,23-Apr-2013, 3 x 107 ml™!, 10% 1 x 10° ml~1, 0.3% in all colonies

21-Nov-2013 Saadiyat Reef, Abu Dhabi, 35.7°C 7,27-Apr-2013, 3 x 10® ml~!, 10% 3 x 10° ml™', 0.01% 50% to >90% 5%

22-Nov-2013 Persian Gulf United Arab Emirates 7,27-Apr-2013, 3 x 10® ml~!, 10% 1 x 10° ml~!, 0.03% in 6 of 7 colonies
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Fragments of P. daedalea colonies with visibly mature gametes were collected from the
same local Great Barrier Reef populations (i.e., Pelorus Island, Trunk Reef) prior to the
predicted nights of spawning in November 2013, and were housed in aquarium facilities at
the Australian Institute of Marine Science. Colony fragments were monitored for spawning
activity and gametes were collected and separated as outlined above over two nights of
spawning (21st and 22nd November). Eggs from Pelorus Island colonies (n = 4) and Trunk
Reef colonies (n = 2) were washed with 0.2 pm filtered seawater to remove residual sperm
(i.e., six egg treatments) and divided among replicate scintillation vials (35-100 eggs in 15
ml of 0.2 pm filtered seawater, mean = 52 eggs per vial). Cryopreserved sperm from each
population and fresh local sperm was added to three separate replicate vials of eggs for each
maternal colony (Table 1). An additional three replicates had no sperm added to quantify
any self-fertilization of each maternal colony. Sperm was provided at a final density of 3 x
10° ml~! on the first night of spawning, and was increased to 1 x 10® ml~! on the second
night of spawning in an attempt to increase fertilization success. Vials were transferred to
at incubator at 27 °C (ambient seawater temperature) with gentle agitation (35 rpm). After
four hours, the number of fertilized eggs, observed as first-cleavage to multi-cell stages,
was counted in each vial under a dissecting microscope. Additional qualitative monitoring
was undertaken until 96 h, after which any living material was destroyed.

Survival experiments

Variation in the survival of P. daedalea larvae was evaluated at ambient and elevated
temperature for a subset of the sperm treatments above. Specifically, P. daedalea eggs from
the Great Barrier Reef (one colony from Pelorus Island) were fertilized with local fresh, local
cryopreserved, and Persian Gulf (Saadiyat Reef) cryopreserved sperm (Table 1). Embryos
from each cross were reared to the planula stage of development in 3.5 | containers filled
with 0.2 pm filtered seawater at ambient temperature (27 °C) with daily water exchanges.
Larvae were pipetted into replicate scintillation vials (n = 10-20 larvae in 20 ml of 0.2 pm
filtered seawater) and divided among ambient and elevated temperature treatments of 27 °C
and 33 °C, respectively (n = 3 vials per sperm x temperature treatment). Temperature
control was maintained in water baths (containers with titanium aquarium heaters and
submersible pumps for circulation) and the elevated temperature treatment was ramped
from 27 °C at a rate of 2 °C per hour. Water was changed in replicates immediately after
survival counts were performed at 12, 36, 60, 84, and 108 h. During survival monitoring,
larvae were counted as alive if they had an intact ectodermal wall, as larvae begin to lyse
soon after death (Yakovleva et al., 2009). All embryos and larvae were destroyed following
the last monitoring period.

A follow-up experiment was performed in May 2015 to assess whether cryoprotectant
exposure affected larval survival. P. daedalea eggs from the Persian Gulf (three colonies
from Saadiyat Reef) were fertilized with local fresh sperm without or with the addition of
20% DMSO for the fertilization period (i.e., final concentration of 0.1% DMSO exposure
for 4 h) and embryos were reared to the planula stage of development as above. Crosses
were also set up with local cryopreserved sperm but < 3 larvae per colony were produced
due to low fertilization success. Individual larvae from fresh sperm treatments (i.e., with
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and without DMSO) were pipetted into replicate wells of 96-well plates (n = 15-24 larvae
each in 300 .l of filtered seawater) and divided among temperature treatments of 27 °C
and 33 °C (n = 4 plates per sperm x temperature treatment). Temperature control was
maintained in incubators and the elevated temperature treatment was ramped from 27 °C
at 2 °C per hour. Survival counts were performed at 66 and 186 h as described above.

The rapid heat stress profiles used in both experiments has previously been shown
to differentiate the thermal tolerance of P. daedalea populations and individual
crosses (Howells et al., 2016a; Howells et al., 2021). The elevated temperature of 33 °C
is 2.5 °C above the daily maximum mean of the Great Barrier Reef population
(https:/www.aims.gov.au/docsiesearch/climate-change/climate-monitoring/st.html), and

3 °C below the maximum of the Persian Gulf population (Howells et al., 2016a).

Data analysis

Variation in fertilization and survival was analysed using general linear models. For the
fertilization experiment, separate models were run to evaluate the contributions of sperm
treatment and source on the percentage of eggs fertilized. This was necessary because of the
unbalanced experimental design where local populations were represented in both fresh
and cryopreserved sperm treatments whereas foreign populations were only represented in
the cryopreserved sperm treatment. Egg donor colony was included as a fixed factor, and
both models were performed on log (x 4 1) transformed data to improve normality and
homogeneity of variance. Differences in fertilization among sperm sources were examined
with Tukey post-hoc contrasts across all egg donors and within each colony. For the initial
survival experiment, a single mixed-effect model was performed on x? transformed data
with sperm source and temperature as fixed factors and time as a random factor. For
the follow-up survival experiment, a single model was performed with sperm source and
temperature as fixed factors. For both survival experiments, differences among sperm
sources/treatments within elevated temperatures were examined with Tukey post-hoc
contrasts. These analyses were performed in R and the script and input data files are
available Supplemental Information.

RESULTS

Fertilization

The fertilization success of P. daedalea eggs from the Great Barrier Reef was strongly
affected by sperm cryopreservation treatment (effect size [?] = 0.89, p < 0.001; Table S1),
to a lesser extent by sperm source (n? = 0.54, p < 0.001; Table S2A), and further dependent
on egg donor colony (n? = 0.72-0.90, p < 0.001) (Fig. 1). In one egg donor colony, <5%
of eggs were fertilized in all sperm treatments, and this data was excluded from statistical
analysis. In local fresh sperm treatments (i.e., Pelorus Island and Trunk Reef), 83% of
eggs were fertilized on average, and ranged from 55% to 99% per egg donor colony. This
is 5.9 and 10.8 times higher than average fertilization with local (13-15%) and foreign
(6-9%) cryopreserved sperm sources, respectively, which also differed from one another
(p <0.01; Table S2B) (Fig. 1A). In local cryopreserved sperm treatments, low to moderate
fertilization was observed across egg donor colonies (Pelorus Island: 1-43%; Trunk Reef:
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Figure 1 Fertilization of Platygyra daedalea eggs (mean % =+ standard error) from the central Great
Barrier Reef with fresh and cryopreserved sperm sources from local (Pelorus Island; Trunk Reef) and
foreign (Al Aqah Island, Oman Sea; Saadiyat Reef, Persian Gulf) conspecific populations. (A) Overall
rates of fertilization across egg donor colonies (# = 6), indicating significant contrasts between fresh and
cryopreserved sperm (solid lines), local and foreign cryopreserved sperm (dashed lines), and outcross-
ing (asterisks) versus self-fertilization. (B) Variation in rates of fertilization among individual egg donor
colonies from Pelorus Island (donors 1-4 from left to right) and Trunk Reef (donors 5-6), indicating sig-
nificant contrasts between cryopreserved sperm sources versus self-fertilization (*). Contrasts were ob-
tained from general linear model Tukey post-hoc comparisons in Tables S1 and S2.

Full-size & DOI: 10.7717/peerj.13395/fig-1

2-32%) (Fig. 1B). In foreign cryopreserved treatments, low fertilization was observed in
4-5 egg donor colonies (Persian Gulf: 0-21%; Oman Sea: 0-17%). Overall fertilization with
all cryopreserved sperm sources was statistically greater than instances of self-fertilization
(0-13% per egg donor colony) (p < 0.05; Table S2B), but these did not always differ at
the level of individual egg donors (Table S2C). Self-fertilized embryos had a deformed
appearance, did not develop into planula larvae, and died within 48-96 h. In contrast, a
small number of larvae in monitored crosses had undergone settlement and metamorphosis
at this time (i.e., 4 of 5 larvae with fresh sperm; 0 of 5 larvae with local cryopreserved sperm;
and 2 of 5 larvae with Persian Gulf cryopreserved sperm).

Survival

In the initial experiment, the survival of P. daedalea larvae from the Great Barrier Reef
was moderately affected by temperature (n; =0.33, p <0.001), sperm source (nf, =0.12,
p < 0.001), and their interaction (n}% =0.12, p < 0.001) (Table S3A). Predictably, overall
end-point (108 h) survival at elevated temperature (44% at 33 °C) was 1.6 times lower
than at ambient temperature (71% at 27 °C), but was further reduced with cryopreserved
sperm sources (Fig. 2). At 27 °C, survival was 1.6 times lower for larvae bred with local
cryopreserved sperm (53%) compared with larvae bred with fresh local sperm (84%) (p =
0.013; Table S3B), but was not reduced with foreign cryopreserved sperm (Fig. 2A). Survival
impacts were exacerbated at 33 °C, where survival rates of larvae bred with local (36%)
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Figure 2 Survival of Platygyra daedalea larvae (mean % =+ standard error) bred from central Great
Barrier Reef eggs and either fresh local (Pelorus Island), fresh cryopreserved (Pelorus Island), or Per-
sian Gulf (Saadiyat Reef) cryopreserved sperm at 27 °C (A) and 33 °C (B). Significant contrasts relative
to local fresh sperm are indicated with asterisks (*) and were obtained from general linear mixed model
Tukey post-hoc comparisons in Table S3.

Full-size & DOI: 10.7717/peerj.13395/fig-2

and foreign cryopreserved sperm (27%) did not differ from one another, but were 2.0 and
2.6 times lower than fresh sperm (71%), respectively (p < 0.005; Table S3B) (Fig. 2B).

In the follow-up experiment, the survival of P. daedalea larvae from the Persian Gulf was
strongly affected by cryoprotectant exposure during fertilization (77; =0.57, p <0.001),
and moderately affected by temperature (1712, =0.19, p = 0.007) (Table S4A). At 27 °C,
survival of larvae exposed to 0.1% DMSO (65%) was 1.4 times lower than non-exposed
larvae (92%; p = 0.012; Table S4B; Fig. 3). As with the initial experiment, the survival
impact was greater at 33 °C, where the survival of exposed larvae (34%) was 2.4 times lower
than non-exposed larvae (81%; p < 0.001).

DISCUSSION

This study provides the first demonstration of cross-breeding conspecific coral populations
across ocean basins. Our results show that coral eggs from Great Barrier Reef populations
of P. daedalea can be fertilized by cryopreserved sperm from distant populations from
the Persian Gulf and Oman Sea. However, despite these sperm sources originating from
environments up to 6 °C warmer than the Great Barrier Reef populations, we did not
observe any gains in the thermal tolerance of cross-bred larval offspring. Sperm origin
effects were most likely obscured by a strong negative effect of cryoprotectant exposure
on larval survival. These findings highlight the importance of further optimization of
cryopreservation and/or fertilization protocols to advance the application of sperm
cryopreservation to selective breeding for trait enhancement.

Thermal tolerance was not enhanced by cryopreserved sperm from
warmer locations

P. daedalea in the southern Persian Gulfis adapted to sea temperatures that are not expected
to occur on the Great Barrier Reef until the next century under the worst-case emissions
scenarios (Howells et al., 2016a). Temperatures which remain above 34 °C for several
consecutive weeks and reach highs of 36 °C in summer months have selected for genetic
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Figure 3 Survival of Platygyra daedalea larvae (mean % =+ standard error) bred from Persian Gulf
eggs and local fresh sperm either without or with cryoprotectant added (0.1% DMSO) during the fertil-
ization period (4 h) at 27 °C and 33 °C. Significant contrasts between sperm treatments are indicated with
asterisks (*) and were obtained from general linear mixed model Tukey post-hoc comparisons in Table S4.
Full-size G DOI: 10.7717/peerj.13395/fig-3

(and epigenetic) variants that confer heat tolerance in the P. daedalea population (Howells
et al., 2021; Liew et al., 2020; Smith et al., 2022). These variants can be readily transferred
to the cooler Oman Sea (Indian Ocean) population by cross-breeding with fresh sperm,
where the resulting larval offspring had equivalent survival to Persian Gulf purebreds when
exposed to heat (Howells et al., 2021). This is in contrast to the diminished survival under
heat observed when the Great Barrier Reef population was cross-bred with cryopreserved
sperm from the Persian Gulf, and most likely reflects cryoprotectant toxicity rather than
outbreeding depression.

Outbreeding depression is a reduction in fitness that can occur in cross-breeding between
genetically divergent populations. It is a risk of selective breeding that may not appear
until subsequent generations (i.e., F, or later) (Edmands, 2007) and is generally expected
to be low when selective breeding designs encompass populations with contemporary
gene flow (Frankham et al., 2011). However, no contemporary gene flow is expected to
occur between Persian Gulf and Great Barrier Reef populations of P. daedalea given the
~12,000 km between sites and the high genetic divergence observed between Indian and
Pacific Ocean populations of other coral species (Richards, Berry ¢ Van Oppen, 2016).
Marine populations in these ocean basins diverged from one another ~1-3 million years
ago during periods where lower sea levels restricted water flow between the Indian and
Pacific Oceans (Benzie, 1999). Consequently, while outbreeding depression is a conceivable
risk in our selective breeding design, it is not likely to explain the poor survival of cross-bred
larvae as those sired by local cryopreserved sperm had comparably poor heat survival.
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Cryoprotectants are essential to eliminate ice formation when cooling cells to cryogenic
temperatures but have concentration, exposure, tissue, and species-specific toxic effects
which present ongoing challenges to cryopreservation success (Best, 2015; Cirino et al.,
2019). In corals, DMSO is the most widely used cryoprotectant and has generally been
shown to have lower toxicity to coral sperm than alternatives (e.g., polypropylene glycol,
ethylene glycol, glycerol, methanol) but sensitivity varies among coral species (Hagedorn
et al., 2012a; Hagedorn et al., 2006; Tsai et al., 2014; Viyakarn et al., 2018). Fertilization
success in corals is also negatively impacted by DMSO exposure (Hagedorn et al.,
2017; discussed in the following section), however, effects of cryoprotectants on later
developmental states have not been explicitly tested. Our results of reduced larval survival
in local (GBR) and distant (Persian Gulf) thawed sperm treatments (by 0—62%) and in an
independent DMSO dosage experiment (by 36—71%) demonstrate that the toxic effects of
DMSO continue beyond exposure during fertilization (0.1%, ~2 h).

Evidence for longer-term impacts of DMSO exposure from other studies is mixed
and suggestive of concentration- and/or species-specific effects. No sign of impacts to
settlement and post-settlement survival were observed in Acropora corals bred with
cryopreserved sperm under similar or lower concentrations of DMSO exposure compared
with this study (A. millepora and A. tenuis, 0.02—0.08% DMSO, Hagedorn et al., 2017; A.
palmata, 0.03-0.1% DMSO, Hagedorn et al., 2021). However, the settlement and post-
settlement survival of Diploria labyrinthiformis bred with cryopreserved sperm under
higher concentrations of DMSO exposure (0.2%for 2 h) was reduced by 17% and 8%
relative to fresh sperm (Grosso-Becerra et al., 2021). Understanding the implications of
DMSO toxicity for breeding programs using cryopreserved sperm requires longer-term
monitoring of the survival and stress tolerance of coral offspring. For example, it is unclear
whether the synergistic effect of elevated temperature and DMSO toxicity we observed in
the larval stage of P. daedalea persists beyond settlement and establishment of symbiosis
with photosynthetic dinoflagellates (Symbiodiniaceae).

Fertilization success was impacted by sperm cryopreservation and
origin

Variable and reduced fertilization observed with cryopreserved versus fresh sperm sources is
commonplace in corals due to reductions in the motility of sperm by the cryopreservation
procedure. In our study, P. daedalea sperm motility declined from 50-90% in samples
observed immediately prior to cryopreservation to only 5% in thawed samples used for
fertilization assays. This decline in motility is greater than has been reported elsewhere
(Grosso-Becerra et al., 2021; Hagedorn et al., 2006; Hagedorn et al., 2017; Hagedorn et al.,
2021; Ohki et al., 2014; Viyakarn et al., 2018) and reduced the effective sperm density to
sub-optimal levels for fertilization in corals (i.e., 5% of 10°=10°; see Nozawa, Isomura

& Fukami, 2015). Accordingly, the fertilization values we observed in P. daedalea with
local cryopreserved sperm sources (1-43% cryopreserved vs. 55-99% fresh) are in the
lower range reported for other species: Acropora digitifera (>1-50% vs. >70-90%; Ohki et
al., 2014), A. humilis (45% vs. 86%; Viyakarn et al., 2018), A. millepora (>50% vs. >90%;
Hagedorn et al., 2017), A. palmata (37-82% vs. 91-99%; Hagedorn et al., 2021), A. tenuis
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(<25% vs. >90%; Hagedorn et al., 2017), and Diploria labyrinthiformis (0-90% vs. 30—90%;
Grosso-Becerra et al., 2021).

Despite sperm motility being equally poor among thawed P. daedalea sperm sources,
fertilization was lower with sires from distant (0-21%) versus local (1-43%) populations.
This raises the possibility of a degree of gamete incompatibility between the Great Barrier
Reef and the Middle East populations (Lobov et al., 2019). However, this remains unverified,
especially as P. daedalea eggs from the Great Barrier Reef population are readily cross-
fertilized by the sperm of several congeneric morphospecies (Miller ¢» Babcock, 1997; Willis
et al., 1997). Similarly, when Hagedorn et al. (2021) cross-bred isolated populations of
A. palmata across a barrier to gene flow in the Caribbean, fertilization was low with distant
(10-19%, Florida; 0-24%, Puerto Rico) relative to local (37-82%, Curagao) cryopreserved
sperm sources. However, the authors note that these values may not necessarily reflect
incompatibility due to isolation, as fertilization success varies widely among A. palmata
genets (Baums et al., 2013). An alternative explanation is that the quality of the Middle
Eastern sperm sources was lower than those on the Great Barrier Reef (Hagedorn et
al., 2016). While reproduction of the P. daedalea population in the Persian Gulf was
impacted by a bleaching event in the same year that sperm was cryopreserved (Howells et
al., 2016b), this bleaching event did not impact the Oman Sea population which had the
lowest fertilization success. This explanation is also not supported by the pre-freeze sperm
motility which was similar between Middle East and Great Barrier Reef sources.

The low occurrences of self-fertilization we observed in P. daedalea (0-13%) are
consistent with those previously documented in Platygyra on the Great Barrier Reef
(0-14%; Miller & Babcock, 1997). While self-fertilized zygotes did not survive beyond the
early stages of embryogenesis, they potentially contributed to the values of fertilization
recorded in cryopreserved sperm treatments. This emphasizes the importance of genetic
testing to verify parentage in fertilization and selective breeding studies (see Hagedorn et
al., 2021). While our biosecurity permit did not allow coral embryos to be preserved for
downstream analyses, genetic testing should ideally be undertaken in studies where selfing
occurs and/or when sperm-free controls are not utilized.

Finally, when breeding with cryopreserved sperm, it is desirable to maximize densities
of thawed sperm to offset poor motility, but this results in a trade-off with cryoprotectant
toxicity. Limited testing of the effects of DMSO exposure on fertilization has shown
mixed results. In Acropora millepora, fertilization with thawed sperm was highest when the
sperm-to-egg ratio was maximized (150,000:1) and the cryoprotectant concentration was
minimized (0.02% DMSQ) (Hagedorn et al., 2017). However, in the fertilization of Lobactis
(formerly Fungia) scutaria with thawed sperm, the benefits of increasing egg-to-sperm
ratio outweighed any negative effects of cryoprotectant exposure (up to 0.4% DMSO)
(Zuchowicz et al., 2021a). In this study on P. daedalea, we used total sperm-to-egg ratios
of ~90,000:1 to ~300,000:1 spanning the optimal range for A. millepora, but the effective
ratios would have been greatly reduced by low post-thaw sperm motility (5%). The DMSO
concentration of 0.1% was at a level which did not affect fertilization in L. scutaria (DMSO
controls; Zuchowicz et al., 2021a), but was 5 times higher than the optimal concentration
for fertilization in A. millepora (Hagedorn et al., 2017). Thus, cryoprotectant toxicity may
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also have contributed to the low fertilization success we observed in P. daedalea, yet further
work is required to disentangle any effect from low effective sperm-to-egg ratios.

Future directions

Since these experiments were conducted, the field of coral cryopreservation and
reproduction has advanced significantly. For example, with new standardized methods
for cryopreserving and freezing sperm (Zuchowicz et al., 2021b) and analysing sperm
motility (Zuchowicz et al., 2021a). However, the application of cryopreservation for
selective breeding requires further species-specific optimization of protocols to overcome
bottlenecks to fertilization success, survival, and stress tolerance.

The use of DMSO as a cryoprotectant in this study and the concentration and exposure
times used during fertilization were based on the best available knowledge from research in
other coral species and there is scope for improvement. Subsequent testing of P. daedalea
sperm with lowered DMSO concentration (5%) and alternative cryoprotectants (5-10%
glycerol, 0.01-0.1 M mannitol) produced negligible improvements in the motility of thawed
sperm compared with the 10% DMSO we used here (and resulted in poorer motility for
Acropora downingi; Fig. S1). However, preliminary tests with supplementary sugars showed
increases in post-thaw sperm motility of up to 40% for P. daedalea (12% on average) and
60% of A. downingi (50% on average). Sugar supplementation can protect cells from
osmotic shock and maintain their functional integrity during cryopreservation and has
previously produced promising results in A. digitifera (Ohki et al., 2015; Ohki et al., 2014).
Post-thaw sperm motility could potentially be improved further by using ammonium
chloride to activate motility (Ohki et al., 2014). To reduce cryoprotectant toxicity, sperm
should be frozen at the highest possible density to allow for minimal concentrations to be
used during fertilizations (Hagedorn et al., 2012a). Furthermore, exposure times could be
reduced (especially with sperm activation) from the two hours used here as gamete contact
times of 10-30 min are typically sufficient for high fertilization in corals (Nozawa, Isomura
¢ Fukami, 2015). For example, in L. scutaria, fertilization success did not increase beyond
15 min of exposure to thawed sperm (M Hagedorn, 2022, unpublished data).

In addition to incorporating improvements in methodology, future assessments of the
use of cryopreserved sperm for selective breeding may be more successful if they focus
on cross-breeding at sub-regional scales. In this study, the large thermal gradient between
the Persian Gulf and Great Barrier Reef coral populations provided opportunity to test
for maximum gains in offspring heat tolerance. However, considerable standing genetic
variation for thermal tolerance exists within regional metapopulations including the Great
Barrier Reef (reviewed in Howells, Bay ¢ Bay, in press) which can be harnessed for selective
breeding (Dixon et al., 2015; Quigley et al., 2020). Selective breeding with cryopreserved
sperm within metapopulations will allow signals of trait enhancement to be evaluated
without potential negative outcomes from gamete incompatibility and/or outbreeding
depression. Future studies should ideally also incorporate longer-term tracking of the
performance of coral offspring (i.e., at larval, post-settlement, and symbiotic stages)
to provide a more comprehensive evaluation of the applications of cryopreservation
technology to assisted evolution in corals. Yet, even with major technical advances, testing
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and implementation of assisted evolution and restoration initiatives remains resource
intensive and feasible for only a targeted subset of coral populations, species, and locations.
This underscores the importance for urgent action on climate change to limit the rate and
magnitude of warming which will benefit all coral populations.

ACKNOWLEDGEMENTS

We thank D Abrego, G Vaughan, A Severati for assistance with coral collections; and VL
Carter for assistance with the cryopreservation of Great Barrier Reef coral sperm. This
research was supported by the following facilities: the Marine Biology Core Technology
Platform at New York University Abu Dhabi; and the Research Vessel Cape Ferguson,
National Sea Simulator, and Physical Containment Level 2 (PC2) laboratory at the
Australian Institute of Marine Science.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This project was funded under Tamkeen grant CG007 to New York University Abu Dhabi
and National Geographic Society grant 9433-14 awarded to Emily J. Howells. Additionally,
Madeleine J.H. Van Oppen was supported by the Australian Research Council Laureate
Fellowship FL180100036. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
Tamkeen: CG007.

National Geographic Society: 9433-14.

Australian Research Council Laureate Fellowship: FL180100036.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Emily J. Howells conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Mary Hagedorn conceived and designed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.

e Madeleine J.H. Van Oppen conceived and designed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

e John A. Burt conceived and designed the experiments, authored or reviewed drafts of
the paper, and approved the final draft.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 14/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.13395

Peer

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Permits for coral collection were provided by the Environment Agency Abu Dhabi,
the Fujairah and Dibba municipalities, and the Great Barrier Marine Park Authority
(G12/35236.1). Sperm samples were imported into Australia under CITES permits
13MEW5563 and PWS2013-AU-001007, and used for breeding in a quarantine approved
research facility under Department of Agriculture, Fisheries and Forestry permit
IP13016887.

Data Availability
The following information was supplied regarding data availability:
The raw data and R code are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/

peerj.13395#supplemental-information.

REFERENCES

Anderson KD, Cantin NE, Heron SF, Pisapia C, Pratchett MS. 2017. Variation in
growth rates of branching corals along Australia’s Great Barrier Reef. Scientific
Reports 7:1-13 DOI 10.1038/541598-016-0028-x.

Anthony K, Bay LK, Costanza R, Firn ], Gunn J, Harrison P, Heyward A, Lundgren P,
Mead D, Moore T. 2017. New interventions are needed to save coral reefs. Nature
Ecology & Evolution 1:1420-1422 DOI 10.1038/s41559-017-0313-5.

Babcock RC, Bull GD, Harrison PL, Heyward A, Oliver JK, Wallace CC, Willis BL.
1986. Synchronous spawnings of 105 scleractinian coral species on the Great Barrier
Reef. Marine Biology 90:379-394 DOI 10.1007/BF00428562.

Baird AH, Guest JR, Edwards AJ, Bauman AG, Bouwmeester ], Mera H, Abrego D,
Alvarez-Noriega M, Babcock RC, Barbosa MB, Bonito V, Burt J, Cabaitan PC,
Chang C-F, Chavanich S, Chen CA, Chen C-J, Chen W-J, Chung F-C, Connolly
SR, Cumbo VR, Dornelas M, Doropoulos C, Eyal G, Eyal-Shaham L, Fadli N,
Figueiredo J, Flot J-F, Gan S-H, Gomez E, Graham EM, Grinblat M, Gutiérrez-
Isaza N, Harii S, Harrison PL, Hatta M, Ho NAJ, Hoarau G, Hoogenboom M,
Howells EJ, Iguchi A, Isomura N, Jamodiong EA, Jandang S, Keyse J, Kitanobo S,
Kongjandtre N, Kuo C-Y, Ligson C, Lin C-H, Low J, Loya Y, Maboloc EA, Madin
JS, Mezaki T, Min C, Morita M, Moya A, Neo S-H, Nitschke MR, Nojima S, Nozawa
Y, Piromvaragorn S, Plathong S, Puill-Stephan E, Quigley K, Ramirez-Portilla
G, Ricardo G, Sakai K, Sampayo E, Shlesinger T, Sikim L, Simpson C, Sims CA,
Sinniger F, Spiji DA, Tabalanza T, Tan C-H, Terraneo TI, Torda G, True J, Tun
K, Vicentuan K, Viyakarn V, Waheed Z, Ward S, Willis B, Woods RM, Woolsey ES,
Yamamoto HH, Yusuf S. 2021. An Indo-Pacific coral spawning database. Scientific
Data 29:1-9.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 15/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.13395#supplemental-information
http://dx.doi.org/10.7717/peerj.13395#supplemental-information
http://dx.doi.org/10.7717/peerj.13395#supplemental-information
http://dx.doi.org/10.1038/s41598-016-0028-x
http://dx.doi.org/10.1038/s41559-017-0313-5
http://dx.doi.org/10.1007/BF00428562
http://dx.doi.org/10.7717/peerj.13395

Peer

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 DOI 10.1146/annurev.ecolsys.110308.120220.

Baird AH, Marshall PA. 2002. Mortality, growth and reproduction in scleractinian
corals following bleaching on the Great Barrier Reef. Marine Ecology Progress Series
237:133-141 DOI 10.3354/meps237133.

Baums IB, Devlin-Durante M, Polato N, Xu D, Giri S, Altman NS, Ruiz D, Parkinson
J, Boulay J. 2013. Genotypic variation influences reproductive success and thermal
stress tolerance in the reef building coral, Acropora palmata. Coral Reefs 32:703-717
DOI 10.1007/s00338-013-1012-6.

Bay RA, Rose NH, Logan CA, Palumbi SR. 2017. Genomic models predict successful
coral adaptation if future ocean warming rates are reduced. Science Advances
3:e1701413 DOI 10.1126/sciadv.1701413.

Benzie JA. 1999. Genetic structure of coral reef organisms: ghosts of dispersal past.
American Zoologist 39:131-145 DOI 10.1093/icb/39.1.131.

Berkelmans R. 2009. Bleaching and mortality thresholds: how much is too much? In:
Van Oppen MJH, Lough JM, eds. Coral bleaching—patterns, processes, causes and
consequences. Ecological studies, vol. 205. Berlin, Heidelberg: Springer, 103—-119.

Best BP. 2015. Cryoprotectant toxicity: facts, issues, and questions. Rejuvenation Research
18:422—-436 DOI 10.1089/rej.2014.1656.

Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, Sweatman H, Melendy
AM. 2007. Thermal stress and coral cover as drivers of coral disease outbreaks. PLOS
Biology 5:1220-1227.

Cantin NE, Cohen AL, Karnauskas KB, Tarrant AM, McCorkle DC. 2010. Ocean
warming slows coral growth in the central Red Sea. Science 329:322-325
DOI 10.1126/science.1190182.

Cirino L, Wen Z-H, Hsieh K, Huang C-L, Leong QL, Wang L-H, Chen C-S, Daly
J, Tsai S, Lin C. 2019. First instance of settlement by cryopreserved coral lar-
vae in symbiotic association with dinoflagellates. Scientific Reports 9:18851
DOI 10.1038/s41598-019-55374-6.

Coles SL, Riegl BM. 2013. Thermal tolerances of reef corals in the Gulf: a re-
view of the potential for increasing coral survival and adaptation to climate
change through assisted translocation. Marine Pollution Bulletin 72:323-332
DOI 10.1016/j.marpolbul.2012.09.006.

Daly J, Zuchowicz N, Lendo CIN, Khosla K, Lager C, Henley EM, Bischof ], Kleinhans
FW, Lin C, Peters EC. 2018. Successful cryopreservation of coral larvae using
vitrification and laser warming. Scientific Reports 8:1-10.

Dixon GB, Davies SW, Aglyamova GA, Meyer E, Bay LK, Matz MV. 2015. Genomic
determinants of coral heat tolerance across latitudes. Science 348:1460-1462
DOI 10.1126/science.1261224.

Drury C, Bean N, Harris C, Hancock J, Hucekba J, Martin HC, Roach T, Quinn R,
Gates RD. 2021. Intrapopulation adaptive variance supports selective breeding in a
reef-building coral. bioRxiv DOI 10.1101/2021.05.21.445206.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 16/21


https://peerj.com
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120220
http://dx.doi.org/10.3354/meps237133
http://dx.doi.org/10.1007/s00338-013-1012-6
http://dx.doi.org/10.1126/sciadv.1701413
http://dx.doi.org/10.1093/icb/39.1.131
http://dx.doi.org/10.1089/rej.2014.1656
http://dx.doi.org/10.1126/science.1190182
http://dx.doi.org/10.1038/s41598-019-55374-6
http://dx.doi.org/10.1016/j.marpolbul.2012.09.006
http://dx.doi.org/10.1126/science.1261224
http://dx.doi.org/10.1101/2021.05.21.445206
http://dx.doi.org/10.7717/peerj.13395

Peer

Dziedzic KE, Elder H, Tavalire H, Meyer E. 2019. Heritable variation in bleaching re-
sponses and its functional genomic basis in reef-building corals (Orbicella faveolata).
Molecular Ecology 28:2238-2253 DOI 10.1111/mec.15081.

Edmands S. 2007. Between a rock and a hard place: evaluating the relative risks of
inbreeding and outbreeding for conservation and management. Molecular Ecology
16(3):463-475 DOI 10.1111/§.1365-294X.2006.03148.x.

Fox MD, Cohen AL, Rotjan RD, Mangubhai S, Sandin SA, Smith JE, Thorrold SR,
Dissly L, Mollica NR, Obura D. 2021. Increasing coral reef resilience through
successive marine heatwaves. Geophysical Research Letters 48:€2021GL094128.

Frankham R, Ballou JD, Eldridge MD, Lacy RC, Ralls K, Dudash MR, Fenster CB.
2011. Predicting the probability of outbreeding depression. Conservation Biology
25:465-475 DOI10.1111/j.1523-1739.2011.01662.x.

Fuller ZL, Mocellin VJ, Morris LA, Cantin N, Shepherd J, Sarre L, PengJ, Liao Y,
Pickrell J, Andolfatto P, Matz M, Bay LK, Przeworski M. 2020. Population genetics
of the coral Acropora millepora: toward genomic prediction of bleaching. Science
369(6501):eaba4674 DOI 10.1126/science.aba4674.

Grosso-Becerra M, Mendoza-Quiroz S, Maldonado E, Banaszak A. 2021. Cry-
opreservation of sperm from the brain coral Diploria labyrinthiformis as a
strategy to face the loss of corals in the Caribbean. Coral Reefs 40:937-950
DOI 10.1007/s00338-021-02098-7.

Guest J, Baird A, Goh B, Chou L. 2005. Seasonal reproduction in equatorial reef corals.
Invertebrate Reproduction & Development 48:207-218
DOI 10.1080/07924259.2005.9652186.

Guest JR, Baird AH, Maynard JA, Muttaqin E, Edwards AJ, Campbell SJ, Yewdall K,
Affendi YA, Chou LM. 2012. Contrasting patterns of coral bleaching susceptibility
in 2010 suggest an adaptive response to thermal stress. PLOS ONE 7:e33353
DOI 10.1371/journal.pone.0033353.

Hagedorn M, Carter VL, Henley EM, Van Oppen M]J, Hobbs R, Spindler RE. 2017.
Producing coral offspring with cryopreserved sperm: a tool for coral reef restoration.
Scientific Reports 7:1-9 DOI 10.1038/s41598-016-0028-x.

Hagedorn M, Carter VL, Lager C, Ciani JFC, Dygert AN, Schleiger RD, Henley EM.
2016. Potential bleaching effects on coral reproduction. Reproduction, Fertility and
Development 28:1061-1071 DOI 10.1071/RD15526.

Hagedorn M, Carter V, Martorana K, Paresa MK, Acker J, Baums IB, Borneman
E, Brittsan M, Byers M, Henley M. 2012a. Preserving and using germplasm and
dissociated embryonic cells for conserving Caribbean and Pacific coral. PLOS ONE
7:¢33354 DOI 10.1371/journal.pone.0033354.

Hagedorn M, Carter V, Steyn R, Krupp D, Leong J, Lang R, Tiersch T. 2006. Preliminary
studies of sperm cryopreservation in the mushroom coral, Fungia scutaria. Cryobiol-
0gy 52:454-458 DOI 10.1016/j.cryobiol.2006.03.001.

Hagedorn M, Page CA, O’Neil KL, Flores DM, Tichy L, Conn T, Chamberland VF,
Lager C, Zuchowicz N, Lohr K. 2021. Assisted gene flow using cryopreserved

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 17/21


https://peerj.com
http://dx.doi.org/10.1111/mec.15081
http://dx.doi.org/10.1111/j.1365-294X.2006.03148.x
http://dx.doi.org/10.1111/j.1523-1739.2011.01662.x
http://dx.doi.org/10.1126/science.aba4674
http://dx.doi.org/10.1007/s00338-021-02098-7
http://dx.doi.org/10.1080/07924259.2005.9652186
http://dx.doi.org/10.1371/journal.pone.0033353
http://dx.doi.org/10.1038/s41598-016-0028-x
http://dx.doi.org/10.1071/RD15526
http://dx.doi.org/10.1371/journal.pone.0033354
http://dx.doi.org/10.1016/j.cryobiol.2006.03.001
http://dx.doi.org/10.7717/peerj.13395

Peer

sperm in critically endangered coral. Proceedings of the National Academy of Sciences
118:€2110559118 DOI 10.1073/pnas.2110559118.

Hagedorn M, Spindler R. 2014. The reality, use and potential for cryopreservation of
coral reefs. In: Holt W, Brown J, Comizzoli P, eds. Reproductive sciences in animal
conservation. Advances in Experimental Medicine and Biology, vol. 753. New York:
Springer, 317-329.

Hagedorn M, Van Oppen MJ, Carter V, Henley M, Abrego D, Puill-Stephan E, Negri A,
Heyward A, MacFarlane D, Spindler R. 2012b. First frozen repository for the Great
Barrier Reef coral created. Cryobiology 65:157-158
DOI 10.1016/j.cryobiol.2012.05.008.

Hoegh-Guldberg O. 1999. Climate change, coral bleaching and the future of the world’s
coral reefs. Marine & Freshwater Research 50:839—-866.

Hoegh-Guldberg O, Jacob D, Bindi M, Brown S, Camilloni I, Diedhiou A, Djalante R,
Ebi K, Engelbrecht F, Guiot J. 2018. Impacts of 1.5 °C global warming on natural
and human systems. Global warming of 1.5 °C, an IPCC special report.

Howells EJ, Abrego D, Liew Y], Burt JA, Meyer E, Aranda M. 2021. Enhancing the heat
tolerance of reef-building corals to future warming. Science Advances 7:eabg6070
DOI 10.1126/sciadv.abg6070.

Howells EJ, Abrego D, Meyer E, Kirk NL, Burt JA. 2016a. Host adaptation and
unexpected symbiont partners enable reef-building corals to tolerate extreme
temperatures. Global Change Biology 22:2702-2714 DOI 10.1111/gcb.13250.

Howells EJ, Abrego D, Vaughan GO, Burt JA. 2014. Coral spawning in the Gulf of Oman
and relationship to latitudinal variation in spawning season in the northwest Indian
Ocean. Scientific Reports 4:1-6.

Howells EJ, Bay LK, Bay RA. Identifying, monitoring, and managing adaptive genetic
variation in reef-building corals under climate change. In: Van Oppen M]J, Aranda
M, eds. Coral reef conservation and restoration in the ‘omics’ age. Springer In Press.

Howells EJ, Berkelmans R, Van Oppen MJ, Willis BL, Bay LK. 2013. Historical
thermal regimes define limits to coral acclimatization. Ecology 94:1078—1088
DOI10.1890/12-1257.1.

Howells EJ, Ketchum RN, Bauman AG, Mustafa Y, Watkins KD, Burt JA. 2016b.
Species-specific trends in the reproductive output of corals across environmen-
tal gradients and bleaching histories. Marine pollution bulletin 105:532-539
DOI 10.1016/j.marpolbul.2015.11.034.

Howells EJ, Vaughan G, Work TM, Burt J, Abrego D. 2020. Annual outbreaks of
coral disease coincide with extreme seasonal warming. Coral Reefs 39:771-781
DOI 10.1007/s00338-020-01946-2.

Hughes TP, Anderson KD, Connolly SR, Heron SF, Kerry JT, Lough JM, Baird AH,
Baum JK, Berumen ML, Bridge TC, Claar DC, Eakin CM, Gilmour JP, Graham
NAJ, Harrison H, Hobbs J-PA, Hoey AS, Hoogenboom M, Lowe R], McCulloch
MT, Pandolfi JM, Pratchett M, Schoepf V, Torda G, Wilson SK. 2018a. Spatial
and temporal patterns of mass bleaching of corals in the Anthropocene. Science
359:80-83 DOI 10.1126/science.aan8048.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 18/21


https://peerj.com
http://dx.doi.org/10.1073/pnas.2110559118
http://dx.doi.org/10.1016/j.cryobiol.2012.05.008
http://dx.doi.org/10.1126/sciadv.abg6070
http://dx.doi.org/10.1111/gcb.13250
http://dx.doi.org/10.1890/12-1257.1
http://dx.doi.org/10.1016/j.marpolbul.2015.11.034
http://dx.doi.org/10.1007/s00338-020-01946-2
http://dx.doi.org/10.1126/science.aan8048
http://dx.doi.org/10.7717/peerj.13395

Peer

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey
AS, Hoogenboom MO, Liu G. 2018b. Global warming transforms coral reef
assemblages. Nature 556:492—-496 DOI 10.1038/s41586-018-0041-2.

Humanes A, Beauchamp EA, Bythell JC, Carl MK, Craggs JR, Edwards AJ, Golbuu
Y, Lachs L, Martinez HM, Palmowski P, Paysinger F. 2021. An experimental
framework for selectively breeding corals for assisted evolution. Frontiers in Marine
Science 8:669995 DOI 10.3389/fmars.2021.669995.

IPCC. 2021. Summary for Policymakers. In: Masson-Delmotte V, Zhai P, Pirani ASL,
Connors CP, Berger S, Caud N, Chen Y, Goldfarb L, Gomis MI, Huang M, Leitzell K,
Lonnoy E, Matthews JBRTK, Maycock TW, Yelekg¢i O, Yu R, Zhou B, eds. Contribu-
tion of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change.

Jin YK, Lundgren P, Lutz A, Raina J-B, Howells EJ, Paley AS, Willis BL, Van Oppen
MJH. 2016. Genetic markers for antioxidant capacity in a reef-building coral. Science
Advances 2:¢1500842 DOI 10.1126/sciadv.1500842.

Jurriaans S, Hoogenboom M. 2019. Thermal performance of scleractinian corals along a
latitudinal gradient on the Great Barrier Reef. Philosophical Transactions of the Royal
Society B 374:20180546 DOI 10.1098/rstb.2018.0546.

Keith SA, Maynard JA, Edwards AJ, Guest JR, Bauman AG, Van Hooidonk R, Heron
SF, Berumen ML, Bouwmeester J, Piromvaragorn S, Rahbek C, Baird AH. 2016.
Coral mass spawning predicted by rapid seasonal rise in ocean temperature.
Proceedings of the Royal Society of London B: Biological Sciences 283(1830):20160011
DOI10.1098/rspb.2016.0011.

Kirk NL, Howells EJ, Abrego D, Burt JA, Meyer E. 2018. Genomic and transcriptomic
signals of thermal tolerance in heat-tolerant corals (Platygyra daedalea) of the
Arabian/Persian Gulf. Molecular Ecology 27:5180-5194 DOI 10.1111/mec.14934.

Liew Y], Howells EJ, Wang X, Michell CT, Burt JA, Idaghdour Y, Aranda M. 2020.
Intergenerational epigenetic inheritance in reef-building corals. Nature Climate
Change 10:254-259 DOI 10.1038/541558-019-0687-2.

Lin CH, Takahashi S, Mulla AJ, Nozawa Y. 2021. Moonrise timing is key for synchro-
nized spawning in coral Dipsastraea speciosa. Proceedings of the National Academy of
Sciences 118:2101985118 DOI 10.1073/pnas.2101985118.

Lobov A, Maltseva A, Mikhailova N, Granovitch A. 2019. The molecular mech-
anisms of gametic incompatibility in invertebrates. Acta Naturae 11(3):4-15
DOI10.32607/20758251-2019-11-3-4-15.

Matz MV, Treml EA, Aglyamova GV, Bay LK. 2018. Potential and limits for rapid
genetic adaptation to warming in a Great Barrier Reef coral. PLOS genetics
14:1007220 DOI 10.1371/journal.pgen.1007220.

Matz MV, Treml EA, Haller BC. 2020. Estimating the potential for coral adaptation to
global warming across the Indo-West Pacific. Global Change Biology 26:3473-3481
DOI 10.1111/gcb.15060.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 19/21


https://peerj.com
http://dx.doi.org/10.1038/s41586-018-0041-2
http://dx.doi.org/10.3389/fmars.2021.669995
http://dx.doi.org/10.1126/sciadv.1500842
http://dx.doi.org/10.1098/rstb.2018.0546
http://dx.doi.org/10.1098/rspb.2016.0011
http://dx.doi.org/10.1111/mec.14934
http://dx.doi.org/10.1038/s41558-019-0687-2
http://dx.doi.org/10.1073/pnas.2101985118
http://dx.doi.org/10.32607/20758251-2019-11-3-4-15
http://dx.doi.org/10.1371/journal.pgen.1007220
http://dx.doi.org/10.1111/gcb.15060
http://dx.doi.org/10.7717/peerj.13395

Peer

McClanahan T, Muthiga N. 2014. Community change and evidence for variable warm-
water temperature adaptation of corals in Northern Male Atoll, Maldives. Marine
Pollution Bulletin 80:107-113 DOI 10.1016/j.marpolbul.2014.01.035.

Mendes J, Woodley J. 2002. Effect of the 1995-1996 bleaching event on polyp tissue
depth, growth, reproduction and skeletal band formation in Montastraea annularis.
Marine Ecology Progress Series 235:93—102 DOI 10.3354/meps235093.

Miller K, Babcock R. 1997. Conflicting morphological and reproductive species
boundaries in the coral genus Platygyra. The Biological Bulletin 192:98—110
DOI10.2307/1542579.

Nozawa Y, Isomura N, Fukami H. 2015. Influence of sperm dilution and gamete contact
time on the fertilization rate of scleractinian corals. Coral Reefs 34:1199—-1206
DOI 10.1007/s00338-015-1338-3.

Ohki S, Kowalski RK, Kitanobo S, Morita M. 2015. Changes in spawning time led to the
speciation of the broadcast spawning corals Acropora digitifera and the cryptic species
Acropora sp. 1 with similar gamete recognition systems. Coral Reefs 34:1189-1198
DOI 10.1007/s00338-015-1337-4.

Ohki S, Morita M, Kitanobo S, Kowalska AA, Kowalski RK. 2014. Cryopreservation
of Acropora digitifera sperm with use of sucrose and methanol based solution.
Cryobiology 69:134—139 DOI 10.1016/j.cryobiol.2014.06.005.

Palumbi SR, Barshis DJ, Traylor-Knowles N, Bay RA. 2014. Mechanisms of reef coral
resistance to future climate change. Science 344:895-898
DOI 10.1126/science.1251336.

Pratchett MS, McCowan D, Maynard JA, Heron SF. 2013. Changes in bleaching
susceptibility among corals subject to ocean warming and recurrent bleaching in
Moorea, French Polynesia. PLOS ONE 8:€70443 DOI 10.1371/journal.pone.0070443.

Quigley KM, Bay LK, Van Oppen MJ. 2019. The active spread of adaptive variation for
reef resilience. Ecology and Evolution 9:11122-11135 DOI 10.1002/ece3.5616.

Quigley K, Randall C, Van Oppen M, Bay L. 2020. Assessing the role of historical
temperature regime and algal symbionts on the heat tolerance of coral juveniles.
Biology Open 9:bio047316.

Randall CJ, Van Woesik R. 2015. Contemporary white-band disease in Caribbean corals
driven by climate change. Nature Climate Change 5:375-379
DOI 10.1038/nclimate2530.

Richards ZT, Berry O, Van Oppen M]J. 2016. Cryptic genetic divergence within threat-
ened species of Acropora coral from the Indian and Pacific Oceans. Conservation
Genetics 17:577-591 DOI 10.1007/s10592-015-0807-0.

Smith E, Hazzouri K, Choi ], Delaney P, Al-Kharafi M, Howells E, Aranda M, Burt JA.
2022. Signatures of selection underpinning rapid coral adaptation to the world’s
warmest reefs. Science Advances 8:eabl7287.

Sully S, Burkepile DE, Donovan M, Hodgson G, Van Woesik R. 2019. A global analysis
of coral bleaching over the past two decades. Nature Communications 10:1-5
DOI 10.1038/s41467-018-07882-8.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 20/21


https://peerj.com
http://dx.doi.org/10.1016/j.marpolbul.2014.01.035
http://dx.doi.org/10.3354/meps235093
http://dx.doi.org/10.2307/1542579
http://dx.doi.org/10.1007/s00338-015-1338-3
http://dx.doi.org/10.1007/s00338-015-1337-4
http://dx.doi.org/10.1016/j.cryobiol.2014.06.005
http://dx.doi.org/10.1126/science.1251336
http://dx.doi.org/10.1371/journal.pone.0070443
http://dx.doi.org/10.1002/ece3.5616
http://dx.doi.org/10.1038/nclimate2530
http://dx.doi.org/10.1007/s10592-015-0807-0
http://dx.doi.org/10.1038/s41467-018-07882-8
http://dx.doi.org/10.7717/peerj.13395

Peer

Tsai S, Kuit V, Lin Z, Lin C. 2014. Application of a functional marker for the effect of
cryoprotectant agents on gorgonian coral (Junceella juncea and J. fragilis) sperm sacs.
CryoLetters 35:1-7.

Van Oppen MJH, Oliver JK, Putnam HM, Gates RD. 2015. Building coral reef re-
silience through assisted evolution. Proceedings of the National Academy of Sciences
112:2307-2313 DOI 10.1073/pnas.1422301112.

Veron JEN. 2000. Corals of the world, Volume 3. Townsville: Australian Institute of
Marine Science, 490.

Viyakarn V, Chavanich S, Chong G, Tsai S, Lin C. 2018. Cryopreservation of sperm
from the coral Acropora humilis. Cryobiology 80:130—138
DOI 10.1016/j.cryobiol.2017.10.007.

Voolstra CR, Suggett DJ, Peixoto RS, Parkinson JE, Quigley KM, Silveira CB, Sweet M,
Muller EM, Barshis DJ, Bourne DG. 2021. Extending the natural adaptive capacity
of coral holobionts. Nature Reviews Earth ¢ Environment 2:747-762.

Ward S, Harrison P, Hoegh-Guldberg O. 2002. Coral bleaching reduces reproduction of
scleractinian corals and increases susceptibility to future stress. In: Proceedings of the
Ninth International Coral Reef Symposium, Bali. 1123-1128.

Willis BL, Babcock RC, Harrison PL, Oliver JK. 1985. Patterns in the mass spawning
of corals on the Great Barrier Reef from 1981 to 1984. In: Proceedings of the Fifth
International Coral Reef Cogress. Tahiti. 343—348.

Willis B, Babcock R, Harrison PL, Wallace C. 1997. Experimental hybridization and
breeding incompatibilities within the mating systems of mass spawning reef corals.
Coral Reefs 16:553—S65 DOI 10.1007/s003380050242.

Yakovleva I, Baird A, Yamamoto H, Bhagooli R, Nonaka M, Hidaka M. 2009. Algal
symbionts increase oxidative damage and death in coral larvae at high temperatures.
Marine Ecology Progress Series 378:105-112 DOI 10.3354/meps07857.

Zuchowicz N, Daly ], Bouwmeester J, Lager C, Henley EM, Lendo CIN, Hage-
dorn M. 2021a. Assessing coral sperm motility. Scientific Reports 11:1-13
DOI 10.1038/s41598-020-79139-8.

Zuchowicz N, Daly ], Lager C, Williamson O, Hagedorn M. 2021b. Freezing on the
beach: a robust coral sperm cryopreservation design. Cryobiology 101:135-139
DOI 10.1016/j.cryobiol.2021.04.005.

Howells et al. (2022), PeerJ, DOI 10.7717/peerj.13395 21/21


https://peerj.com
http://dx.doi.org/10.1073/pnas.1422301112
http://dx.doi.org/10.1016/j.cryobiol.2017.10.007
http://dx.doi.org/10.1007/s003380050242
http://dx.doi.org/10.3354/meps07857
http://dx.doi.org/10.1038/s41598-020-79139-8
http://dx.doi.org/10.1016/j.cryobiol.2021.04.005
http://dx.doi.org/10.7717/peerj.13395

