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Abstract In this study, we evaluated the efficacy of sperm

cryopreservation for use in larval-based propagation of

Diploria labyrinthiformis and produced offspring that were

maintained under controlled conditions. Gametes were

collected from colonies in situ in July and August 2017 and

2018. The four largest colonies out of a total of nine appear

to be senescent or produce low-quality sperm or eggs.

Sperm was cryopreserved for comparison of the effects of

storage time on sperm viability. We determined that cry-

opreserved sperm from D. labyrinthiformis is viable for at

least 13 months for use in in vitro crosses, though their

motility is reduced on average by 24% in comparison with

fresh sperm. Using frozen sperm to fertilize freshly col-

lected eggs led to successful fertilization, larval yields,

settlement and post-settlement survival. In general, these

were lower by 23%, 23%, 14% and 8%, respectively, when

compared to controls fertilized with fresh sperm. Our

results suggest that motility of fresh sperm is not a good

indicator of the future fate of larvae because in some cases

low motility led to successful settlement. We also found

that not all crosses were successful, and that the direction

of the cross significantly affects larval yields and settle-

ment. Once symbionts were noticeable within the primary

polyps the cryo-recruits were maintained in an ex situ

nursery for observation and showed similar survival with

respect to recruits produced with fresh sperm. Prior to the

2018 spawning event, Stony Coral Tissue Loss Disease

(SCTLD) was detected in the studied colonies and by

February 2020 seven of the nine colonies (78%) had suc-

cumbed to the disease. The sperm from these colonies was

banked in a repository and since then has been used in

genetic rescue projects for this species. Thus, we show that

cryopreservation is a useful tool in actions designed to

recover D. labyrinthiformis and can potentially be applied

to other species of corals severely affected by SCTLD or in

need of genetic rescue.

Keywords Sperm cryopreservation � Repository � Cryo-
banking � Coral restoration � Genetic diversity � Species
rescue � Stony Coral Tissue Loss Disease (SCTLD)

Introduction

Coral reefs are undergoing major declines due to anthro-

pogenically derived disturbances resulting in increased reef

erosion rates (Perry et al. 2013) and temperature-induced

coral bleaching (Hoegh-Guldberg et al. 2007; Hughes et al.

2003). In the Caribbean, coral reefs are also facing

increased eutrophication (Häder et al. 2020) exacerbated by

Sargassum blooms (van Tussenbroek et al. 2017) and at
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least 22 species of corals are experiencing high mortality

associated with Stony Coral Tissue Loss Disease (SCTLD,

Precht et al. 2016; Álvarez Filip et al. 2019). During the

summer of 2018, an outbreak of SCTLD was detected in

the Puerto Morelos Reef National Park (Álvarez-Filip et al.

2019). After a survey of 82 sites along the Mexican Car-

ibbean, Diploria labyrinthiformis was listed as one of

eleven most highly susceptible species to this disease due

to significant population declines (Álvarez-Filip et al.

2019). Given that D. labyrinthiformis is a reef-building

species (Weil and Vargas 2010; Chamberland et al. 2017)

that provides structural complexity (Álvarez-Filip et al.

2019) such losses are of major concern making it a target

species in coral reef restoration and genetic rescue

programs.

Cryopreservation is potentially an excellent method for

gamete conservation of endangered coral species. It also

aids in genetic rescue and to prevent the loss of genetic

diversity (Lin and Tsai 2012; Hagedorn and Spindler 2014;

Tsai et al. 2015; Viyakarn et al. 2018; Hagedorn et al.

2019; Novak et al. 2020). This process involves the

preservation of gametes, embryos, larvae, tissues or frag-

ments by rapid freezing in the presence of cryoprotectants

followed by very low temperature storage to maintain

viability over a long time period (Hagedorn et al. 2006;

Hagedorn and Carter 2016; Viyakarn et al. 2018). Suc-

cessful examples of coral sperm and somatic cell cryop-

reservation exist for a growing number of species and coral

life history stages (Hagedorn et al. 2012a, 2013, 2017; Lin

et al. 2012; Tsai et al. 2016; Daly et al. 2018).

Sperm cryopreservation has the potential to increase the

number of sexual recombinations within a coral species

when spawning events occur on successive nights, lose

synchrony or because a limited number of colonies are

available from losses to disease, such as is the case of D.

labyrinthiformis decline due to SCTLD. This species is a

simultaneous hermaphrodite with a single annual gameto-

genic cycle of oocytes and spermatocytes released in syn-

chronized spawning events with fertilization occurring in

the water column (Fadlallah 1983; Alvarado-Chaparro

et al. 2004; Weil and Vargas 2010). The timing of

spawning events varies throughout the Caribbean. In

Puerto Rico (Weil and Vargas 2010), Colombia (Alvarado-

Chaparro et al. 2004), Bonaire (Muller and Vermeij 2011)

and Bermuda (Wyers et al. 1991) spawning occurs in the

spring and summer, whereas in Curaçao two peaks, in

spring and autumn, have been documented (Chamberland

et al. 2017). Embryonic development is fast such that

within 24–48 h larvae are formed and can settle on suit-

able substrates (Chamberland et al. 2017).

Colonies of D. labyrinthiformis that have survived

SCTLD are potentially resistant to the disease. Combining

the use of cryopreserved sperm and an understanding of the

reproductive biology of D. labyrinthiformis to enhance

larval propagation under ex situ conditions (Chamberland

et al. 2017), we can produce sexual recruits that will also be

potentially resistant to SCTLD. In this study, we cryopre-

served sperm from the Caribbean endemic reef-building

coral D. labyrinthiformis ahead of and during the advance

of SCTLD in the region. Our objectives were, first: to

establish the spawning pattern of D. labyrinthiformis in the

Mexican Caribbean; second: to evaluate the most common

cryopreservation method on sperm viability over time in

this species by following the fate of the larvae produced

from fertilization with cryopreserved and fresh sperm and

third: to evaluate the importance of the direction of sperm-

egg crosses on fertilization, larval yield and settlement.

Materials and methods

Spawning and gamete collection

The nine Diploria labyrinthiformis colonies used in this

study are located at 4.5–8 m depth (Table 1) on rocky

substrates in Jardines Reef (20� N 490 5300; 86� W 520 2800)
in the Puerto Morelos Reef National Park, Mexican Car-

ibbean (Fig. 1a–e). Colony size was determined by mea-

suring area in July 2018 as well as old partial mortality. In

July 2019 and February 2020 percent colony mortality was

recorded (Table 1).

In 2017, in a pilot study, the colonies were monitored for

spawning, whereas in 2018, the colonies were tagged prior

to spawning (Table 2, Fig. 2a–r). Spawning was monitored

for 2–6 consecutive days, at one hour before sunset,

starting 10 days after the full moon of each month between

April and September in 2017 and May and September in

2018 (Table 2). In June 2017 no monitoring was under-

taken due to unfavorable weather conditions. Gamete

bundles were collected using conical-shaped nets placed

over the colonies (Fig. 1f) about half an hour prior to

expected spawning time when setting was visible (Fig. 1g)

and left until spawning had ceased. The containers with

gametes were carefully removed from the collection net, a

lid was attached, and the container kept upside down

during transport to the laboratory within 30 min of col-

lection. On nights when spawning did not occur the nets

were removed after 90 min.

Sperm cryopreservation

Sperm from D. labyrinthiformis were cryopreserved on

four separate occasions: July and August 2017, July and

August 2018. If the amount of spawn collected was mini-

mal, gamete bundles broke during transport, or sperm

motility was\ 50% the sample was not cryopreserved. On

938 Coral Reefs (2021) 40:937–950

123



each occasion, approximately 5 mL of concentrated

gamete bundles were added to 25 mL of 0.45 lm filtered

seawater (FSW) at 27 �C. This volume was established,

based on sperm cell counts determined on two consecutive

nights in July 2017, to obtain an average concentration of

5.0 9 108 fresh sperm mL-1 (Table S1). The gamete

bundles were broken by gentle agitation and the buoyant

eggs were separated from the sperm by passing the mixture

through a 70 lm mesh nylon cell strainer (Biologix

15-1070-1). The eggs were rinsed four times with FSW and

placed in separate, labeled containers.

The sperm obtained in 2017 and 2018 was cryopre-

served following the Hagedorn et al. (2012a, b) protocol

with modifications. The sperm was placed in cryovials

(Corning) by adding equal volumes of sperm and 20%

DMSO solution (D4550 SIGMA) prepared in FSW. This

mixture was left in the open vial to equilibrate for 10 min

without agitation. Freezing was carried out in a single stage

using the ZIN cryo-rack controlled-rate freezing system: a

triangular rack made of foam polyresin pieces for floata-

bility was fitted with folded aluminum cryo-canes to hold

the cryovials (Hagedorn and Carter 2016). To achieve a 20

8C min-1 cooling rate a thick Styrofoam box

(27.5 9 22.5 9 20.5 cm, L 9 W 9 H) was filled with

approx. 2.9 L liquid nitrogen. Before placing the cryovials

into the cryo-rack, they were closed and carefully mixed.

Temperature was monitored with a thermocouple ther-

mometer type K (Omega HH802W) with two probes that

were submerged in cryovials filled with the same volume

of FSW and DMSO. The rack was placed in liquid nitrogen

Table 1 Characteristics of Diploria labyrinthiformis colonies monitored from July 2018 to February 2020

Colony ID Size (cm2) % Mortality Jul 2018 % Mortality Jul 2019 % Mortality Feb 2020 Depth (m)

DL-115 4700 10 100 100 5

DL-116 735 10 30 100 5.3

DL-117 882 0 100 100 6.6

DL-118 2400 90 90 100 5.7

DL-119 1176 0 0 0 6.7

DL-120 4998 0 0 0 4.5

DL-121 5174 0 100 100 6

DL-122 2541 0 60 100 5

DL-123 4557 0 80 100 8

Partial mortality in July 2018 is attributed to events prior to the onset of Stony Coral Tissue Loss Disease (SCTLD)

Fig. 1 Location of the study site, Jardines Reef (black arrow in a) in
the southern part of Puerto Morelos Reef (yellow square in b and c).
The spatial distribution of tagged Diploria labyrinthiformis colonies

are shown in d. The coordinates indicate the location of colony

DL116. A colony of D. labyrinthiformis (e) covered by the gamete

bundle collection net (f) with a closeup of gamete bundle setting (g)
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and the temperature recorded every 15 s until the vials

reached - 80 �C. The cryovials were removed from the

rack, completely submerged in liquid nitrogen and left for

10 min before placing them in cryo-boxes for storage in

liquid nitrogen.

Sperm motility

From each sperm sample, 10 lL aliquots were placed in a

Neubauer chamber (Marienfeld 06500-30) and observed

under an optical microscope (Leica DM500) at 40X to

evaluate motility before and after the cryopreservation

process. Pre- and post-freezing motility was determined by

the same observer using at least four separate fields.

Samples with motility\ 50% were not cryopreserved

(Hagedorn and Carter 2016).

Fertilization

To conduct in vitro fertilization, the cryovials containing

sperm were removed from the liquid nitrogen and imme-

diately placed in a water bath at 27 �C, moving them gently

until they were completely thawed. Four replicate samples

were used for each fertilization trial using fresh and frozen

sperm. The crossing design can be seen in Table 3a, b.

Sperm were thawed after being cryopreserved for 30 min,

1 month, 12 months and 13 months and used to fertilize

freshly collected eggs. Positive controls consisted of fresh

sperm from individual donor colonies and eggs collected

from the same colonies that were used in the trials with

cryopreserved sperm. Eggs without added sperm were also

observed to rule out self-fertilization.

The average number of eggs used in the crosses con-

ducted in July 2018 (321 ± 50, mean ± SD) was deter-

mined by counting at least 20 samples of 10 lL aliquots

that were fixed immediately with 4% paraformaldehyde

(PFA) in FSW and counted later. Due to the high number

of larvae produced, the aliquots were halved for the August

2018 experiments to 5 lL aliquots (149 ± 20, SD). For the

experiments, the eggs were placed in 20-ml scintillation

vials with 5 mL of FSW at 27 �C to which 10 lL (= ap-

prox. 1 9 106 mL-1 final concentration) of fresh or 100

lL (= approx. 5.0 9 106 mL-1 final concentration) of

thawed sperm (Hagedorn and Spindler 2014; Hagedorn

et al. 2019) were added and mixed gently, but thoroughly.

Two hours after fertilization was initiated, each replicate

was gently rinsed twice with FSW to remove excess sperm.

Fertilization (%) was assessed by estimating the number of

embryos undergoing cleavage (Fig. 3a) relative to the total

number of eggs placed in the sample, as observed under a

dissecting microscope (Leica S6E).

Table 2 Spawning and cryopreservation information for Diploria labyrinthiformis in Puerto Morelos Reef National Park in 2017 and 2018

Month Days after full

moon

Number of colonies

monitored

Number of colonies

that spawned

Number of colonies

from which spawn

was collected

Number of colonies

cryopreserved

2017

Apr 10–13 6 0

May 10–13 8 0

Jul 10 7 3 3 1

Jul 11 6 4 4 4

Jul 12 6 0

Aug 11 6 1 1 0

Aug 12 6 0

Sep 8–13 8 0

2018

May 10–12 11 0

Jun 9–11 11 0

Jul 10 9 2 2 0

Jul 11 9 7 6 6

Jul 12 9 0

Aug 10 11 2 2 2

Aug 11 11 3 3 3

Sep 11 9 1 1 0

Data show the number of days after full moon (DAFM) when spawning was monitored, the number of colonies monitored, whether spawning

was observed and spawn was collected. The number of colonies from which gametes were collected for sperm cryopreservation are also indicated
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Larval yield

The larvae that resulted from successful embryonic

development were cultured in FSW. In July 2018, the

larvae were pooled and up to 250 larvae were placed into

forty-seven 2-L containers with settlement substrates. In

August 2018, the larvae that resulted from the crosses were

maintained in separate containers until settlement to follow

the survival of known crosses. Every 24 h, total water

changes were made for all treatments. Larval yield from

eggs (%) was determined as the percentage of eggs

resulting in larvae that were actively swimming towards

the bottom of the container or searching the substrate prior

to settling.

Once larvae began swimming, settlement substrates

were added to each container. Settlement substrates were

made with a mixture of white cement and sea sand (1:2)

using circular or rectangular molds. Once dry, the sub-

strates were conditioned for two months in an in situ

nursery located in the reef lagoon. Sediment, macroalgae

Fig. 2 Paired photographs of Diploria labyrinthiformis colonies

monitored in this study. The photographs on the left-hand side of each

pair were taken in July 2018 prior to spawning and those on the right-

hand side of the pair correspond to the same colony monitored in July

2019 (a–r). Some colonies died (b, f, n), while others showed

advanced symptoms of Stony Coral Tissue Loss Disease (d, h, p, r).
Red arrows indicate lost tissue (d, p) and the red arrow points to the

only remaining live tissue in a diseased colony (p). By 2020, only two
colonies (DL119 and DL120) had survived (s, t, respectively). Scale
bars: 10 cm in a, b, g–t, and 5 cm in c–f
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and other organisms were removed using a brush prior to

presenting them to the larvae.

Settlement

The number of larvae from each cross that settled onto the

settlement substrates (Fig. 3b) or the walls of each con-

tainer was counted using a Nightsea Bluestar lamp with a

BlueBlock yellow filter (Fig. 3c). Photographs were taken

using a stereoscopic microscope (Leica S6E) and camera

(Sony Cybershot 10.1 DSC H20). Settlement was scored

two ways. Settlement yield (%) was calculated as the

percentage of eggs that resulted in settled primary polyps.

Settlement success (%) was calculated as the percentage of

larvae that successfully converted to settled primary

polyps. Subsequently, the substrates with attached primary

polyps were transferred to 80-L containers with filtered

(10 lm) seawater pumped in from the reef lagoon and

maintained at 27.5 ± 0.3 �C (average ± SD) with constant

aeration and 20% daily water changes.

Post-settlement survival

Within a week after settlement, symbionts were noticeable

within the primary polyps (Fig. 3d), so they were trans-

ferred to an ex situ nursery for observation. The nursery

consists of 4 9 200 L fiberglass flow through aquaria with

seawater pumped from the reef lagoon that is filtered to

10 lm and temperature maintained at 27.5 ± 0.3 �C

(mean ± SD). The recruits were fed Liquid Reef twice a

week according to the manufacturer’s instructions for one

month. After, they were fed freshly hatched Artemia nau-

plii alternated with Liquid Reef. Algal overgrowth was

removed twice per week. Recruit survival was monitored

2 weeks post-settlement. In November, the experiment was

terminated after a plague of ciliates caused significant

mortality across all treatments. The few surviving recruits

(Fig. 3e, f) were outplanted onto Jardines reef.

Statistical analysis

Statistical analysis was performed using Statistica 7.0

(Statsoft Inc., Tulsa, OK, USA) and Microsoft Excel

(version 2013). The assumptions of homogeneity of vari-

ance and normality were taken into account with the

Levene test and Shapiro–Wilk’s test, respectively. Per-

centage larval yield and settlement yield were transformed

to arcsine values prior to analysis. Treatment means were

compared using a one-way ANOVA (a = 0.05) for the

sperm motility data and when testing for differences

depending on the direction of crosses, which were all

normally distributed. The nonparametric Kruskal–Wallis

test was used for all other data, because they were not

normally distributed, followed by Dunn’s multiple com-

parison test. Differences in all tests were considered sig-

nificant when p values were\ 0.05. Data are presented as

means ± SE.

Fig. 3 Development of Diploria labyrinthiformis sexual recruits

obtained from cryopreserved sperm. Fertilization success was estab-

lished with the first divisions of the resulting embryos (a), observed at

2 h post-fertilization (HPF). Settled larvae at 72 HPF on pre-

conditioned substrates under white (b) and blue light (c). Primary

polyps at 6 months old showing acquisition of symbionts (d).
19-month-old sexual recruits produced using fresh sperm, with 1

and 2 polyps formed, respectively (e, f). Scale bars: 200 lm in a,
1 mm in b and c, and 3 mm in d–f
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Table 3 Percent motility, fertilization, larval yield, settlement yield, settlement success and post-settlement survival using fresh and cryopre-

served sperm crossed with fresh eggs of Diploria labyrinthiformis conducted in July (a) and August (b) 2018

a: July 2018

% Motility % Fertilization % Larval yield % Settlement yield % Settlement success

Fresh             E118 E119 E122 E123 E118 E119 E122 E123 E118 E119 E122 E123 E118 E119 E122 E123

July 2018

S118 100 ND ND 70 ND ND 45.92 ND ND 19.53 ND ND 42.54

S119 100 90 ND 30 84.88 ND 10.80 63.10 ND 4.51 74.34 ND 41.74

S122 100 80 ND 50 61.22 ND 22.25 43.85 ND 11.46 71.63 ND 51.48

S123 100 80 ND 80 56.62 ND 48.08 39.72 ND 28.17 70.15 ND 58.59

Cryopreserved 

30 min

July 2018
S118 80 10 ND 30 6.29 ND 13.62 4.51 ND 5.26 71.64 ND 38.62

S119 70 50 ND 40 30.23 ND 11.46 20.47 ND 2.72 67.70 ND 23.77

S122 80 50 ND 30 35.87 ND 11.27 28.73 ND 2.35 80.11 ND 20.83

S123 100 50 ND 20 36.62 ND 22.35 27.61 ND 8.54 75.39 ND 38.24

Cryopreserved 

12 months

July 2017

S-C2-18 70 90 ND ND 90 37.09 ND ND 20.66 25.07 ND N.D. ND 67.60 ND ND 55.91

S-C1-19 80 10 ND ND 90 0.00 ND ND 15.96 0.00 ND N.D. ND 0.00 ND ND 30.59

S-C2-19 10 0 ND ND 0 0.00 ND ND 0.00 0.00 ND N.D. ND 0.00 ND ND 0.00

S-C3-19 70 40 ND ND 40 14.08 ND ND 15.96 10.61 ND N.D. ND 75.33 ND ND 34.71

S-C4-19 80 90 ND ND 0 62.35 ND ND 0.00 34.46 ND N.D. ND 55.27 ND ND 0.00

b: August 2018

% Motility % Fertilization % Larval yield % Settlement yield % Settlement 
success

% Post-settlement 
survival

Fresh
August 2018

E117 E120 E117 E120 E117 E120 E117 E120 E117 E120

S117 60 30 51.83 24.54 59.2 74.97

(15.58)  (9.31)  (10.00)

S120 60 90 62.81 37.2 47.4 62

(8.31) (9.61) (6.39)

Cryopreserved 

30 min

August 2018

S117 50 70 44.67 21.8 48.8 70.95

 (7.20) (6.10)  (9.97)

S120 50 10 0.92 0.30 33.3 100

 (0.73)  (0.30)
Cryopreserved 

1 month

July 2018
S118 30 90 5 74.54 0.15 51.52 0 69.1 0 86.99

 (1.52)  (0.15) (3.52)  (4.43)
S119 30 90 5 82.01 1.68 50.76 0.91 61.9 54.5 71.44 62.50

 (3.04)  (1.30) (9.28) (0.58)  (9.53)
S122 80 80 5 58.69 3.35 29.12 0.91 49.6 27.3 87.16 100

 (18.82)  (2.60)  (16.60)  (4.93)
S123 90 90 10 86.28 13.87 26.22 5.49 30.4 39.6 100 100

 (5.41)  (11.27) (9.01) (3.54)
Cryopreserved 

>12 months

July 2017
S-C2-18 30 90 10 66.31 1.07 40.70 0 61.38 0 65.18
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Results

Spawning and gamete collection

Diploria labyrinthiformis spawned in July and August in

2017 and 2018 and in September 2018 (Table 2). All

colonies that were monitored in July spawned; seven in

2017 and nine in 2018, whereas in August one of six

colonies spawned in 2017 and five of 11 colonies in 2018.

In September no colonies spawned in 2017, although one

did show setting and one colony spawned in 2018.

Spawning in August 2017 and September 2018 was mini-

mal compared to the previous months. All colonies that

spawned did so 10 and 11 days after full moon (DAFM) at

approximately 30 min prior to sunset. Spawning potential

was variable with some colonies spawning either in July or

August 2018, and three colonies spawning in both months.

DL123 was the most prolific as it spawned on two con-

secutive days in both July and August 2018, whereas

DL121 did not spawn on any of the surveyed nights.

Gamete bundles were collected from a total of eight

colonies in 2017 and 14 colonies in 2018 (Table 2). The

volume of gamete bundles collected varied between colo-

nies with the lowest volumes collected from DL115 and

DL117. Sperm was cryopreserved from a total of 16

colonies, five in 2017 and 11 in 2018.

Sperm motility

Overall, the motility of frozen sperm, considering all

storage times, was significantly lower (p = 0.004) by an

average of 24% compared to that of fresh sperm (Fig. 4a).

For sperm that was collected from 5 colonies in 2017, the

average motility of fresh sperm was 83% ± 4.4 and for

sperm frozen for 30 min motility was 55% ± 5.0 and

62% ± 13.2 after 12 months of cryopreservation. In July

2018, sperm from four colonies DL118, DL119, DL122

and DL123 was cryopreserved. Motility of fresh sperm was

100% for all four colonies whereas after cryopreservation

for 30 min motility was 82.5% ± 6.3. In August 2018, the

sperm motility of the three colonies DL117, DL120 and

DL123 was lower at 56.7% ± 3.3 for fresh sperm and

57.5% ± 16 after 30 min of cryopreservation. From here

on, sperm and eggs are designated as S and E, respectively,

followed by the colony number used in the cross. For

example, sperm and eggs from colony DL123 are identified

as S123 and E123, respectively.

Fertilization

Eggs incubated without sperm did not initiate cleavage and

began to disintegrate within 24 h. In general, using frozen

sperm to fertilize freshly collected eggs resulted in 23%

lower fertilization considering all storage times compared

with fresh sperm (Fig. 4b). However, the differences are

not significant (p = 0.3).

Fertilization percentages from individual crosses are

given in Table 3. All three crosses involving E118 resulted

in consistently higher fertilization than was observed for

the three crosses involving E123 for both fresh and cry-

opreserved sperm. However, fertilization percentages were

significantly higher for 30 min cryopreserved sperm

(p = 0.0075) but not for fresh sperm (p = 0.05) or sperm

cryopreserved for 12 months (p = 0.9).

Using fresh sperm, the individual cross S120 9 E117

had higher fertilization (90%) in comparison with the

reverse cross (S117 9 E120) at 30%. Fertilization using

30 min cryopreserved sperm of the cross S120 9 E117

reduced to 10% (Table 3b). Fertilization was significantly

higher for all four crosses involving E117 compared to

Table 3 continued

 (6.75)  (0.88)  (6.95)  (5.66)
S-C1-19 30 80 0 48.93 0 23.93 0 48.91 0 70,75

 (6.34) (5.61)  (9.02)
S-C2-19 10 70 10 38.41 0.15 22.71 0 59.13 0 79.85 

(17.61) (12.31) (10.45)
S-C3-19 30 70 5 43.45 0.3 19.96 0 45.26 0 68.23

(14.35) (6.74)  (14.16)
S-C4-19 50 90 30 66.46 13.11 28.81 3.05 43.35 23.25 76.36 93.94

(6.16)  (4.43) (11.38) (1.63) (12.17)  (6.06)

Motility responds to assessment of the percentage of motile sperm relative to the total number of sperm in the ssample. Fertilization is the

percentage of embryos undergoing cleavage 2 h post-fertilization (HPF) relative to the total number of eggs in the sample. Larval yield and

settlement yield are both calculated relative to the beginning number of eggs that converted to swimming larvae and settled primary polyps,

respectively. Settlement success is presented as the conversion efficiency of larvae to settled primary polyps. Post-settlement survival was

determined 10 days after larvae had settled and formed primary polyps. Values are mean (± SE). ND = Not determined
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Fig. 4 Box plots of percent motility (a), fertilization (b), larval yield
(c), settlement yield (d), settlement success (e) and post-settlement

survival (f) of Diploria labyrinthiformis using fresh and cryopre-

served sperm that had been stored for 30 min, one month and 12–13

months ([ 1 year). Results obtained in 2017 and 2018 have been

combined. Larval yield refers to the percent conversion of eggs to

swimming larvae. Settlement yield is defined as the percent conver-

sion of eggs to settled primary polyps whereas settlement success is

defined as the percentage of larvae that resulted in primary polyps
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E120 using sperm that had been cryopreserved for 1 month

(p\ 0.0000001) and 13 months (p = 0.00001).

Larval yields

The overall conversion efficiency of eggs to swimming

larvae was 23% lower for those produced with cryopre-

served sperm considering all storage times, when compared

to fresh sperm (Fig. 4c). Significant differences were

detected in larval yield when fertilized with fresh sperm

versus those fertilized with sperm cryopreserved

(p = 0.012). Using Dunn’s multiple comparison test sig-

nificant differences were found when comparing fresh

sperm with sperm cryopreserved for 30 min (p = 0.02) or

for at least 12 months (p = 0.025), but not for sperm cry-

opreserved for one month (p = 0.15).

Larval yields from individual crosses are given in

Table 3. All three crosses involving E118 resulted in

consistently higher larval yields than the three crosses

involving E123 using both fresh and cryopreserved sperm.

Larval yields were significantly higher for fresh sperm

(p = 0.038) and for 30 min (p = 0.0005) but not for

12 month cryopreserved sperm (p = 0.5).

Similarly, all eleven crosses involving E117 had con-

sistently higher larval yields than the eleven crosses

involving E120. Although the crosses S117 9 E120 and

S120 9 E117 using fresh sperm showed no significant

differences in larval yield (p = 0.55), after cryopreserva-

tion the larval yields involving E120 were significantly

lower when compared with E117 for sperm cryopreserved

for 30 min (p\ 0.001), 1 month (p\ 0.00001) and

13 months (p\ 0.0001).

Settlement yields

In general, settlement yield, calculated as the proportion of

eggs that converted to settled primary polyps, was 14%

lower for those fertilized with frozen sperm, considering all

storage times, when compared to fresh sperm (Fig. 4d).

Significant differences were detected in settlement yield

when fertilized with fresh sperm versus those fertilized

with sperm cryopreserved (p = 0.007). Using Dunn’s

multiple comparison test significant differences were found

when comparing fresh sperm with sperm cryopreserved for

1 month (p = 0.034) or for at least 12 months

(p = 0.0008), but not for sperm cryopreserved for 30 min

(p = 0.21).

Settlement yields from individual crosses are given in

Table 3. All three crosses involving E118 resulted in

consistently higher settlement yields than the three crosses

involving E123 using both fresh and cryopreserved sperm.

Settlement yields were significantly higher for fresh sperm

(p = 0.011) and for 30 min (p = 0.0012) but not for 12

month cryopreserved sperm (p = 0.33).

All eleven crosses that involved E120 resulted in few or

no larvae and low settlement rates or settlement failure,

whereas the eleven crosses involving E117 had signifi-

cantly higher settlement yields. Although the crosses

S117 9 E120 and S120 9 E117 using fresh sperm showed

no significant differences in settlement yield (p = 0.38),

cryopreservation significantly reduced settlement yields

involving E120 when compared with E117 when frozen for

30 min (p = 0.012), 1 month (p = 0.0016) and 13 months

(p\ 0.0001).

Settlement success

Settlement success, calculated as the percentage of larvae

that settled to form primary polyps, was 17% lower for

those larvae produced with frozen sperm considering all

storage times when compared to fresh sperm (Fig. 4e).

However, the differences are not significant (p = 0.065).

Most of the crosses had high settlement success, even when

larval yields or settlement yields were low (Table 3).

The settlement success from individual crosses is given

in Table 3. All three crosses involving E118 resulted in

consistently higher settlement success than the three

crosses involving E123 using both fresh and cryopreserved

sperm. Settlement success was significantly higher for

fresh sperm (p = 0.001) and for 30 min (p = 0.002) but not

for 12 month cryopreserved sperm (p = 0.47).

All eleven crosses that involved E120 resulted in few or

no larvae and low settlement rates or settlement failure,

whereas the eleven crosses involving E117 had signifi-

cantly higher settlement success. Although the crosses

S117 9 E120 and S120 9 E117 using fresh sperm showed

no significant differences in settlement success (p = 0.27),

cryopreservation significantly reduced settlement success

involving E120 when compared with E117 when frozen for

30 min (p = 0.03), and 13 months (p\ 0.0001) but not for

1 month (p = 0.16).

Post-settlement survival

In general terms, post-settlement survival was significantly

lower (p = 0.03) for primary polyps produced with frozen

sperm considering all time periods when compared to those

produced with fresh sperm (Fig. 4f). However, when

comparing the post-settlement survival of the cross

S117 9 E120 with its reverse cross S120 9 E117 no sig-

nificant differences were found when using fresh sperm

(p = 0.8) or sperm when frozen for 30 min (p = 0.14) or

1 month (p = 0.42). Cryopreservation significantly reduced

post-settlement survival involving E120 when compared

with E117 when frozen for 13 months (p = 0.022).
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Individual and reverse crosses

Comparing settlement success using fresh sperm, the

individual cross S118 9 E123 had significantly higher

success than the reverse cross S123 9 E118 (p = 0.013).

Using fresh sperm there was no significant difference

between the crosses S117 9 E120 and S1209E117 in

larval yield (p = 0.55), settlement yield (p = 0.38) or set-

tlement success (p = 0.27). There was also no significant

difference in larval yield (p = 0.69) or settlement yield

(p = 0.81) or settlement success (p = 0.65) for sperm from

DL117 when cryopreserved for 30 min and compared to

fresh sperm. However, in the reverse cross when using

sperm from DL120 that had been cryopreserved for 30 min

and compared with fresh sperm, there was a significant

reduction in larval yield (p = 0.0003), settlement yield

(p = 0.009) and settlement success (p = 0.011) with

respect to fresh sperm, suggesting that the cryopreservation

method had a significant negative effect on sperm from

colony DL120.

Monitoring of donor colonies (2018–2020)

Tagged colonies were monitored in July and August 2018,

March, July and August 2019 and February 2020 (Fig. 2a–

t). Total colony size ranged from 735 cm2 to 5174 cm2;

thus, all colonies exceed the reproductive minimum (Weil

and Vargas 2010). The largest colony, DL121 (5174 cm2),

despite having no signs of disease or partial mortality, did

not spawn in July or August 2018, 2019 or 2020. This

contrasts with that observed for the DL118 colony, which

with only 10% living tissue, released gametes in July 2018.

The eggs of this colony were highly successful when

crossed with fresh or cryopreserved sperm in terms of

fertilization, larval yield and settlement (Table 3a).

The monitoring undertaken in March 2019 showed that

4 colonies, which showed signs of SCTLD at the beginning

of the outbreak, had died, whereas 3 colonies showed

symptoms. Only two colonies, DL119 and DL120, showed

no apparent signs of tissue damage from SCTLD (Table 2,

Fig. 2j, l). By February 2020, all colonies had died except

for DL119 and DL120, which still showed no apparent

signs of tissue damage.

Discussion

In this study we evaluated the efficacy of sperm cryop-

reservation for use in larval propagation of Diploria

labyrinthiformis, a species whose populations have been

severely affected by Stony Coral Tissue Loss Disease

(SCTLD) in the Mexican Caribbean. We have shown here

that sperm of this species can be cryopreserved and thawed

to yield viable sperm, which can be used to fertilize eggs

in vitro to produce viable larvae and settled primary polyps

that were maintained in ex situ aquaria.

Spawning patterns

First, we established the spawning pattern for D.

labyrinthiformis to ensure the capture of gametes. In the

northern section of the Mexican Caribbean D. labyrinthi-

formis spawning appears to be restricted to July and August

at 10–11 days after full moon (DAFM). This pattern differs

from other parts of the Caribbean. In Curaçao, two

spawning peaks have been documented between May and

October at 10–13 DAFM (Chamberland et al. 2017). Other

authors report spawning in April and May at 7–10 DAFM

in Puerto Rico (Weil and Vargas 2010), in May and June 5

DAFM in Colombia (Alvarado-Chaparro et al. 2004) and

Bonaire (Muller and Vermeij 2011) and late July in Ber-

muda (Wyers et al. 1991). This species is unique among

Caribbean species in that it initiates spawning prior to

sunset. Here, we documented that spawning initiated at

approximately 30 min before sunset, which is similar to

Bonaire and Curaçao (Muller and Vermeij 2011; Cham-

berland et al. 2017). With D. labyrinthiformis spawning on

only four days in any given year, it is best to collect

gametes on as many days as possible due to variability in

the individuals that spawn and the spawning volumes.

Reproductive quality

Crosses that involved eggs from colonies DL117 and

DL118 suggest that these might be ‘‘super’’ colonies. When

fertilized with sperm from any other colony tested, even

after 13 months in cryopreservation, they resulted in high

fertilization rates as well as high larval yield and settle-

ment. On the other hand, the four largest colonies of D.

labyrinthiformis (Table 1) may be senescent or produce

low volume or low-quality spawn. The largest colony

DL121 (5174 cm2) did not spawn during the two-year

study, whereas colony DL115 (4700 cm2) produced a small

volume of spawn (\ 5 mL) that was not enough to cry-

opreserve. The remaining two large colonies, DL120 at

4998 cm2 and DL123 at 4557 cm2 did spawn but may have

a low reproductive condition; the eggs of these colonies

had lower conversion efficiencies from eggs to larvae and

to settled primary polyps than the reverse crosses. This was

true for DL120 eggs crossed with DL117 sperm when

compared to the reverse cross and for DL123 eggs crossed

with DL118 when compared to the reverse cross (n = 4,

Table 3). Reproductive quality differs between colonies as

shown here and is consistent with results for other species

(Hagedorn et al. 2012a; Hagedorn and Carter 2016). For D.

labyrinthiformis this may be more related to egg rather than
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sperm quality. Clear patterns could not be detected for

larval yields and settlement resulting from sperm of dif-

ferent colonies (except for the cross S120 9 E117), but

differences were discerned based on the egg source.

Even with apparently low-quality eggs at least some

larvae were produced and settled, for example, the cross

between DL120 and DL117 (Table 3b). In addition, crosses

involving eggs from DL118 produced superior results in

comparison with eggs from DL123 in fertilization and in

the conversion of eggs to larvae and to settled primary

polyps, regardless of cryopreserved sperm storage time.

Thus, the reproductive condition of the large colonies may

be compromised, or the colonies may be senescent, which

is an important consideration in genetic rescue programs,

because even when all colonies spawn almost syn-

chronously, not all crosses will be successful. This would

suggest that spawn should be collected from as many

colonies as possible so as to produce as many crosses as

possible to increase the likelihood of successful outcomes.

When possible, spawn should also be collected on as many

nights as possible because variation in reproductive traits,

even within the same individual on consecutive nights, has

also been documented (Hagedorn et al. 2012a).

Recent monitoring of the colonies involved in this study

showed that 7 of the 9 colonies have since succumbed to

SCTLD. Colony DL120 is one of the two remaining

colonies along with DL119 that have, at least until the end

of 2020, survived the outbreak. Our foregoing observations

suggest the existence of individuals with disease-resistant

genotypes to sustain the recovery of this species making

these colonies key egg donors for use in future in vitro

fertilization experiments. However, in July 2020 colony

DL120 did not spawn, so the probability of obtaining egg

donors is reduced even in apparently healthy colonies.

The loss of seven of the nine colonies of D.

labyrinthiformis that were used in this study due to SCTLD

will have a negative impact on the local recovery of the

species, particularly through sexual reproduction due to the

decrease in the reservoir of available genotypes and gamete

donors (Glassom et al. 2006; Baums et al. 2013). However,

the cryopreserved samples in the repository resulting from

this study will help to maximize genetic variation. This is

important for species ability to cope with climate change

and diseases (Hoffmann and Sgrò 2011; Carlson et al.

2014; Van Oppen et Al. 2015; Hagedorn and Carter 2016;

Webster et al. 2017). The identification of more surviving

colonies as potential sperm and egg donors is essential to

save D. labyrinthiformis from local extinction. Cryo-

banking sperm from as many colonies as possible is needed

to promote genetic diversity to overcome future climatic

conditions (Van Oppen And Gates 2006; Darling and Côté

2018).

Sperm efficacy over time

For this study, we used the most common sperm cryop-

reservation method as developed by Hagedorn et al.

(2012a, b). When applied to D. labyrinthiformis the cry-

opreservation process maintained viable sperm for all time

periods that were tested (30 min, 1, 12 and 13 months).

Overall, we found that sperm from D. labyrinthiformis can

be cryopreserved for at least 13 months and used to cross

with fresh eggs resulting in successful fertilization, larval

yield, settlement and post-settlement survival. This is

similar to results found for sperm of Acropora tenuis and

Acropora millepora that had been cryopreserved for up to

2 years (Hagedorn et al. 2017). Although the viability of

cryopreserved sperm was reduced for all time periods in

comparison with fresh sperm, we found no significant

differences between fresh and cryopreserved sperm for

motility, fertilization, settlement success and post-settle-

ment survival for all time points. The only exception being

that we found significant differences in larval and settle-

ment yields when sperm had been cryopreserved for at

least one year.

Nevertheless, in these two cases, larvae that made it

through embryonic development have a high probability of

settling (Fig. 4e). This has also been found for Acropora

tenuis and A. millepora (Hagedorn et al. 2017) and sug-

gests that settlement is not dependent upon egg-sperm

compatibility or larval yield, even when fertilization is low.

Therefore, we suggest that initial sperm motility is not

necessarily a good indicator of post-fertilization success as

measured by settlement success. Even if low sperm

motility leads to low larval yield, most larvae will settle.

For example, some crosses such as C2-18 sperm with

DL118 eggs and C2-18 sperm with DL123 eggs produced

fewer larvae (37% and 25%), but of those 67% and 56%

settled, respectively (Table 3a).

Some colonies were more affected by the cryopreser-

vation process than others. Significant differences were

found in the viability of D. labyrinthiformis sperm after

cryopreservation as exemplified by sperm from colonies

DL117 and DL120 (Table 3b). Cryopreservation had

deleterious effects on DL120 sperm viability as revealed by

comparing fertilization rates with fresh versus cryopre-

served sperm (Table 3b). Consequently, larval and settle-

ment yields, settlement success and post-settlement

survival were also negatively affected.

A lack of fertilization could also be attributable to

incompatibility between eggs and sperm even though they

come from distinct colonies as exemplified by DL120,

which was not compatible with any other colonies. Gamete

incompatibility may vary between genotypes of the same

species and this has been attributed to differences in

recognition protein receptors and diffusible molecules
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associated with gametes, such as the guanylate cyclase

receptor of sperm flagella (Zhang et al. 2019). The use of

pooled sperm is recommended to overcome such potential

incompatibilities (Hagedorn and Carter 2016).

Direction of crosses

We found that the direction of the cross affects larval

yields, settlement yield and settlement success. Although

visually there were no obvious differences in sperm

motility or egg quality that could be discerned in terms of

size and shape, they may be responsible for the differences

based on the direction of the cross. For the crosses between

sperm and eggs of the colonies DL117 and DL120 the

effect of cryopreservation on sperm viability may explain

the difference in results in larval yield and settlement.

The new reality of successive disturbances dictates that,

to ensure a sufficient number of compatible genotypes,

coral rescue plansmay need to consider collecting gametes

from diseased colonies of target species, as it could quite

possibly be their last spawning event, as was the case for

most of the colonies in the patch of D. labyrinthiformis

studied here. Therefore, is it critical that we continue to

cryopreserve eggs as well as coral larvae and tissues using

vitrification (Feuillassier et al. 2015; Daly et al. 2018;

Viyakarn et al. 2018; Cirino et al. 2019) and to locate germ

cells for culturing (Shikina et al. 2012; Shikina et al. 2015;

Barfield et al. 2016; Tan et al. 2020).

Challenges include optimizing techniques for gamete

cryopreservation of other scleractinian coral species

(Viyakarn et al. 2018) and to understand the sources of

variation among crosses. Tradeoffs between banking only

good quality material versus banking as many genotypes as

possible need to be considered. Given that SCTLD is

causing high colony mortality of many species of corals

(Álvarez-Filip et al. 2019), perhaps the sperm motility

criterion will need to be relaxed somewhat to ensure higher

genetic diversity in cryo-banking repositories, particularly

for species that are threatened with local extinction. We

must also establish criteria for deposition into and extrac-

tion of material from cryo-banks. A major challenge to

cryopreservation is the ability to scale up efforts (Hagedorn

et al. 2017). One option, particularly in remote areas, is to

produce mobile cryopreservation laboratories, which are

relatively inexpensive and can be easily transported to

remote sites, as long as liquid nitrogen is available.

Due to the recent loss of 30% of the coral cover caused

by the rapid spread of SCTLD, at least 22 coral species

have been affected in Mexico and other Caribbean coun-

tries (Álvarez-Filip et al. 2019; McField et al. 2020). In the

Mesoamerican Reef, the reef-building corals most affected

by this syndrome are meandroid corals, such as D.

labyrinthiformis (Álvarez-Filip et al. 2019; McField et al.

2020). Currently D. labyrinthiformis is listed on the

International Union for Conservation Nature Red List

(IUCN) Red as a species of least concern; however, due to

the recent critical declines in the population of this species,

our study suggests that it’s status on the IUCN Red List

needs to be re-evaluated.
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