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Abstract. Amphibians are becoming increasingly reliant on captive breeding programs for continued survival. Assisted
reproductive technologies including gamete cryopreservation and IVF can help reduce costs of breeding programs,

provide insurance against extinction and assist genetic rescue in wild populations. However, the use of these technologies
to produce reproductivelymature offspring has only been demonstrated in a few non-model species.We aimed to optimise
sperm cryopreservation in the threatened frog Litoria aurea and generate mature offspring from frozen–thawed

spermatozoa by IVF. We tested three concentrations (1.4, 2.1 and 2.8M) of the cryoprotectants dimethylsulfoxide
(DMSO) and glycerol with 0.3M sucrose. Using DMSO was more likely to result in recovery of sperm motility, vitality
and acrosome integrity than glycerol, regardless of concentration, with forward progressive motility being most sensitive
to damage. The lowest concentrations of 1.4 and 2.1M provided the best protection regardless of cryoprotectant type.

Spermatozoa cryopreserved in 2.1M DMSO outperformed spermatozoa cryopreserved in equivalent concentrations of
glycerol in terms of their ability to fertilise ova, resulting in higher rates of embryos hatching and several individuals
reaching sexualmaturity.We have demonstrated that sperm cryopreservation and subsequent offspring generation via IVF

is a feasible conservation tool for L. aurea and other threatened amphibians.
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Introduction

The current reality of global amphibian conservation is that the
magnitude of ongoing global declines overshadows the under-
whelming financial and logistical resources available to support

the number of species requiring intervention (Zippel et al. 2011;
Bishop et al. 2012; Della Togna et al. 2020). In extreme cases,
some amphibian species extinct in the wild persist only in

conservation breeding programs (CBPs), whereas the manage-
ment of others with extant wild populations relies heavily on

ex situ breeding for wild population augmentation (Zippel et al.

2011; Clulow et al. 2014). Current investment in the establish-
ment of CBPs will undoubtedly continue to increase but, unless
alternative methods can be incorporated into current manage-

ment practices, already constrained resources will continue to
challenge any hope of recovery (Zippel et al. 2011; Bishop et al.
2012; Della Togna et al. 2020; Howell et al. 2020).

Assisted reproductive technologies (ARTs), including gamete
induction through exogenous hormones, sperm cryopreservation
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and IVF, have the potential to increase the number of species that
could be saved (Clulow and Clulow 2016). These technologies

increase the potential to breed recalcitrant species, manage
geneticsmore effectively through the storage of founder genomes
(genetic rescue) and can circumvent issues relating to mate

selection, all while reducing costs of individual programs
(Clulow and Clulow 2016; Della Togna et al. 2020; Howell
et al. 2020).

Steadyprogress has occurred in the development of amphibian
sperm cryopreservation protocols (Clulow and Clulow 2016)
since the earliest reports (Luyet and Hodapp 1938), leading to
the development of protocols for approximately 40 species

(Browne et al. 2019; Clulow et al. 2019). In addition, it has been
demonstrated that live progeny can be obtained using cryopre-
served spermatozoa via IVF in the common amphibian laboratory

models Xenopus laevis and Silurana tropicalis (Sargent and
Mohun 2005; Mansour et al. 2009; Pearl et al. 2017) and a few
other non-laboratory species (Shishova et al. 2011; Uteshev et al.

2013; Upton et al. 2018). Although only one published report has
demonstrated a full life cycle of progeny produced from amphib-
ian cryopreserved spermatozoa with subsequent generations
produced by natural breeding (for X. laevis; Pearl et al. 2017),

these successes highlight the importance of ARTs and their
application in amphibian conservation and management.

Amphibians have been declining severely since themid-20th

century, with a key driver being the amphibian fungal disease
chytridiomycosis (Berger et al. 1998; O’Hanlon et al. 2018;
Scheele et al. 2019). The worst wildlife panzootic ever recorded

(Bower et al. 2017), chytridiomycosis is thought to be responsi-
ble for the decline or extinction of at least 501 species globally
(Scheele et al. 2019). Eradication of the pathogen is considered

unlikely and there are very few options for mitigating the effect
in wild populations (Clulow et al. 2018). Australian amphibians
have not escaped the mass declines, with a recent assessment
indicating that approximately 46 species (approximately 20% of

all Australian frogs) are either extinct or threatened with
extinction (Gillespie et al. 2020). Major threats outside of
chytridiomycosis include climate change, habitat alteration,

invasive species and the increased frequency and intensity of
bushfires (Stuart et al. 2004; Gillespie et al. 2020), all of which
are difficult to eradicate or contain in the time frame required to

avoid further loss of amphibian biodiversity. Thus, there is a
major imperative to further develop amphibian ARTs and
introduce biobanking as a management tool as a key priority
in the fight against extinction, loss of population genetic

diversity and further catastrophic loss of biodiversity (Clulow
and Clulow 2016; Clulow et al. 2019; Della Togna et al. 2020;
Howell et al. 2020).

The green and golden bell frog Litoria aurea is an endan-
gered Australian species that has experienced extirpations
across more than 90% of its range over the past few decades

(Mahony et al. 2013). Chytridiomycosis is thought to be the key
driver behind its demise (Stockwell et al. 2008; Abu Bakar et al.
2016; Campbell et al. 2019), with few management strategies

existing for wild populations (but see Clulow et al. 2018),
making it a prime candidate species for management through
biobanking and ARTs, as well as a model species for other
endangered pelodryadids in the bell frog complex.

Herein, we report recovery of live, motile spermatozoa
following successful cryopreservation in L. aurea as a model

threatened tree frog (Family Pelodryadidae), and the subsequent
generation of sexually mature adults by performing IVF with
frozen–thawed spermatozoa. Because there are differing reports

in the literature on post-thaw sperm recovery across amphibian
species (Beesley et al. 1998; Browne et al. 1998, 2002b;
Mugnano et al. 1998; Michael and Jones 2004; Mansour et al.

2009, 2010), and few comparing the effects of different cryo-
protectants and concentrations on sperm fertilisation and
embryo development, we compared different concentrations
(1.4, 2.1 and 2.8M) of two commonly used cryoprotectants,

namely dimethylsulfoxide (DMSO) and glycerol. Our aims
were to determine which cryoprotectant and concentrations
resulted in the highest post-thaw recovery of sperm motility,

vitality, acrosome integrity and hatching rates, and, importantly,
whether tadpoles derived from cryopreserved spermatozoa were
capable of metamorphosing and developing through to sexual

maturity.

Materials and methods

Animals

All animals in this study were sourced from the University
of Newcastle’s L. aurea captive breeding colony. Animals
were housed in vegetated, seminatural outdoor mesocosms

(75 cm� 75 cm� 110 cm) containing approximately 25% area
terrestrial substrate (gravel) with vegetation, 75% water and
stacked brick microrefuges throughout. Animals were supple-
mented with crickets one to two times per week and exposed to

natural day–night light regimes, being able to bask at will.
Animals were transferred to the laboratory from the outdoor
holding mesocosms on the day experiments were performed.

All captive husbandry and experiments were conducted in
accordance with institutional and national Australian standards
for the care and welfare of animals, and in accordance with

the University of Newcastle’s animal ethics approval (Permit
A-2013-328). Animals were originally collected under NSW
Scientific Licence SL101269.

Testicular excision and sperm collection

Testes were collected opportunistically for sperm cryopreser-
vation experiments when male L. aurea were killed for a sepa-
rate study. Five males were killed throughout September and

October 2014 by immersion in 0.4%w/v ethyl 3-aminobenzoate
methanesulfonate (MS-222; Sigma Aldrich; E10521) buffered
with 0.4% w/v sodium bicarbonate, followed by excision of the

heart. Both testeswere removed from each individual and placed
in 1mL Simplified Amphibian Ringer (SAR; 113mM NaCl,
1mMCaCl2, 2mMKCl, 3.6mMNaHCO3; recipe fromBrowne

et al. 1998) for maceration and use in cryopreservation or IVF
experiments.

Experiment 1: sperm cryopreservation

A sperm suspension for each male (Fig. 1a) was prepared by
macerating each pair of testes in the 1mL holding SAR solution
by gently teasing the tissues apart with fine forceps to release the
spermatozoa. Two cryoprotectants at three concentrations were
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tested, namely DMSO and glycerol at concentrations of 1.4, 2.1
and 2.8M (10%, 15% and 20% v/v), each in combination with

0.3M sucrose (10% w/v sucrose). A control treatment of 0.3M
sucrose with no additional additives was also tested. Prefreeze
vitality and motility for the initial sperm suspension in SAR

were assessed before aliquots from eachmacerate were assigned
to the seven treatments for cryopreservation experiments.

Cryopreservation trials involved making up one 120-mL
aliquot for each treatment from each testicular macerate by
extending a 20-mL aliquot of the testicular macerate 1:6 with the
appropriate cryoprotectants (initial cryoprotectant concentra-
tion as described above). The final concentrations of the

cryoprotectants following dilution with sperm suspensions were
1.2, 1.8 and 2.4M. Prepared aliquots were then loaded into
0.25-mL capacity Cassou straws (IMV Technologies) and

sealed with polyvinyl alcohol (PVA) powder (Sigma). Straws
were loaded into a programmable freezer (Freeze Control CL-
836; CryoLogic) and frozen using a set cooling ramp outlined in

Upton et al. (2018). Briefly, this involved straws being held for
10min at 2.08C, followed by cooling at a rate of –1.08Cmin�1 to
–8.08C, followed by cooling at a rate of –3.08Cmin�1 to –16.08C
and then at a rate of –3.48C min�1 to –80.08C, at which stage

straws were quenched in liquid nitrogen (Upton et al. 2018).
Straws were thawed in air early in 2018, approximately 3 years
and 4 months later, by placing them on the bench at room

temperature (,218C) for 2min, before motility, vitality and
acrosome integrity were assessed.

Sperm assessment

Spermatozoa were assessed for vitality, motility and acrosome
integrity. Sperm vitality (scored as the proportion of cells with
intact cell plasma membranes) was assessed with a dye exclu-

sion assay. Eosin-Y (SigmaAldrich; E4009; 0.4%w/v diluted in
0.9% w/v saline) was mixed 1:1 with sperm samples to form a
volume of 10mL, incubated for at least 30 s at room temperature
and then scored under a brightfield microscope at a magnifica-

tion of�400. Spermatozoa that stained pinkwere scored as dead
because the cell membrane became permeable to the dye,

whereas sperm with a clear cytoplasm, indicating the cells were
functioning and able to exclude the dye, were scored as live.

Sperm motility was assessed after activation by dilution of the
sperm samples 1:6 in distilled water and allowing the samples to
sit for at least 2min for activation to occur. Spermatozoa were

scored as being in one of three motility states: non-motile,
motile without forward progression or motile with forward
progression. For each sample, 100–200 spermatozoa were

scored across at least four randomly selected fields of view. One
slide was made per straw, with one overall count for each of the
motility and vitality assessments.

For assessment of acrosome integrity, 10–20mL spermatozoa

was smeared evenly across a Superfrost slide (ThermoScientific)
immediately after thawing; samples were allowed to air dry and
were then fixed with 100% methanol. Slides were rehydrated

twice in SAR for 5min before incubation with fluorescein
isothiocyanate (FITC)-conjugated Arachis hypogaea (peanut)
agglutinin (PNA-FITC; Sigma Aldrich; E10521). PNA-FITC

was applied onto the slide at a final concentration of 60mg
mL�1 in SAR and the slides were incubated overnight at 58C in
a darkened humidity chamber. Spermatozoa were counterstained
with propidium iodide at a final concentration of 0.5mM for a

maximum of 2min. Slides were rinsed with SAR for 5min and
examined under a Motic BA310E microscope equipped with an
epifluorescence device. Spermatozoawith a fluorescently stained

green tip and red head were counted as having an intact acrosome
and spermatozoawith only a red stained headwere counted as not
(Fig. 1b). At least 100 spermatozoa were counted across four

fields of view. Two slide replicates per straw with two counts of
each were made.

Experiment 2: IVF trials

IVF experiments were conducted in 2018 to test the fertilising
capacity of spermatozoa cryopreserved in 2014. IVF was per-
formed with spermatozoa exposed to 2.1MDMSO and glycerol
(one of the determined optimal concentrations for obtaining

live, motile spermatozoa) in two ways: (1) fresh, unfrozen
spermatozoa from new males but exposed to cryoprotectants in

(a) (b)

Fig. 1. Litoria spermatozoa. (a) A morphologically normal L. aurea sperm cell. (b) Acrosome stained

Litoria sperm cell in which propidium iodide stains the head red and PNA-FITC stains the acrosome green

(white arrow). Scale bars¼ 5mm.
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the same manner as cryopreserved spermatozoa to test for
cryoprotectant toxicity without freezing; and (2) frozen–thawed

spermatozoa to test the effects of the full cryopreservation
process. Fresh, unfrozen sperm samples were derived from two
males killed in 2018 on the same day that IVF was performed

(one for each of 2 days an IVF was performed). Two additional
control treatments were added to demonstrate that the quality of
the ova was not a factor in any low fertility rates observed from

unfrozen and frozen sperm treatments. These included: (1) fresh
spermatozoa without any cryoprotectants added, used to dem-
onstrate ova quality in the absence of any other factors; and
(2) ‘fertilisations’ with SAR containing no spermatozoa to

control for possible parthenogenic activation of ova.
Ova were obtained from four females by monitoring

amplecting pairs from the captive breeding colony until first

signs of oviposition began, at which point the females were
separated from the males and moved to a cool room (,188C) to
delay oviposition until IVF experiments were ready to be

performed. The females were held individually in containers
containing SAR and were allowed to warm to room temperature
before the beginning of IVF. When experiments were ready to
start, ova were expelled from the cloaca into Petri dishes via

gentle massage of the abdomen, after which spermatozoa were
immediately added to the dishes. IVF experiments were con-
ducted over 2 days on 30 January and 1 February 2018. On

Day 1, a subset of ova (n¼ 11� 1 per dish; n¼ 3 dishes per
treatment, per animal) from Females 1–3 was fertilised with
fresh spermatozoa from one freshly killed male and with

cryopreserved spermatozoa from one male cryopreserved in
2014. On Day 2, a subset of ova (n¼ 11� 1 per dish; n¼ 6
dishes per treatment, per animal) from the fourth female was

fertilised with spermatozoa from a second freshly killed male
and with cryopreserved spermatozoa from a second male
cryopreserved in 2014.

Sperm preparation and IVF

Fresh and thawed spermatozoa exposed to cryoprotectants were
washed by first spinning down the spermatozoa in a centrifuge at
2000g for 5min at 218C to remove the cryoprotectants before the

spermatozoa were resuspended in SAR. The sperm concentration
was made to be roughly equal between samples (,1� 106 cells
mL�1; mean (�s.d.) 1.04� 106� 3.29� 104; determined to be

sufficient for maximum fertilisation; Browne et al. 1998). This
was achieved by first measuring sperm concentration using a
Neubauer haemocytometer and diluting spermatozoa with SAR

so that the final concentration following activationwould be equal
in each treatment. A 130-mL aliquot of activated sperm solution
was then pipetted directly onto the ova in each treatment dish.

Successful fertilisations were confirmed by rotation of the

animal poles (as indicated by the dark hemisphere of the ova
facing up), which typically occurred within 30–60min after the
addition of spermatozoa. At this point, the dishes were flooded

with 10% v/v SAR. The proportion of developing embryos
subsequently reaching various developmental stages (Gosner
1960) was recorded, including Gosner Stage 3 (first cleavage),

Stage 4 (second cleavage), Stages 7–9 (blastula), Stages 10–12
(gastrula), Stages 13–17 (neurula), Stages 17–19 (organogenesis)

and Stage 20 (hatched tadpole). Hatched tadpoles were trans-
ferred to plastic terraria (30 cm� 18 cm� 24 cm; grouped and

pooled by treatment) and maintained at room temperature on a
13-h : 11-h dark–light cycle, reflecting natural day length at
the time of fertilisation. After 1 month of development, tadpoles

were transferred into outdoor mesocosms. Tadpoles were fed
ad libitum a mixture of spirulina (100% Organic Super Greens;
Synergy Natural Products) and ground trout pellet (Ridley

Aquafeed; Ridley AgriProducts), in a ratio of 50:50, once a week.
Due to logistical restraints, tadpoleswere pooled by treatment and
no further monitoring or analysis was conducted other than to
assess whether frogs that metamorphosed were able to reach

sexual maturity.

Assessment of sexual maturation

Animals that survived to adulthood were checked for signs of
sexual maturity, as indicated by the appearance of secondary

sexual characteristics. These included darkened nuptial pads
and vocalisation for males and increased abdominal size and the
presence of mature ovarian follicles in females. The presence of

mature follicles in the females was detected via ultrasound using
a LOGIQ e ultrasound (GE Healthcare) equipped with an
L8-18i-rs linear hockey stick probe (range 6.7–18MHz) set to

musculoskeletal setting at a scan depth of 2 cm. The probe was
wetted with aged tap water as a conductor and was held gently
against the abdomen for imaging.

Statistical analysis

Sperm cryopreservation data

Generalised linear mixed models (GLMM) were used to fit
binary logistic regressions to four sperm parameters: vitality,

acrosome integrity (interpreted as the proportion of successful
cases; i.e. live spermatozoa or intact acrosome with the total
number of spermatozoa used as weights in the model) and two
motility parameters (forward-progressive and non-progressive

motility; interpreted as proportions, with the weights equalling
non-motile spermatozoa plus the number of cases of each
respective category). The first model implemented a two-

factor design using multiple categories and levels: Factor 1,
cryoprotectant type (DMSO or glycerol); and Factor 2, cryopro-
tectant concentration (1.4, 2.1 and 2.8M). Interactions between

cryoprotectant type and concentration were tested and not found
to be significant. Thus, all models were simplified by removing
the interaction. This allowed the comparison of cryoprotectant
type, averaged across cryoprotectant concentration, and vice

versa. In the second model (containing treatments and controls),
a separate logistic regression model was generated with all
eight treatments treated as a single categorical variable. This

allowed comparison of treatments to the fresh control (unfrozen,
no cryoprotectants) and the cryopreserved sperm control
containing 0.3M sucrose only, without cryoprotectants. Over-

dispersion was addressed for all models in this experiment using
an observation-level random effect.

IVF data

A logistic regression was fitted to each of the eight Gosner
developmental stages assessed in the IVF trial using a GLMM
with a fixed effect variable for the five treatments and nested

Sperm cryopreservation and IVF in Litoria aurea Reproduction, Fertility and Development 565



random effects (individual female ID, treatment within each
female and each replicate within each treatment). In a separate

model, the eight developmental stages were added as an
additional fixed effect along with a random effect in which
development stage was nested within replicates. The second

model was the basis for testing the interaction between develop-
ment stage and treatment. Due to computational problems when
the cryopreserved 2.1M glycerol treatment was included

(because all counts were zero in the last four stages of
development), data for that treatment were excluded when
testing the significance of the interaction between development
stage and treatment.

The glmer program in the R version 3.6.2 (R Foundation for
Statistical Computing) package lme4 (version 1.1-23) was used
for all GLMMmodelling in this study (Bates et al. 2015). Model

estimated marginal means (EMMs) and 95% confidence limits
were determined for each condition and back-transformed to
proportions. Odds ratios (ORs) comparing treatments were also

generated using the package emmeans (version 1.4.8; Lenth
et al. 2018).

Results

Experiment 1: recoveryof spermatozoa after cryopreservation

Effects of cryoprotectant type and concentration on sperm
motility, vitality and acrosome integrity

There were significant effects of cryoprotectant type and

concentration on both post-thaw forward progressive motility
(likelihood ratio test (LRT) x1

2¼ 27.0 (P, 0.001) and x2
2¼ 13.0

(P, 0.01) respectively) and acrosome integrity (LRT x1
2¼ 3.7

(P¼ 0.05) and x2
2¼ 6.9 (P, 0.05) respectively). In addition,

there were significant effects of cryoprotectant type on non-
progressive motility (LRT x2

2¼ 18.3, P, 0.001) and vitality
(LRT x2

2¼ 10.5, P, 0.001). There was no significant effect of

cryoprotectant concentration on either non-progressive motility
or vitality. In all cases, DMSO resulted in greater post-thaw
motility and vitality than glycerol, with mixed results for the

optimal concentrations of each.
ORswere used to further compare results between treatments

(Supplementary Table S1). When results were averaged across
cryoprotectant concentration, DMSO was almost sevenfold

more likely than glycerol to have a positive effect on forward
progressive motility (OR 6.7; 95% confidence interval (CI)
3.7–12.0; Table S1) and threefold more likely than glycerol to

have a positive effect on non-progressive motility (OR 3.2, 95%
CI 2.0–5.0; Table S1). DMSO was also twice as likely to have a
positive effect on vitality than glycerol (OR 2.0, 95% CI 1.37–

3.0) and 1.2-fold more likely to have a positive effect on
acrosome integrity (OR 1.2, 95% CI 1.0–1.5). When results
were averaged across cryoprotectant type, there were no signif-

icant differences between cryoprotectant concentrations on
non-progressive motility or vitality, but the 1.4 and 2.1M
concentrations were four- and threefoldmore likely respectively
to have a positive effect on forward progressivemotility than the

concentration of 2.8M (Table S1). The concentration of 1.4M
was 1.4-fold more likely to have a positive effect on acrosome
integrity than the concentration of 2.8M (OR1.4, 95%CI1.1–1.8).

For the full set of ORs and confidence limits, see Table S1.

Post-thaw recovery in cryopreservation treatments versus
fresh, unfrozen spermatozoa

There was a significant effect of cryoprotectant treatment on

forward progressive motility, non-progressive motility, vitality
and acrosome integrity (LRT x7

2¼ 65.5 (P, 0.001), x7
2¼ 55.0

(P, 0.001), x7
2¼ 91.8 (P, 0.001) and x6

2¼ 13.7 (P¼ 0.03)

respectively). ORswere generated to further compare individual
treatments to the two control groups (fresh sperm controlwith no
cryoprotectants added and 0.3M sucrose only; Tables S2, S3).

Fresh spermatozoa had significantly higher forward and non-
progressive motility and vitality than any of the cryopreserved
treatments (Fig. 2). Compared with the best cryoprotectant
(2.1M DMSO), fresh spermatozoa were almost ninefold more

likely to have forward progressive motility (OR 8.7, 95% CI
3.4–22.3) and 60-fold more likely to have intact membranes
(OR 60.4, 95% CI 24.5–148.7).

Of the cryoprotectant treatments, 2.1M DMSO performed
significantly better than all other cryoprotectants at recovering
spermatozoa with forward progressive motility, apart from

1.4M DMSO, with little difference between 1.4 and 2.1M
DMSO (OR 1.4, 95% CI 0.6–3.3; Table S2; Fig. 2). There was
a significant reduction in forward progressive motility for

spermatozoa cryopreserved in 2.8M DMSO compared with
other DMSO treatments and the fresh control (Fig. 2; for ORs,
see Table S2). There was a significant reduction in all motility
parameters and vitality for spermatozoa cryopreserved with any

concentration of glycerol compared with 1.4 and 2.1M DMSO
treatments. Forward progressivemotilitywas preserved better in
the 0.3M sucrose only control than in the 2.1 and 2.8M glycerol

treatments (Fig. 2; for ORs, see Table S2).
The best for post-thaw preservation of acrosome integrity

was seen with 1.4M DMSO (Fig. 3). Although there was no

significant difference in the preservation of acrosome integrity
between 1.4 and 2.1M DMSO, compared with 2.8M DMSO,
1.4M DMSO was 1.4-fold more likely to result in intact
acrosomes (OR 1.4, 95% CI 1.0–1.19). The preservation of

acrosome integrity was also significantly better with 1.4M
DMSO than both 2.1 and 2.8M glycerol, as well as 0.3M
sucrose (Table S3). The difference between DMSO and glycerol

treatments was less pronounced for acrosome integrity (Fig. 3).

Experiment 2: IVF using frozen–thawed spermatozoa

Effects of cryoprotectant type on embryo survival

There was a significant effect of treatment on embryo

survival at each of the eight Gosner developmental stages
monitored, with LRT x4

2 ranging from 24.7 to 35.7
(P, 0.001). In all cases, fertilisation with fresh, unfrozen

spermatozoa yielded a higher proportion of surviving embryos,
with fertilisation with spermatozoa cryopreserved in 2.1M
DMSO being the only cryopreserved treatment to result in

embryo survival beyond blastulation. ORs were used to further
compare results between treatments (Table S4).

The models showed that fresh, unfrozen spermatozoa pro-
duced a higher proportion of embryos surviving to first cleavage

(EMM 86%) than DMSO-treated cryopreserved spermatozoa
(EMM 66%), although the difference did not reach statistical
significance (Fig. 4a; Table S4). There was no significant
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difference in the proportion of surviving embryos produced

from fresh unfrozen spermatozoa compared with DMSO-
treated, unfrozen spermatozoa at any stage of development,
except Stages 17–19 (organogenesis; Tables S4–S10). Com-

pared with the proportion of surviving embryos produced from
fresh, unfrozen spermatozoa, all other treatments had a signifi-
cantly reduced embryo survival (Tables S4–S11).

Embryos produced with unfrozen spermatozoa treated with
2.1M DMSO were 15-fold more likely to survive to first

cleavage than those produced with unfrozen spermatozoa trea-
ted with 2.1M glycerol (OR 15.3, 95%CI 3.7–63.3) and 14-fold

more likely to survive to first cleavage than their counterparts
produced using cryopreserved spermatozoa (2.1M DMSO; OR
13.7, 95% CI 3.3–55.6). The proportion of surviving embryos

was significantly higher for those produced with unfrozen
spermatozoa treated with 2.1M DMSO than for those produced
with unfrozen spermatozoa treated with 2.1M glycerol and

those produced with cryopreserved spermatozoa treated with
2.1M DMSO at each stage of development (Fig. 4; for ORs, see
Tables S4–S11).

The proportion of surviving embryos was similar between
those produced with cryopreserved spermatozoa treated with
2.1M DMSO and those produced by cryopreserved spermato-
zoa treated with 2.1M glycerol until blastula development, at

which stage the proportion of surviving embryos was 8.5-fold
higher for those produced by cryopreserved spermatozoa treated
with 2.1M DMSO than those produced by cryopreserved

spermatozoa treated with 2.1M glycerol (Fig. 4b; OR 8.5,
95% CI 1.1–65.3). The differences in the proportions of
embryos surviving remained significant for the remaining stages

of development, with no embryos produced from cryopreserved
spermatozoa treated with 2.1M glycerol surviving beyond
gastrulation (Tables S8–11).

More embryos survived to hatching from fresh, unfrozen

spermatozoa than any other treatment (EMM 43%). Fertilisa-
tions with unfrozen, 2.1MDMSO-treated spermatozoa resulted
in more embryos hatching than fertilisations with cryopreserved

2.1MDMSO-treated spermatozoa (EMM30%). The proportion
of embryos produced from cryopreserved spermatozoa treated
with 2.1M DMSO surviving to hatching was 2% (Fig. 4c).
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Fig. 2. Predicted proportions of motility and vitality for each combination

of cryoprotectant type and concentration, and cryoprotectant-free controls

based on estimatedmarginalmeans. F, fresh, unfrozen sperm control (before

cryopreservation); C, 0.3M sucrose only control, cryopreserved. Filled
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Progression of embryos through embryogenesis and
metamorphosis to reproductive maturity

There was no difference in the rate of progression from

fertilisation to hatching between any treatment (LRT x24
2 ¼ 33.4,

P¼ 0.10), with development from first cleavage to hatching
taking approximately 3 days (Fig. 4a–c).

Metamorphosis began to occur in two of the treatment groups
(unfrozen DMSO and unfrozen glycerol) at 70 days after
fertilisation (April 2018), with metamorphosis beginning in

the remaining treatments (fresh and cryopreserved with DMSO)
only 2 days later (Fig. 5). As of February 2019, all remaining
tadpoles had metamorphosed, some after overwintering.

In 2019, surviving males from all treatment groups devel-

oped nuptial pads and began to vocalise, thus displaying signs of
sexual maturity (Fig. 6a). In 2020, females from all treatment
groups developed swollen abdomens as a sign of developing

gravidity (females typically take a year longer to reach sexual
maturity). Sonograms confirmed the presence of follicles in
females from all treatments (Fig. 6b).

Discussion

This study adds to the growing number of reports of successful
sperm cryopreservation in amphibians (Browne et al. 2019;
Clulow et al. 2019). Importantly, we demonstrated successful

generation of sexually mature L. aurea adults from cryopre-
served spermatozoa. Most reports on the recovery of sperma-
tozoa following cryopreservation stop at the assessment of the

motility and vitality of the spermatozoa after thawing. There are
far fewer reports of the viability of cryopreserved spermatozoa
assessed by fertilisation trials (Mansour et al. 2009; Shishova

et al. 2011; Langhorne et al. 2013; Upton et al. 2018), which is
an important goal in the cryobiology of gametes as the ultimate
measure of success (Clulow and Clulow 2016). By achieving
successful sperm cryopreservation in L. aurea and subsequent

fertilisations via IVF that resulted in sexually mature frogs, we
provide another proof-of-concept example of the validity and
utility of ARTs as an important conservation strategy for

imperilled amphibians.
The successful production of live progeny from cryopre-

served spermatozoa in a threatened amphibian illustrates the

legitimacy of biobanking as a management tool and helps
address the recommendation of the Amphibian Conservation
Action Plan (Della Togna et al. 2020). Despite no female
gametes or embryos having been successfully cryopreserved

in amphibians to date (but see Lawson et al. (2013) for
successful cryopreservation of amphibian embryonic cells),
the technologies are developing rapidly in fish and corals and

will likely complement amphibian biobanking of male gametes
in years to come (Khosla et al. 2017; Daly et al. 2018).

The range of penetrating cryoprotectants tested in the present

study (DMSO and glycerol; 1.4, 2.1 and 2.8M) was similar to
that used in other amphibians in the literature. As with a range of
other studies (Beesley et al. 1998; Browne et al. 1998, 2002b;

Mugnano et al. 1998; Mansour et al. 2009), DMSO resulted in
higher sperm recovery after cryopreservation than glycerol,
which appears to be more toxic than DMSO and shows a strong
concentration effect on the most sensitive sperm recovery
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parameter of forward progressive motility (Fig. 2a). Neverthe-

less, there are some amphibian studies that do report better
recovery with glycerol (Michael and Jones 2004; Mansour et al.
2010) and some that report good post-thaw recovery and

fertilisation using N,N-dimethylformamide as a cryoprotectant
(Shishova et al. 2011; Hinkson et al. 2019).

With the exception of forward progressive motility and
acrosome integrity, this study showed little effect of cryopro-

tectant concentrations on sperm quality (Figs 2, 3). No effect of
cryoprotectant concentration was observed on proportion of live
spermatozoa (Fig. 2), a similar response to that found by

Mugnano et al. (1998) on Lithobates sylvaticus using 1.5 and
3.0M DMSO and glycerol. Interestingly, some studies found
no difference in the proportion of intact cells versus motile

cells recovered after cryopreservation (Mugnano et al. 1998;
Mansour et al. 2009). In the present study, we found a reduction

in motility compared with vitality, indicating that non-lethal

intracellular damage may be occurring as a result of sperm
cryopreservation in L. aurea.

We found that lower concentrations of DMSO (1.4 or 2.1M)

resulted in higher recovery of spermatozoa after cryopreserva-
tion. This suggests that 2.8M DMSO, along with 2.1 and 2.8M
glycerol, was cytotoxic, as reflected by the negative effects on
sperm forward progressive motility following cryopreservation

(Fig. 2). Mansour et al. (2009) found that lower concentrations
of DMSO in the range of 0.7M were optimal for sperm
cryopreservation in X. laevis compared with a range of concen-

trations of other cryoprotectants, including methanol and glyc-
erol, and reported a cytotoxic effect at 48C using 0.7M glycerol
that affected vitality and motility.

Our results indicate that for L. aurea, and perhaps other
pelodryadid tree frogs, optimisation of cryoprotectant media

(a)

(b)

(c)

(d )

(e)

Fig. 5. Photographs of L. aurea embryo development following fertilisation with frozen–thawed

spermatozoa cryopreserved with 2.1M DMSO. (a) 4-Cell embryo, Gosner stage 4. Scale bar¼ 0.5mm.

(b) Blastula, Gosner stage 8. Scale bar¼ 0.5mm. (c) Embryo ready to hatch, Gosner stage 19. Scale

bar¼ 1mm. (d) Metamorphosed tadpole, approximately 40–50mm long from the snout to tail tip.

(e) Subadult frog, 3 months after metamorphosis, ,50 –60mm long. Photographs courtesy of R. Upton

(a–c), J. Gould (d) and C. Bugir (e).
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should be focused on using DMSO as the primary cryoprotectant.
Several studies report that DMSO at concentrations ranging from

1.4 to 2.1M, with or without sucrose, is useful for cryopreserva-
tion in X. laevis (Mansour et al. 2009), Rhinella marina (Browne
et al. 1998, 2002a, 2002c, 2002d; Proaño and Pérez 2017),

L. sylvaticus (Mugnano et al. 1998), and several pelodryadid and
myobatrachid species (Browne et al. 2002b; Upton et al. 2018).

We are unaware of any studies that have tested the effects of

cryoprotectants on the preservation of acrosome integrity in
amphibian spermatozoa, but the results of the present study
indicate that although overall the acrosome may be more
resistant to damage than other structures that facilitate motility,

lower concentrations (1.4 or 2.1M) of DMSO are optimal for
preserving the acrosome (Fig. 3). Acrosomal integrity assays,
which have been used to assess the fertilisation capabilities of

fresh amphibian spermatozoa (Takamune 1987; Ueda et al.

2002), could be used as a tool to assess cryoprotectants when

ova are not available for fertilisation trials. However, the present
study showed little difference in acrosome integrity across

treatments (Fig. 3) and that acrosome integrity was not a good
predictor of fertilisation.

Our IVF trials indicated that successful hatching of embryos

fertilised with cryopreserved spermatozoa was dependent on
cryoprotectant type. Fresh spermatozoa mixed with glycerol or
spermatozoa cryopreserved in glycerol both fertilised fewer ova

than fresh DMSO-treated spermatozoa (Fig. 4). Similar cleav-
age rates observed between fresh spermatozoa with glycerol and
glycerol-treated cryopreserved spermatozoa indicate that the
cellular damage resulting in reduced cleavage was likely related

to the glycerol itself and not exacerbated by the process of
cryopreservation. In contrast, results from the DMSO treatment
groups indicated that lower cleavage rates were predominately

caused by damage during cryopreservation, because fresh sper-
matozoa mixed with DMSO resulted in fertilisation rates com-
parable to those for the fresh, untreated control groups.

A small number of other studies provide comparative data on
fertilisation and development rates in amphibians using cryopre-
served spermatozoa. Mansour et al. (2009) reported X. laevis

hatch rates of approximately 68% in unfrozen sperm controls and

variable (but generally low) hatch rates in frozen–thawed sperm
treatments, the highest of which was approximately 48%, but
typically ranged from 5% to 28%. A 2010 study in Rana

temporaria found fertility was low in unfrozen sperm controls
(,34% fertilised) and that the fertilisation rate from cryopre-
served spermatozoa was approximately 23% (Mansour et al.

2010). Our best result in L. aurea using cryopreserved spermato-
zoa was a fertilisation rate of 12.7% using spermatozoa cryopre-
served in 2.1M DMSO. Although this is lower than values

reported in other studies, the effect is unlikely to be due solely
to the cryopreservation protocol. Our data indicated the rate of
attrition over the period of embryogenesis was similar across all
treatments after lower fertilisation rates associated with cryopres-

ervation treatments were taken into account. This suggests that
the processes of IVF and subsequent raising of embryos likely
played a role in the attrition rate. This outcome is supported by

data from other studies. Different fertilisation rates from similar
IVF protocols applied to two different species (X. laevis and
R. temporaria) indicated species- or genus-level effects associ-

ated with IVF processes (Mansour et al. 2009, 2010).
Future studies would benefit from further considering the

mechanics and developmental implications of cryoinjury. For
example, DNA damage may translate into developmental and

fitness effects in adult offspring (Morrow et al. 2017) and
L. aureamay be a good model to investigate this. Nevertheless,
the present study has produced mature adults of a threatened

amphibian, capable of exhibiting natural breeding behaviours,
by using both fresh and cryopreserved spermatozoa to fertilise
fresh ova via IVF. Future studies on the reproductive viability

and evaluation of the fitness of F1 progeny and beyond produced
from cryopreserved spermatozoa are still needed. However, this
study is a valuable step towards incorporating ARTs as a

management tool in threatened amphibian captive breeding
programs. Current recommendations for genetic rescue of
species that are in danger or at risk of extinction call for the
maximisation of genetic diversity from a carefully selected

(a)

(b)

0.25 cm

Fig. 6. Sexually mature L. aurea produced from frozen–thawed spermato-

zoa cryopreserved with 2.1M DMSO. (a) Sexually mature male showing

darkened nuptial pads (arrow). (b) Sonogram showing a gravid ovary

(arrow) from a sexually mature female. Photographs courtesy of D. Brett

(a), R. Upton (b) and N. Calatayud.
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source population (Ralls et al. 2020). Biobanking can provide
long-term storage and logistically viable strategies (Howell

et al. 2020) while implementing careful management proce-
dures that assist in curtailing the inevitable loss of genetic
diversity that is currently playing an increasing role in the

extinction of amphibians.
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