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Abstract. Assisted reproductive technologies (ARTs) have a significant role to play in reptile conservation, yet are

severely lacking. Previous attempts to cryopreserve spermatozoa in the threatened lizard Varanus panoptes achieved
approximately 48% motile sperm post-thaw for samples frozen immediately after collection. However, the feasibility of
extended cold storage before cryopreservation has not been tested.We heldV. panoptes spermatozoa at either 258C or 48C
for 8 days, assessing sperm motility at days 1, 2, 4 and 8. Subsamples were cryopreserved on days 1 and 4 following the
previously reported protocol for this species. Percentage motility decreased rapidly at 258C, but did not decrease
significantly until 4 days after collection at 48C, with .30% motility maintained after 8 days. There was no significant

difference in post-thawmotility or viability of samples cryopreserved after 1 or 4 days storage at 48C, yielding substantial
results for both parameters (mean motility 23.8% and 28.1% and mean viability 50.1% and 57.5% after 1 and 4 days
respectively). We demonstrate the capacity to extend sperm viability for up to 8 days in unfrozen samples and to produce
acceptable post-thawmotility in samples frozen after 4 days of storage, contributing to the development of valuable ARTs

for lizards and other reptiles.
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Introduction

Assisted reproductive technologies (ARTs) have provided an
array of potential conservation tools for the effective manage-

ment of wildlife genetic diversity from as early as the 1980s
(Wildt et al. 1986, 2001; Holt et al. 2003; Pukazhenthi andWildt
2004; Pukazhenthi et al. 2006; Clulow and Clulow 2016; Ryder
and Onuma 2018; Upton et al. 2018), with a recent report also

demonstrating significant economic benefits (Howell et al.

2020). However, these technologies have been based largely on
models developed in mammalian livestock and humans

(Comizzoli et al. 2018), with few taxon-specific protocols
existing for non-model vertebrates such as amphibians and rep-
tiles (Lawson et al. 2013; Clulow andClulow 2016; Browne et al.

2019;Clulow et al. 2019).This is particularly the case for reptiles:
despite current estimates that one in five reptilian species is
threatened with extinction (Gibbons et al. 2000; Böhm et al.

2013), there appears to be little to no systematic management of

gametes using ARTs to counter the loss of genetic diversity
within affected populations (Clulow and Clulow 2016; Young
et al. 2017). For example, lizards make up over 50% of all known

reptiles, with more than 6000 species worldwide (Böhm et al.

2013), yet there have been only two reported studies investigating
the effects of sperm cryopreservation for this group (Young et al.

2017; Campbell et al. 2020). In addition, little progress has been
made to understand the fundamental conditions of sperm main-
tenance before or without cryopreservation (e.g. sperm cooling,
extension medias) in lizards (Watson and Holt 2001; Molinia

et al. 2010), which further limits the development of successful
cryopreservation protocols. We are aware of only three studies
that have investigated the holding of lizard spermatozoa at tem-

peratures above 08C (Molinia et al. 2010;Zimmerman et al. 2013;
Young et al. 2017).

Short-term sperm storage at temperatures above freezingmay

be an important tool in cases where sperm samples need to be
transported from the site of collection to the site of cryopreserva-
tion (e.g. remote field locations) or where females are held in
different locations to males but it is possible to get to themwithin

hours or days. Short-term sperm storage at temperatures .08C
before cryopreservationmay allow for the successful transport of
gametes before freezing without a significant loss of sperm
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motility and viability, although the small number of reports in
reptiles to date suggests the response of spermatozoa to short-

term storage varies among species (Gist et al. 2000; Fahrig et al.
2007; Zimmerman et al. 2013; Johnston et al. 2014; Young et al.
2017). Sperm motility in lizards following cold storage at 48C
has been investigated in the green iguana Iguana iguana

(Zimmerman et al. 2013) and the black and white tegu Tupinam-
bis merianae (Young et al. 2017), with promising values for the

retention ofmotility after 48h storage (77%and 60%of the initial
motility respectively). Spermatozoa from McCann’s skink
Oligosoma maccanni have been maintained at .70% motility
for up to 5 days when stored at 48C (Molinia et al. 2010).

We recently reported the development of a successful cryo-
preservation protocol for sperm harvested from the vas deferens
of the yellow-spottedmonitorVaranus panoptes (Campbell et al.

2020). This Australian lizard has recently become a threatened
species due to the invasion of the cane toad Rhinella marina

(Doody et al. 2009, 2017). In that study, spermatozoa were

cryopreserved immediately after collection from the tract to
determine appropriate cryodiluents and concentrations to maxi-
mise post-thaw motility, achieving recovery of approximately
48% motile spermatozoa following freeze–thawing (Campbell

et al. 2020). In the present study, we aimed to investigate whether
short-term sperm storage at temperatures .08C in V. panoptes

was possible to extend the time and range of collection and

transport methods available. Specifically, our aims were to
determine: (1) the length of time in which sperm motility can
be maintained at either 48C or 258C; and (2) the effect that cold

storage (48C) has on the post-thaw motility of sperm stored for
extended periods (1 or 4 days) before cryopreservation.

Materials and methods

Study species

The yellow-spotted monitor V. panoptes is a large (up to 1.5m)
Australian varanid lizard (Cogger 2014) that has been severely
affected by the invasive cane toad R. marina (Doody et al. 2009,

2014, 2017). Affected populations decline through increased
mortality rates resulting from lethal toxic ingestion when the
toad is consumed as prey (Doody et al. 2009; Ujvari andMadsen

2009; Shine 2010). Since its introduction to Australia in 1935
(Lever 2006), the cane toad has caused severe population
declines of up to 97% inV. panoptes (Doody et al. 2009), as well
as apparent extirpations of this and at least one other monitor

lizard in some parts of northern Australia (Doody et al. 2017).
Because V. panoptes is a keystone predator, its decline has
caused community-wide shifts in the abundance of predators

and prey via trophic cascades (Doody et al. 2013, 2015, 2017).
Thus, V. panoptes forms an ideal model for the development of
reptile sperm storage and ARTs because it is abundant ahead of

the toad front for conducting experiments and banking sper-
matozoa, but is threatened behind the invasion vanguard and
exerts a disproportionately large effect over its ecosystem, thus

warranting urgent conservation attention (Tingley et al. 2017).

Collection of animals, reproductive tracts and spermatozoa

V. panoptesmales (n¼ 5) were collected from Fitzroy Crossing,
WesternAustralia (�18.1924108S, 125.5668938E) inDecember

2017 during the wet season (November–April), when
V. panoptes is active and mating is known to occur. Animals

were captured in cage traps (810mm� 254mm� 305mm;
Havahart) baited with kangaroo tails and checked twice daily.
Animals were killed within 2 days of capture by blunt cranial

displacement followed by immediate severing of the spinal
cord. Postmortem sample collection was necessary because
other non-lethal collection methods (e.g. abdominal massage

and electroejaculation) have not yet been established for mon-
itor lizards. In addition, monitor lizards are frequently captured
and used by the local Indigenous communities, which provided
an opportunity to collect samples from individuals already

designated as a food source. Each animal was weighed and
measured (snout–vent length) immediately after it was killed
and the reproductive tracts were removed by careful dissection.

The intact tracts (including testes and vasa deferentia) were
immersed in Dulbecco’s phosphate-buffered saline (PBS; Ca2þ

and Mg2þ free; Sigma-Aldrich) to prevent desiccation. Both

vasa deferentia were separated from the testes (which were
weighed separately) and macerated in a 60 mm� 15 mm Petri
dish containing 1mL PBS by making several incisions along its
entire length using surgical scissors and No. 4 forceps (Electron

Microscopy Sciences). Each dish was allowed to stand for 2min
following maceration to release the spermatozoa from the tract.
Free tissue was removed from each dish to create the final sperm

suspension for experiments. The number of spermatozoa in each
dish was determined for each pair of macerated vasa deferentia
from duplicate counts in an improved Neubauer haemocyt-

ometer at a magnification of �400, and motility at time zero
(within 2min of maceration) was assessed based on a duplicate
count of at least 200 spermatozoa per dish.

All animal experiments and procedures were conducted with
the approval of the University of Newcastle Animal Care and
Ethics Committee (Ethics authorisation A-2016-601) and under
Western Australian Scientific Licence 08-001546-1.

Short-term sperm storage

Two 500-mL samples were taken from the prepared sperm sus-

pension of each animal (n¼ 5) and placed into 1.5-mL Eppen-
dorf tubes (n¼ 10 tubes). One tube from each animal was held at
48C in a standard refrigerator, whereas the other was held at
ambient room temperature (258C) for a period of 8 days (n¼ 5

for both treatments). A 10-mL subsample was removed from
each tube at 24, 48, 96 and 192 h (1, 2, 4 and 8 days) postmortem
and assessed for motility, determined as the percentage of

forward-progressing spermatozoa. Spermatozoa that were
twitching but not progressing forward were classed as immotile.
Assessments were made in duplicate for each animal under a

light microscope with phase optics (Olympus BH-2) at a mag-
nification of �400, scoring at least 200 spermatozoa from a
minimum of three randomly selected fields for each of the
duplicate replicates.

Cryopreservation

Three 50-mL subsamples were taken from each sperm suspension
held at 48C after 1 and 4 days incubation and added to 250-mL
Cassou straws (IMV Technologies) for cryopreservation
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following the protocols developed previously by Campbell et al.
(2020; n¼ 15 straws for each of Day 1 and 4). Briefly, each

subsample was prepared by diluting the sperm–PBS solution 1:1
with a 20% v/v PBS–dimethyl sulfoxide (DMSO) solution to
achieve a final concentration of 10% v/vDMSO. The strawswere
then cooled rapidly at amean rate of approximately�328Cmin�1

by suspending the straws horizontally on a rack 5 cm above liquid
nitrogen in a styrofoam ice box, as described by Campbell et al.
(2020). After 5min, the straws were plunged directly into the

liquid nitrogen before being transferred to a liquid nitrogen dewar
(Taylor-Wharton) for storage. The samples were subsequently
thawed after 24–29 months storage by immersing the straws into

a 500-mL water bath at 358C for 1min. Each thawed straw was
diluted 1:1 in PBS (Ca2þ and Mg2þ free) with caffeine (Sigma-
Aldrich) added to produce a final concentration of 10mM (to
assess maximummotility), at which time the samples were left to

incubate for 10min at room temperature before assessment of
sperm motility (Campbell et al. 2020). The percentage sperm
motility for each strawwas then assessed as described above. The

percentage of viable spermatozoa with an intact plasma mem-
brane in each strawwas assessed in duplicate by staining samples
with SYBR 14 and propidium iodide (Thermo Fisher) and

examining them under a fluorescent microscope (Zeiss AX10),
where spermatozoa with a damaged plasma membrane fluoresce
red and those with an undamaged membrane fluoresce green

(Zee et al. 2007). At least 200 spermatozoa were assessed for
viability from a minimum of three randomly selected fields of
view for each duplicated count.

Statistical analysis

Where appropriate, data are presented as the mean� s.e.m. All
data were analysed using the non-parametric Kruskal–Wallis
test to determine the significance of differences between

motility and viability across all time points within each tem-
perature treatment on the assumption of non-normal data dis-
tribution. The non-parametric one-tailed Wilcoxon test was

used for comparisons between individual matched treatments.
Morphometric analysis was conducted using linear regressions.
All analyses were performed in JMPVersion 11 (SAS Institute).

Results

The body mass of individuals ranged between 1650 and 5150 g,

but there were no significant differences in initial spermmotility
between animals (x2¼ 6.27, d.f.¼ 4, P¼ 0.18; Table 1).

Snout-to-vent length and bodyweight did not affect the weight
of the testes (R2¼ 0.63 (P¼ 0.11) and R2¼ 0.75 (P¼ 0.06)

respectively). Testes mass did not affect the sperm concentra-
tion (R2¼ 0.12; P¼ 0.56).

Effect of sperm storage on sperm parameters before
cryopreservation

Mean percentage motility decreased significantly with incuba-
tion period for unfrozen samples stored at both 48C (x2¼ 33.97,

d.f.¼ 3, P, 0.001) and 258C (x2¼ 30.17, d.f.¼ 3, P, 0.001;
Fig. 1). Storage temperature strongly affected the percentage
motility of stored spermatozoa, with cold-stored sperm (48C)
maintaining higher motility after 1 day (x2¼ 21.77, d.f.¼ 1,
P, 0.001) and 2 days (x2¼ 27.83, d.f.¼ 1, P, 0.001) than
sperm stored at 258C. After 4 days storage, all spermatozoa
stored at 258C had disintegrated and were no longer comparable

to spermatozoa stored at 48C, which maintained.30%motility
throughout the 8-day experiment. There were no significant
decreases in sperm motility from fresh collected spermatozoa

(86.0� 0.7% motility at time zero) until 4 days storage, with
spermatozoa held for 1 and 2 days at 48C maintaining
87.2� 1.4% (Z¼ 0.71, P¼ 0.48) and 82.5� 2.7% (Z¼�0.73,

P¼ 0.47)motility respectively. Therewas a significant decrease
inmotility after 4 days cold storage (from82.5% to 71.6� 3.9%;
Z¼�3.86, P, 0.001), and a further decrease after 8 days

Table 1. Bodymorphometrics, paired testesmass and sperm concentration and percentagemotility frommaceration of both vasa deferentia of each

male at the time animals were killed

Percentagemotility is presented as themean� s.e.m. Sperm concentration refers to the total number of spermatozoa for each individual tractmacerated in 1mL

of phosphate-buffered saline

Animal ID Snout–vent length (mm) Body mass (g) Testes mass (g) Fresh sperm motility (%) Sperm concentration (� 107 cells mL�1)

1 617 5150 11.63 85.43� 0.56 5.41

2 531 2650 2.78 82.75� 1.77 1.40

3 478 1650 3.64 87.65� 1.98 3.50

4 631 4500 7.30 86.07� 0.89 5.83

5 534 2050 5.35 88.03� 0.88 8.11
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Fig. 1. Percentage motility of spermatozoa in samples after 1, 2, 4 and 8

days incubation at 48Cor 258C.Data are plotted as themean� s.e.m. (n¼ 5).
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(to 33� 7%; Z¼�4.37,P, 0.001), comparedwith themotility
of fresh spermatozoa.

Effect of sperm storage on subsequent cryopreservation and
post-thaw recovery

Cryopreservation significantly reduced sperm motility of sam-
ples frozen and thawed after 1 and 4 days of storage at 48C
compared with the unfrozen spermatozoa sampled at the same
time points. Mean post-thaw motility of spermatozoa cryopre-
served after 1 day of storage at 48C was 23.8% compared with a

prefreeze motility of 87.2% in spermatozoa sampled at the same
time point (x2¼ 19.29, d.f.¼ 1, P, 0.001; Fig. 2a). Mean post-
thaw motility of spermatozoa stored for 4 days at 48C before

cryopreservation was 28.1%, compared with a prefreeze
motility of spermatozoa sampled at the same storage time point
of 71.6% (x2¼ 14.96, d.f.¼ 1, P, 0.001; Fig. 2a).

However, there was no significant difference in the post-
thaw motility of spermatozoa stored for 1 or 4 days at 48C
(23.8� 4.6% vs 28.1� 5.1% respectively; x2¼ 0.13, d.f.¼ 1,
P¼ 0.719; Fig. 2a). Similarly, there was no significant differ-

ence in post-thaw viability of spermatozoa frozen after 1 or 4
days storage at 48C (50.1� 7.4% vs 57.5� 7.5%; x2¼ 0.23,
d.f.¼ 1,P¼ 0.63; Fig. 2b). That is, cryopreservation after 4 days

of storage was no worse for post-thaw sperm recovery than
cryopreservation after 1 day of storage.

Discussion

The findings of the present study demonstrate two main out-

comes with respect to short-term cold-storage and subsequent
cryopreservation of V. panoptes spermatozoa: (1) short-term
cold-storage of spermatozoa at 48C for up to 8 days is possible,

still yielding around 30% mean motility; and (2) spermatozoa
can be cryopreserved after 4 days of cold storage at 48C and
recovered with relatively high rates of motility (28.1� 5.1%)

and plasma membrane integrity (50.1� 7.5%). For comparison,
,48% motile spermatozoa were recovered previously in
V. panoptes sperm cryopreserved immediately after individuals

had been killed (Campbell et al. 2020). Together, these data
demonstrate that short-term cold-storage of squamate reptile

spermatozoa is a viablemethod for extending the amount of time
that spermatozoa can be held before subsequent cryopreserva-
tion (e.g. spermatozoa collected from remote locations without
access to liquid nitrogen for immediate cryopreservation) or for

moving spermatozoa over large distances for inseminations
requiring hours to days without cryopreservation at all.
Although we did not test AI in the present study, these findings

are novel for a threatened lizard species and are critical for future
research involving insemination of cryopreserved spermatozoa
in this species.

Spermatozoa retained the capacity for.70% mean motility
for up to 4 days, which is markedly stronger than the results of
two other studies that investigated sperm extension in lizards
(Zimmerman et al. 2013; Young et al. 2017). Those studies

found a significant decline in motility following just 1 day
storage at 48C; fresh motility of black and white tegu
T. merianae spermatozoa declined from 93% to 77%, whereas

the green iguana I. iguana exhibited even greater motility loss
(from 78% to 60%; Zimmerman et al. 2013; Young et al. 2017).
Nevertheless, the retention of overall high levels of motility in

spermatozoa from all three phylogenetically distant lizard
species for 1–4 days suggests that short-term storage of unfrozen
spermatozoa may be a widely applicable ART tool across a

broad range of lizard species. This could be encouraging for
future integration of this routine into the management and
manipulation of lizard gametes in ART procedures in conserva-
tion programs.

Differences in sperm survival and motility following stor-
age at temperatures above 08C between this and the other two
reports may be due to species differences or to differences in

sperm handling methods and collection procedures. For exam-
ple, electroejaculation was used to collect semen samples from
live individuals for the green iguana (Zimmerman et al. 2013),

whereas spermatozoa were collected directly from the vas
deferens in yellow-spotted monitors that had been killed
(Campbell et al. 2020) and for the black and white tegu
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Fig. 2. (a) Mean (�s.e.m.) percentage motility of thawed spermatozoa following cryopreservation of samples

after 1 or 4 days storage at 48C (n¼ 5 individuals). (b) Mean (�s.e.m.) percentage of live spermatozoa after

thawing, assessed as spermatozoa with intact plasma membranes (PMI) using propidium iodide staining,

following cryopreservation of samples after 1 or 4 days storage at 48C (n¼ 5 individuals).
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(Young et al. 2017). Sperm extension media also varied
between Dulbecco’s PBS (Ca2þ and Mg2þ free), M199 with

HEPES buffer and Ham’s F-10 with albumin (Zimmerman
et al. 2013; Young et al. 2017; Campbell et al. 2020). Due to
these potentially confounding differences in medium condi-

tions and sperm collection procedures, it is not possible from
the available data to determine whether the response of sperm
motility differed between studies due to species specificity

(e.g. Clulow et al. 2018) or the procedures themselves. Never-
theless, the results from the present study provide promising
results even with a simple buffered saline medium. Future
refinement may yield extended storage outcomes beyond those

achieved in this study.
The ability to store spermatozoa and maintain motility is

extremely beneficial for the collection of gametes from rare or

genetically important individuals, which is an increasingly
common challenge in conservation biology. In addition,
short-term storage of cooled, but unfrozen, spermatozoa can

be particularly useful in a conservation context where indivi-
duals are in remote or inaccessible sites in the wild, which is
often the case for populations of the present study species
(V. panoptes), with populations geographically distributed

across remote and far north regions of the tropical savannahs
of Australia. Cryopreservation protocols often rely on the use
of specialised equipment, as well as the availability and

transport of liquid nitrogen, which can be difficult to deploy
and maintain in field conditions in the absence of laboratory
facilities. Storing spermatozoa without requiring immediate

cryopreservation while maintaining the capacity for relatively
high motility greatly alleviates these logistical constraints.
This capacity may reduce the safety risks for researchers

dealing with liquid nitrogen in remote locations, while also
eliminating the cell damage that can occur through sperm
cryopreservation if spermatozoa can be collected, transported
to a destination and used without the need for cryopreservation

(e.g. such asmay occur with transport to zoos and use in captive
breeding programs).

Although the recovery of thawed spermatozoa of

V. panoptes did not differ in samples cryopreserved between
1 and 4 days of unfrozen cold storage before freezing, the
recovery did decline compared with post-thaw motility

recorded for spermatozoa frozen immediately from fresh sam-
ples in a previous study: ,48% recovery recorded in samples
frozen immediately after death in Campbell et al. (2020),
compared with approximately 24% and 28% for 1 and 4 days

respectively in the present study. Nonetheless, the observation
that spermatozoa can survive 4 days of cold storage followed by
freezing and subsequent thawing while still yielding approxi-

mately 28% motility is extremely promising. It is also worth
noting that many of the non-motile spermatozoa after cryopres-
ervation were still maintaining plasma membrane integrity as a

measure of viability (almost as many as those that recovered
motility). Although it was not tested in the present study, these
may still be viable in the future for technologies such as

intracytoplasmic sperm injection, that require functional nuclei
and cytoplasmic content, but not motile sperm cells (Dozortsev
et al. 1995). There is also the possibility that some of the
spermatozoa processed that were viable, but not motile, may

regain motility with the addition of other signal transduction
pathway initiators (Armstrong et al. 1994). Further studies

investigating the addition of extracellular compounds such as
methylxanthine phosphodiesterase inhibitors other than caf-
feine and/or cAMP may provide a mechanism to increase post-

thaw motility.
In summary, we demonstrated that V. panoptes spermatozoa

can be cold stored for up to 4 days before cryopreservation

without a significant decline in motility and for up to 8 days
maintaining .30% motility. Spermatozoa can also be cryopre-
served after 4 days of cold storage and recovered with relatively
high rates of motility and plasma membrane integrity. Percent-

age motility and viability are parameters known to strongly
predict the fertilising potential of spermatozoa (Birkhead et al.

1999; Burness et al. 2004; Gage et al. 2004). The strong post-

thaw motility from the present study suggests that V. panoptes
spermatozoa recovered after cryopreservation may be capable
of fertilisation, although that hypothesis remains to be tested.

Indeed, there are not yet reports of the successful generation of
live young following insemination with cryopreserved sperma-
tozoa in squamates or any other reptile. We hope the present
study moves us one step closer to that goal.
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