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Advanced sperm preservation
techniques in yellow spotted
mountain newts Neurergus
derjugini enhance genetic
management and conservation
efforts

Zeynab Taheri-Khas, Ahmad Gharzi*?, Somaye Vaissi*, Pouria Heshmatzad & Zahra Kalhori

Advances in cold storage and cryopreservation of amphibian sperm are critical for the genetic
management and conservation of threatened species. This study represents the first investigation into
the sperm of the yellow spotted mountain newt (Neurergus derjugini), focusing on both short-term
and long-term storage for future reproductive efforts. We examined the effects of seven extenders on
sperm motility over time at three storage temperatures (4+1°C, 9+1 °C, and 20+ 1 °C). Additionally,
we assessed the impact of 16 cryoprotectants on sperm motility and morphology post-thawing.
Following the identification of the most effective freezing medium, we evaluated sperm DNA
fragmentation to ensure viability. Our results indicate that 10% Holtfreter’s solution is the optimal
extender for short-term storage at all three temperatures, maintaining sperm motility for up to 15 days
at 4 °C. For long-term storage, a combination of 10% Holtfreter’s solution and 10% DMSO was found
to best preserve sperm motility, morphology, and minimize DNA fragmentation after thawing. These
findings underscore the importance of specific extenders and temperature treatments in enhancing
sperm functionality, thereby supporting successful assisted reproductive technologies (ART) for
endangered species.
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The current global amphibian extinction crisis necessitates the use of sperm storage as a valuable strategy for
supporting at-risk populations and potentially reviving recently extinct species'. While recent years have seen
the implementation of conservation breeding programs for threatened amphibians, these efforts can often lead
to a decrease in genetic diversity> This loss of natural genetic variation negatively impacts a species’ survival both
in the wild and in captivity, leading to reduced reproductive capabilities, limited adaptability to environmental
changes, and lower success rates of conservation breeding and restocking programs®=. Cryopreservation of
amphibian sperm offers a promising tool for maintaining and restoring amphibian populations, particularly for
species that are challenging to breed in captivity or have low genetic variation®. Furthermore, sperm freezing
can reduce the need for maintaining large numbers of animals in captivity, which is costly and stressful’. It also
facilitates the exchange of genetic material between different captive facilities or regions, thereby enhancing
genetic health and offering a relatively efficient, secure, and reliable method®®. Moreover, cold storage and
cryopreservation of sperm are practical methods for ex situ propagation!®!!.

Over the past few decades, techniques for preserving amphibian sperm through freezing and thawing have
significantly improved”!>!3, Research has demonstrated that sperm from various species can remain viable after
cryopreservation, and this preserved sperm can be used for artificial fertilization to produce viable embryos and
offspring!*~16. Notably, these methods have been effective in the conservation of critically endangered species
such as the Mississippi gopher frog (Lithobates sevosus)'” and the axolotl (Ambystoma mexicanum)'®. However,
the process of cryopreserving amphibian sperm is challenging due to their unique characteristics compared
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to sperm from other species. Amphibian sperm require specific environmental conditions, such as water and
optimal ionic concentrations, for motility and fertilization®. Upon activation, they transform rapidly to swim
toward the egg but have a limited lifespan to reach it'®. Environmental factors and metabolic changes can affect
this lifespan, making timing crucial for successful fertilization!®. In externally fertilizing species such as frogs
and toads, sperm activation is primarily triggered by a decrease in osmolality, rather than by direct contact
with water or specific ions?. As a result, researchers must carefully optimize the freezing and thawing methods
to preserve the viability and fertility of amphibian sperm’. Different species require specific cryoprotectants,
freezing rates, and storage conditions to preserve sperm quality?!. But this is not always the case; some protocols
can be transferred between species and genera??. For example, most protocols for cryopreservation of anuran
sperm have been based on protocols for freshwater fish, because fish sperm have similar osmolality properties
to anuran sperm?**%. Consequently, further research is needed to refine protocols for amphibian sperm
cryopreservation for conservation purposes.

Post-thaw motility is a critical factor for the success of sperm cryopreservation, directly influencing the
chances of fertilizing eggs'®. Factors such as cryoprotectant choice, cooling and thawing rates, and medium
selection all play essential roles in preserving sperm motility>>?°. Cryoprotectants act as shields to protect sperm
integrity during freezing by reducing ice crystal formation that can damage cell structures?”’. Studies indicate
that dimethyl sulfoxide (DMSO) and dimethyl formamide (DMFA) are effective cryoprotectants for certain
amphibian species'>**?°. Additionally, incorporating antioxidants into cryopreservation extenders mitigates
detrimental effects3%3!. Enzymatic antioxidants, such as catalase and superoxide dismutase, have been shown to
enhance post-thaw sperm motility and acrosome integrity by minimizing oxidative damage®2. Non-enzymatic
antioxidants, including vitamins C and E, have also been explored, though their efficacy varies depending on
the species and specific cryopreservation conditions®®. These advancements are crucial for developing effective
biobanking strategies to conserve genetic material from endangered amphibians. Research on amphibian sperm
cryopreservation typically focuses on two post-thaw parameters: motility and viability>*°. Recent studies also
indicate that sperm cryopreservation procedures can cause DNA fragmentation, a concern for genome integrity
crucial for successful embryonic development®. However, assessments of DNA integrity have been limited to
anuran amphibians®’-%, and similar studies on caudate amphibians are lacking. Understanding how to handle
and store sperm properly is essential for improving assisted reproduction technologies (ART) and conservation
efforts®. Cold storage techniques, such as maintaining sperm at 0-4 °C, have been developed to extend sperm
lifespan for in vitro fertilization (IVF) or cryopreservation*"*2. However, there is a limited understanding of
caudate sperm storage, and improving cold storage techniques for sperm could offer a more reliable and cost-
effective method for conservation***%. The choice of extenders also significantly impacts sperm motility and
morphology, affecting sperm preservation efforts!*44,

Among amphibians, caudate species like the yellow spotted mountain newt (Neurergus derjugini) face severe
threats*!. Endemic to the Zagros Mountain chain across western Iran and northeast Iraq, this species is listed as
threatened (IUCN Red List, 2023) due to factors such as habitat loss, agricultural practices, illegal pet trade, and
climate change?>6. While steps have been taken for captive breeding, conservation, and reintroduction, these
efforts must address genetic diversity preservation for successful species reintroduction?’. Cryopreservation of
sperm offers a means to establish a genetic resource for future breeding programs, enabling the reintroduction of
diverse genetic lineages*®°. This research is the first study focused on developing ART for N. derjugini, aiming to
create protocols for short and long-term sperm storage to support conservation and breeding efforts. Specifically,
this study evaluates sperm motility in seven extenders at three temperatures for short-term storage and examines
16 cryoprotectants for long-term storage, assessing motility, morphology, and DNA fragmentation to determine
the best sperm-freezing environment.

Result

Sperm volume and concentration

The average sperm volume produced by the newts (n=17) was 50.88 £ 10.93 L, with a mean sperm concentration
of 1.64 x 10°+6.99 sperm/mL.

Short-term sperm storage

Sperm motility

Sperm motility in different types of solutions and different temperatures showed that these factors are very
effective on sperm motility. In general, the highest percentage of sperm motility in all three storage temperatures
was shown in 10% Holt and the lowest in 5% sucrose.

Sperm motility at 4 °C

At 4 °C, the highest sperm motility observed across all extenders was with 10% Holt extender, whereas the lowest
motility was recorded with 5% sucrose. Initially, the motility was highest with 10% Holt (95.83 +3.76%), followed
by PBS, SAR, HBSS, 1% BSA, and the lowest in Distilled Water (77.5£5.24%) and 5% Sucrose (75£7.07%). At
six hours, the highest motility remained with 10% Holt (86.66 +2.58%), while Distilled Water (31.66 +6.83%)
and 5% Sucrose (17.50 +5.24%) showed the lowest motility (Fig. 1A,). Over the first 24 h, 10% Holt consistently
showed the highest motility (79.54+3.50%), followed by SAR (71.81+9.81%), HBSS (64.09+11.13%), PBS
(66.81+8.14%), and 1% BSA (63.63+6.36%). Distilled Water and 5% Sucrose showed no motility and were
not evaluated beyond this period. The complete cessation of motility was observed on Day 11 for BSA, Day 12
for HBSS, Day 14 for SAR and PBS, and Day 15 for 10% Holt (Fig. 1A,). Statistical analysis showed significant
differences in motility at 4 °C (P<0.001).
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Fig. 1. Variation in sperm motility for seven extenders at different temperatures. (A,) Average sperm motility
over time (in hours) from 0 to 6 h at 4 °C. (A,) Average sperm motility over time (in days) from 1 to 15 days at
4°C. (B,) Average sperm motility over time (in hours) from 0 to 6 h at 9 °C. (B,) Average sperm motility over
time (in days) from 1 to 5 days at 9 °C. (C,) Average sperm motility over time (in hours) from 0 to 6 h at 20 °C.
(C,) Average sperm motility over time (in days) from 1 to 4 days at 20 °C. Twelve different sperm samples
(n=12) were analyzed for each extender from 7 male newts (N =7). Data represent mean values + SD. The
asterisks on sucrose and water in figures (A, B, and C,) indicate a significant p-values (P<0.001) between
these two extenders and the other five extenders (HBSS, SAR, PBS, BSA, Holt) according to Mann-Whitney U
tests.

Sperm motility at 9 °C

At 9 °C, the highest initial motility was observed with 10% Holt (95.00+3.16%), and the lowest with Distilled
Water (75.83 +5.84%). After six hours, 10% Holt maintained the highest motility (85.83 +2.04%), followed by PBS
(78.33+5.16%), SAR (74.16 £4.91%), 1% BSA (68.33 % 5.16%), and HBSS (59.16 + 5.84%), with Distilled Water
(6.66+5.16%) and 5% Sucrose (0%) showing minimal motility (Fig. 1B,). Over 24 h, 10% Holt exhibited the
highest motility (62.50 £5.24%), followed by SAR (61.66 + 14.02%), HBSS (49.16 £5.38%), PBS (45.00 £7.07%),
and 1% BSA (25.00+13.03%). The longest sperm survival in terms of motility was observed for 10% Holt and
SAR, with motility lasting up to five days (Fig. 1B,). Statistical analysis revealed significant differences at this
temperature (P<0.001).
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Sperm motility at 20 °C

At 20 °C, the highest initial motility was with 10% Holt (95.00 +4.47%), followed by SAR (93.33 +6.05%), HBSS
(90.83 +5.84%), PBS (90.00+7.07%), 1% BSA (87.50+5.24%), with Distilled Water (67.50 +5.24%) and 5%
Sucrose (63.33 £6.05%) being the lowest. After 6 h, the highest motility was again with 10% Holt (72.50 + 5.24%),
and the lowest was observed in Distilled Water and 5% Sucrose (immotile) (Fig. 1C,). Over 24 h, the highest
motility was recorded for HBSS (64.16+7.35%), followed by 10% Holt (63.33 £10.32%), SAR (60.00 +9.48%),
PBS (18.33+8.16%), and 1% BSA (12.50+2.73%). The lowest sperm survival was at 20 °C, with motility only
observed on Day 3 for HBSS and Holt (Fig. 1C,). The data for motility at 20 °C were also significant (P<0.001).

Long-term sperm storage

Sperm motility post-thawing

Sperm samples frozen in C, to C,, were immotile after thawing, and thus were not suitable for long-term storage.
In contrast, C,, exhibited around 10% motility after 24 h, but lost motility by Day 3. C,, showed 31% +6.51
motility after 24 h, with motility declining to 14% +6.51 on Day 3and 5% +3.53 by Day 7. C,,, C,, and C, . showed
sustained motility with C, . and C,, maintaining motility up to 21- and 30-days post-thawing, respectively (Table
1). From Day 15, motility showed flagellar movement and limited forward motion. Statistical analysis confirmed
significant differences in post-thaw motility (P<0.001) (Fig. 2).

Sperm morphology post-thawing

Morphological analysis of sperm from C,,, C,, and C, revealed that C, had the lowest rate of abnormalities,
followed by C, and C,, (Table 1). The percentages of abnormalities for other extenders at 24 h post-thawing
were: C, (5.4+1.14%), C, (15+3.87%), C, (12.56+1.26%), C, (7.8+1.52%), C, (5.4+1.14%), C, (7.5%1.30%),
C, (8.7£2.57%), C, (11.2£1.76%), C, (12.0+2.57%), C,, (7.3£2.00%), and C,, (7.5%1.30%). The C,, C,.,
and C,, yielded the lowest abnormality rates, suggesting their effectiveness in preserving sperm morphology
(Fig. 3A-D). Also, for C,,, abnormal sperm was estimated for the first day (5.00+1.58%) and for the third day
(8.75£1.70%). Moreover, for C, ,, the abnormality percentage was estimated on the first day (5.20 £2.38%), the
third day (6.60+2.88%), and the seventh day (7.40+2.40%) (P<0.001).

Sperm DNA fragmentation post-thawing

The DNA analysis results for the three cryoprotectants (C14, C15, and C16) over days 1, 3, 7, 15, 21, and 30
indicate significant differences in their effectiveness in preserving sperm DNA integrity. C16 demonstrated the
highest proportion of large halos around the sperm head after one month, with a percentage of non-fragmented
DNA at 60.00+5%. Initially, on Day 7, C16 exhibited a high non-DNA fragmentation rate of 73.33 +2.88%.
This rate decreased to 66.66+2.88% by the second week and to 63.33+2.88% by the third week. C15 showed
the next highest proportion of large halos, with 45.00 + 5%. On Day 7, the non-DNA fragmentation rate for C15
was 68.33+2.88%, decreasing to 60.00 +5% by Day 15, and to 55.00 + 5% by Day 21. In contrast, C14 displayed

Fresh sperm Post-thawing sperm

Cryoprotectants (C) | Motility rate (%) | Abnormalities (%) | Days | Motility rate (%) | p Value | Abnormalities (%) | p Value
1 55.00+3.53 0.001 540+1.14 0.001
3 44.00+4.18 0.001 8.00+1.00 0.001
7 31.00+4.18 0.001 10.40+1.67 0.001

C14 89.80+6.77 3.50+1.58
15 24.00+4.18 0.001 12.80+2.28 0.001
21 9.00+4.18 0.001 16.20£2.16 0.001
30 0 0.001 23.40+4.03 0.001
1 64.00+4.18 0.01 4.60+0.54 0.001
3 55.00+3.53 0.01 7.40+1.51 0.001
7 49.00+4.18 0.001 8.80+1.92 0.001

C15 90.00£6.66 2.80£1.75
15 38.00+4.47 0.001 11.40+1.51 0.001
21 33.00+2.73 0.001 15.00+£5.24 0.001
30 19.00+£4.18 0.001 18.40+2.88 0.001
1 71.00+4.18 0.01 3.60+0.89 0.001
3 63.00+£2.73 0.01 520+1.30 0.001
7 54.00+4.18 0.001 8.20+1.64 0.001

Cc16 88.50+6.25 3.30+1.15
15 46.00+4.18 0.001 10.40+1.94 0.001
21 39.00+4.18 0.001 14.00£2.12 0.001
30 24.00+4.18 0.001 16.80£2.77 0.001

Table 1. Average parameters of sperm motility and abnormality post-thawing in Cryoprotectants C14, C15,
and C16. Values are reported as Means + SD. Twelve different sperm samples (n=12) for each extenders from 5
male newts (N =5) for sperm motility and Ten different sperm samples (n=10) for morphology were analyzed
from 5 male newts (N=5).
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Fig. 2. Variation in sperm motility post-thawing in three Cryoprotectants C14, C15 and C16 over one month.
Twelve different sperm samples (n=12) were analyzed from 5 male newts (N =5). Data represent mean
values + SD, significant p values are shown by an asterisk (*p <0.05, **p <0.001).
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a more pronounced decrease in non-DNA fragmentation, starting from 60.00£5% on Day 7, reducing to
50.00+ 5% by Day 15, and further dropping to 36.66 +7.63% by Day 21.

Results indicate that C16 is the most effective in reducing DNA fragmentation over time compared to
C14 and C15. Furthermore, C16 resulted in the highest percentage of morphologically normal sperm (non-
fragmented DNA) at 79.28 +4.49%, showing the greatest similarity to the control group (Fig. 4. A-F). Statistical
analysis confirmed that the differences in DNA fragmentation among the cryoprotectants and over time are
significant (P<0.001).

Discussion

In this study, we observed and evaluated the sperm of the N. derjugini species for the first time. Our primary aim
was to explore methods for preserving sperm for future fertilization studies under laboratory conditions and to
address spawning asynchrony in captivity. This research also established a connection between sperm extender
media, motility duration, and storage temperatures. Furthermore, we investigated long-term sperm storage using
different cryoprotectants to develop optimal protocols for amphibian genetic diversity programs in captivity.
Our study highlights the critical role of selecting an appropriate extender solution, as it significantly impacts
both sperm motility and morphology. Notably, this research is pioneering in its use of a DNA fragmentation kit
to assess sperm health following the freezing process. This approach underscores the importance of integrating
advanced technologies into sperm storage strategies for breeding programs and the conservation of endangered
species.

Few studies have explored extenders for diluting sperm in caudate amphibians. Investigations in this area
have focused on various extenders, such as those used by Mansour et al.>%, who examined sperm motility in
the axolotl (A. mexicanum) and reported a motility duration of 4 h at 0 °C and 1 h at room temperature when
using water or fertilization solution as extenders. Similarly, Marcec 2016?* evaluated 10% Holts solution and 1%
BSA as sperm extenders in tiger salamanders (A. tigrinum). Guy et al.!! employed 2% trehalose and 0.2% BSA
for three newt species, and McGinnity et al.>! used SAR solution, which aligns with our findings showing SAR
as the second most effective extender at various temperatures. Additionally, Gillis et al.*> demonstrated that 2%
trehalose +0.2% BSA maintained sperm motility better at 0 °C compared to 20 °C, reinforcing our results that
favor lower temperatures for sperm storage. Other studies, like those by Arregui et al.>2, who stored sperm from
Fowler’s toad (Anaxyrus fowleri) at 4 °C for up to 8 days, and Browne et al.?, who observed over 50% motility
for cane toad (Bufo marinus) sperm stored at 0 °C for up to 7 days, have further informed the field. Our study
confirms that 10% Holt’s solution is effective for sperm extenders, particularly for extended storage at 4 °C, and
that it is superior to other extenders like SAR, PBS, and HBSS at this temperature. At 9 °C, 10% Holt’s solution
showed the highest daily motility, followed by SAR, HBSS, PBS, and 1% BSA, respectively. At 21 °C, 10% Holt’s
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Fig. 3. Neurergus derjugini sperm stained by Diff-Quik. (A) Morphologically normal sperm; (B-D)
Abnormalities including head and tail damage, such as head and tail cutting, breaking, and tail twisting.
Images are shown at 400 x magnification. Individual images of each sperm were captured using AmScope
Version x.64, 3.7.10246.20171109 (https://amscope.com/pages/software-downloads. Irvine, CA, 92602, USA).
Ten different sperm samples (n=10) were analyzed from 5 male newts (N =5).
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Fig. 4. Sperm DNA integrity in Neurergus derjugini using a DNA fragmentation test. (A, B): Sperm with

DNA fragmentation showing no halo around the sperm head. (C, D): Morphologically normal sperm without
DNA fragmentation displaying a medium-sized halo around the head. (E, F): Morphologically normal sperm
without DNA fragmentation with a large halo around the head. Individual images of each sperm were captured
using AmScope Version x.64, 3.7.10246.20171109 (https://amscope.com/pages/software-downloads, Irvine,
CA, 92602, USA). Ten different sperm samples (n = 10) were analyzed for each diluent, from 5 male newts
(N=5).
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solution and HBSS maintained motility for two days, whereas other extenders like sucrose and distilled water
showed less than 24 h of motility. Our study builds upon recent research, such as Coxe et al.!* which compared
deionized water and HBSS for sperm extenders and found that HBSS provided better motility. Chen et al.*
demonstrated that 10% Holt’s solution was effective for maintaining progressive motility. We expanded on these
findings by evaluating multiple extenders at three different temperatures, confirming that 10% Holt’s solution
supports long-term sperm storage at 4 °C.

Osmolality plays a significant role in influencing sperm motility in amphibians, which in turn impacts
fertilization success and reproductive strategies”?°. Research has shown that the optimal osmolality for activating
sperm motility in amphibians varies by species®. For example, in the common eastern froglet (Crinia signifera),
optimal sperm motility was observed between 10 and 50 mOsm kg, suggesting that amphibians have adapted their
sperm traits to function effectively within the osmolality ranges typical of their natural breeding environments.
Conversely, high osmolality environments can negatively affect sperm motility*®. A study on myobatrachid frog
(Limnodynastes tasmaniensis) found that fertilization success was optimized at low osmolalities (0-7 mOsm
kg), with higher concentrations leading to decreased motility and fertilization rates®. This is consistent with
findings indicating that excessive osmolality can cause detrimental effects on cellular integrity and function
due to osmotic stress'’. In tiger salamanders (A. tigrinum), sperm motility was best maintained in media that
closely matched the osmolality of their reproductive tract conditions*. Similarly, our research on N. derjugini
demonstrated that sperm motility remained unaffected by both low and high osmolalities, aligning with findings
by Chen et al.*. However, we found that sucrose at 5% and distilled water resulted in the lowest motility at
three different temperatures, whereas BSA at 1%, with the lowest osmolality, maintained motility across various
temperatures, particularly at 4 °C. This highlights the importance of temperature as a factor influencing sperm
motility, especially in species with internal fertilization. Our results suggest that N. derjugini sperm exhibit
resilience and adaptability in different osmolality solutions, potentially due to their ability to cope with varying
environmental conditions. This adaptability may be an evolutionary trait allowing sperm to navigate diverse
environments, such as the internal reproductive tracts of females and aquatic habitats like ponds, where they are
often found within spermatophores®4433,

Research has shown that the choice and concentration of cryoprotectants significantly impact the post-
thaw motility and survival of sperm. The use of specific cryoprotectants, such as DMSO and DMFA, at certain
concentrations can lead to high rates of recovery of motility and fertilizing capacity in amphibian sperm>%%.
Our study found that C14, C15, and C16 were the most effective in preserving sperm motility and morphology.
C16 showed the best results in terms of motility, morphology, and DNA integrity, highlighting the importance
of selecting optimal cryoprotectants for long-term sperm storage. The studies that have been used in recent years
for freezing the sperm of caudate amphibians have used a combination of both penetrative and non-penetrative
cryoprotectants, which have brought different results on motility and morphology sperm!?*>!. The combination
of penetrative and non-penetrative cryoprotectants is crucial in achieving superior post-thaw recovery with high
proportions of forward progressive motility, live cells, and intact acrosomes in various amphibian species®. Our
results showed that no significant motility was observed for N. derjugini sperm using the compounds that were
previously used to investigate the motility after thawing of tailed amphibian sperm (C,-C,). The mechanism of
cold protection for amphibian sperm involves the use of cryoprotectants to minimize the detrimental effects of
cooling, freezing, and thawing on sperm function. The use of DMSO as a cryoprotectant is effective in reducing
sperm lysis and promoting post-thaw recovery of sperm motility and vitality?!. Additionally, the combination
of DMSO and sucrose is particularly effective in preserving sperm viability and motility in various amphibian
species. However, the concentration of non-penetrative cryoprotectants such as sucrose should be carefully
considered, as excessive osmolality may cause damage to cells>’.

Cryoprotectants play a vital role in preserving sperm viability during freezing by preventing the formation
of ice crystals, which can damage cellular structures®®. Membrane-permeable cryoprotectants, such as DMSO,
glycerol, and ethylene glycol, are commonly used due to their ability to easily penetrate sperm membranes. This
property allows them to stabilize cellular membranes and reduce the formation of ice crystals inside the cells. At
low concentrations, these permeating agents help manage the rate of dehydration and prevent osmotic stress™.
However, at higher concentrations, they can become toxic, highlighting the need for optimal concentrations
to minimize their detrimental effects on sperm®!. These agents control the movement of water during the
dehydration and rehydration processes, reducing the damage that may result from the use of permeating agents.
By stabilizing the cellular structure and minimizing the damage from excessive dehydration, non-permeating
cryoprotectants help preserve sperm motility and vitality during thawing®*®3. The combination of these
cryoprotectants both permeable and non-permeable is particularly effective in amphibian sperm preservation.
Specifically, DMSO and sucrose, when used together, have demonstrated superior results in maintaining sperm
viability, motility, and morphology. It is, however, important to carefully regulate the concentration of non-
permeating cryoprotectants like sucrose, as excessive osmolality may lead to osmotic stress and subsequent
damage to the cells. Therefore, the use of cryoprotectants, particularly DMSO in combination with sucrose and
other chemical compounds, has proven feasible for preserving amphibian sperm. This combination is a valuable
tool for the conservation and genetic management of endangered species.

DNA fragmentation, characterized by the breaking of DNA strands into smaller pieces, occurs during cellular
processes such as apoptosis and necrosis®*. Oxidative stress, resulting from an imbalance between reactive oxygen
species (ROS) and antioxidant defenses, plays a critical role in inducing DNA damage, including strand breaks
and base modifications, thereby promoting apoptosis and contributing to DNA fragmentation®>¢. Sperm DNA
fragmentation is strongly linked to oxidative stress, as defective spermatogenesis often results in elevated ROS
levels, which compromise DNA integrity®’ In the context of ART, sperm DNA fragmentation has substantial
implications. Elevated fragmentation levels are associated with reduced pregnancy rates in ART procedures®-7°.
For amphibians, DNA fragmentation in thawed sperm has been shown to negatively impact reproductive
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outcomes’". Structural changes to sperm during cryopreservation, including compromised chromatin integrity,
increase susceptibility to DNA fragmentation®7273, These findings underscore the importance of optimizing
cryoprotectant protocols to minimize DNA damage and ensure the reproductive viability of offspring produced via
ART. The evolutionary consequences of sperm DNA fragmentation in amphibians, though largely unexplored in
empirical studies, have significant theoretical implications. For endangered species, the establishment of genetic
resource banks and the application of ART highlight the necessity of addressing sperm DNA damage®. Evaluating
and mitigating DNA fragmentation is essential to enhancing the efficacy of cryopreservation protocols, which are
pivotal for maintaining genetic diversity and supporting amphibian conservation efforts. This study emphasizes
the need for a comprehensive understanding of the interplay between DNA fragmentation, spermatogenesis, and
preservation techniques. Such insights can inform strategies to improve cryopreservation outcomes and ART
success rates. Furthermore, these advancements not only strengthen conservation strategies but also contribute
to a broader understanding of amphibian reproductive biology and its evolutionary dimensions. By mitigating
the impacts of DNA fragmentation, we can support the long-term sustainability of amphibian populations and
ensure the success of conservation initiatives.

SDF kits like the Halosperm test use the sperm chromatin dispersion assay to assess DNA integrity by
measuring halo formation, which indicates DNA fragmentation levels’%. This method provides a straightforward
and reliable approach to evaluating sperm DNA quality. In contrast, flow cytometry offers a more comprehensive
analysis by examining multiple sperm characteristics, including motility, concentration, and morphology, but
it often requires additional protocols for assessing specific DNA damage’>. Both techniques are crucial for
sperm evaluation, with DNA fragmentation assays providing critical insights into genetic quality and potential
fertility issues, while cytometric methods excel in efficiency and broad data collection. The choice between these
methods depends on clinical or research needs, available resources, and specific circumstances’®””. Our findings
demonstrate that cryoprotectants yielding the highest post-thaw motility also resulted in the lowest levels of
DNA fragmentation. These results underscore the importance of cryopreservation techniques that minimize
genetic damage, thereby supporting the use of advanced methods in conservation efforts for endangered species.
Improved sperm preservation techniques can enhance breeding programs and contribute to the recovery of
threatened amphibian populations”’®. Furthermore, our study not only sheds light on the preservation of
N. derjugini sperm but also lays the groundwork for future research in amphibian reproductive biology. By
integrating advanced technologies and refining cryopreservation protocols, we aim to bolster the conservation
of this species and deepen our understanding of amphibian reproductive mechanisms.

Conclusion

Our study demonstrated that different sperm extenders have varying effects on sperm motility, and their
effectiveness in preserving motility differs across temperatures. We successfully identified several protocols for
both short-term and long-term sperm storage, providing a foundation for future studies in vitro fertilization
and addressing the challenge of synchronizing sperm production with oviposition in captive newts. One of
the significant findings of our research is that the choice of cryoprotectant and storage conditions profoundly
affects sperm DNA integrity. Our study identified a cryoprotectant that minimizes DNA damage over the
long term, highlighting its potential for improving cryopreservation techniques in amphibians. This is
particularly important as technologies for gamete cryopreservation can adversely affect cellular functions, and
understanding the effects of the freeze—thaw process on sperm DNA integrity remains an underexplored area in
amphibian reproductive biology. Moving forward, further research is needed to explore the long-term effects of
cryopreservation on sperm DNA integrity in amphibians. Developing standardized methods for assessing sperm
DNA fragmentation will be crucial for advancing amphibian conservation efforts and improving techniques for
artificial reproduction. By refining these methods, we can enhance our ability to preserve genetic diversity and
support successful breeding programs for endangered amphibian species. Overall, our study provides valuable
insights into the optimization of sperm storage protocols and offers a new approach for evaluating sperm DNA
health, which can be applied to future research and conservation efforts in amphibian species.

Materials and methods

Ethics approval

The permission to collect newts and all animal care protocols and all the experimental protocols used in this
study were handled according to the guidelines and regulations provided by was obtained the research ethics
approval committee, Faculty of Science, Razi University [IR.RAZI.REC.1402.064]. Also, the manuscript follows
the recommendations in the ARRIVE guidelines. Furthermore, after the experiment, the newts were released
into the wild at the same location with the cooperation of conservationists.

Animal’s management

Adult males of Neurergus derjugini (n=17; aged 3-4 years; mean body weight: 6.71+0.65 g; mean body length:
190.65+9.87 mm) were collected during the breeding season (March-April 2023) from the Kavat River (34°
53" N, 46° 31’ E), located along the Ravansar-Paveh road, approximately two kilometers from Qori-Qale Cave
in Kermanshah Province, Iran. Following collection, the specimens were transported to the laboratory under
controlled conditions for further study. The newts were housed in a 10 L glass tank at a temperature of 14-15 °C,
with a photoperiod of 12 h light and 12 h darkness, using a 0.25 HP chiller (Hailea, HC-250) to maintain the
temperature**. They were fed daily with a variety of small mealworms and bloodworms’®. Water was changed
weekly, and water quality parameters (temperature and pH) were monitored daily.
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Sperm collection

Adult male N. derjugini were identified based on cloacal prominence and collected from their natural habitat.
For the experiment, the newts were randomly assigned to different test groups: 7 individuals for sperm motility
and short-term storage experiments, 5 individuals for long-term storage experiments, and 5 individuals for
morphology and DNA fragmentation analysis of fresh sperm. Prior to the experiments, sperm quality was
assessed for each sample, ensuring homogeneity across tests, as all samples were collected simultaneously from
the environment. Following an acclimatization period, sperm collection was performed according to previously
described protocols'>?. The animals were held ventral side up and blotted dry, and their sides and abdomen
were gently massaged from anterior to posterior towards the cloaca. The milt was collected with a micropipette
and transferred to 1.5 mL centrifuge tubes. To analyze the concentration of spermatozoa, a 10 uL sample of a
1:100 diluted milt solution was placed on a hemocytometer. The spermatozoa within the four corner squares,
each measuring 1 mm?, were counted. To calculate the concentration of spermatozoa per milliliter, the total
count from these four squares was divided by 0.4 to adjust for the volume of the squares. This result was then
multiplied by 100 to account for the dilution factor and further multiplied by 1000 to convert to a per-milliliter
basis?. For anesthesia, pour 350 ppm of clove oil into 200 ml of distilled water and place the animal in the

solution for 3-5 min until it is anesthesia®.

Short-term sperm storage

To determine the optimal temperature and extender for short-term sperm storage, collected sperm (an opaque
and white liquid) was mixed in a 1:10 ratio in 1.5 mL microcentrifuge Eppendorf tubes with seven extenders:
(1) Phosphate Buffered Saline (PBS) [Houston, Texas 77396]'%; (2) Simplified Amphibian Ringer (SAR)>"7%; (3)
Bovine Serum Albumin [(1% BSA) SIGMA, CAS 9048-46-80]%; (4) Holtfreters Solution (10% Holt)?4; (5)
Hanks Balanced Salts Modified (HBSS; 200, SIGMA Powder H-2387)'3; (6) 5% Sucrose [SIGMA, CAS 57-50-
1]7; (7) Distilled Water (DW)!> (Table 2). Distilled water was used as a solvent to prepare diluents containing
powdered materials (e.g., sucrose, BSA, and, ...)382, The sperm was stored at three temperatures: 4+1 °C
(refrigerator temperature), 10 +1 °C (collection area temperature), and 20+ 1 °C (room temperature).

To determine the best extender for sperm suspension, motility was assessed immediately after mixing with
each extender (Time 0) and at intervals of 1, 2, 3, 4, 5, and 6 h for motility decay‘m. After that, our investigations
were carried out daily, so that the sperm at each storage temperature and each extenders solution were checked
for motility every 24 h. A 10 uL sample from each treatment was pipetted onto a glass slide, covered with a cover
slip, and examined under a 200 x magnification using an Olympus® CX41 microscope**.

Sperm motility was assessed by two researchers in an alternating manner to reduce potential bias, with 100
sperm cells randomly selected and analyzed for each sample. Motility parameters were categorized as follows:
sperm cells moving with velocity in a circular motion were classified as “progressive motile” (PM), while those
exhibiting tail movement without circular motion were categorized as “non-progressive motile” (NPM). The
percentage of total motility was calculated by summing the counts of progressive and non-progressive motile
cells?**0. Sperm motility evaluation was conducted under a Zeiss AXIO Scope Al microscope (Carl Zeiss,
Oberkochen, Germany) at 200 x magnification, with an experienced observer recording videos of motility for
detailed analysis®*8*.

Long-term sperm storage
Sperm motility post-thawing
Sperm samples were mixed with one of the 16 cryoprotectant solutions (C1-C16) listed in Table 3 at a 1:1
extender-to-sperm ratio. Each treatment included 12 technical replicates, derived from 20 biological samples.
After preparation, the extenders containing sperm were stored at 4 °C until use. The solution from each treatment
was drawn into a 0.25 cc cryo-straw, sealed with hematocrit paste, and equilibrated at 4 °C for five minutes?!.
The straws were then placed in liquid nitrogen vapor, positioned 20 cm above the liquid surface, and held there
for 15 min to ensure they reached a temperature of approximately —80 °C. Following this, the straws were
submerged into liquid nitrogen to achieve a storage temperature of —196 °C using a Taylor Wharton 34HC
Cryogenic Storage Dewar (USA)!11324,

Sperm motility and morphology were evaluated at 1, 3, 7, 15, 21, and 30 days after freezing. Each cryo-straw
was thawed only once at the designated time point and assessed immediately after thawing!*®°. No post-thaw
storage at non-cryogenic temperatures (e.g., 4 °C) was performed. If a sample exhibited motility at a given time

Extender | Chemical components pH | Osmolality (mOsm/kg)
PBS Phosphate Buffered Saline: 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO, 7.42 | 313

SAR Simplified Amphibian Ringer: 7.48 g NaCl, 0.23 g KCl, 0.07 g CaCl2, 0.13 g NaHCO3, 1 L distilled water | 7.61 | 267

1% BSA | Bovine Serum Albumin (1% BSA) 7.20 | 0.15

10% Holt | Holtfreters: 5.9 mM NaCl, 0.67 mM KCl, 0.76 mM CaCl2, 2.4 mM NaHCO3 7.85 |20.22

HBSS Hanks Balanced Salts Modified 7.4 | 305.60

Sucrose | 5% Sucrose 7.2 | 146

Dw Distilled Water 7.04 | -

Table 2. Chemical components, pH, and osmolality of experimental extenders used for the dilution and short-
term storage of Neurergus derjugini sperm. The solvent for all extenders is distilled water.
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Code | Cryoprotectant Concentration pH | Osmolality (mOsm/kg)
C, 1% BSA +10% DMSO 7.17 | 1.28
C, 90% SAR+10% DMSO 7.83 | 1.49
C, 5% BSA +5% DMSO 7.11 | 0.64
C, 5% Sucrose +5% DMSO 6.93 1 0.78
Cy 1% Sucrose +15% DMSO 7.28 | 1.94
Cs 10% Sucrose + 15% DMSO 7.43 | 2.21
C7 1% BSA +15% DMSO 7.21 | 1.92
Cy 10% Sucrose +10% DMFA 6.65 | 1.66
Cy 20% Sucrose +10% DMSO 7.22 | 1.86
Cy 10% Sucrose +10% DMSO 6.58 | 1.57
C, 5% Sucrose +15% DMSO 6.87 | 2.07
Cy, 10% Sucrose + 15% DMSO 7.13 | 2.21
C; | 5%BSA+10% DMSO 7.40 | 128
Cy, 10% Sucrose +10% DMFA +0.01% SAR | 6.77 | 1.66
Cs 10% Sucrose +15% DMSO +0.01% SAR | 6.78 | 2.21
Cig 10% Holtfreter’s+10% DMSO 7.85 | 3.30

Table 3. Cryoprotectants for long-term storage of Neurergus derjugini sperm. The solvent for Bovine Serum
Albumin (BSA) and sucrose is distilled water.

point, fresh sperm was collected from the newt, mixed with the same extender, and frozen again for evaluation at
the next time point. This ensured that the sperm used for each time point was fresh and not subjected to multiple
freeze-thaw cycles. Extenders that failed to maintain sperm motility within the first 24 or 72 h were excluded
from further evaluation. Only extenders demonstrating the ability to preserve motility at earlier time points were
assessed at longer intervals (e.g., Days 7, 15, 21, and 30).

Thawing was performed by gently rotating the cryo-straws in a 25 °C water bath for 10-15 s'. Immediately
after thawing, a drop of sperm was placed on a slide, covered with a coverslip, and assessed for motility under
a microscope at room temperature (17-18 °C) at 200 x magnification?*. The remaining sperm in the straws was
used to evaluate morphology.

Sperm morphology post-thawing

For morphological examination, fresh and thawed sperm samples from days 1, 3, 7, 15, 21, and 30 were spread
on slides (3 repeats per method) and air-dried. Slides were stained with Diff-Quik®¢%7. A total of 100 sperm
cells were examined for regular (normal structure) and abnormal (malformed or broken) sperm, evaluated at
400 x magnification®.

Sperm DNA fragmentation post-thawing

Sperm DNA fragmentation was assessed using the SDFA kit (Idehvarzanfarda-IVF Co, Iran). A 20 pL sample
of extenders sperm suspension was mixed with agarose and loaded onto the slide, which was then refrigerated
for 5 min. Solution A was applied for 7 min, followed by Solution B for 15 min. After draining excess solutions,
the slides were washed with distilled water, dehydrated through ethanol series (70%, 90%, 100%), and stained
with Solutions C, D, and E in sequence for 2, 3, and 2 min respectively. The slides were examined under a light
microscope at 400 x magnification, and DNA fragmentation was assessed by the presence of a halo around the
sperm (Fig. 4). First, DNA fragmentation was performed to examine fresh sperm before freezing, and then DNA
fragmentation analysis was performed at time intervals of 1, 3, 7, 15, 21, and 30 days after thawing frozen sperm
for the best extenders. Observations were made by an expert in the field. Individual pictures of each sperm
were taken using AmScope Version x.64, 3.7.10246.20171109 (https://amscope.com/pages/software-downloads.
Irvine, CA, 92602, USA)®.

Sperm with DNA fragmentation: Sperm with DNA fragmentation shows either no halo around the sperm
head or a small halo. Small halo: The width of the halo is less than or equal to one-third of the smallest diameter
of the sperm head®. Morphologically normal sperm without DNA fragmentation: These sperm exhibit a large
halo or a medium halo around the sperm head. Large Halo: The halo around the sperm head is greater than or
equal to one-third of the smallest diameter of the sperm head. Medium halo: The size of the halo is intermediate,
between that of a large halo and a small halo®.

Statistical analysis

Data normality was tested using the Shapiro-Wilk and Kolmogorov-Smirnov test?>>2. Nonparametric data
(fresh sperm motility rate) were analyzed using the Kruskal-Wallis test followed by the Mann-Whitney U
comparisons test and Univariate Analysis of Variance. Parametric data (sperm motility post-thawing, sperm
morphology and DNA fragmentation) were analyzed using one-way ANOVA with Tukey’s post hoc test*4.
Data are presented as mean+SD, with P<0.05 considered statistically significant. A computer program (SPSS
for Windows, Version 27.0.1, SPSS Inc., IL, USA) was used for statistical analyses. Excel® version 2021 (Microsoft
Corporation, Washington, USA) was used for graph design.
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