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Abstract

This study reports the first production of offspring with vitrified sperm from a live-bearing fish Xiphophorus
hellerii. The overall goal of this study was to develop streamlined protocols for integration into a standardized
approach for vitrification of aquatic species germplasm. The objectives were to (1) estimate acute toxicity of
cryoprotectants, (2) evaluate vitrification solutions, (3) compare different thawing methods, (4) evaluate mem-
brane integrity of post-thaw sperm vitrified in different cryoprotectants, and (5) evaluate the fertility of vitrified
sperm. Nine cryoprotectants and two commercial vitrification additives were tested for acute toxicity and glass
forming ability, alone and in combination. Two vitrification solutions, 40% glycerol (Gly) and 20% Gly +20%
ethylene glycol (EG) in 500 mOsmol/kg Hanks’ balanced salt solution (HBSS), were selected for vitrification of
10 uL sperm samples using inoculating loops plunged into liquid nitrogen. Samples were thawed at 24°C (one
loop in 5uL of HBSS or three loops in 500 uL of HBSS). Samples thawed in 500 uL. were concentrated by
centrifugation (1000 g for 5min at 4°C) into 5 uL for artificial insemination. Offspring were produced from virgin

females inseminated with sperm vitrified with 20% Gly+20% EG and concentrated by centrifugation.

Introduction

AQUARIUM FISH MODELS such as zebrafish (Danio rerio),
medaka (Oryzias latipes), and Xiphophorus have provided
useful tools for the study of human diseases. Fishes are one
of the few vertebrate model systems that can be used for high-
throughput bioassays while, at the same time, providing
physiologically relevant data derived from a whole organ-
ism.! For example, the use of Xiphophorus fishes in cancer
research dates back to the 1920s, when it was discovered that
certain hybrids of platyfish (Xiphophorus maculatus) and green
swordtails (Xiphophorus hellerii) develop melanomas sponta-
neously.” Models of spontaneous and induced carcinogenesis
for several tumor varieties can be produced by selective
backcrossing among the 27 described Xiphophorus species.
The Xiphophorus Genetic Stock Center (XGSC, www.xipho
phorus.org) maintains >57 pedigreed lines. Several of these
lines have been inbred in the XGSC for >50 years.? In addition
to cancer research, Xiphophorus fishes are also used in other
fields of study, including evolution, behavioral ecology, sex
determination, and for biogeographical systematic molecular

events leading to speciation (recently reviewed by Walter
2011).* Further, the genome (~ 830 MB) of X. maculatus (Jp 163
A strain), in its 109th generation of inbreeding, has recently
been sequenced and a draft assembly produced (R. Walter,
pers. comm.). This allows study of genetic regulation at the
molecular level.”

Because of the short generation time, high fecundity, and
easy maintenance of large numbers in a relatively small space,
several thousand mutants and transgenic lines of oviparous
aquarium fish models have been produced.®” Similar to the
husbandry space limitations encountered in mouse breeding
facilities, the large number of strains increases the cost of labor
and maintenance of these facilities and is becoming over-
whelrning.8 Thus, there is a risk that many valuable strains
could become lost and presents an immediate need to im-
prove preservation of genetic resources from aquarium fish
models.” Further, many wild populations of these fishes have
become imperiled. For example, human activities have neg-
atively impacted the natural habitat of Xiphophorus fishes
leading to the decline of wild populations.'” Six species of this
genus are imperiled, four of which are classified as severely
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endangered (X. couchianus, X. gordoni, X. meyeri, and X. milleri)."
Although population studies on these species in the wild are
far from complete, conservation efforts need not be delayed
while awaiting more thorough assessments. Cryopreserva-
tion is a technique that may be employed to address the need
for preservation of these valuable research lines and for res-
toration or protection of imperiled species.'

Sperm cryopreservation efforts in Xiphophorus confront
significant challenges. Xiphophorus are characterized by a
small body size (2-4 cm), and fertilization is internal, so arti-
ficial insemination is needed for fertility estimation of cryo-
preserved sperm. In addition, sperm sample availability is
limited. In X. hellerii the maximum sperm volume avail-
able was calculated to be 9.2 uL,'® whereas for X. couchianus
the maximum volume was <5 uL.** Small (uL) sample vol-
ume limits experimental replication and the numbers of
treatments.'? Despite these limitations, live young have been
produced from cryopreserved sperm in X. hellerii,'®> X. cou-
chianus,'® X. maculatus,"” and X. variatus (Yang et al., unpub-
lished data) since the first research on sperm cryopreservation
of Xiphophorus fishes in 2004."

Vitrification is a form of cryopreservation that utilizes rapid
cooling rates (>1000°C/min compared with <40°C/min for
conventional cryopreservation) and high concentrations of
cryoprotectants (40%—60% compared with 5%-15% for con-
ventional cryopreservation) to form glass (noncrystalline ice).
The ultra-rapid cooling is typically achieved by plunging
samples directly into the liquid nitrogen.'®'? In general, the
smaller the sample volume, the higher the cooling rate, and the
higher the probability of vitrification. Vitrification is therefore
suited to cryopreservation of small volumes, and offers ad-
vantages for use in laboratory and field environments. Pre-
vious attempts have been made to cryopreserve fish sperm by
direct plunging into liquid nitrogen, but inconsistent results
were obtained.”” In one study that focused on standard cryo-
preservation in the X. hellerii, minimal motility (<1%) was
observed when 0.25-mL straws containing 80 uL. of sperm in
14% glycerol (Gly) were plunged into liquid nitrogen,*" pos-
sibly because complete vitrification was not attained due to the
low concentration of cryoprotectant and the relatively large
sample volume used. Successful vitrification has previously
been reported for sperm of mammals (human)* and channel
catfish (Ictalurus punctatus)*® by employment of loops designed
to hold small sample volumes (20 uL). Very recently the success
(post-thaw motility as high as 86%) of cryoprotectant-free vit-
rification in rainbow trout (Oncorhynchus mykiss) by use of the
microdrop method (20 L) has been published.23

The present study evaluated the effectiveness of loops for
vitrification of sperm from X. hellerii. The goal was to develop
streamlined protocols that could be integrated into a stan-
dardized approach for vitrification of aquatic species germ-
plasm. The objectives were to (1) estimate acute toxicity of
cryoprotectants, alone and in combination, at concentrations
ranging from 10% to 40%; (2) evaluate vitrification solutions;
(3) compare different thawing methods; (4) evaluate membrane
integrity of post-thaw sperm vitrified in different cryoprotec-
tants; and (5) evaluate the fertility of vitrified sperm by artificial
insemination. This is the first report of sperm vitrification in a
live-bearing fish with production of offspring. Vitrification of-
fers an alternative to conventional cryopreservation and it can
be applied to small body-sized fishes such as ornamentals,
endangered species, and biomedical models.
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Materials and Methods
Animals

Male X. hellerii used in this study were obtained from
EkkWill Waterlife Resources, Crystal River Aquarium, Segr-
est Farms, and the XGSC (Texas State University, San Marcos,
TX) for experiments performed between 2008 and 2009. Males
used for the acute toxicity experiments were from EkkWill
and Crystal River, and had an average (mean*standard de-
viation [SD]) body length of 4.3 +0.78 cm, and body weight of
1.6+0.68 g. Males used for artificial insemination were from
XGSC, and had a mean body length of 4.03+0.65cm, and
body weight of 0.62+0.20 g. Males used for the flow cytom-
etry and acute toxicity studies were from Segrest Farms, and
had a mean body length of 4.23 +0.25 cm, and body weight of
1.55+0.21g.

All males were maintained at the Aquaculture Research
Station of the Louisiana State University Agricultural Center
in a recirculating aquaculture system using a bead filter at a
density of 1 fish per 10L. Fish were fed twice daily with
commercial flakes (Tropical Mix; Aquatic Eco-Systems Inc.)
and live Artemia nauplii grown from cysts (INVE Aquaculture
Inc.). The bead filter was backwashed weekly and water
quality was monitored weekly. The water quality standards
were as follows: alkalinity >100mg/L, hardness >100mg/L,
and total ammonia nitrogen and nitrite <1mg/L. Females
used in 2008 for artificial insemination were X. maculatus of
the strain Jp Wild and X. hellerii of the albino strain, whereas
females used in 2009 were X. maculatus and X. hellerii of the
strain BxIL.>* Virgin females were selected by separation from
mixed-sex broods before maturation (at around 6 weeks of
age).” Females were maintained at the XGSC and cultured
following routine protocols (www.xiphophorus.org) which
included feeding twice daily with Artemia and liver paste.”
Guidelines from the Institutional Animal Care and Use
Committees (IACUC) of Louisiana State University Agri-
cultural Center and Texas State University were followed for
animal care in this study. These IACUC animal protocols and
inspections are current (IACUC no. 05-05F7651F62), as is the
National Institutes of Health Protection from Research Risks
approval.

Sperm collection

Sperm were collected by crushing of dissected testis. Male
fish were anesthetized on ice for 1 min, killed by decapitation,
and blotted with a paper towel to dry the body. The testes
(13.8+10.3 mg, n=101) were removed and separated from the
surrounding lipid tissues while viewing with a dissection
microscope (10 xmagnification) and transferred to 1.5-mL
centrifuge tubes for weighing. Sperm were released by
crushing of the testis in Hanks’ balanced salt solution at an
osmolality of 500 mOsmol/kg (HBSS500),'® and diluted to a
final concentration of 1x10® cells/mL unless otherwise sta-
ted. Sperm concentration was estimated by use of a hemacy-
tometer (Hausser Scientific), and osmolality was measured
with a vapor pressure osmometer (Model 5520; Wescor Inc.).

Motility estimation

Sperm motility was estimated using dark-field microscopy
(Optiphot 2; Nikon, Inc.) at 200 x magnification. The addition
of 20uL of HBSS at an osmolality of 300 mOsmol/kg
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(HBSS300) was used to activate 2 uL. of sperm suspension
placed on a glass slide; no coverslip was added to the sample.
Motility was estimated subjectively based on observation of
three to five different fields within 20s after activation, and
expressed as the percentage of sperm swimming progres-
sively forward within the sample; sperm that vibrated in place
were not considered to be motile. For consistency, motility
was evaluated by a single skilled operator in a blind protocol
(the examiner did not know the treatment given).

Fluorescent staining and flow cytometry

Sperm membrane integrity was evaluated with the fluores-
cent dyes SYBR-14 and propidium iodide (PI) (live/dead sperm
viability kit; Molecular Probes). Duplicate aliquots of 250 uL of
sperm sample at a concentration of 1x 10° cells/mL were stained
with 100 nm membrane-permanent nucleic acid stain (SYBR)-
14® and 12 uM PI for 10 min. Membrane integrity was assessed
by analyzing 10 uL of sperm sample at a flow rate of 35 uL./min
using an Accuri C6 flow cytometer, equipped with a 488-nm, 50-
mW solid-state laser (Accuri Cytometers Inc.), and CFlow®
software (version 1.0.202.1; Accuri Cytometers Inc.). Green
fluorescence (SYBR 14) was detected with a 530+ 15nm band-
pass filter (FL1), and red fluorescence (PI) was detected with a
>670nm longpass filter (FL3). Events were viewed on forward-
scatter versus side-scatter plots with gating to exclude nonsperm
events, and gated events were viewed on a scatter plot showing
fluorescence detector 1 (FL1) versus FL3 with fluorescence
compensation to reduce spectral overlap. The proportion of in-
tact sperm was expressed as a percentage of the fluorescent
population (i.e., sperm stained with SYBR 14, PI, or both) to
exclude nonsperm particles from calculations.

Vitrification of sperm samples

Sperm samples were prepared by crushing of dissected
testes in HBSS500 at an initial volume of five times the testes
weight, and the concentration was adjusted to 2-5x 10° cells/
mL. Cryoprotectant solutions were prepared at double-
strength in HBSS500. To vitrify, sperm samples were mixed
with double-strength cryoprotectants at room temperature,
immediately loaded (within 15 s) into 10-uL polystyrene loops
(Nunc™) or 5-mm nichrome loops (~15 uL) (Cole-Parmer)
without equilibration, submerged in liquid nitrogen within
1min (~50s after the mixing), and packed under liquid ni-
trogen into goblets for storage in a Dewar flask. After at least
24h of storage in liquid nitrogen, the vitrified loops were
thawed in 20 uL. of HBSS300 at room temperature or other
temperatures as noted, and the motility of thawed sperm was
estimated within 30s.

For membrane integrity assessment of vitrified sperm after
thawing, sperm samples were vitrified at 1x 107 cells/mL in
10-uL polystyrene loops, and thawed by warming four loops
directly in 300 uL of HBSS500 at 40°C to yield a sperm con-
centration of around 1x10° cells/mL. Duplicate aliquots
(250 uL) of the thawed samples were stained with 100nM
SYBR14 and 12 uM PI, and analyzed by flow cytometry within
10 min of thawing as described above.

Artificial insemination

The artificial insemination procedure used in this study
was based on previously published protocols (see details in
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Yang et al."> and Dong et al.*®). In brief, females were an-
esthetized in 0.01% MS-222 (w/v), and transferred to a Petri
dish with the abdomen facing up. The tip end of the insemi-
nation device (injector) was filled with sperm sample and
gently pushed into the genital duct (viewed at 10 x magnifi-
cation), and the sperm sample (5 uL) from each male was in-
jected into the genital duct. After insemination, the females
were returned to fresh water for recovery and were main-
tained in aquaria (five females in each tank) in the XGSC for
harvest of live young. These tanks contained live plants (java
moss, Vesicularia dubyana) to provide refuge for newborn fish,
thereby reducing the chances of cannibalism. At 90 days after
insemination or when live young were collected (whichever
came first), the inseminated females were dissected for ex-
amination of the reproductive tract.

Experiment I: acute toxicity of cryoprotectants

In the first trial, 49 males were dissected and testis samples
from individual males or pooled samples from several males
(2-8) were used depending on the volume collected. Three
replicates were produced by pooling sperm from multiple
males. Nine cryoprotectants, (1) 2-methyl-2,4-pentanediol
(MPD; Acros Organics), (2) 1-methoxy-2-propanol (MP;
Acros Organics), (3) methyl glycol (2-methoxyethanol, MG;
Sigma-Aldrich), (4) polyethylene glycol (PEG molecular weight
[MW] 200; Sigma-Aldrich), (5) ethylene glycol (EG; Mal-
linckrodt Baker), (6) 2,3-butanediol (BD; Acros Organics), (7)
Gly (Mallinckrodt Baker), (8) 1,2-propanediol (PrOH; Sigma-
Aldrich), and (9) dimethyl sulfoxide (DMSO; OmniSolv),
were used at final concentrations of 5%, 10%, 15%, 20%, 25%,
and 30% (v/v) with two exposure temperatures (24°C room
temperature and 4°C on ice). In the second trial, EG, Gly and
PrOH were evaluated at increased concentrations of 30%,
35%, and 40%. EG and Gly exposures were performed at room
temperature (24°C) while PrOH were held on ice (4°C). Three
replicates were produced for each treatment with different
fishes (n=5). Cryoprotectant solutions were prepared in
HBSS500 at double strength of the final concentrations, fol-
lowed by mixing with sperm suspension at a ratio of 1:1 for
toxicity estimation. Motility was estimated immediately
(within 10s) and at 5, 10, 15, 20, 25, 30, and 60 min.

Experiment II: acute toxicity of commercial
vitrification solutions

Five commercial solutions, VitriFreeze™ Freezing Medium
1 and 2 (FertiPro N.V.), Vgg, VM3, X-1000™, and Z-1000™
(21st Century Medicine), were used at final concentrations of
10%, 20%, 30%, 40%, and 50% (v/v). Vitrification solutions
were prepared in HBSS500 at double strength of the final
concentrations, followed by mixing with the sperm suspen-
sion at a ratio of 1:1. Motility was estimated immediately
(within 10s) and at 5-min intervals for 30 min, and finally at
60min. Three replicates were produced for each treatment
with different fishes (n=4).

Experiment lll: acute toxicity
of combined cryoprotectants

Fifteen combinations from different cryoprotectants were
tested: (1) 20% EG +20% Gly, (2) 30% EG +10% DMSO+0.45M
trehalose dihydrate (Tre; Acros Organics), (3) 30% EG+10%
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PrOH, (4) 20% methanol (MeOH; Fisher Scientific) +20% MG,
(5) 40% Gly+0.45 M Tre, (6) 30% EG+10% BD, (7) 30%
EG+10% Gly, (8) 40% Gly, (9) 30% EG+15% Gly, (10) 15%
EG+10% Gly +15% DMSO + 1% X-1000+ 1% Z-1000, (11) 20%
EG+20% Gly +0.45 M Tre, (12) 30% EG +10% MeOH, (13) 20%
DMSO+10% PrOH+6% PEG+15% acetamide (Sigma-Al-
drich), (14) 40% EG+0.45 M Tre, and (15) 40% EG. Double-
strength cryoprotectant solutions were prepared in HBSS500
and mixed with sperm suspension at a ratio of 1:1 at 24°C.
Motility was estimated immediately (within 10s) and at 5 and
10min. Sperm from four males were used in this experiment,
and three replicates were produced with two replicates from
individual males and one from pooling of two males.

Experiment |V: effect of thawing temperatures

Six vitrification solutions were tested: (1) 20% EG +20% Gly,
(2) 40% Gly, (3) 40% Gly+0.45 M Tre, (4) 30% EG+10%
DMSO+Tre, (5) 15% EG+10% Gly+15% DMSO+1% X-
1000+ 1% Z-1000, and (6) 10% EG+20% Gly +5% DMSO+1%
X-1000+1% Z-1000. Double-strength cryoprotectant solutions
were prepared in HBSS500 and diluted at 24°C with sperm
suspension at a ratio of 1:1 (final sperm concentration 5x 107
cells/mL). Samples were immediately loaded (within 15s) into
5-mm nichrome loops (~15 uL) (Cole-Parmer) without equili-
bration, and submerged in liquid nitrogen within 1 min (~505s)
after the addition of the vitrification solutions. Glass formation
was assessed by observing the appearance of the vitrified
sample (a milky appearance indicated ice crystal formation).
Loops were thawed directly onto a microscope slide containing
a 20-uL drop of HBSS300 at two temperatures (24°C and 37°C).
The motility of each sample was estimated immediately after
thawing. Sperm from five males were used in this experiment.

Experiment V: effect of cryoprotectant
on membrane integrity by flow cytometry

Sperm samples from three males were used to evaluate the
toxicity of three treatments: (1) 30% EG, (2) 35% Gly, and (3)
20% EG+20% Gly. Sperm samples (2x10° cells/mL) were
stained with 100nM SYBR-14 in duplicate for 10 min, and
mixed with the same volume (125 uL) of double-strength
vitrification solution containing PI at a final concentration of
12 uM. The mixture was analyzed by flow cytometry as de-
scribed above at 1min and 5min after the addition of the
vitrification/PI solution. Post-thaw motility after vitrification
for each treatment was evaluated.

Experiment VI: artificial insemination
with vitrified sperm

In July 2008, testes from 10 X. hellerii males were vitrified at
a final concentration of 5x 108 cells/mL with Gly (final con-
centration 40% v/v) in 5-mm nichrome loops. For artificial
insemination, the vitrified loops were thawed in 20 uL of
HBSS300 at 24°C after 24 h of storage in liquid nitrogen. Fe-
males of X. maculatus (n=20) and albino females of X. hellerii
(n=>5) were used for artificial insemination. Each loop was
thawed in a 5-uL drop of HBSS300 at 24°C, and 5 uL of the
thawed sperm sample (~7x 10 cells) were injected into the
female within 3 min after thawing. To evaluate artificial in-
semination success, fresh sperm samples were collected from
males of X. maculatus (n=15) and used to inseminate females
of X. hellerii (n=15) and X. maculatus (n=15).

CUEVAS-URIBE ET AL.

In July 2009, testes from 20 X. hellerii males were vitrified at
final concentrations of 5x10% cells/mL (5 males) or 2x10%
cells/mL (15 males) with 20% EG+20% Gly in 10-uL poly-
styrene loops. Artificial insemination was performed in four
groups. For the first group, each loop from individual males
(n=10) was thawed in a 5-uL. drop of HBSS300 at 24°C, and
5uL of the thawed sperm sample (~1x10° cells) were in-
jected into females of X. hellerii (n=10) and X. maculatus
(n=10) within 3 min after thawing. For group 2, three loops of
vitrified samples from each individual male (1=10) were
thawed into 1.5-mL microcentrifuge tubes containing 500 uL
of HBSS500 at 24°C. For concentrating and washing, the
thawed sperm suspensions were centrifuged (1000 g) for
5min at 4°C, the supernatant was decanted, and the sperm
pellet was re-suspended by adding 100 uL of fresh HBSS500.
Centrifugation was repeated (1000 g for 5 min at 4°C), and the
supernatant decanted again. For artificial insemination, the
sperm pellet (1.5x 10° to 2.5x 10° cells) was suspended into a
total volume of 5 uL of fresh HBSS500 before injection. Fe-
males of X. hellerii (n=5) and X. maculatus (n=>5) were in-
seminated with samples from 10 males. For group 3
(designated the “chemical control”), fresh sperm from X.
hellerii (n=5) were exposed to 20% EG +20% Gly and used for
artificial insemination of females of X. hellerii (n=>5) and X.
maculatus (n=>5). For each female, 5 uL of the sample (2.5 x 10°
cells) were injected within 3 min after addition of cryopro-
tectant. For group 4, female X. hellerii (n=15) from the same
batch as the females used in the other three groups were used
for artificial insemination with fresh sperm from X. variatus
(concentration range 2 x 10® to 1x10” cells/mL). This group
was used as a control to evaluate the success of the artificial
insemination procedure.

Data analysis

Data were analyzed as a factorial randomized block design.
Analysis was conducted using a mixed analysis of variance
(ANOVA) procedure for all interactions. For acute toxicity
experiments, the fixed treatment variables were cryoprotec-
tant, concentration, temperature, and incubation time. The
green swordtail males were grouped in a block to remove
variation among individual motility from the error term. The
dependant variable was sperm motility (percent). The control
(fresh sperm) was excluded from the model, but was used as a
reference to ensure sperm viability. For the thawing experi-
ment, the fixed treatments were temperature and vitrification
solution, and the dependant variable was post-thaw motility
(percent). Membrane integrity data were analyzed using a
mixed ANOVA procedure with cryoprotectants as fixed
treatments and membrane intact (percent) as a dependent
variable. The control (fresh sperm) was included in the model.
Statistical differences were determined at an «=0.05 level
using Tukey’s adjustment. Statistical analyses were per-
formed using SAS software (Statistical Analysis System Inc.,
version 9.1; SAS Institute).

Results
Experiment I: acute toxicity of single cryoprotectants

The motility of fresh sperm before incubation with cryo-
protectants was 60%+12% (mean=SD). In the first trial, the
addition of cryoprotectants at two temperatures (24°C and
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FIG. 1. Percent sperm motility of green
swordtail Xiphophorus hellerii in samples incu-
bated with different cryoprotectants. The cryo-
protectants used were glycerol (Gly), ethylene
glycol (EG), dimethyl sulfoxide (DMSO), poly-
ethylene glycol (PEG), propanediol (PrOH),
butanediol (BD), methyl pentanediol (MPD),
methyl glycol (MG), and methoxy propanol
(MP). Each point represents the mean of three
replicates; error bars were omitted for clarity.
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4°C) was significantly different for the cryoprotectants EG
(p=0.004), BD (p=0.014), Gly (p<0.001), and DMSO
(p=0.004), where toxicity was less evident at room tempera-
ture except for BD. The least toxic cryoprotectant was Gly,
which showed no significant differences in motility among
concentrations as high as 25% in all time intervals (p=0.112)
(Fig. 1). EG showed no significant differences among con-
centrations as high at 25% and for as long as 30 min (p =0.466).
The highest concentrations without significant differences for
the rest of the cryoprotectants were 20% DMSO (p=0.773),
15% PrOH (p=0.530), 15% BD (p=0.490), 10% MG
(p=0.109), and 10% MP (p=0.107) (Fig. 1). The highest con-
centration that could be used for MPD and PEG was 5%. The
longest time without significant motility reduction for these
cryoprotectants at 5% was 60 min for PEG (p=0.174), and
30 min for MPD (p=0.055).

In the second trial with higher concentrations of cryopro-
tectants (30%—40%), EG was not significantly different from
Gly (p=0.837), but it was significantly different from PrOH
(p=0.037). Gly and PrOH were significantly different from
each other (p=0.025). EG at concentrations of 30% and 35%
were not significantly different (p=0.083). Glass formation
was observed for concentrations of 35% PrOH, 35% Gly, and
45% EG (Fig. 2 and Table 1), although only partial glass for-
mation could be observed at 40% EG.

Experiment |I: acute toxicity
of commercial vitrification solutions

The motility of fresh sperm before incubation with vitrifi-
cation solutions was 50% +0%. The least toxic commercial
vitrification solution was VitriFreeze Freezing Medium 1,
which showed no significant effect on motility among all the
concentrations tested (as high as 50%). For VitriFreeze
Freezing Medium 2, there was no difference within the first
5min of exposure at concentrations as high as 30%. When
VitriFreeze Freezing Medium 2 was used for <1min, there
was no difference at concentrations as high as 50%. When
samples were exposed to VM3 for <1min, there was no dif-
ference in motility at concentrations as high as 30% (p =0.572).
For the polymer X-1000 there was no significant difference in

motility at concentrations as high as 30% and at all time in-
tervals (p=0.347). There was no difference between Vg and
Z-1000 (p=0.803). The highest concentration that could be
used for Vgg and Z-1000 was 10% for <1 min. Glass formation
was observed only in 40% VM3 (Table 1).

Experiment Ill: acute toxicity of combined
cryoprotectants

The motility of fresh sperm before incubation with cryo-
protectants was 65% *10%. Time was an important factor in
the toxicity of combined cryoprotectants, which could be
separated into three groups at <1 min. In the first group (20%
MeOH +20% MG, 30% EG+10% BD, 30% EG +15% Gly, 20%
EG+20% Gly +Tre, 30% EG +10% MeOH, and 20% DMSO +
10% PrOH+6% PG+ Ace) motility estimates were close to
zero at <1min and remained the same afterward. In the
second group there were no significant differences in motility
at any time interval. The least toxic cryoprotectant from this
group and from this experiment was 40% Gly, for which the
average motility at <1 min was 18% and was not significantly
different through time (p=0.454). The other combined cryo-
protectants from the second group were 30% EG +10% PrOH
(15% motility at <1 min; no difference through time p=0.137),
30% EG+10% Gly (12% motility at <1min; no difference
through time p=0.708), and 40%EG (12% motility at <1min;
no difference through time p=0.851). In the third group,
motility was highest at <1 min but declined at subsequent time
intervals. Combined cryoprotectants from this group were 20%
EG+20% Gly, 30% EG+10% DMSO +Tre, 40% Gly +Tre, 15%
EG+10% Gly+15% DMSO+XZ (Fig. 3), and 40% EG+Tre
(motility at <1min was 37%, and at 5min was 7%).

Experiment IV: effect of thawing temperatures

The motility of fresh sperm before vitrification was
64% +13%. There were no significant differences (p=0.945) in
post-thaw motility of sperm thawed at 24°C or at 37°C in all
the treatments (Fig. 3). In all treatments, the only significant
differences found were between 20% EG +20% Gly and 30%
EG+10% DMSO+Tre (p=0.033). The highest post-thaw
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FIG. 2. Sperm motility of green swordtail X. hellerii when
suspended at different concentrations of cryoprotectants at 1, 5,
15, and 30min. As concentration increased, exposure time
played a major role in toxicity with the highest motility ob-
served just after the addition ( < 1 min) of cryoprotectants. Some
glass formations appeared in the polystyrene loops (inset pic-
tures) at 35% and 40% for each cryoprotectant (identified by a
transparent state, while crystallization appeared milky). Each
point represents the mean of three replicates.

motility was for samples vitrified in 20% EG+20% Gly
(ranging from 3% to 20%) followed by 40% Gly + Tre (ranging
from 1% to 15%). In general, the sperm in most vitrification
solutions had a tendency toward vibration rather than what
we considered to be progressive motility. This could be due to
low inherent motility (perhaps due to cellular damage), or
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could be in part due to the high viscosity of the solutions
which impeded sperm movement. The highest post-thaw
sperm vibration was for 20% EG+20% Gly (vibration
54% +14%) followed by 40% Gly (vibration 53% +12%).

Experiment V: effect of cryoprotectant
on sperm membrane integrity

Although, the fresh sperm motility was 47%+6%, the
percentage of membrane-intact sperm cells before vitrification
was 87% *2%. For the cryoprotectant toxicity, the percentage
membrane-intact sperm in the 30% EG treatment did not
differ significantly from the control (p=0.490), but membrane
integrity in the 35% Gly (p=0.002) and 20% EG+20% Gly
(p<0.001) treatments was significantly lower than in the
control. There was a significant difference in sperm mem-
brane integrity between <1min and at 5min for the treat-
ments 30% Gly (p=0.048), 35% Gly (p=0.022), and 20%
EG+20% Gly (p<0.001) but not for the control (p=0.961).
After vitrification, the percentage of membrane-intact post-
thaw sperm was low (<12%) which corresponded with the
post-thaw motility (<7%) (Fig. 4). There was no significant
difference in the percentage of membrane-intact sperm be-
tween 35% Gly and 20% EG +20% Gly (p=0.590).

Experiment VI: artificial insemination
with vitrified sperm

The motility of fresh sperm used for the artificial insemi-
nation was 71% + 11%. For the first insemination trial in 2008
using sperm from one loop of vitrified samples in 40% Gly,
none of the 25 females inseminated yielded offspring. In the
control group, which consisted of 30 females that were in-
seminated with fresh sperm, 14 females contained embryos or
oocytes after dissection. Of the 15 X. hellerii females from the
control group, 14 live offspring were observed and 3 females
contained secondary growth oocytes at advanced vitello-
genesis (abundant oil droplets and yolk globules) (~ 6 oocytes
per female) after dissection, and of the 15 X. maculatus fe-
males, 2 live offspring were observed and 11 females con-
tained secondary growth oocytes (~7 oocytes per female)
after dissection. In the second insemination trial in 2009, none
of the 20 females in group 1 that were inseminated with vit-
rified sperm from a single loop yielded offspring. From group
2 that consisted of 10 females inseminated with concentrated
and washed sperm pooled from three loops (pellet 1.5x10°
cells), five X. hellerii females contained secondary growth
oocytes. Four live offspring (3 females and 1 male) and 31
oocytes were collected from these five females. Each female
contained an average of six oocytes after dissection at 130
days post-insemination. The other five X. maculatus females
from group 2 that were inseminated with the concentrated
and washed sperm from three loops (pellet containing

TABLE 1. SPERM MOTILITY OF GREEN SWORDTAIL (11=3) AFTER EXPOSURE TO VITRIFYING SOLUTIONS

Time (min) Control 40% EG 35% Gly 40% Gly 20% EG+20% Gly 35% PrOH 40% VM3
<1 61+9 18+10 37+6 18+11 20+21 18+13 12+8

5 58+10 11+15 18+18 13£8 4+1 5+9 0

10 61+9 4+8 13+15 24+12 0 1+£2 0

EG, ethylene glycol; Gly, glycerol; PrOH, 1,2 propanediol; VM3, vitrification solution.
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FIG. 3. Sperm motility (meanz+standard de-
viation [SD]) of green swordtail X. hellerii (n=3
males) in relation to exposure to vitrification
solutions for 1min (black bars) and 5min (ver-
tical stripes), and thawed at 24°C (horizontal
stripes) or at 37°C (dotted bars). Motility of
control samples was assessed before the addi-
tion of cryoprotectants (white bars). There was a
significant difference in sperm motility between
exposure at 1 and 5min. There was no signifi-
cant difference in post-thaw sperm motility due
to thawing at 24°C or at 37°C in all treatments.

2.5x10° cells) did not yield offspring. In group 3 (chemical
control), which consisted of 10 females that were inseminated
with fresh sperm with 20% EG +20% Gly, none of the females
yielded offspring. In group 4 (control), which consisted of 15
females that were inseminated with fresh sperm, 3 live off-
spring were observed and none of the females contained
embryos or oocytes after dissection.

Discussion

Aquarium fish such as zebrafish, medaka, and Xiphophorus
have proven to be valuable as disease models for molecular
genetic studies. As vertebrates, fish and humans share most
developmental processes, physiological mechanisms, and
organ systems. By generating fish mutants, human diseases
can be modeled and can provide experimental systems to aid
pathological investigations or for use in screening of thera-

peutics.' Certain fish species possess novel attributes making
them valuable models for a specific diseases; for example,
Xiphophorus provides a long-standing model for melanoma.
Genetic control of tumor susceptibility in Xiphophorus has
been investigated in pure strains and in interspecific hybrids
for a variety of spontaneous and induced neoplasias.”” Inbred
lines have been available for research since 1939 from the
XGSC.? Despite the significant costs to maintain and generate
these pedigreed fish lines, few alternatives currently exist to
safely preserve important individuals, strains, and lines that
may include endangered species. Of the 27 species of Xipho-
phorus, conventional cryopreservation of germplasm yield-
ing offspring has been reported in only 3 species (X. hellerii,
X. couchianus, and X. maculatus).">” Cryopreservation and
artificial insemination efforts in Xiphophorus are faced with
four major challenges: (1) limited volume of sperm samples
(<10uL); (2) a low percentage (20%-30%) of females
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FIG. 4. Sperm membrane integrity (mean=
SD) of green swordtail Xiphophorus hellerii (n=3
males) in relation to exposure to cryoprotectants
for 1min (white bars) and 5min (black bars),
and post-thaw (horizontal stripes). The control
values (fresh sperm) were not significantly dif-
ferent from 30% EG but were significantly dif-
ferent from 35% Gly and 20% EG + 20% Gly.
There were <10% membrane-intact cells after
vitrification. Polystyrene loops were evaluated
for glass formation for each treatment. Vi-
trification produced a clear, transparent glass
rather than an opaque, milky solid, caused by
the appearance of ice crystals.
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producing offspring by artificial insemination for control
(fresh) sperm; (3) the need for virgin females because sperm
can be stored in the female reproductive tract; and (4) low
control over the fertilization process due to difficulties se-
lecting spawning-capable females.'®

Conventional cryopreservation has been applied for the
protection of genetic resources in fish and shellfish, but is not
always practical for use in remote locations or in developing
countries (often the places where preservation is most neces-
sary). Vitrification is considered to provide an alternative to
standard cryopreservation and has been used successfully for
Cryopreservation of spermatozoa, embryos, oocytes, stem
cells, and organs from several mammalian species.'”*® The
advantages of vitrification are that it does not require ex-
pensive equipment, it is simple, fast, and can be used to pre-
serve samples in the field especially in remote, inaccessible
areas. In addition, it offers perhaps the greatest potential for
success in overcoming the challenges for preservation of fish
embryos. At present, there are three studies that have re-
ported vitrification of fish sperm. In one study the investiga-
tors observed sperm vitrification in rainbow trout (listed in
the article as O. mikiss) and Russian sturgeon Acipenser guel-
denstaedtii (listed in the article as A. guldenshtadti) by use of
cryomicroscopy.” The second study specifically addressed
fish sperm vitrification and development of a streamlined
protocol for sperm vitrification in channel catfish,® and a re-
cent study reported sperm vitrification in rainbow trout with-
out the use of cryoprotectants but no production of offspring
was reported.” These are all large-bodied (e.g., >2.5kg) ex-
ternally fertilizing species. In the present study, we report the
first successful production of offspring from vitrified sperm in
a live-bearing fish.

Identifying suitable cryoprotectants

One of the first steps in protocol development is the mea-
surement of acute toxicity and selection of the least toxic vit-
rification solutions. Sperm vitrification is new in fish and there
is little knowledge of cryoprotectants that vitrify at non-
toxic concentrations. There have been no published studies
that specifically address acute toxicity of cryoprotectants in
X. hellerii. A previous study in X. hellerii estimated the toxicity
of cryoprotectants after thawing.>® The cryoprotectants used
in that study were DMSO, dimethyl formamide, dimethyl
acetamide, PrOH, MeOH, and sucrose at concentrations of 6%
and 10%, and with an equilibration time of 10min. Un-
fortunately, that study did not report sperm motility after the
equilibration time and before freezing, so it is difficult to
differentiate the effect of the cryoprotectants from the effects
of freezing and thawing.®' In addition, sperm concentration
was estimated and no attempts were made to adjust the
concentration to an established value.>° In the present study,
we tested the effect of nine cryoprotectants at six concentra-
tions (5%-30%) and at two exposure temperatures on sperm
at one standardized concentration (1x10% cells/mL). We
evaluated motility immediately (within 10s) after the addi-
tion of the cryoprotectant, and at 7 time intervals (as long as
60 min). This first screening identified three potential cryo-
protectants (EG, Gly, and PrOH) that presented the least
toxicity at concentrations suitable for vitrification. Because
vitrification requires high concentrations of cryoprotectants,
we evaluated concentrations as high as 40% of these cryo-
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protectants. Temperature influenced the toxicity of some
cryoprotectants. For example, Gly was least toxic at room
temperature (24°C) compared to cold (4°C), which is different
from human sperm where lower temperatures reduced the
toxicity of Gly.*® Temperature plays an important role in the
addition of cryoprotectants because it interacts with factors
such as chilling sensitivity of the gametes, toxic properties of
the cryoprotectant, and permeation rate (lower temperatures
require a longer period of equilibration).**** Because cryo-
protectant exposure time is kept to a minimum in vitrification,
high concentrations of cryoprotectants are usually added at
room ’cemperature.g’s’36 One aim in vitrification (nonequilib-
rium cooling) protocols is to dehydrate the cells before cooling
begins by using high concentrations of cryoprotectants.®”
Even so, it is possible to attain vitrification in the absence of
cryoprotectants as was discovered for human sperm®*~® and
recently in rainbow trout.”®

Evaluating vitrification solutions

Most cryoprotectants tend to have toxic and hypertonic
effects when used at concentrations that are effective for vit-
rification.*” There are a number of ways of varying practi-
cality that can be used to reduce the concentration of
individual cryoprotectants required for vitrification, includ-
ing applying high hydrostatic pressure, stepwise addition of
cryoprotectants, combination of cryoprotectants, addition of
nonpermeating polymers or sugars, and reducing exposure
time at high concentrations to a minimum.*! In addition, the
toxicity of cryoprotectants can be counteracted by the use of
“toxicity neutralizers” such as formamide or urea.*?

Commercial vitrification solutions are not widely used in fish
cryopreservation. This could be due to the cost, because most of
the commercial solutions are designed for use with mammals. A
previous study in fish embryo vitrification used the polymer X-
1000 to inhibit ice formation.** In this study the commercial
polymers (X-1000 and Z-1000) were not toxic at the re-
commended concentration (1%).** Another nonpermeating
cryoprotectant that has been used to enhance glass formation
and cell biostabilization is trehalose. This disaccharide has been
used to cryopreserve sperm from fishes such as rainbow trout,*
longtooth grouper (Epinephelus bruneus, formerly E. moara*),
humpback grouper (Cromileptes altivelis*”), and orange-spotted
grouper (Epinephelus coioides*®). In the present study, we de-
cided to mix cryoprotectants to combine the additive actions of
each, such as permeability and glass formation. The combina-
tion of cryoprotectants has been reported to reduce toxicity
compared to high concentrations of individual cryoprotec-
tants.* In the present study, the motility of sperm exposed to
the combination of Gly and trehalose immediately after addi-
tion (< 1min) was higher than for sperm exposed to Gly alone,
but Gly alone yielded higher motilities over time. This is
probably because at the time of cryoprotectant addition there
was a rapid osmotic shock. This resulted in sperm activation
and motility, which declined during the equilibration period. A
similar reduction of motility was observed in X. helleriiwhen the
thawed sperm were immediately diluted in HBSS creating a
rapid change in osmolality (from as high as 2608 to as low as
599 mOsmol /kg) which caused sperm volume to change.™

In this study, the combination of acetamide and DMSO*?
did not reduce damaging effects. Overall the combinations of
cryoprotectants (vitrification solutions) were less toxic than
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individual cryoprotectants. This is in agreement with the
standard mammalian procedures for vitrification in which a
combination is often used to increase viscosity, increase the
glass transition temperature, and reduce the level of toxicity.”®
In the present study exposure time played a major role in
toxicity with the highest motility observed just after the ad-
dition (<1min) of cryoprotectants. We decided to use vitri-
fication solutions containing Gly because it was the
cryoprotectant of choice for conventional cryopreservation for
Xiphophorus, and because it was the least toxic in the present
study at high concentrations (i.e., 25%). It has been suggested
that as the concentration of Gly increases, the post-thaw mo-
tility of green swordtail sperm increases.* In addition to Gly,
we decided to use DMSO because in previous studies it was
used for conventional cryopreservation in green sword-
tail.">*® Post-thaw motilities in a previous study of conven-
tional cryopreservation using 20% DMSO were around 15%,
whereas they were 50% for 20% Gly.*

Effect of thawing temperatures

Warming has been a topic of interest in recent studies in
vitrification.”"* Previous studies have focused on achieving
the highest possible cooling rates (e.g., ultravitrification™).
This is because there is an inverse relationship between the
rates of cooling and warming, and the concentration of
cryoprotectant (i.e., the faster the cooling and warming, the
lower the concentration of cryoprotectant needed and vice
versa®). Overall, the high concentrations of cryoprotectants
required are near the maximum tolerable limits of cells. This is
one of the reasons that previous studies focused on minimum
volume methods to attain high cooling rates and prevent ice
formation.'® Even so, neither high cryoprotectant concentra-
tion nor increased cooling rates are essential for vitrification to
occur. Partial (usually) or total intracellular vitrification can
occur incidentally during conventional cryopreservation, and
may be responsible for some degree of survival of cryopre-
served samples.” A recent publication found that a wide
range of cooling rates (160°C—250°C/min) could produce
vitrification of human sperm.”® In addition, cryopreservation
in rhesus monkey (Macaca mulatta) was attained at cooling
rates of 220°C/min with the absence of permeable cryopro-
tectants.””

Previous studies in X. hellerii achieved cooling rates of
200°C/min by the use of a differential scanning calorimeter
(DSC) but caused the sperm cells to lyse and become osmot-
ically inactive.’® In the same study, the optimal cooling rate
predicted for samples without cryoprotectant was 90°C/min.
In a different study, minimal post-thaw motility (<1%) was
reported when 0.25-mL straws containing 80 uL. samples of
X. hellerii sperm with 14% Gly were plunged into liquid ni-
trogen.” The cooling rate for a 0.25-mL straw was estimated
to range from 1700°C/min*’ to 2500°C /min.”® In the present
study, we used loops (5mm; 15uL) similar to those used
previously for human sperm vitrification (5 mm; 20 uL).** The
cooling rate estimated for the loops could be as fast as
720,000°C /min,*® whereas the warming rate at 37°C could be
as fast as 200,000°C /min.?° In the present study, there was no
significant difference in motility between the two thawing
temperatures (24°C and 37°C) tested. This means that the
combination of the small volumes used and the two temper-
atures yielded warming rates fast enough to avoid ice crystal
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formation (devitrification) or recrystallization of small intra-
cellular ice crystals produced during cooling. This result is in
agreement with a recent publication that found that high
warming rates (118,000°C/min) yielded high survival of
mouse oocytes (Mus musculus) (70%—85%) regardless of the
cooling rate used (95°C to 69,250°C/ min).52 This fast warming
rate could explain results from a previous report in X. hellerii
in which samples were cooled at a relatively fast rate (200°C/
min) but the sperm were destroyed due to the slow warming
rate used (20°C/min).%® In addition, X. hellerii sperm in 0.25-
mL straws that were plunged into liquid nitrogen (cooling of
1700°C to 2500°C/min) and thawed for 7 s in a 40°C water bath
(thawing of around 1300°C to 2500°C/min) yielded minimal
motility (< 1%).2° The reason for this could be the use of a slow
warming rate compared with the rate suggested recently
(118,000°C/min®?). Another reason could be the use of low
cryoprotectant concentrations (14% Gly), which means that
the glass transition temperature was low (below —120°C).
However, the big question that remains is: What is the
source of sperm damage during vitrification? There is con-
troversy over whether intracellular ice is formed in the sperm
during rapid rates of cooling. While some studies suggest that
at cooling rates as high as 3000°C /min there is no formation of
intracellular ice,°"°? other studies suggest that intracellular ice
starts forming at a cooling rate of 2000°C/min but not in cells
that are cooled at 250°C-1000°C/min.®> The intracellular
nucleation temperature inferred by DSC for X. hellerii was
—30°C.%® In a similar live-bearing fish (Poecilia reticulata) the
nucleation temperature was calculated to be in the range of
—-25°C to —32°C at cooling rates from 5°C/min to 100°C/
min.** Tt has been suggested that survival of vitrified sperm
could be due to the presence of large amounts of osmotically
inactive water bound to macromolecular structures, such as
DNA and histones, or the presence of high molecular weight
components in sperm that affect the viscosity and glass
transition temperature of the intracellular cytosol.”®®> To help
identify if sperm were damaged by cryoprotectant toxicity,
osmotic shock, or intracellular ice formation, in the present
study we evaluated membrane integrity before and after the
addition of the cryoprotectants, and after vitrification.

Effect of cryoprotectant on membrane integrity

Flow cytometry is a useful technique to evaluate sperm
quality parameters such as membrane integrity, mitochon-
drial status, and DNA damage.®®®” A previous study in Xi-
phophorus used flow cytometry to measure nuclear DNA
content in nine species, and was able to differentiate sex based
on sex chromosomes heteromorphism in four species.®® In the
present study we used flow cytometry to evaluate membrane
integrity in response to cryoprotectant toxicity and after vit-
rification. Because vitrification uses high cryoprotectant con-
centrations, we evaluated membrane integrity at two time
intervals, just after the addition of cryoprotectant solution
(I min) and after 5 min of exposure. We decided to use three
treatments, based on our toxicity study and on the glass for-
mation characteristics of these solutions. Although 30% EG
(5.4M) did not form glass, we tested it because previous work
in mammals had success with a similar vitrification solution
(VS14=55M EG+1M sucrose®). Gly at 35% was the mini-
mum concentration needed to form glass in loops in the
present study. The mixture of EG and Gly is a common
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combination used in the development of vitrification solu-
tions.”” We used 20% EG (3.6 M)+20% Gly (2.7 M) which
corresponded to 80% of the vitrification solution VS5 (100%
VS5 contains 45M EG+3.5M Gly®). After 5min of the ad-
dition of these solutions, the percentage of sperm with intact
membranes remained relatively high (>66%). However, after
vitrification, damage to the membrane was significant (high-
est value for membrane-intact sperm was 12% for 35% Gly).
The lowest percentage of membrane-intact sperm (1%) was
for 30% EG, which was the solution that did not form glass.
The highest value for membrane-intact sperm was for 35%
Gly (7%) and 20% EG+20% Gly (6%) which corresponded
with post-thaw motility (<8%). Although we used high
cooling and warming rates, glass formation needs to be at-
tained for the sperm to survive, as low cryoprotectant con-
centrations that did not form glass had minimum motility
(<1%) after thawing. This finding is similar to a previous
study in channel catfish where higher concentrations of
cryoprotectants that led to glass formation had higher sperm
viability,” but this finding is different from previous studies
where human sperm was vitrified without cryoprotectant.”

Human sperm contains large amounts of proteins, sugars,
and other components that make the cytosol highly viscous
and this may provide a degree of natural protection.”’ Fish
sperm, in contrast are characterized by low protein concen-
trations, containing mainly mineral compounds and low
concentrations of other organic substances such as sugars.”"
Xiphophorus sperm™ are similar in size,”” with a head length of
3.6 um (human 4-5 ym), midpiece length of 6.8 ym (human 7—
8 um), and flagellum length of 43 um (human 45 ym). How-
ever Xiphophorus sperm have a higher surface area-to-volume
ratio than human sperm (6.81 for Xiphophorus and 4.8 for
humans) and a higher osmotically inactive cell volume than
humans (0.6 for Xiphophorus and 0.5 for humans).”®”* These
characteristics should allow the sperm from Xiphophorus to
have higher hydraulic conductivity (water loss), higher
cryoprotectant permeability, and in theory better cryopres-
ervation success. Based on the membrane integrity results in
the present study, we suggest that the plasma membrane is
damaged either by intracellular ice formation® or by changes
in the physical properties of the extracellular environment.®' In
contrast, a recent publication reported post-thaw motilities as
high as 86% and membrane integrity of 90% of sperm from
rainbow trout that was vitrified without the use of cryopro-
tectants.” Because of the numerous biological differences in
gametes between these species and technical differences be-
tween these studies, more research is required to make con-
clusive comparisons.

Artificial insemination of vitrified sperm

One of the most important sperm quality tests for cryopre-
served sperm is the ability to fertilize eggs and produce off-
spring. Artificial insemination of live-bearing fishes is required
to achieve fertilization. Studies on artificial insemination date
back to 1914 when hybrids were produced from X. hellerii and
X. maculatus” and since then several artificial insemination
protocols have been published using fresh sperm””” and
cryopreserved sperm.">? Artificial insemination involves the
injection of sperm (2-5 uL) into the female reproductive tract
and pregnancy monitoring for as long as 90 days because fe-
males can store sperm and delay fertilization.?>”® Success rates
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for artificial insemination using fresh sperm are usually 20%—
30%,'® although one study reported 50% success by insemi-
nation of at least 40 sperm bundles (spermatozeugmata) into
the female (a single male can provide as many as 3000 bundles
per stripping”®).*” Previously reported success rates for artifi-
cial insemination using cryopreserved sperm ranged from 10%
to 20%,'>'° although one study reported as high as 40% fer-
tilization."” Thawed sperm requires washing by centrifugation
and resuspension of the pellet to remove the cryoprotectant
solution and concentrate the sperm into a small volume.

One of the constraints of artificial insemination, in addition
to the need to use virgin females, is the uncontrolled variable
of selection of spawning-capable females.'” In the present
study, we decided in the first trial not to remove the cryo-
protectant because the volume held by the loop (15 uL) was
small enough for artificial insemination, but of the 25 artificial
inseminations with unwashed vitrified sperm none yielded
offspring. To determine whether cryoprotectants played a
major role in the lack of fertilization, in the second trial we
decided to add a chemical control that included fresh sperm
with the cryoprotectant. In addition, in the second trial we
inseminated small volumes with higher sperm concentration
by centrifugation of vitrified sperm from three loops. From
the 20 females inseminated with vitrified sperm without
centrifugation, none yielded offspring, and neither did the 10
females inseminated with the chemical control. Five of ten X.
hellerii females yielded offspring from the concentrated and
washed sperm after centrifugation, whereas the five X. ma-
culatus females did not yield offspring. Four live young were
collected from the aquarium, and 31 oocytes were collected
from these five X. hellerii females after dissection.

Previous studies demonstrated the production of offspring
from cryopreserved sperm, and in this study we demon-
strated fertilization and production of live young from vitri-
fied sperm. Because there was not an evaluation of the
fecundity of the females before insemination and there was no
control for the selection of spawning-capable females, it is
difficult to make a strong conclusion of why only females
from the same species as the males were the ones that yielded
offspring. While some studies support the concept of sperm
Competition,go’81 in this study we standardized the sperm
concentration, and the characteristics of the males such as
body size and sword length were similar. This is not the only
report of fertilization after artificial insemination in X. hellerii
females. In a previous study that used cryopreserved sperm
from X. maculatus, none of the 20 X. maculatus females yielded
offspring, but live young were produced from X. hellerii
females.'” Highly inbred X. maculatus lines such as Coat-
zacoalcos were reported to have a high percentage of infertile
females due to an ovarian regression syndrome,* but previ-
ous studies that used X. maculatus females from other lines
(e.g., Jp) produced offspring from cryopreserved sperm from
X. hellerii*®> and X. couchianus.'® Further research is needed
to study the fecundity and ovarian maturation of female
Xiphophorus as recently suggested.”

Of the 95 described species of live-bearing fishes (family
Poeciliidae) in North America, 33% are imperiled."" A gen-
eralized protocol using conventional cryopreservation for
live-bearing fishes such as mollies, guppies and Xiphophorus
has been described.® In this study, we demonstrated a dif-
ferent technique that could be used to cryopreserve sperm
samples from live-bearing Xiphophorus fishes (Table 2).
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TABLE 2. COMPARISON OF PROTOCOLS FOR SPERM
CRYOPRESERVATION OF GREEN SWORDTAIL

Conventional

cryopreservation® Vitrification®
% cryoprotectant 14% Gly 20%EG +20%Gly
Exposure time 10-120 min <1min
Apparatus 0.25-mL straw 5-mm loops
Sample volume 80-220 uL. ~10uL
Cooling rate 20-30°C/min  50,000-720,000°C /min®
Thawing rate 1300-2500°C /min¢ 200,000°C /min

*Yang and Tiersch.”
PThis study.
“Isachenko et al.*®
9Rall and Fahy.*

Vitrification is a simple technique that is well suited for use
with small-bodied species, does not require specialized
equipment, and offers advantages for use in the field. Further,
vitrification can be used to reconstitute lines from valuable
biomedical models, conserve mutants for development of no-
vel lines for ornamental aquaculture, and transport frozen
sperm from the field to the laboratory to expand genetic re-
sources. Further research is needed to evaluate whether vitri-
fication can be applied with other species such as marine fishes.
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