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The use of fluorescent staining and flow cytometry to assess sperm quality in aquatic species has increased over
the past decade, but comparisons among studies are difficult or impossible due to variation in application, anal-
ysis, and reporting of protocols and data. The goal of the present studywas to determine the effect of exposure to
two cryoprotectants commonly used for cryopreservation of sperm from aquatic species on the accuracy of flow
cytometric assessment of sperm quality. Membrane integrity of zebrafish (Danio rerio) sperm exposed to 10%
and 20% methanol and dimethyl sulfoxide (DMSO) in 300 mOsm kg−1 Hanks' balanced salt solution (HBSS)
or calcium-free HBSS was determined using SYBR 14/propidium iodide staining. Both cryoprotectants signifi-
cantly affected forward-scatter and side-scatter characteristics of sperm samples, resulting in significant changes
in the number of total and gated events, and in the number and percentage of intact cells. These results indicate
that it cannot be assumed that the approach to flow cytometric analysis of fresh sperm will be applicable to
cryoprotectant-treated or cryopreserved sperm. In total, we document examples of five potentially interacting
factors that produce errors of 5 to 50% each, resulting in underestimates and overestimates of total and intact
sperm (actual numbers and percentages) in the presence of the two most commonly used cryoprotectants at
the concentrations used most often for cryopreservation of sperm from aquatic species. This study provides
methods to reduce or eliminate these errors and recommendations necessary for standardization and reporting.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Despite the common use of fluorescent staining and flow cytometry
for the assessment of gamete quality in mammalian species (i.e. hun-
dreds of published studies), the use of this technique in aquatic species
is relatively new but becoming increasingly important (e.g., Guthrie et
al., 2008; Liu et al., 2007; Ogier de Baulny et al., 1997). Unfortunately,
comparison of flow cytometry methodology and results among studies
in aquatic species is difficult or impossible due to the large amount of
variability in the application of this technique. Standardization to mini-
mize variation is important to ensure that flow cytometry can be uti-
lized and interpreted correctly for gamete quality in aquatic species in
the way it is currently used in mammalian species. Flow cytometry en-
ables rapid screening of large numbers (e.g., thousands) of cells within a
sample to detect structural or functional changes, providing an objec-
tive method of quality assessment. This generally involves the addition
of fluorescent dyes that target specific cell structures or processes in
conjunction with analysis of light-scattering characteristics to discrimi-
nate among cell populations. One of the most commonly tested
parameters in flow cytometric assessment of sperm quality is plasma
membrane integrity, using the two-color SYBR 14/propidium iodide

(PI) “sperm viability” assay (Garner et al., 1994). SYBR 14 is a nucleic
acid stain that readily crosses the plasma membrane, while PI is mem-
brane impermeant and can only stain the nuclei of cells with
compromised plasma membranes. Excitation of both fluorophores
occurs at 488 nm (a laser wavelength commonly used in flow
cytometers), but the emission spectra (SYBR 14 (green): 525 nm;
PI (red): 610 nm) are sufficiently divergent to allow detection with
separate photomultiplier tubes (PMT) with most flow cytometry
systems.

The resulting scatter plots often include signals from debris and
other cells along with sperm cells, all of which are interpreted as
‘events’ by the flow cytometer. Identification of the sperm population
within this total accumulation of events is usually based on analysis of
forward scatter (FSC; a rough measure of cell size) and side scatter
(SSC; a roughmeasure of cell granularity) characteristics, and the segre-
gation of sperm and non-sperm events is achieved by creating a “gate”
around the events corresponding to the sperm population to exclude
non-sperm events from data analysis. This approach relies on the as-
sumption that sperm and non-sperm events remain completely sepa-
rate on FSC vs. SSC scatter plots, and that subsequent analysis of
fluorescence characteristics of gated events occurswithout interference
from non-sperm events. A recent study examining the use of flow cy-
tometry to assess sperm quality in mammalian species demonstrated
that this is not necessarily the case, and that failure to properly distin-
guish between sperm and non-sperm events can lead tomisestimations
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in determination of cell concentrations and in identifying the propor-
tion of viable cells (Petrunkina and Harrison, 2010).

In aquatic species, population gating in flow cytometric analysis of
sperm quality can be affected by several factors. One of themost impor-
tant factors to consider is contamination of sperm samples with
non-sperm material, which includes particulate contamination during
buffer preparation and cellular contamination during sperm collection.
This is particularly problematic in species that require dissection and
crushing of the testes to collect a sperm sample. This is the case for
several commercially important aquatic species, including ictalurid
catfishes (Christensen and Tiersch, 2005) and oysters (Dong et al.,
2005), and small-bodied biomedical model species such as zebrafish
(Danio rerio) and swordtails (Xiphophorus species)(Yang and Tiersch,
2009). The dissection and crushing of the testes result in contamination
of the sperm sample with blood and other somatic cells, and presents
difficulties in gating and analysis of flow cytometry data. Cryopreserva-
tion and related processes can also affect flow cytometric analyses by
damaging or destroying sperm, which affects sperm concentration but
not necessarily the observed proportion of intact cells. These processes
could also alter the FSC and SSC profiles of sperm populations
(Martínez-Pastor et al., 2008) and affect subsequent gating and analysis
profiles. This could cause misinterpretation of data by affecting the
numbers or percentages observed for intact cells.

Methods for reliable and accurate assessment of sperm quality will be
important for future breeding programs and the development of genetic
repositories for aquatic species, and thus it is essential to address current
variability in the application and interpretation of flow cytometric assays
to fully utilize these technologies. We chose the zebrafish as a model for
this work. It is a small fish (b4 cm length) native to South Asia
(Engeszer et al., 2007), an area of rapid disappearance of such fishes,
and is an extremely popular model used for biomedical research around
the world (Yang and Tiersch, 2009). The goal of the present study was
to determine the effect of exposure to two cryoprotectants commonly
used for cryopreservation of sperm from aquatic species on the accuracy
of flow cytometric assessment of sperm quality. The specific objectives
were to: 1) characterize the effects of 10% and 20% methanol (MeOH)
and dimethyl sulfoxide (DMSO) on scatter plots of FSC and SSC and S14
vs. PI in Hanks' balanced salt solution (HBSS) and calcium-free HBSS
(C-F HBSS) with and without zebrafish sperm, and determine whether
these effects were reversible following removal of cryoprotectants
(washing) or filtration of cryoprotectant solutions; 2) determine the ef-
fects of 10% and 20%MeOH andDMSO on the concentration and percent-
age of intact zebrafish sperm in HBSS and C-F HBSS, and determine
whether these effects were reversible following removal of cryoprotec-
tants (washing); and 3) identify factors related to cryoprotectant expo-
sure affecting the accuracy of flow cytometric assessment of sperm
quality and gauge the level of error introduced by these factors, and
make recommendations to minimize their effect. In this report, using
two of the most commonly used cryoprotectants at the concentrations
used most often for cryopreservation of sperm from aquatic species, we
document examples of five potentially interacting factors that produce
errors of 5 to 50% each, resulting in underestimates and overestimates
of total and intact sperm number and percentage. This study provides
methods to reduce or eliminate these errors and provides necessary rec-
ommendations for standardization and reporting.

2. Materials and methods

2.1. Zebrafish

Male zebrafish of the AB wild-type line (25–30 mm standard body
length) were obtained from the Zebrafish International Resource Cen-
ter (ZIRC, Eugene, OR, USA) and maintained in 10-l aquaria (Aquatic
Habitats, Apopka, FL, USA) (two fish per l) at the Aquaculture Re-
search Station of the Louisiana State University Agricultural Center.
Water flow in the aquaria was recirculated through a fluidized plastic

media filter (Aquatic Habitats, Apopka, FL, USA) at 60 l h−1, which
was back-flushed weekly. Water temperature was held at 26 °C and
photoperiod was set at 14 h light: 10 h dark. Fish were fed twice
daily with commercial pellets (Aquatic Eco-Systems, Apopka, FL,
USA). Animal care and use conformed to the guidelines provided by
the Institutional Animal Care and Use Committees of the Louisiana
State University Agricultural Center.

2.2. Sperm collection

Zebrafish (three per replicate) were stunned by immersion in
crushed ice for 1 min, blotted dry, and killed by decapitation. Testes
were viewed with the aid of a dissecting microscope (X 10 magnifi-
cation), separated from the surrounding tissues, and placed into
1.5-milliliter microcentrifuge tubes. The testes were suspended in
300 mOsm kg−1 HBSS (137 mM NaCl, 5.4 mM KCl, 1.3 mM
CaCl2·2H2O, 1.0 mM MgSO4, 0.25 mM Na2HPO4, 0.44 mM KH2PO4,
4.2 mM NaHCO3, 5.55 mM glucose, pH 7.2) or 300 mOsm kg−1 C-F
HBSS (137 mM NaCl, 5.4 mM KCl, 1.0 mM MgSO4, 0.25 mM Na2HPO4,
0.44 mM KH2PO4, 4.2 mM NaHCO3, 5.55 mM glucose, pH 7.2) at a
ratio of 1:20 (testes weight [mg]:HBSS or C-F HBSS HBSS300 volume
[μl]). Osmolalities of HBSS and C–F HBSS were measured using a
vapor–pressure osmometer (Vapro 5520, Wescor, Logan, UT, USA)
and adjusted with ultrapure water (Barnstead Nanopure™ Analyti-
cal, Thermo Scientific, Dubuque, IA, USA). Sperm were released by
squeezing the testes with a pair of forceps, and residual tissues
were removed from the sperm suspension and discarded. Because
of the small volumes collected, sperm suspensions from three
males were pooled to provide sufficient volume for experiments,
which were performed in triplicate. A total of 27 male zebrafish
were used in these experiments. Sperm samples were kept on ice
throughout the experiments.

Sperm concentration of the pooled samples was determined using
a micro-spectrophotometer (NanoDrop, Thermo Fisher Scientific,
Wilmington, DE, USA). Briefly, a 2-µl aliquot of the sperm suspension
was placed on the lower sample pedestal of the instrument and the
absorbance was measured at a wavelength of 400 nm. This was re-
peated three times and the sperm concentration was determined
from the mean absorbance value using an equation previously deter-
mined in our laboratory (Tan et al., 2010). Sperm concentration was
adjusted to 2×107 cells ml−1 by dilution with HBSS or C–F HBSS
and filtered through a 40-micrometer cell strainer (BD Biosciences,
San Jose, CA, USA) to remove any remaining tissues.

2.3. Fluorescent staining and flow cytometry

Sperm membrane integrity was assessed using the SYBR 14/PI
assay (Molecular Probes, Eugene, OR, USA). SYBR 14 was prepared
by diluting 1 μl of stock solution with 49 μl of HBSS or C–F HBSS,
and the PI was used undiluted. Aliquots of 250 μl of each sperm treat-
ment were placed into 1.5-milliliter microcentrifuge tubes and 1.25 μl
of each stain were added. The final concentration of SYBR 14 was
100 nM and PI was 12 μM. Samples were incubated in the dark for
10 min at room temperature. Staining of aliquots from each sperm
treatment was performed in duplicate and repeated for each time
point. The staining protocol was validated by assessing membrane in-
tegrity of three ratios (100:0, 50:50, and 0:100) of fresh and
heat-treated (70 °C for 5 min) zebrafish sperm.

Flow cytometry was performed using a flow cytometer (BD Accuri,
BD Biosciences, San Jose, CA, USA) equipped with a 488 nm, 50 mW
solid-state laser. This instrument is designed to measure the volume
of sample collected, enabling direct calculation of concentration with-
out the addition of counting beads (http://www.bdbiosciences.com).
Prior to experimentation the fluidics system of the BD Accuri C6
was calibrated for the sample container and volume used, and volu-
metric validation was performed using AccuCheck counting beads
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(Molecular Probes, Eugene, OR, USA) to ensure that actual counts
were within ±10% of the expected count. Flow cytometer performance
was assessed each day using fluorescent validation beads (Spherotech,
BD Accuri, BD Biosciences, San Jose, CA, USA) to ensure that coefficient
of variation (CV) values were b3.0% (calculated based on full peak
height by the flow cytometry software (specified below) and used to
indicate the precision of event measurements) for the fluorescence de-
tectors (designated as FL1, FL2, FL3, and FL4, and sensitive to increasing
ranges of wavelengths based on use of bandpass and longpass filters).
Immediately before analysis, the microcentrifuge tube containing each
sample was flicked gently three times with a finger to ensure suspen-
sion of the cells, and 10 μl of sample was analysed at a flow rate of
35 μl min−1using CFlow Plus analysis software (BD Accuri, BD
Biosciences, San Jose, CA, USA). Fluorescence of SYBR 14 was detected
with a 530±15 nm bandpass filter (FL1) and PI was detected with a
>670 nm longpass filter (FL3). During analysis, total events were
collected as FSC vs. SSC scatter plots with the FSC threshold set at the
default value of 80,000 of a total 16.7 million channels. Although
there is considerable numerical difference in the FSC (and SSC)
range between this and other flow cytometry systems, the threshold
settings used are roughly comparable to those of other instruments.
This numerical difference in range is due to the 24-bit signal process-
ing and seven decades of visible data used by the BD Accuri C6, which
allows for a greater dynamic range than most other flow cytometry
systems and removes the need for PMT voltage adjustment (http://
www.bdbiosciences.com). Gating settings for the sperm population
(gated events) used to exclude non-sperm events were based on
the FSC and SSC profile of fresh zebrafish sperm diluted to
1×106 ml−1 with HBSS and stained with SYBR 14 and PI as de-
scribed above. Gated events were viewed on a scatter plot showing
FL1 (SYBR 14) vs. FL3 (PI) with fluorescence compensation based
on the computed median fluorescence of single dye control samples
to reduce spectral overlap. Fluorescent events were segregated into
those stained with SYBR 14 alone (intact cells), and those stained
with both SYBR 14 and PI or PI alone (damaged cells) using CFlow
Plus analysis software.

2.4. Cryoprotectant exposure

Sperm suspensions (2×107 ml−1) were aliquoted into 1.5-milliliter
microcentrifuge tubes anddiluted 1:1withHBSS or C–FHBSS containing
0, 20, or 40% (v/v) MeOH or DMSO in triplicate. The final cryoprotectant
concentrations were 0, 10, and 20%, and the final sperm concentration
was 1×107 ml−1 in all treatments. After 15 min of exposure to treat-
ments, a 50-microliter aliquot was removed from each treatment and
diluted 1:9 with HBSS or C–F HBSS containing cryoprotectant (0%, 10%,
or 20% v/v sufficient to maintain the treatment concentration) to
achieve a final assay sperm concentration of 1×106 ml−1. Samples
were divided into two aliquots of 250 μl each, stained with SYBR 14
and PI, and analysed by flow cytometry at 30 min after initial treatment
exposure.

2.5. Cryoprotectant removal

A second set of aliquots (50 μl each) were removed from each
cryoprotectant treatment at 30 min after initial exposure, centrifuged
at 1000 ×g for 1 min, and the supernatant removed. The sperm pellet
was resuspended in 500 μl of HBSS or C–F HBSS to achieve sperm con-
centrations of ~1×106 ml−1. Samples were divided into two aliquots
of 250 μl each, stained with SYBR 14 and PI, and analyzed by flow cy-
tometry as described above.

2.6. Assessment of cryoprotectant solution debris

Cryoprotectant solutions containing DMSO or MeOH at final con-
centrations of 0%, 10%, and 20% (v/v) without sperm were prepared

in triplicate in HBSS, ultrapure water, and C-F HBSS at a final volume
of 5 ml each. Two ml were removed from each cryoprotectant solu-
tion and placed in 5-ml pop-top tubes, and the remaining 3 ml of
each were filtered through 0.45-μm pore nylon membrane syringe fil-
ters (Whatman Inc., Florham Park, NJ, USA). Three aliquots of 250 μl
were removed from each of the filtered and non-filtered cryoprotec-
tant solutions, SYBR 14 (100 nM) and PI (12 μM) were added, and
samples were analyzed by flow cytometry as described above.

2.7. Data analysis

Sperm concentration data were normalized by square-root transfor-
mation (Handelsman, 2002), and percentage data were normalized by
arcsine-square-root transformation prior to statistical analyses. Data
were analyzed using ANOVA with Tukey's post-tests, and paired-
sample t-tests using the statistical program SYSTAT 12 (Ver. 12.02.00,
Systat Software Inc., Chicago, IL, USA). Results were considered signifi-
cantly different at Pb0.05. Data are presented as mean±SEM.

3. Results

3.1. Effect of MeOH and DMSO on FSC vs. SSC and FL1 vs. FL3 scatter plots

The addition of cryoprotectants to HBSS altered the FSC and SSC
characteristics of zebrafish sperm, and had a noticeable effect on the
analysis of events based on fluorescence (FL1 vs. FL3) characteristics.
In the absence of cryoprotectant (control), the majority of FSC vs. SSC
events (>80%) fell within the gated region (P1; based on fresh
zebrafish sperm) used to define the sperm population (Fig. 1, top
row, before washing). The addition of 20% MeOH resulted in the for-
mation of a second population of events close to the FSC threshold
(Fig. 1, third row from top, before washing), together with an increase
in variation in SSC (“granularity”) and to a lesser extent FSC (“size”).
The addition of 20% DMSO resulted in the formation of a second pop-
ulation of events close to the FSC threshold and extending across the
gated region used to define the sperm population. In the control
treatment FL1 vs. FL3 scatter plots, the majority of events (>98%)
appeared as two separate populations within the gated regions used
to define intact (P4) and damaged (P5) cells (Fig. 1, top row, before
washing). The addition of cryoprotectants resulted in changes to the
proportions of events falling within the P4 and P5 regions, and re-
duced the distinction between these populations compared to the
control (Fig. 1, before washing). The addition of 20% DMSO resulted
in the appearance of a third population of events outside the P4 and
P5 regions in the FL1 vs. FL3 scatter plot, affecting the overall propor-
tion of events falling within these gated regions.

The addition of cryoprotectants to C–F HBSS had a noticeable ef-
fect on the FSC vs. SSC and FL1 vs. FL3 scatter plots of zebrafish
sperm compared to the control, but unlike the HBSS treatments, the
addition of 20% MeOH or DMSO did not result in the formation of a
second event population near the FSC threshold (Fig. 2). In all treat-
ments, the majority of FSC vs. SSC events (>80%) fell within the
gated region used to define the sperm population (Fig. 2, before
washing). In the FL1 vs. FL3 scatter plots, the addition of cryoprotec-
tants affected the proportions of events falling within the P4 and P5
regions and the distinction between these populations compared to
the control, but unlike the HBSS treatments there were only two
event populations in all treatments (Fig. 2, before washing).

Inmedia that did not contain zebrafish sperm, the addition of 10% or
20%MeOHorDMSOaffected FSC vs. SSC characteristics inHBSS, but had
no effect on ultrapure water or C–F HBSS scatter plots (Fig. 3). In the ab-
sence of cryoprotectant, there was no significant difference between
HBSS, ultrapure water, or C–F HBSS in the number of FSC vs. SSC events
(P>0.05) (Table 1). The addition of 10 and 20%MeOH to HBSS resulted
in the formation of a population of events near the FSC threshold and
extending across a wide SSC range (Fig. 3, second and third rows from
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the top, HBSS). The addition of 10 and 20%DMSO toHBSS resulted in the
formation of a population of events near the FSC threshold, extending
across a wide FSC range and across the gated region used to define the
sperm population (Fig. 3, fourth and fifth rows from the top, HBSS).
There was a significant increase in the FSC vs. SSC event count in HBSS
containing 10% MeOH (P=0.0033), 20% MeOH (P=0.0014), 10%
DMSO (P=0.0018), and 20% DMSO (P=0.0003) compared to the con-
trol (Table 1). In ultrapure water and C–F HBSS, the addition of 10 or

20% MeOH or DMSO did not result in the formation of a population of
events.

After centrifugation and re-suspension in HBSS or C-F HBSS
(washing), there was a single population of events in all sperm treat-
ments, and the majority of FSC vs. SSC events (>80%) fell within the
gated region used to define the sperm population (Figs. 1 and 2,
after washing). After filtration of media through 0.45-micrometer sy-
ringe filters there were no distinct event populations observed in

Fig. 1. Forward scatter vs. side scatter (FSC vs. SSC) and FL1 vs. FL3 (SYBR 14 vs. PI) scatter plots of zebrafish sperm exposed to treatments containing HBSS alone, and HBSS
containing 10% and 20% methanol (MeOH) or dimethyl sulfoxide (DMSO). The region designated as “P1” in the FSC vs. SSC plot is the gated sperm population, and the region des-
ignated as “P4” in the SYBR 14 vs. PI plot is the intact sperm population.

182 J. Daly, T.R. Tiersch / Aquaculture 370-371 (2012) 179–188



Author's personal copy

HBSS containing MeOH or DMSO (Fig. 3, HBSS filtered), suggesting
that the events observed in the presence of cryoprotectants were re-
moved by filtration. There was no significant difference in FSC vs. SSC
event count between cryoprotectant treatments and controls in HBSS,
ultrapure water, or C–F HBSS, and all treatments had less than
1×104 ml−1 total events (Table 1).

3.2. Effect of MeOH and DMSO on event concentrations and intact cells

3.2.1. In the presence of cryoprotectants
The concentration of intact cells was calculated as the number of

cells per ml that stained positively for SYBR 14 but did not stain with
PI. The percentage intact was the intact concentration calculated as a

Fig. 2. Forward scatter vs. side scatter (FSC vs. SSC) and FL1 vs. FL3 (SYBR 14vs. PI) scatter plots of zebrafish sperm exposed to treatments containing calcium-free HBSS (C-F HBSS)
alone, and C–F HBSS containing 10% and 20% methanol (MeOH) or dimethyl sulfoxide (DMSO). The region designated as “P1” in the FSC vs. SSC plot is the gated sperm population,
and the region designated as “P4” in the SYBR 14 vs. PI plot is the intact sperm population.
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proportion of the gated event concentration. In HBSS, the addition of
10% MeOH had no significant effect on the total (P=0.995) or gated
(P=0.813) event counts, or on the number (P=0.699) or percentage
(P=0.967) of intact cells compared to control (Table 2, HBSS). The ad-
dition of 10% DMSO caused a significant reduction in the number of
gated events (P=0.030) and in the number of intact cells (P=0.020),
but had no significant effect on the percentage of intact cells (P=
1.000) (Table 2, HBSS). The addition of 20% MeOH caused a slight but
not significant increase in total event count, and a significant reduction

in the gated event count (P=0.000), intact cell count (P=0.000), and
percentage of intact cells (P=0.000) compared to the control (Table 2,
HBSS). The addition of 20% DMSO caused a significant increase in the
total number of events (P=0.000), but a significant reduction in the
gated event count (P=0.000), and in the number (P=0.000) and per-
centage of intact cells (P=0.000) (Table 2, HBSS).

In C–FHBSS the addition of 10%MeOHhadno significant effect on the
total (P=0.548) or gated (P=0.656) event counts, or on the number
(P=0.645) or percentage (P=0.977) of intact cells compared to control

Fig. 3. Forward scatter vs. side scatter plots of solution debris in HBSS alone and containing 10% and 20% methanol (MeOH) or dimethyl sulfoxide (DMSO), before (first column) and
after (second column) filtration through 0.45 μm syringe filters. Ultrapure water (dH2O, third column) and C-F HBSS (fourth column) alone and containing 10% and 20% methanol
(MeOH) or dimethyl sulfoxide (DMSO) are shown for comparison.
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(Table 2, C–F HBSS). The addition of 10% DMSO had no significant effect
on total (P=0.264) or gated (P=0.135) event counts, but there was a
significant reduction in the number of intact cells (P=0.000) and no sig-
nificant effect on the percentage of intact cells (P=0.501) (Table 2, C–F
HBSS). The addition of 20% MeOH or 20% DMSO resulted in a significant
reduction in total events (MeOH, P=0.001; DMSO, P=0.000), gated
events (MeOH, P=0.002; DMSO, P=0.000), intact cell counts (MeOH,
P=0.000; DMSO, P=0.000), and percentage of intact cells (MeOH,
P=0.000; DMSO, P=0.000) compared to the control (Table 2, C–F
HBSS).

3.2.2. After washing to remove cryoprotectants
In the HBSS treatments after washing to remove cryoprotectants,

there was no significant difference in the number of total or gated
events compared to the control in any of the cryoprotectant treat-
ments (P>0.05)(Table 2, HBSS). There was no significant difference
in the concentration (P=0.819) or percentage (P=0.610) of intact
cells in the 10% MeOH treatment after washing compared to in the
presence of cryoprotectant, but there was a significant decline in
the concentration (P=0.000) and percentage (P=0.000) of intact
cells in the 10% DMSO treatment after washing (Table 2, HBSS).
After washing there was a significant reduction in the total number
of events in the 20% MeOH (P=0.0001) and 20% DMSO (P=
0.0001) treatments, and there was a significant increase in the num-
ber of gated events (MeOH, P=0.001; DMSO, P=0.009) in these
treatments (Table 2, HBSS). Washing resulted in a significant increase
in the intact cell concentration in the 20% MeOH treatment (P=
0.002) but no significant difference in the percentage of intact cells
(P=0.770), and intact cell concentration remained significantly
lower than the control (P=0.000) (Table 2, HBSS). There was no sig-
nificant difference in the intact cell concentration in the 20% DMSO

treatment after washing (P=0.417), but there was a significant de-
cline in the percentage of intact cells (P=0.001) (Table 2, HBSS).

In the C–F HBSS treatments after washing to remove cryoprotec-
tants, there was no significant difference in the number of total or
gated events compared to the control in any of the cryoprotectant treat-
ments (Pb0.05) (Table 2, C–F HBSS). There was a significant decline in
both the concentration and percentage of intact cells after washing in
the 10% DMSO (concentration P=0.003; percentage P=0.000) and
20% DMSO (concentration P=0.000; percentage P=0.000) treatments
(Table 2, C–F HBSS). In the 10% MeOH treatment, washing did not sig-
nificantly affect the intact cell concentration (P=0.951) or percentage
(P=0.564) (Table 2, C–F HBSS). In the 20% MeOH treatment there
was a significant increase in the concentration of intact cells after wash-
ing (P=0.015) and the concentration of intact cells did not differ signif-
icantly from the control (P=0.150) (Table 2, C–F HBSS). After washing
the percentage of intact cells in the 20%MeOH treatment increased sig-
nificantly (P=0.005), but remained significantly lower than the control
(P=0.000) (Table 2, C–F HBSS).

4. Discussion

The use of fluorescent staining and flow cytometry for the assess-
ment of sperm quality in aquatic species has been steadily increasing
over the past decade. Despite this, comparisons between studies are
extremely difficult due to the large variation in the application, anal-
ysis, and reporting of protocols and data. The present study identified
several sources of variation related to cryoprotectant exposure that
can significantly affect flow cytometry scatter plots and the accuracy
of subsequent sperm quality assessments. These sources of variation
are presented in Table 3 along with recommendations for reducing
the influence of these effects on data analyses. The cryoprotectants
studied are two of the most commonly used for aquatic species and

Table 1
Total events (×103 ml−1) recorded in FSC vs. SSC scatter plots of HBSS, ultrapure water, and C–F HBSS containing 0% (control), 10%, and 20% MeOH and DMSO, before and after
filtration with 0.45-μm syringe filters.

Unfiltered Filtered

HBSS Ultrapure H2O C-F HBSS HBSS Ultrapure H2O C-F HBSS

(0%) control 9.1±0.2 8.5±1.2 16.3±2.6 7.0±2.7 5.3±0.4 6.7±1.0
10% MeOH 125.7±13.0# 5.1±0.5⁎ 10.8±0.7⁎ 6.9±1.3 3.6±0.3 5.1±1.5
10% DMSO 721.4±51.4# 6.5±0.6⁎ 9.6±0.5#⁎ 4.6±0.6 5.7±1.0 7.2±0.2⁎
20% MeOH 575.3±40.4# 3.5±0.5#⁎ 7.2±0.5#⁎ 7.7±0.9 3.6±0.7 8.8±0.2
20% DMSO 1321.2±30.3# 5.5±1.4⁎ 7.7±0.7#⁎ 5.1±1.4 3.7±0.3 4.7±0.6

⁎ Indicates significant difference between washed and corresponding treatment values (Pb0.05).
# Indicates significant difference between control and treatments within in the same column (Pb0.05).

Table 2
Concentration of total events and gated events, and intact cell concentration and percentage(expressed as a proportion of gated event concentration) in zebrafish sperm samples in
HBSS or C–F HBSS containing 0% (control), 10%, and 20% MeOH or DMSO (treatment),and after centrifugation and re-suspension in HBSS or C–F HBSS to remove cryoprotectants
(washed).

Total events (×105 ml−1) Gated events (×105 ml−1) Intact cells (×105 ml−1) Intact cells (%)

HBSS Treatment Washed Treatment Washed Treatment Washed Treatment Washed

0% (control) 10.2±0.3 9.6±0.2 8.8±0.3 8.6±0.2 8.0±0.3 8.0±0.2 91.0±0.3 93.1±0.4⁎
10% MeOH 10.0±0.4 9.1±0.3 8.3±02 8.2±0.3 7.4±0.2 7.4±0.3 90.2±0.5 90.4±0.7
10% DMSO 9.1±0.3 8.6±0.4 7.3±0.3# 7.8±0.4 6.6±0.3# 3.9±0.3⁎# 90.9±0.3 50.3±1.5⁎#

20% MeOH 11.4±0.3 8.4±0.3⁎ 4.0±0.3# 7.6±0.4⁎ 2.9±0.2# 5.4±0.4⁎# 72.0±1.7# 70.6±2.9#

20% DMSO 16.6±0.3# 8.2±0.4⁎ 4.6±0.3# 7.5±0.4⁎ 2.0±0.2# 1.8±0.1# 43.3±2.4# 23.9±0.6⁎#

Calcium-free HBSS
0% (control) 10.7±0.3 9.9±0.5 9.7±0.3 9.4±0.4 9.0±0.3 8.8±0.4 92.3±0.2 93.7±0.5
10% MeOH 10.1±0.3 9.7±0.3 9.2±0.3 8.5±0.3 8.5±0.3 8.4±0.3 91.8±0.2 92.1±0.6
10% DMSO 9.9±0.2 8.4±0.6 8.8±0.2 7.9±0.5 8.0±0.2⁎ 5.1±0.5⁎# 90.7±0.5⁎ 63.6±2.1⁎#

20% MeOH 9.0±0.2# 9.3±0.5 8.1±0.2# 8.8±0.5 6.0±0.2⁎# 7.3±0.5⁎ 73.9±1.9⁎# 82.6±1.1⁎#

20% DMSO 8.3±0.3# 8.3±0.3 6.9±0.3# 7.8±0.3 5.8±0.3⁎# 2.6±0.3⁎# 83.5±1.0⁎# 33.5±0.7⁎#

⁎ Indicates significant difference between washed and corresponding treatment values (Pb0.05).
# Indicates significant difference between control and treatments within the same column and medium (Pb0.05).
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the concentrations used were within the range commonly used in
most sperm cryopreservation protocols for aquatic species. DMSO is
the most commonly used cryoprotectant (Tiersch, 2000) and has
been tested in hundreds of studies in fish (e.g., Horvarth et al.,
2008; Liu, et al., 2007; Taitson et al., 2008) and shellfish (e.g., Gwo
et al., 2002; Salinas-Flores et al., 2005), while methanol has become
increasingly popular in aquatic species (e.g., Horvath et al., 2005;
Lezcano et al., 2004; Yang et al., 2010) notably zebrafish (Yang
et al., 2007) because it has cryoprotective properties and low toxicity
but, unlike DMSO, it is non-osmotic (i.e. does not increase osmolality
of solutions). These cryoprotectants are typically used at concentra-
tions of 5 to 20% (v/v) in traditional cryopreservation protocols
(Suquet et al., 2000; Yang and Tiersch, 2009) (the concentration
range examined in the present study) and at considerably higher con-
centrations for vitrification (typically >40% v/v) (Denniston et al.,
2000; Fahy et al., 1984).

In the present study, the addition of 20%MeOH orDMSO to HBSS led
to the formation of a second population of events, distinct from but
interacting with the sperm population. The fact that this second popu-
lation was only observed in HBSS containing calcium (1.3 mM CaCl2)
led to the hypothesis that interactions between the cryoprotectants
and the buffer solution resulted in formation of a calcium-salt precipi-
tate. One possible candidate is calcium carbonate (CaCO3) formed by a
reaction between CaCl2 and NaHCO3 (a component of HBSS added to
buffer pH) in the solution. This reaction has been used previously to
model the formation of oyster shells (Wheeler et al., 1981) and pancre-
atic stones (Multigner et al., 1983), albeit at higher concentrations
(20 mM each) than those present in HBSS (CaCl2 1.3 mM, NaHCO3

4.2 mM). Although there are typically no issues with the solubility of
components in HBSS, it is possible that changes to solution properties
following the addition of methanol or DMSO altered the interaction be-
tween the ionic components of CaCl2 and NaHCO3. It has been reported
that a reduction in total volume is observed when methanol (Patel and
Sandler, 1985) or DMSO (Egorov and Makarov, 2009) is dissolved in
water, due to the bulk volume properties of the resulting solutions. In
addition, ionic solubility in aqueous solutions is reduced in the presence
of methanol (Pinho andMacedo, 2005), and is difficult to predict in the
presence of DMSO (Balakin et al., 2004). It is possible that this reduction
in total volume, together with a reduction in the proportion of the solu-
tion capable of solubilizing ionic components could result in the precip-
itation of compoundswith low solubility such as CaCO3. The differences
in FSC and SSC characteristics of the second population observed be-
tween HBSS containing MeOH and DMSO were unexplained, but may
indicate differences in the composition of the calcium precipitates

formed depending on which cryoprotectant was present. Further anal-
ysis of these interactions was beyond the scope of the present study,
and should be examined further in future research.

The formation of precipitates in the presence of cryoprotectants,
or the introduction of non-sperm particles by other means, could
lead to inaccuracies in the collection and analysis of sperm quality
data collected using flow cytometry. For example, in HBSS containing
20% MeOH or DMSO total event count was as much as 50% higher
than control. Most flow cytometers are designed to collect a specific
number of events for analysis, typically set at 10,000 events for
sperm quality assessment in aquatic species (e.g., Cabrita et al.,
2005; Segovia et al., 2000). If not accounted for, a significant increase
in non-sperm events would result in a reduction in the actual number
of sperm cells analyzed because a significant proportion of the events
collected would be debris, effectively reducing the sample size of cells
analyzed. This problem could potentially be addressed by adjusting
the flow cytometer collection settings (e.g. PMT voltage or signal
threshold) to reduce the incidence of non-sperm events, although
these adjustments must be made during flow cytometer setup prior
to sample analysis, and typically require a relatively high level of
flow cytometry knowledge and expertise to ensure the accuracy of
subsequent data collection. In addition, while this approach would re-
duce the number of non-sperm events collected, it also has the poten-
tial to eliminate cryoprotectant-affected sperm cells that fall below
the voltage threshold, and would not account for debris that fall with-
in the gated region used to define the sperm population.

In addition to increasing the total event count, a proportion of thede-
bris in HBSS containing 20% DMSO fell within the gated region used to
define the sperm population, and appeared as an additional population
on the FL1 vs. FL3 scatter plots (Fig. 1, bottom row, before washing). De-
spite this, there was actually a decrease in the gated event count, and a
significant reduction in both the concentration and percentage of intact
cells (calculated as a proportion of the gated event concentration)
(Table 2). In C–F HBSS, the concentration of intact cells was significantly
lower in the 20% MeOH (6.0×105/ml) and 20% DMSO treatments
(5.8×105/ml) compared to the control (8.0×105/ml), but both were
still double the concentration of intact cells in the corresponding treat-
ments in HBSS (20% MeOH: 2.9×105/ml; 20% DMSO: 2.0×105/ml).
This suggests that the proportion of intact cells in the HBSS was affected
both directly through cryoprotectant toxicity, and indirectly by solution
effects resulting from the presence of cryoprotectant. It may be possible
to reduce the effect of non-sperm events on analyses by subtracting
them from calculations as described by Petrunkina et al. (2010), or by
expressing intact cells as a percentage of the fluorescent event count

Table 3
Summary of sources of variation in flow cytometry scatter plots and subsequent population gating of zebrafish sperm exposed to cryoprotectants reported in this study, and pos-
sible solutions to reduce their effects on data interpretation.

Source of variation Effect on sample Effect on population gating Magnitude of potential error⁎ Potential solution

Cellular or particulate
contamination

Increased non-sperm
events on FSC vs. SSC

Decreased sperm count as a
proportion of collected events

+++
Dependent on amount of
contamination

Calculate intact percentages based on
fluorescent count

Precipitation of
solutes

Increased non-sperm
events on FSC vs. SSC

Decreased sperm count as a
proportion of collected events

+++
Dependent on cryoprotectant
concentration

Omit calcium from cryopreservation buffers
Filter cryoprotectant solution prior to sperm
addition
Calculate intact percentages based on
fluorescent count

Bulk volume effect Reduce total solution
volume

Increase relative sperm
concentration

+
Dependent on cryoprotectant
concentration

Unavoidable physical property of aqueous
solutions containing cryoprotectants

Change in FSC
characteristics

Events fall outside sperm
gating region
Events fall below
threshold

Reduction in gated and fluorescent
event counts
Reduction in total event count

++
Dependent on cryoprotectant
type and concentration

Wash to remove cryoprotectant prior to analysis
Calculate intact concentration based on initial
sperm concentration

Change in SSC
characteristics

Events fall outside sperm
gating region

Reduction in gated and fluorescent
event counts

++
Dependent on cryoprotectant
type and concentration

Wash to remove cryoprotectant prior to analysis
Calculate intact concentration based on initial
sperm concentration

⁎ The magnitude of potential error is expressed as ≤5% (+), ≤25%, (++), or ≤50% (+++).
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(i.e. events stainedwith SYBR 14 and/or PI) instead of gated event count.
Eitherway, it is extremely difficult to determinewhether a decline in the
intact cell count or percentage is caused by the effects of cryoprotectants
on event counts due to solution effects, or the effect of cryoprotectant
toxicity (or freezing injury in the case of cryopreserved sperm) on
sperm membrane integrity.

After washing to remove cryoprotectants, there was a decrease in
the total event counts in all HBSS treatments and in the C–F HBSS
control and 10% cryoprotectant treatments. In the control and 10%
MeOH and DMSO treatments in each buffer, this reduction was slight
(b10%), and was most likely associated with the incidental removal of
sperm cells when the supernatant was removed. In HBSS containing
20% MeOH or DMSO, the large reduction in total events (25–50%)
was mostly due to a reduction in the amount of debris, possibly due
to removal with the supernatant or dissolution when the sperm pellet
was re-suspended in fresh buffer. Despite the decline in total event
count after washing, cryoprotectant removal resulted in an increase
in the gated event count in the 20% MeOH and 20% DMSO treatments
in both HBSS and C–F HBSS (Table 2). This suggests that a consider-
able proportion of the events that fell outside of the gated region in
the presence of cryoprotectant were actually sperm cells that were
consequently excluded from analyses, and that this effect was re-
versible following removal of the cryoprotectant. Interestingly,
there was a significant increase in the number of intact cells in the
20%MeOH treatment after washing in HBSS and C–F HBSS, indicating
that a significant proportion of the events excluded from analysis in
the presence of MeOH were intact sperm. These observations on the
effect of washing further highlight the potential for significant inac-
curacies in the analysis of sperm quality in the presence of cryopro-
tectant, and indicate that cryoprotectant-treated and cryopreserved
sperm cannot be considered or treated the same as fresh sperm,
which is usually used to establish baseline instrument settings for
analyses.

The most accurate way to report sperm membrane integrity data
would be to provide the actual concentration of intact cells in a partic-
ular sample, rather than percentage data that can be affected by the
range of factors described above. This approach requires calculation
and control of sperm concentration in the original and treatment
samples, which is an essential component of sperm cryopreservation
protocols (Dong et al., 2007), but is almost always overlooked or ig-
nored. The flow cytometry system used in this study allowed for the
collection and analysis of specific volumes of sample, enabling direct
calculation of total, gated, and intact event concentrations for every
treatment. Although the ability to measure the volume of sample col-
lected is not common to all flow cytometers, it is likely that this feature
will be increasingly incorporated into flow cytometry systems in the fu-
ture. An alternative for calculating concentrations using traditional flow
cytometry systems would be to include a known concentration of fluo-
rescent counting beads in sperm samples (Christensen et al., 2004). This
would allow calculation of sperm concentrations relative to the concen-
tration of fluorescent beads, although variations in the accuracy of this
method have been reported (Lu et al., 2007), and it may become expen-
sive or impractical for large numbers of samples. If reporting percentage
data for membrane integrity in fresh sperm samples, the percentage of
intact cells should be based on the fluorescent event count (i.e. SYBR 14
and PI positive events). This allows exclusion of non-sperm events
from analysis, even if they fall within the gated region used to define
the sperm population. When dealing with cryoprotectant-treated or
cryopreserved sperm, adjustments need to be made to account for
cryoprotectant (and other cryopreservation) effects on FSC and SSC
characteristics and event counts. This could be achieved by basing
percentage intact calculations on the initial (fresh) sperm concentra-
tion, or if possible on the concentration of fluorescent events in the
fresh sperm sample. This would reduce the influence of cryoprotectant
effects on FSC and SSC characteristics and event counts, and allow for
accurate and realistic comparisons of fresh and treatment samples.

Given the prevalent use of these cryoprotectants in aquatic species
sperm cryopreservation, the introduction of non-sperm events to
flow cytometric analyses due to interactions between cryoprotectants
and buffers could be a relatively common occurrence in the flow cy-
tometry data reported in previous studies. In view of the apparent in-
teraction between cryoprotectants and calcium-salt in the dilution
buffer, it is advisable to filter cryoprotectant solutions through
0.45-micrometer syringe filters prior to the addition of sperm to re-
move any precipitates that may have formed. Future studies could
also consider omitting calcium from cryopreservation buffers alto-
gether when possible. If it is indeed CaCO3 that is precipitating in
the presence of cryoprotectants, the calcium is likely not to be biolog-
ically available to the sperm cells anyway, and in the case of species
that require extracellular calcium for motility for example cyprinid
species (Alavi and Cosson, 2006) calcium can be added in thawing
or activation solutions. In addition, the removal of carbonate ions
would reduce the overall buffering ability of the solution, leading to
reductions in pH (Wheeler et al., 1981) and a reduced ability to re-
spond to the changes in pH that occur during cryopreservation (Van
Den Berg and Soliman, 1969).

The results from the present study have highlighted a range of
confounding factors related to cryoprotectant exposure that can signif-
icantly affect flow cytometry scatter plots and data analysis. Of particu-
lar importance are the observations stated above that cryoprotectants
can significantly affect FSC, SSC, gating of sperm events, and subsequent
data calculations by 1) increasing the total event count through the cre-
ation of debris, and 2) decreasing the gated event counts through re-
versible FSC and SSC changes to the sperm cells. Together, these two
factors can significantly influence both the number and percentage of
intact cells, through a combination of direct and indirect effects on the
proportion of intact cells in the sperm sample. It is also important to
note that these results indicate that it cannot be assumed that the ap-
proach used for analysis of flow cytometric data from fresh sperm will
be applicable to cryoprotectant-treated sperm samples and, by exten-
sion, cryopreserved sperm. Future research should focus on identifying
and addressing additional sources of variation in the collection and pro-
cessing of sperm from aquatic species for cryopreservation. As sperm
cryopreservation in aquatic species moves towards high-throughput
applications and repository storage of genetic material (Hu and
Tiersch, 2011), it is essential that minimal standards for reporting of
flow cytometry data be applied to all studies on sperm quality to ensure
accuracy and precision, and to enable comparison among studies.
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