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The Sperm Chromatin Structure Assay

Relationship with Alternate Tests of Semen
Quality and Heterospermic Performance of Bulls

BRENDA E. BALLACHEY,* DONALD P. EVENSON,* AND RICHARD G. SAACKEf{

Data obtained by the sperm chromatin structure assay
(SCSA) on spermatozoa from nine bulls were correlated
with fertility, measured by heterospermic performance
(—0.94, P<0.01) and by alternate tests of sperm quality,
including motility, acrosome integrity, Sephadex filtra-
tion and morphology of spermatozoa (all significant at P
< 0.05 to P < 0.01). The SCSA uses flow cytometry to
determine the susceptibility of nuclear DNA to low pH-
induced denaturation in situ as measured by the ratio of
acridine orange binding to double- or single-stranded
DNA. The error associated with multiple SCSA mea-
surements was relatively low. The primary finding is that
the assay of chromatin structure stability performed on
killed spermatozoa was as highly correlated with the
heterospermic performance of semen as the best of the
classical tests for semen quality. The SCSA may there-
fore be a highly useful technique for evaluation of sperm

quality.
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The sperm chromatin structure assay (SCSA;
Evenson et al, 1980, 1985; Evenson, 1986a; Ballachey
et al, 1987) is a technique that uses acridine orange
staining and flow cytometry to evaluate the struc-
tural stability of sperm nuclear chromatin. Using
extended, frozen bovine semen samples, Ballachey et
al (1987) obtained significant correlations (— 0.41 to'
—0.68, P<0.05 to P < 0.01) between SCSA values,
measured on one or a few collections per bull, and
sire fertility ratings, based on non-return rates over a
period of several years.

Numerous other tests for laboratory evaluation of
semen quality have been developed (Elliott, 1978;
Graham, 1978; Saacke, 1982, 1984). The measures
most widely used in the artificial insemination indus-
try currently include percentages of motile and mor-
phologically normal spermatozoa, although a consist-
ent relationship between the results of these methods
and male fertility has not been clearly demonstrated.
Determination of the relationship between these
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tests of sperm quality and fertility has often been
complicated by inaccurate estimation of male fertil-
ity, since many factors other than semen quality
influence pregnancy rates (Oltenacu and Foote, 1976;
Pace, 1980). Furthermore, laboratory tests are often
subject to a higher degree of measurement error
than desirable, particularly when replicate measure-
ments are made by different technicians and/or in
different laboratories. Problems associated with labo-
ratory assays were reviewed by Graham et al (1980).

Heterospermic insemination refers to insemina-
tion of the female(s) with a mixture of spermatozoa
from two or more males. In heterospermic studiesit
has generally been observed that competition of the
spermatozoa exists among various males, since one
male will sire a greater proportion of offspring than
expected from the ratio of sperm cells in the mixture
(Edwards, 1955; Beatty, 1960; Beatty et al, 1969;
Saacke et al, 1980). Based on the proportions of
offspring resulting from heterospermic matings con-
taining known numbers of spermatozoa from com-
peting males, estimates of relative male fertility
potential can be derived. In several species, the rela-
tive fertility has been shown to have the same rela-
tionship under homospermic and heterospermic con-
ditions (Napier, 1961; Beatty et al, 1969; Martin and
Dzuik, 1977). However, the efficiency of fertility
measurement can be greatly improved using heter-
ospermic insemination.

Saacke et al (1980) conducted an experiment to
evaluate the relationships between heterospermic
performance of bulls and semen quality, measured in
a series of laboratory tests, using spermatozoa from
the same extended, frozen ejaculates throughout
their study. They concluded that the fertilizing abil-
ity of the semen samples, measured by heterosper-
mic insemination, was highly related to certain
laboratory tests of sperm cell quality.

As frozen semen samples from that experiment
were still available, the present study was initiated to
compare results obtained by the SCSA with other
quality tests, and to determine the relationship
between the SCSA and sire fertility, based on heter-
ospermic performance.

Materials and Methods

As previously described (Saacke et al, 1980), semen
samples were obtained from nine beef bulls, extended and
frozen in 0.5-cc polyvinylchloride straws by routine
procedures. A sufficient number of straws were processed
to ensure an adequate supply of semen for insemination of
females by heterospermic matings, ie, matings in which
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equal numbers of spermatozoa from two bulls were mixed
prior to insemination. The parentage of calves resulting
from these matings was determined and, based on the
number of calves sired, a competitive index was derived
for each bull. Additional samples were subsequently ana-
lyzed by a series of laboratory semen quality tests, as
outlined by Saacke et al (1980). These tests were : 1)
motility estimate {a subjective measurement); 2) motility,
measured by the photomotility technique (Elliott et al,
1973); 3) percentage intact acrosomes, based on the pres-
ence of the apical ridge (Saacke and Marshall, 1968); 4)
percentage filterable cells, using Sephadex filtration (Gra-
ham et al, 1978); 5) percentage morphologically normal
spermatozoa; 6) head-to-head serum-induced agglutina-
tion of spermatozoa (Senger and Saacke, 1976); 7) compu-
terized measurement of sperm motility, and 8) computer-
ized measurement of sperm velocity. Results from the
first five of these tests have been included in this paper for
comparison with the SCSA. Two aliquots of six to 10
pooled straws were measured, and values for motility
estimate, photomotility, acrosome integrity and filterable
cells were obtained immediately after the samples were
thawed.

For the present study, samples were analyzed by the
sperm chromatin structure assay (SCSA). Straws were
removed from liquid nitrogen, placed on crushed ice for 5
to 7 minutes, and then the semen was extruded into a test
tube. Thawing by this method compared with thawingina
35 C waterbath does not affect the results obtained in the
SCSA (unpublished data). For each measurement, a 5-ul
aliquot of the sample was diluted with 195 ul of TNE
buffer (0.01 M Tris-HCl, 0.15 M NaCl and 1 mM disodium
EDTA, pH 7.4) to give a concentration of approximately 1
to 2 X 106 spermatozoa per ml. The diluted sample (200 ul)
was mixed with 400 ul of 0.1% (v/v) Triton X-100, 0.08 N
HCl and 0.15 M NaCl (pH 1.2). This low pH, nonionic
detergent solution improves dye uptake, and potentially
induces partial denaturation of the DNA in chromatin.
After 30 seconds, 1.2 ml of acridine orange {(chromatogra-
phically purified, Polysciences, Warrington, PA) staining
solution (0.2 M Na,HPQOy,, 1 mM disodium EDTA, 0.15M
NaCl, 0.1 M citric acid monohydrate, pH 6.0, with 6 ug
acridine orange per ml) was added. Samples were placed in
the flow cytometer, and 2 minutes later, red (F >¢00 nm)
and green -(Fs3p nm) fluorescence measurements were
taken at a rate of about 150 cells per second for a total of
5000 cells per sample. For each bull, three aliquots from a
single straw were stained and measured.

The differential fluorescence (green and red) results

‘from the metachromatic properties of acridine orange.

When intercalated into double-stranded DNA, acridine
orange fluoresces green (Lerman, 1963), whereas when
associated with single-stranded DNA, it fluoresces red
(Bradley and Wolf, 1959; Darzynkiewicz, 1979). Levels of
RNA in the sperm nucleus are negligible (Monesi, 1971)
and do not contribute to the measured fluorescence.
Other studies (Evenson et al, 1985; 1986; Ballachey et al,
1987) have shown no significant differences in ratios of
green to red fluorescence between whole spermatozoa
and isolated nuclei measured by the SCSA. Elevated levels
of red fluorescence are not reduced by RNAse treatment
(Evenson et al, 1985). Thus;{evels of green and red fluo-
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Fig. 1. Examples of data generated by the sperm chromatin
structure assay. Fig. 1A and C are cytograms of green [y axis;
double-stranded DNA] vs. red [x axis; single-stranded DNA)
fluorescence; Fig. 1B and D are the corresponding a, frequency
histograms. The X and SD of the a, distribution describe the
overall extent of denaturation, ie, shift from green fluorescence
{double-stranded DNA) to red fluorescence (single-stranded
DNA). Most of the cells fall within a cluster; those cells outside
that cluster are termed “cells outside the main population of a,”
(COMPa,) and if sufficient in number are visible as a “shoulder”
on the right side of the main peak in the o, distribution.

rescence correspond to the relative content of double- and
single-stranded DNA, respectively.

The flow cytometer used was a Cytofluorograf 1l
(Ortho Diagnostic Systems, Westwood, MA), equipped
with a Lexel 100-mW argon ion laser operated at 35-mW
output and 488-nm wavelength. The Cytofluorograf was
interfaced to an Ortho Diagnostics 2150 data handling
system. Using computer protocols, alpha-t, defined as the
ratio of red to total (red + green) fluorescence [a, =
red/(red + green); Darzynkiewicz et al, 1975], was com-
puted for each cell and the distribution of &, values was
determined. The theoretical distribution of a, values is
from 0 to 1. However, because measurements are actually
made over 1000 channels (levels) of fluorescence, the a,
values presented here are expressed on a scale of 0 to 1000.

The mean (Xe,) and standard deviation (SDe,) of the a,
distribution were used to describe the extent of sperm
DNA denaturation of a sample. An additional descriptive
measurement was the proportion of cells falling outside
the main population of o, (COMPg,). The COMPaq, values
were obtained by visually inspecting the o, distribution on
the computer screen, and enumerating the cells on the
upper side of the “main” peak, which has an o, value of
approximately 200. (Refer to Fig. 1 for dlarification.)

Results

Examples of the data obtained with the SCSA and
presented in Fig. 1A and 1C are cytograms or scat-

TABLE 1. Means, Standard Deviations and Percentages of
Error in Multiple Samples for Alpha-t Variables from the Sperm
Chromatin Structure Assay (SCSA) and Other Semen Tests

Mean + Standard

Test Deviation* Errort
SCSA - a t valuest

Xat 205.1 + 10.8 17

SDat 490+ 86 9

COMP a't 90+ 43 3
Motility estimate, % 383+ 144 34
Photomotility, % 2331+ 96 18
Acrosome integrity, % 743 +£10.3 13
Sephadex filtration, % 248 128 10
Normal morphology, % 758+ 133 3

*‘N=9.

1The error, which was computed using the expected mean
squares from an analysis of variance, indicates the percentage
of variance associated with replicate measurements, on sepa-
rate aliquots of each sample (N =3 for the SCSA variables; N=
2 for the other variables). The remainder of the variance was
associated with differences between samples.

$X ot, SD a t and COMP a t =Mean of a t, standard deviation
of a t,a nd cells outside the main population of a t, respectively,
based on the a t distributions generated by the SCSA.

tergrams of green (y axis) vs. red (x axis) fluores-
cence. Alpha-t was computed for each cell, and the
corresponding distributions of &, values are shown in
Fig. 1B and 1D. The first sample (Fig. 1A, 1B) was from
the bull with the highest rank for heterospermic
performance (competitive index = 24.5), and the
second (Fig. 1C, 1D) from the bull with the second
lowest rank (competitive index = —19.1). Note the
broader o, distribution for the second sample, result-
ing in increased o, values: SD o, was 38.4 vs. 56.4,
and COMPa, was 5% vs. 19%, for the first and
second samples, respectively.

Means of the o, values from the SCSA, and of five
other semen quality tests (motility estimate, photo-
motility, acrosome integrity, filterable cells and nor-
mal morphology) are presented in Table 1. Also listed
are the errors for each of the tests, that is, the percen-
tages of the total variance that were associated with
repeat measurements made on a single sample. The
errors associated with measurement of SDa,
COMPg, and normal morphology were relatively
low, at 9, 3 and 3%, respectively. For the other tests,
errors ranged from 10% (filterable cells) to 34%
(motility estimate).

Correlations among the various measures of semen
quality and competitive indices of bulls are listed in
Table 2. Significant correlations, ranging from —0.68
to — 0.93 (P < 0.05 to P < 0.01), were obtained for
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TABLE 2. Correlations among Alpha-t Variables from the Sperm Chromatin Structure Assay (SCSA),
Other Semen Quality Tests, and Competitive Index*

SDat COMP at

MOTest MOTphot ACR FILT NORM Clf

X att 0.80 0.63
SD otf 0.75
COMP att

Motility estimate, % (MOTest)
Photomotility, % (MOTphot)
Acrosome integrity, % (ACR)
Sephadex filtration, % (FILT)
Normal morphology, % (NORM)

—0.56 ~0.78 —0.60 -0.68 —0.25 —0.81
—0.76 —0.93 —0.84 -0.92 —0.62 ~0.94
—0.68 —0.68 —0.87 —0.87 —0.60 ~0.74

0.83 0.89 0.66 0.84 0.89
0.76 0.76 0.64 0.93

0.87 0.81 0.90

0.63 0.82

0.72

*Correlation coefficients greater than 0.79 are significant at # < 0.01; greater than 0.65 are significant at P < 0.05; greater than 0.57

are marginally significant at P < 0.10. N = nine bulls.

X at, SD atand COMP ot = Mean of at, standard deviation of at, and cells outside the main population of at, respectively, based on

the at distributions generated by the SCSA.

1C1 = Competitive index, based on heterospermic performance.

either SDa, or COMPa, with motility estimate, pho-
tomotility, acrosome integrity and filterable cells.
Higher values of a, indicate a greater extent of DNA
denaturation and lower sample quality, but for the
other semen quality tests, higher values correspond
toincreased quality, and thus these correlations were
negative in sign. Correlations of SDa, or COMPa,
with normal morphology were not as large, and did
not quite reach significance (P < 0.10). Positive corre-
lations (0.63 to 0.89) were obtained among motility
estimate, photomotility, acrosome integrity, filtera-
ble cells and normal morphology.

All measures of semen quality correlated (P<0.05
to P < 0.01) with the competitive index. Bulls with
the best heterospermic performance had lower a,
values. Correlations of Xe,, SDe, and COMPe, with
competitive index were —0.81, —0.94 (P < 0.01) and
—0.74 (P <0.05), respectively. The multiple correla-
tion (R2) of the competitive index with motility esti-
mate and SDa, was 0.96 (P < 0.01), and the partial
correlation between SDa; and competitive index,

40

holding motility estimate constant, was —0.90. The
relationships between SDa, and COMPa, with the
competitive index are graphed in Fig. 2 to illustrate
the distribution of &, values over the range of fertility
observed in this study.

Discussion

Based on the variation observed in semen quality
traits, this group of bulls was representative of beef
bulls used in commercial artificial insemination. Pre-
vious use of the SCSA on frozen bull semen has been
limited largely to samples from Holstein artificial
insemination sires, and the o, values for these beef
bulls generally correspond to those obtained with the
Holsteins (Ballachey et al, 1987). However, therange
of cells outside the main population of a, (COMPe, )
was somewhat lower in the present study, at 5 to
19%, whereas in the previous work it was 3 to 40%.
Low variation in a semen quality trait might be
expected to make the detection of a relationship
between that trait and sire fertility more difficult, but
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Fig. 2. Relationship of Competitive
Index with A) Standard deviation of a,
(SDey), and B) Cells outside the main
population of a, (COMPa,).
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the range of COMPa, in the present study was evi-
dently sufficient to enable detection of quality differ-
ences associated with heterospermic performance.

The relatively low error rate associated with SDa,
and COMPa, (9% and 3%, respectively) are encour-
aging if the SCSA is to be useful in routine quality
analysis. Prior estimates of within-sample variance
have also been low, particularly for COMPa, (Balla-
chey et al, 1987). One factor contributing to a small
rate of error is the large number (N = 5000) of cells
counted for each measurement.

At present, we know of no other laboratories util-
izing the SCSA on spermatozoa, and the degree of
error that would be obtained if repeat measurements
were made in different laboratories has not been
ascertained. However, it is anticipated that COMPq,
would remain highly repeatable since, relative to
SDe, and Xa,, it is far less subject to daily variation in
instrument settings (Ballachey et al, 1987). In this
laboratory, flourescent beads are currently used to
standardize the fluorescence gains each day, provid-
ing increased accuracy in comparison of samples
measured at different times; these beads could also
be used for standardization of measurements made
in other laboratories.

Correlations among various measures of semen
quality were relatively high. Because, for example, a
95% confidence interval on r = 0.80 (with N = 9)
extends from 0.29 to 0.96, it is not very meaningful
to discuss differences among the r values. It is appar-
ent that variation in sperm cell quality is detected by
all of the tests, and to some extent they are providing
similar information. Particularly noteworthy was the
fact that SCSA, a very different kind of test, provided
information equivalent to the best classical tests of
semen quality regarding prediction of heterospermic
performance. SCSA is an evaluation of chromatin
stability performed on killed spermatozoa, while the
other tests in this study (with the exception of mor-
phology) were measures of viability based upon the
motility or membrane characteristics of live speci-
mens. Other tests included in the original study by
Saacke et al (1980) were: percentage head-to-head
agglutination and computerized measurement of
both motility and velocity. Generally, correlations of
a, values with these tests were also significant (data
not presented) and agreed with the results presented
in Table 2.

Correlations of SDa, and COMP«, with normal
morphology did not quite reach significance (P <
0.10), as also noted in an earlier study (Ballachey et al,
1987). Immature spermatozoa containing a cyto-

plasmic droplet were by far the most commonly
occurring abnormal form. Greater variation in the
specific types of abnormalities present might have
resulted in altered correlation coefficients, particu-
larly if abnormalities of the sperm head had been
more prevalent.

The absolute value of correlations of the various
semen quality tests with the competitive index
ranged from 0.72 to 0.94. However, these differences
are not sufficient to permit ranking of these tests for
prediction of fertility. Furthermore, although heter-
ospermic performance appears to provide a highly
useful means of ranking bulls for fertility, the rela-
tive index values could vary to some extent if an
increased number of progeny were measured.

The value of the SCSA relative to or in combina-
tion with other methods of quality evaluation raises
an important question. To clarify this relationship,
the multiple regression of motility estimate and SDe,
on the competitive index was computed. A partial
correlation of —0.90 was obtained between the com-
petitive index and SDa, after adjusting for motility
estimate, indicating that when SDa, was added, the
residual error in the model relative to using only
motility estimate for prediction of the competitive
index was reduced by 81%. Although the R2 value
(0.96) for the full model is extremely high, the Rz
values for either motility estimate (0.79) or SDe,
(0.89) alone with competitive index were also very
high. Because of the large simple correlations ob-
tained in this data set and the small number of sam-
ples (N = 9), it was felt that extensive interpretation
of the results with respect to ranking the individual
tests of semen quality or further multiple regression
analyses would not be meaningful. The simple corre-
lations obtained confirm previous results (Ballachey
et al, 1987), and do indicate a potentially useful role
for the SCSA in semen quality analyses. Additional
studies on larger data sets would help to determine
which tests or combinations of tests will be of great-
est use in quality and fertility evaluation.

In the previous study (Ballachey et al, 1987) on
Holsteins involving two separate data sets, the mag-
nitude of the correlations between SDa, and fertility
(measured either as a “fertility rating” or by nonre-
turn rate) were greater than those obtained between
COMPaq, and fertility. For mature Holstein sires
(N =49), the correlation of fertility rating with SDe,
was —0.58 (P <0.01), whereas with COMPaq,, it was
—0.40(P<0.01). In that data set, one or a few semen
collections were evaluated per bull, whereas the fer-
tility rating was based on lifetime mating records. In
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the present study, however, there was a 1:1 corres-
pondence between the samples evaluated in the
laboratory and those used to determine heterosper-
mic performance. In addition, the variance in fertility
detected among bulls was increased by using the
competitive fertilization (heterospermic) approach.
Both of these factors likely contributed to improved
correlations between a, values and fertility.

The relatively higher correlation between SDe,
and the competitive index compared with that be-
tween COMPa, and competitive index (—0.94 vs.
—0.74) agrees with the relative values obtained pre-
viously on Holstein sires. However, reasons for the
apparent superiority of SDa, in predicting fertility
are not thoroughly understood. COMPa, describes
only the proportion of spermatozoa falling outside
the main or “normal” populations, that is, those cells
with greater susceptibility to DNA denaturation in
situ, and it provides no information as to the relative
extent of denaturation in these cells. In contrast,
SDa, is influenced by several factors, including the
number of cells in COMPeg,, the mean of the
COMPg, cells, and also the uniformity of the “nor-
mal” population itself. As indicated by the high corre-
lation (0.75) between SDa, and COMPa,, the two
values are closely but not perfectly related. Further-
more, although COMPa, was highly correlated with
photomotility, for example, the actual percentage of
spermatozoa in COMPg, was not the same as the
actual percentage of nonmotile cells.

The factors possibly contributing to chromatin
structural differences and consequent variation in
susceptibility of DNA to denaturation in situ have not
been identified, but have been discussed by Evenson
et al (1985) and Ballachey et al (1987). It is known
that, in mice, highly repeatable, dose-response dif-
ferences in a, values can be induced by toxic chemical
treatment (Evenson et al, 1985, 1986, 1987). Studies
of human spermatozoa have shown that fertility
problems, chemotherapy and disease are associated
withincreased a, values (Evenson, 1986b). Higher a,

values have been observed in spermatozoa from bulls -

implanted with zeranol, a growth promotor (Balla-
chey et al, 1986), as well as in spermatozoa collected
from bulls during periods of illness (unpublished
data). Further work is necessary to determine the
relationship of chromatin stability to the post-ejacula-
tory history of spermatozoa as well as abnormal
spermatogenesis in order to determine the biologic
association of SCSA with other forms of semen eval-
uation, particularly measures of sperm viability.

In conclusion, the SCSA utilizes flow cytometry

for multiparameter measurement of sperm cells, and
provides a unique measurement of sperm chromatin
structure and quality. Rapid, objective measurements
can be made on a large number of cells per sample,
resulting in relatively low error associated with the
SCSA measurements. The present results indicate
that the SCSA is equivalent to alternate tests of
semen quality in its association with heterospermic
performance, which is a predictor of sire fertility, and
it may be useful, either alone or in combination with
other tests, for analysis of semen quality. Of particu-
lar interest in this study was the observation that the
SCSA, a test of chromatin stability employing killed
spermatozoa, gave equivalent predictions of heter-
ospermic performance to the classical tests of sperm
viability performed on live cells, Because the SCSA
evaluates a characteristic of sperm cells that cannot
presently be determined by any other method, it
could be of particular significance in identifying
defective samples that appear normal with other
criteria.
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