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ABSTRACT: Flow-cytometrie procedures were used
to determine effects of dietary Zn and Si variations on
rat testicular cell development, including integrity of
caudal epididymal sperm chromatin structure defined
as the susceptibility of DNA to denaturation in situ.
Concentrations of 4 (deficient), 12 (adequate), and
500 (excessive) mg of Zn/kg of diet were used with Si
concentrations of 0 (low), 540 (medium), and 2,700
(high) mg/kg of diet in a 3 x 3 factorial arrangement.
Three-week-old Sprague-Dawley male rats were fed
the experimental diets for 8 wk. Rats fed the Zn-
deficient/Si-low diet demonstrated significant devia-
tions in the ratio of testicular cell types present,
including a reduction of S phase and total haploid
cells. Furthermore, approximately 50% of epididymal

sperm had a significant decrease in resistance to DNA
denaturation in situ. In the Zn-deficient/Si-medium
treatment, the effects of Si on animal and testicular
growth, distribution of testicular cell types, and sperm
chromatin structure integrity were quite similar to the
effects of the Zn-adequate diets. A toxic effect of Zn on
sperm chromatin structure integrity observed in the
Zn-excess/Si-medium treatment seemed to be counter-
acted by Si in the Zn-excess/Si-high treatment. Silicon
at medium and high levels seems to affect Zn
metabolism through potentiation and antagonistic
reactions, respectively. Zinc deficiency likely disrupts
the normal sperm chromatin quaternary structure in
which Zn plays a role by providing stability and
resistance to DNA denaturation in situ.
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Introduction

Zinc is almost ubiquitously distributed in biological
tissues and serves many vital roles, including an
important role in mammalian spermatogenesis, as
reviewed by Hidiroglou and Knipfel (1984). Rats
raised on a Zn-deficient diet are noted for having
reduced body and testicular weight, which, if severe,
produces irreversible damage to seminiferous tubules
and sterility (Millar et al., 1958).

Zinc is known to play a role in the stabilization of
mammalian sperm chromatin structure, apparently by
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complexation with —SH groups of protamines (Huret,
1986; Kvist and Eliasson, 1978; Gatewood, 1988).
However, the temporal role of Zn stabilization during
epididymal maturation, the accumulation of zinc from
Zn-rich prostatic fluid (Mann, 1964; Kvist et al,
1985), and the loss of zinc before fertilization (Kvist,
1980) is not well understood. Human ejaculated
sperm contain approximately one Zn atom per prota-
mine molecule (Gatewood, 1988). Evenson et al.
(1980) have shown that a Zn-deficient diet caused
destabilization of mouse caudal epididymal sperm
chromatin structure.

Silicon has been shown to be an essential element
for growth of chicks (Carlisle, 1972) and rats
(Schwarz and Milne, 1972). Working with Zn-defi-
cient rats, Emerick and Kayongo-Male (1990)
reported an apparent antagonism between Si and Zn,
whereby elevated levels of one of these elements
reduced blood concentrations of the other. A subse-
quent study (Stewart et al., 1993) revealed a Si-Zn
interaction in which a medium level of Si (540 mg/kg
of diet) seemed to potentiate the metabolic activity of
Zn, whereas a high level (2,700 mg/kg of diet) seemed
to lower Zn concentrations. Although dietary Si at
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concentrations of 250 mg/kg for chicks and 500 mg/kg
for rats was used to demonstrate Si essentiality, 2,700
mg/kg has been used extensively by Emerick and
coworkers (Emerick, 1984, 1986; Schreier and Emer-
ick, 1986; Emerick and Lu, 1987) to promote silica
urolithiasis in rats.

This study was based on the hypothesis that rats
fed a Zn-deficient diet would demonstrate an altered
pattern of spermatogenesis and an altered sperm
chromatin structure, as defined by an increased
susceptibility to DNA denaturation in sifu. In addi-
tion, it was hypothesized that medium levels of Si
would help overcome the adverse effects of a Zn-
deficient diet.

Experimental Procedures

Testes and cauda epididymal sperm were obtained
from the rats used for Exp. 1 in the studies described
by Stewart et al. (1993). The basal diet was a
dextrose-egg albumin type, in which the spray-dried
egg albumin was first denatured by autoclaving and
then dried, each at 120°C for 1 h, to reduce avidin
interference with biotin absorption. Tetraethylor-
thosilicate (J. T. Baker Chemical, Phillipsburg, NJ),
added at the expense of dextrose, provided Si above
the 5 mg/kg inherent in the basal diet, and added
dietary Zn, above the .25 mg/kg inherent in the basal
diet, was provided by ZnCly (J. T. Baker Chemical),
both determined by flame atomic absorption spec-
trophotometric measurements (Emerick and Kayongo-
Male, 1990). Added Zn concentrations at 4 (Zn-
deficient), 12 (Zn-adequate), and 500 (Zn-excess)
mg/kg of diet and added Si concentrations of 0 (Si-
low), 540 (Si-medium), and 2,700 (Si-high) mg/kg of
diet were used in 3 x 3 factorial arrangement.

Male Sprague-Dawley rats 3 wk of age were
obtained from SASCO (Omaha, NE) and individually
housed in hanging stainless steel cages with wire
mesh floors. The rats were given ad libitum access to
diets in glass jars, and distilled water was provided in
polyethylene bottles fitted with stainless steel drink-
ing tips. The experiment involved 10 rats per treat-
ment for Si-low or Si-medium treatments and 20 per
treatment for the Si-high treatments.

After 8 wk on the experimental regimen, the rats
were killed by decapitation while they were anesthe-
tized with Halothane (Abbott Laboratories, Chicago,
IL). Testicular germ cells and epididymal sperm were
obtained, as described below, from 10 animals per
treatment. The first 10 animals killed from the Si-high
group were used for experiments described here.

Testicular Germ Cells

Testes were surgically removed and a portion
minced with curved scissors into a cellular suspension
in 60-mm Petri dishes containing 2 mL of Hanks

balanced salt solution (Gibco, Grand Island, NY) at
4°C and then transferred to 12-mm x 75-mm polysty-
rene tubes. After settling of tissue fragments, the
supernatants were filtered through 53-um nylon mesh
(Tetko, New York) into 12-mm x 75-mm tubes and
kept on crushed ice until measured by flow cytometry
(FCM). Measurements by FCM were completed
within approximately 20 min of euthanasia.

Epididymal Sperm

Cauda epididymi were surgically removed and
placed in a 60-mm Petri dish containing 2.0 mL of
TNE buffer (.15 M NaCl, .01 M Tris-HCI, .001 M
EDTA, pH 7.4) at 4°C. Each epididymis was sliced
several times with a single-edged razor blade and
minced with curved scissors. The sperm suspensions
were gently aspirated and expelled several times
through Pasteur pipettes and filtered through
153-um nylon mesh into 12-mm x 75-mm tubes. Each
sperm sample was placed in a 2.0-mL snap-cap tube,
frozen at -20°C for 2 h, and stored at -100°C.

Cell Staining with Acridine Orange

Fresh testicular or frozen/thawed (37°C)
epididymal sperm aliquots (.20 mL) diluted to a
concentration of 1 to 2 x 108/mL were admixed with
.40 mL of .1% Triton X-100, .15 M NaCl, and .08 N
HCl, pH 14. Triton X-100 makes cell membranes
permeable, providing accessibility to DNA for acridine
orange (AQ) staining. After 30 s, the cells were
stained by adding 1.2 mL of solution containing 6.0 ug
of chromatographically purified AO (Polysciences,
Warrington, PA) per milliliter of AO buffer (370 mL
of .1 M citric acid and 630 mL of .2 M NagHPO,, 1 mM
EDTA, .15 M NaCl, pH 6.0; Darzynkiewicz et al,,
1976; Evenson et al., 1985). Measurements by FCM
were completed within approximately 3 min after
initiation of this procedure.

When excited by blue laser light in the flow
cytometer, AQO intercalated into native, double-
stranded DNA fluoresces green; AO associated with
single-stranded nucleic acid (DNA or RNA) emits red
fluorescence, as reviewed by Darzynkiewicz and
Kapuscinski (1990). The metachromatic fluorescence
observed in AO-stained testicular cells reflects the
relative content of DNA (green fluorescence) and
RNA (red fluorescence; Darzynkiewicz et al., 1976;
Evenson and Melamed, 1983). Because normal, ma-
ture sperm cells contain virtually no RNA (Monesi,
1965), red fluorescence is minimal (Evenson and
Melamed, 1983). Normal isolated sperm nuclei
and(or) whole cells treated with RNAse demonstrate
the same fluorescence pattern as whole cells, indicat-
ing that the fluorescence is due to DNA staining
(Evenson et al., 1985; Ballachey et al.,, 1987).
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Table 1. Rat body weights (BW]), testes weights, and distribution of testicular cells?

Distribution of testicular cells

Cell type, %
Dietary treatment,
mg/kg Diploid Tetraploid Haploid cell type, %
Testes

Zn Si BW, gb wt, g Haploid All Box 4 Box 3 All Box 2 Box1 Round Elongating Elongated Cycling,%
4 0 24of 2677  ee8f  251f  218f 39 g1l 43 3o 50.70 19.9 29.4f 6.8
4 540 2978 3428 80.88 12.28 878 35 7.0! 4.2 2.98 42.3! 22.3 35.48 11.58
4 2,700 231f 2700 7858 1318 93¢ 338 gsh 49 a6l 4581 20.1 34.18 g.4f
12 0 292 3.34 81.8 11.6 8.2 34 6.6 39 27 42.2 21.9 36.0 11.1
12 540 291 3.33 79.7 12.8 9.2 3.6 7.5 43 32! 43.2 20.9 35.9 10.4
12 2,700 292 3.19 80.9 11.9 8.8 3.1 7.2 44 28b 40.7 22.7 36.6 10.1
500 0 319t 3488 808 12.1 91 30 7.1 42 29 42.8 22.1 35.1 11.4
500 540 301%8 352h 811 11.6 8.3 3.3 7.3 41 31 448 22.2 33.0 10.0%
500 2,700 2858 328" 809 11.6 8.2 3.4 7.5 44 31 45.7 20.3 34.0 8.58
Overall Zn effect®

4 — — — — — — a7k 78 45 — 20.8 - — -
12 — — —_ — — — 3.4! 7.1 42 - 21.8 — — -
500 — — — — — — 3.t 7.3 4.2 — 21.6 — —_ —
Overall Si effect®

- 0 - — — — - 34 73 41— 21.3 — - —
— 540 — — — - - 3.4 73 42 - 21.8 - — -
—_ 2,700 - — - — — 35 7.7 46 — 21.1 —_ — —
sEmd 8.0 10 16 16 16 3 3 2 1.5 1.2 1.0 8
GLM®

Zn < .01 < .01 < .01 .01 < 01 .05 NS .01 < .01 NS < .01 .06
Si <01  <.01 01 <01 <.01 NS NS NS NS NS NS NS .03
Zn x Si < .01 < .01 < .01 <.01 < .01 NS .07 NS 01 .02 NS < .01 < .01

an 10 rats/treatment except for BW and testes weight, where n

Average initial weight = 53.4 g (SEM = 1.4).

= 20 rats for treatments with 2,700 mg of Si/kg of diet.

CPresentatxon of overall Zn or Si effects is precluded when a significant Zn x Si interaction exists.
dStandard error of the mean calculated from the error mean square.
€A 3 x 3 analysis using Type III sums of squares; numerical values are levels of probability for main effects and interaction; NS = not

significant at P > .10.

'BLeast squares means within a column and the same Zn treatment or overall effect lacking a common superscript letter differ (P < .01).
Least squares means within a column and the same Zn treatment or overall effect lacking a common superseript letter differ (P < .10).

Sperm Chromatin Structure Assay

When used on sperm, the procedure involving AQ
staining and subsequent FCM measurements has
been termed the sperm chromatin structure assay
(SCSA; Evenson, 1989, 1990). Even though the low
pH treatment does not cause denaturation of histone-
complexed DNA in sperm, it apparently does cause
partial DNA denaturation in sperm having altered
chromatin structure (Evenson et al., 1985). Abnormal
chromatin structure, defined here as an increased
susceptibility to acid-induced denaturation, is deter-
mined by flow cytometric measurements of the shift
from green (native DNA) to red (denatured, single-
stranded DNA) fluorescence. This shift is expressed
by alpha t ( ay; Darzynkiewicz et al., 1975) and is the
ratio of red to total (red + green) fluorescence.

In the SCSA, o is calculated for each sperm, and
results are expressed for each sample as the mean
(xay), standard deviation (SDeat), and percentage of
cells outside the main population of oy ( COMPg;).
Measurement of normal sperm produces a very narrow
oy distribution, but a sperm population with dena-
tured DNA has a broader distribution, hence larger
SDO(t and COMPat

Flow Cytometric Measurements

A Cytofluorograf II flow cytometer interfaced to a
2150 computer (Ortho Diagnostic Systems, Westwood,
MA) equipped with ultrasense optics and a Lexel 100
mW argon ion laser operated at 35 mW and producing
a 488 nm (blue) excitation wavelength was used to
measure the cells. Dual parameter FCM measure-
ments were made to determine amounts of 1) DNA vs
RNA in testicular cells and 2) double-stranded
(native) vs single-stranded (denatured) DNA in
sperm cells. Total fluorescence from each cell in the
sample population was separated into green (515 to
530 nm) and red (> 630 nm) components. The
computer calculated o values for each of 5,000 cells in
each sample population.

Data Analysis

Data were analyzed by the GLM procedure (SAS,
1988) using a model consisting of levels of Zn and Si
as main effects and the two-way interaction. The
method of least significant differences protected by a
significant F-value (FLSD, Steel and Torrie, 1980)
was used to identify significant differences among the
three levels of a factor. In the presence of a significant
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Zn x Si interaction, Si levels were nested within Zn
levels for analysis. Differences were considered
statistically significant at P < .05.

Results and Discussion

Data pertaining to BW, testes weights, and distri-
bution of testicular cell types are shown in Table 1.
Although previously presented by Stewart et al.
(1993), BW are included here to simplify data
interpretation. Average BW was low in Zn-deficient/
Si-low rats and was 23% higher (P < .01) in the Zn-
deficient/Si-medium treatment. This Si-mediated
weight-gain response was postulated by Stewart et al.
(1993) to be due to a potentiation of the metabolic
activity of Zn. The Zn-deficient/Si-high treatment also
reduced BW by 29% (P < .01) compared with the Zn-
deficient/Si-medium treatment.

Testes weights (grams/rat, Table 1) showed ap-
proximately the same relative differences in BW, but
when calculated as a percentage of BW, testes weights
did not differ among treatments. Zinc concentration of
the testes from the Zn-deficient rats, as detailed by
Stewart et al. (1993), was only 89% of the value of
Zn-adequate rats (P < .01). Similarly, mean testis Zn
concentration of Si-low rats was only 94% (P < .01) of
the value of Si-medium rats, and it approximated that
of Zn-deficient rats. Conversely, the mean testis Zn
coner 1tration for Si-high treatments also approxi-
mated that of Zn-deficient rats. Retardation of testis
development has been reported to result from the
feeding of Zn-poor diets to several species, including
the rat (Gunn and Gould, 1970).

Dual parameter (DNA vs RNA) flow cytometry
measurements of AO-stained rat testicular cells
provided the raw data shown in Figure 1. Each dot
corresponds to a single cell and is located on the
scattergram (cytogram) relative to its DNA and RNA
content, except that within Boxes 5 to 7 the DNA
content is the same for these haploid cells, but they
differ in their stainability due to condensation of
nuclear chromatin (Gledhill et al., 1966; Evenson et
al., 1986b). Box 2 contains mostly pachytene sper-
matocytes that have not yet begun the large RNA
increase characteristic of late pachytene and diplotene
spermatocytes in Box 1 (Courot et al., 1970; Evenson
et al., 1986a). Cells in Boxes 3 and 4 are mostly
diploid germ cells and a very small percentage of
somatic interstitial cells (Evenson et al.,, 1986a).
These data show at a single time point a “snapshot” of
the relative percentage of each cell type present in the
testis of rats fed different diets. Cell progression
through spermatogenesis is known to proceed from
diploid (Boxes 3 and 4) to tetraploid cells (Boxes 1
and 2), through meiosis to haploid round spermatids
(Box 5). This is followed by a loss of RNA (elongating
spermatids, Box 6) and condensed nuclei with reduced
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Figure 1. Dual-parameter cytogram of green fluores-
cence (DNA stainability) vs red fluorescence (RNA
stainability) of rat testicular cells. The units on the x
and y axes correspond to relative, linear fluorescence
intensity. Boxes 1-2, 3-4, and 5-7 correspond to
tetraploid, diploid, and haploid cell types, respectively.
The right panel is an enhancement of Boxes 5 to 7 in the
left panel in order to resolve the three populations
consisting of round (Box 5}, elongating (Box 6) and
elongated (Box 7) spermatids.

DNA stainability (Box 7). Therefore, an observed
alteration of cell type distributions can be attributed
to an agent (e.g., high- and low-Zn and -Si diets) that
alters the normal kinetics of cell proliferation and
differentiation. For example, an increase in one cell
type can be due to a metabolic block that prevents
that cell type from progressing to the next maturation
stage. A loss of a cell type may be due to cell kill, or,
more likely in this study, to a metabolic block imposed
on an earlier cell stage that prevents the appearance
of the next cell stage.

The relative percentage of total diploid cells was
higher (P <.01) in the Zn-deficient/Si-low rats than in
the Zn-deficient rats fed the two higher levels of Si
(Table 1). The box notations in Table 1 refer to the
same boxes as in Figure 1. This abnormal increase in
diploid cells is due entirely to a higher percentage of
cells with the lower RNA content. Table 1 also shows
an increase (P < .01) in the percentage of the late
pachytene and diplotene spermatocytes (Box 1).
These data, together with the observation (Table 1)
that testicular cells from Zn-deficient/Si-low rats had a
lower percentage of DNA synthesizing cells (S-phase
cycling; 6.8 vs 11.5%; P < .01) than those from Zn-
deficient/Si-medium rats, strengthen the argument
that Zn deficiency inhibited DNA synthesis and(or)
entry into S-phase, perhaps due to inhibition of Zn-
dependent cell proliferative activities (e.g., DNA and
RNA polymerase activity; Prasad, 1977). Such an
effect could cause an accumulation of diploid germ
cells in the G1 phase of the cycle; these cells likely
correspond to a large increase (21.3 vs 8.7%; P < .01)
in the cells in Box 4 that contain low RNA. Zinc-
deficient/Si-high rats also had a lower (P < .01)
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percentage of cycling cells than did Zn-deficient/Si-
medium rats.

In addition to the apparent inhibitory effect on
DNA synthesis, Zn deficiency may have also inhibited
the meiotic process, because the percentage of cells in
Box 1 (precursor cell to daughter meiotic cells) of the
Zn-deficient/Si-low group is elevated; it is during the
pachytene stage of the meiotic prophase that cells
seem to be particularly susceptible to many forms of
damage (Setchell, 1978). The end result of inhibition
of DNA synthesis and meiosis is the reduced percent-
age of total haploid cells (66.8 vs 80.8%; P < .01) in
Zn-deficient/Si-low vs Zn-deficient/Si-medium treat-
ments. Rats fed either a Zn-adequate or Zn-excess diet
with various levels of Si did not demonstrate an
abnormal testicular cell type ratio. An exception to the
latter is the lower percentage (8.5 vs 11.4%; P < .01)
of S-phase cycling cells in Zn-excess/Si-high rats than
in Zn-excess/Si-low rats.

The Zn-deficient/Si-low diet caused not only a
disturbance of spermatogenesis (production of meiotic
daughter cells), but also differentiation of meiotic
daughter cells into late-stage spermatids. Rats fed a
Zn-deficient/Si-low diet, compared with Zn-deficient
groups with higher levels of Si, had a slightly higher
relative percentage of round spermatids (P < .10;
Table 1). This suggests that Zn deficiency, most
prevalent in the absence of added dietary Si, inhibited
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differentiation. A corresponding decrease of approxi-
mately the same magnitude in the relative percentage
of elongated spermatids may be a result of a slowed
progression of cells through spermiogenesis (P < .01;
Table 1). With the exception of the Zn-deficient/Si-low
diet, all other combinations of diet had no significant
effect on kinetics of spermiogenesis. Stewart et al.
(1993) found rats fed the Si-high diets to have lower
plasma alkaline phosphatase activity than those fed
Si-medium diets. Also, the Zn-deficient/Si-high
animals had lower heart Zn concentrations. This
indicates that Zn deficiency was the principal factor
causing the greatest testicular cell aberrations in the
current study.

During mammalian spermiogenesis, histones as-
sociated with round spermatid DNA are replaced by
transition proteins, and finally by protamines (Grimes
et al., 1977). In mature rat sperm, the nucleoprotein
consists of a single protamine species, designated S1
(Bellve et al., 1975). Protamines are small, arginine-
rich, structural proteins that stabilize sperm DNA in
an insoluble nucleoprotamine complex. Zinc is known
to play a role in stabilization of sperm chromatin
structure (Kvist and Eliasson, 1978; Gatewood,
1988). Balhorn (1982) has presented a model of
protamine binding in the minor groove of the DNA
with protrusions of the protamines lying in the major
grooves of adjacent DNA molecules. Calvin et al

Table 2. Rat sperm chromatin structure integrity as measured by flow cytometry?

Dietary treatment, mg/kg Sperm chromatin structure assay (+ SD)

Zn Si Xoy? SDe;° COMPod
4 0 2698 + 79 708 + 69 528 + 32
4 540 206" + 10 198+ 3 198 + 16
4 2,700 2508 + 51 528 + 47 588 + 23
12 0 198 + 12 20 £ 3 8 + 13
12 540 192 + 6 16 + 2 3+ 2
12 2,700 200 + 14 20 £ 5 14 +23
500 0 203 + 9 18 £ 5 14 18
500 540 213 £ 29 28 + 16 281 + 29
500 2,700 201 + 15 20 + 7 184 + 25
GLMef

Zn < .01 < .01 < .01
Si 10 NS .08
Zn x Si 02 .02 < .01

8n = 10 rats/treatment.

ot = alpha t, the ratio of red to total (red + green) fluorescence, a measure of chromatin structure
abnormality within a population.

°SDay = standard deviation of «y.

dCOMPat = cells outside of main population of «.

b.e.dAlthough at values range from 0 to 1 by definition, they are x 103 here for ease of whole-number
manipulation.

€A 3 x 3 analysis using Type III sums of squares; numerical values are levels of probability for main
effects and interaction; NS = not significant at P > .10.

Presentation of overall Zn or Si effects is precluded when a significant Zn x Si interaction exists.

811 east squares means within a column and the same Zn treatment or overall effect lacking a common
superscript letter differ (P < .01).

LJLeast squares means within a column and the same Zn treatment or overall effect lacking a common
superscript letter differ (P < .05).
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Figure 2. The left panel shows dual parameter
cytograms of green fluorescence (native DNAJ vs red
fluorescence (denatured DNA) of rat sperm treated by
the SCSA. The units on the x and y axes correspond to
relative, linear fluorescence intensity. The panel on the
right shows o4 frequency histograms derived from the
raw data in the left panels. Alpha t has a range from 0 to
1.0. Panel A is from normal rat sperm showing virtually
no cells outside the main population. Panels B and C are
derived from rats fed Zn-deficient/Si-low diet and panels
D and E are derived from rats fed Zn-deficient/Si-high
diets.

(1973) suggested that high levels of cysteine in
mammalian protamines allowed for cross-linking of
mammalian sperm chromatin. These authors demon-
strated that mammalian sperm were resistant to

solubilization in sodium dodecyl sulfate unless
dithiothreitol was added to the detergent solution. In
addition, they noted that inclusion of .1 mM EDTA
resulted in a 20% increase in free sulfhydryl groups,
and the inclusion of Zn inhibited the labeling of the
—SH groups.

Flow cytometric analysis of cauda epididymal
sperm by the SCSA provides solid evidence that Zn
deficiency causes significant perturbations of normal
sperm chromatin development. Figure 2 shows
representative data for susceptibility of DNA to
denaturation in situ. Figure 2A depicts a normal
pattern with an elliptical scattergram distribution for
green and red fluorescence resulting in «; frequency
distribution that has a very small CV and SD. Normal
populations of rat sperm have a low percentage,
approximately 5% or less, of cells outside the main
population of oy (COMP«y). However, the data in
Figure 2B and Table 2 demonstrate a very pronounced
effect of Zn deficiency on integrity of sperm chromatin
structure, similar to that observed in our previous
study with mice (Evenson et al., 1980). Cytogram
patterns varied from normal (Figure 2A) to popula-
tions that shifted heterogeneously (Figure 2B,D) or
more homogeneously (Figure 2C,E). Not only were all
the o; variables significantly elevated for the Zn-
deficient/Si-low and Zn-deficient/Si-high vs the Zn-
deficient/Si-medium group, but the standard devia-
tions are very high, indicating heterogeneity of
response among the animals. For example, Zn-defi-
cient/Si-low rats had a COMPq; of 52 + 32, correspond-
ing to an approximate 50:50 ratio of normal to
abnormal sperm. The Zn-deficient/Si-medium rats
showed a more normal development of sperm chroma-
tin structure. Although the mean and standard
deviations of oy for this group were relatively normal,
the COMPq; at 19 + 16 was considered to be elevated.
The Zn-deficient/Si-high diet had a deleterious effect
on sperm chromatin structure almost equivalent to
that of the Zn-deficient/Si-low diet.

Zinc-adequate treatments, regardless of Si level,
showed no major effects on chromatin structure, with
the exception of a relatively high COMPq; that had
high within-treatment variation for the Zn-adequate/
Si-high rats.

Excess Zn had a negative effect, but much less than
that of Zn deficiency, on sperm chromatin structure,
as noted by the relatively high COMP«; values, which
ranged from 14 + 18 to 28 £ 29 for the Zn-excess
treatments (Zn effect, P < .01; Zn x Si interaction, P <
.01). The Zn-excess/Si-medium treatment had a
higher (P < .05) COMPq; than the Zn-excess/Si-low
treatment. This supports the conclusion that the 540
mg of Si/kg of diet (Si-medium) potentiated the
metabolic activity of Zn even when Zn was present at
a potentially toxic level. It should be noted that
COMPqa; measurements are more sensitive to detect-
ing abnormalities when the majority of sperm react
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homogeneously to treatment (e.g., Figure 2C,E) . A
relatively high degree of homogeneity has been seen in
studies on bull sperm in our laboratory (Ballachey et
al.,, 1987), whereas most of our rodent toxicology
(Evenson et al., 1985, 1986a, 1989b,c; Evenson, 1990)
and human (Evenson et al.,, 1991) studies have
demonstrated greater heterogeneity among sperm in a
population. In instances of high heterogeneity, SDoy
has been the most sensitive parameter to detect
chromatin structure abnormalities. The observation
that Zn-high diets cause abnormalities of chromatin
structure needs more investigation, but it is possible
that this potentially toxic concentration of Zn destabi-
lizes S-S bonds and Zn complexation within and
between protamine molecules, leading to a destabiliza-
tion of sperm chromatin quaternary structure and
greater susceptibility to DNA denaturation in situ.

In contrast to some other studies on ejaculated
sperm that have been in contact with Zn-rich prostatic
fluid (Kvist et al., 1985), these studies have been
conducted on caudal epididymal sperm. Thus, Si-
mediated benefits are effected before ejaculation. Rat
caudal sperm nuclei have 7% more free-SH groups
than vas sperm nuclei (Evenson et al., 1989a).
Therefore, the Zn complexation pattern in caudal
sperm may be different from vas or ejaculated sperm.

These data, additional to data detailed by Stewart
et al. (1993), provide support for the concept that Si
potentiates the metabolic activity of Zn. In rats fed the
Zn-deficient diet, the Si-medium treatment provided
benefits regarding growth, distribution of testicular
cells, and sperm chromatin structure integrity equiva-
lent to those derived from increasing dietary Zn to the
Zn-adequate level. Also, a possible Si-Zn antagonism
regarding sperm chromatin integrity was seen, in
which the Si-excess treatment seemed to counteract
the effect of the Zn-adequate treatment.

The susceptibility of sperm nuclear DNA to acid-
induced denaturation in situ has been shown to be
inversely related to bull fertility ranking (Evenson et
al., 1980; Ballachey et al., 1987, 1988) and shows a
dose response to toxic chemicals (Evenson et al., 1985;
Evenson, 1989). The data presented here for both Zn-
deficient and Si-high diets are similar to those seen in
response to toxic chemicals (Evenson et al., 1989a,b).
Furthermore, abnormalities observed in chromatin
structure for Zn-deficient and Si-high diets are consis-
tent with male infertility.

Implications

This study demonstrates that a Zn-deficient diet
has negative effects on testicular function and sperm
chromatin structure of rats. These effects are coun-
tered by addition of dietary Si, which probably
interacts by potentiation and antagonistic mechan-
isms, respectively. A high-Si diet also disrupts sper-
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matogenesis, but the effect seems to be less than that
attributed to a Zn-deficient diet. Appropriate dietary
Zn levels are important for efficient breeding poten-
tial.
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