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Summary. The incidence of selective fertilization in rabbits was evalu-
ated on the basis of the proportion of degenerating, fertilized eggs
recovered 40 to 50 hr after X-irradiation of one part of a mixed in-
seminate. The results so obtained accord with our earlier observations
on the proportion of colour-marked offspring.

Labelling of living spermatozoa with fluorescein isothiocyanate was
used to establish the identity of spermatozoa recovered from the female
tract and/or associated with eggs following mixed inseminations. Little
difference in the proportion of the two sperm populations present in the
female tract was apparent 6 hr after insemination but, by 13 hr, the
spermatozoa of the superior buck predominated in all segments of the
tract. Moreover, a higher proportion of the spermatozoa found in
association with the eggs was contributed by the superior buck following
either intravaginal or intratubal mixed insemination 10 hr before
ovulation.

Although one factor in selective fertilization is a differential survival
of the two sperm populations, compensation for this factor by intratubal
deposition of equivalent numbers of active uterine spermatozoa did
not raise the level of fertilization achieved by the inferior buck. It
seems likely, therefore, that differences may exist between spermatozoa
with regard to their speed of penetration of the egg membranes.

INTRODUCTION

Hitherto, studies on selective fertilization have been limited by lack of obser¬
vations on eggs shortly after fertilization and the necessity ofselecting genetically
distinguishable semen donors. Generally, paternity has only been established
at term and the results, therefore, do not necessarily describe the position at
fertilization.

The effects of X-irradiation on rabbit spermatozoa have been studied on a
number of occasions (Amoroso & Parkes, 1947; Chang, Hunt & Romanoff,
1957; Nuzhdin & Nizhnik, 1960; Bedford & Hunter, 1968). Following mixed
insemination of equal volumes of X-irradiated and non-irradiated semen from
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the same ejaculate, Bedford & Hunter (1968) observed that the fertilizing
ability of spermatozoa was not affected until doses of 15,000 R were adminis¬
tered. Determination of the source of the fertilizing spermatozoon was possible
within only 48 to 50 hr following the ovulating injection since eggs fertilized by
irradiated spermatozoa never cleaved more than twice whereas normally
developing eggs had reached eight cells or more. Thus, X-irradiation of one

semen sample at dose levels of 6000 to 10,000 R can be used as a means of
identifying the source of the fertilizing spermatozoon after mixed insemination
(Bedford, personal communication).

The treatment of living spermatozoa with fluorochromes such as acridine
orange (Bishop & Austin, 1957; Bishop & Smiles, 1957) tetracycline HC1
(Ericsson, 1967) or fluorescein isothiocyanate (Mellish, Baker & Moxley,
1968) has been previously reported. In the case of labelling with fluorescein
isothiocyanate, Mellish et al. (1968) observed no decrease in penetrating or

fertilizing capacity of boar spermatozoa conjugated with this dye. Although
the motility of the conjugated spermatozoa was reduced, 48% of spermatozoa
associated with the eggs fluoresced 36 hr after mixed insemination with equal
numbers of conjugated and unconjugated spermatozoa.

The use of these techniques, either separately or in combination, provides a

means whereby one can assess the source of a fertilizing spermatozoon as well
as identify spermatozoa recovered from the female tract or associated with the
egg. The present paper describes experiments which have utilized both X-
irradiation and fluorochrome conjugation to elucidate possible mechanisms of
selective fertilization with particular reference to sperm transport and viability
in the tract of the female rabbit.

MATERIALS AND METHODS

Sperm collection and treatment
Semen was collected with an artificial vagina from three Albino (Strain A)

bucks (A-3, A-4 and A-8) and one Dutch belted buck D-l, which were rested
for a period of 7 days before an experiment.

Aliquots were withdrawn from each semen sample for estimation of sperm
concentration and the remainder was divided into two equal parts, which
constituted treated and untreated samples. Treated samples were subjected
to X-irradiation or conjugation with fluorescein isothiocyanate (FITC) within
1 hr of collection.

When X-irradiation was employed, the semen samples were placed in 5-ml
Carrel flasks and irradiated with 6000 R at a dose rate of500 R/min. Untreated
control samples were similarly handled but were not irradiated. Semen samples
were conjugated with FITC (BDH Chemicals) by diluting with acidic saline
(Hammond, 1949) containing 5% rabbit serum, 0-25% glucose, and 10 ~6 g of
FITC/106 spermatozoa. Untreated semen was similarly diluted with 5 % serum
acidic saline only. Both treated and untreated samples were immediately
layered on to five times their volume of 10% Ficoll (Pharmacia, Uppsala) in
physiological saline in conical centrifuge tubes and then centrifuged at 2000
rev/min for 10 min. The supernatant was discarded and the sperm pellets
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resuspended in 5% serum acidic saline by gentle aspiration with a Pasteur
pipette. As soon as possible after treatment, both samples were diluted gradually
with 5% serum acidic saline to a concentration of 50 to 100  IO6 spermatozoa/
ml of fluid ; aliquots were transferred to a haemocytometer cell for motility
estimates on the basis of which, replicate mixtures were prepared for insemi¬
nation.

Insemination of sperm samples
For a single pairing of two bucks, treated and untreated samples were mixed

with like numbers ofmotile spermatozoa from the untreated and treated samples
of the second buck respectively. For a single experiment, therefore, each buck
contributed a treated population, with each of the two resulting mixtures being
inseminated into one or two does.

Mixed spermatozoa containing 10 to 150  106 spermatozoa in 0-5 ml of fluid
were inseminated intravaginally into thirty-six does. In experiments involving
intratubal insemination, semen samples were diluted with 5% serum acidic
saline before mixing to achieve final concentrations of 2 to 4xl05 motile
spermatozoa in 0-02 ml. These suspensions were deposited into the isthmus of
the oviducts of twelve does byway of the utero-tubal junction. Final corrections
for sperm motility were often necessary to balance samples for insemination,
but, where differences between the two samples in the proportion of motile
spermatozoa were greater than 25% before mixing, the experiments were
discontinued.

When spermatozoa incubated in the uterus were used for insemination,
5 to 20  106 spermatozoa in 0-2 ml from either treated or untreated samples
were deposited into the uterine horns of twelve does at laparotomy. Each horn
of the incubating doe was flushed 12 to 13 hr later at autopsy or laparotomy.
Following centrifugation at 1500 rev/min, the concentrated sperm suspensions
were scored for motility and replicate insemination mixtures were prepared as
for ejaculated spermatozoa. Suspensions of 1 to 10  104 motile spermatozoa were

deposited in 0-01 ml of fluid to a depth of 2 to 4 cm by way of the tubai ostium
of twelve does.

Ovulation was induced by the intravenous injection of 25 i.u. hcg (Lutor-
mone, Burroughs Wellcome) given either at the time of intratubal or intra-
vaginal insemination of ejaculated spermatozoa, or 13 hr before the intratubal
insemination of spermatozoa incubated in the uterus. It is assumed that ovu¬
lation occurred 10 hr after this injection. In those experiments where differential
fertilization was evaluated following the intravaginal deposition of semen, one
halfof the does inseminated were treated with a saline suspension ofan acetone-
extracted horse anterior pituitary preparation to induce superovulation (Pincus,
1940).
Recovery and examination of gametes

Spermatozoa were recovered from the tracts of twelve rabbits at autopsy
either 6 or 13 hr after intravaginal insemination with balanced mixtures of
FITC-conjugated and untreated spermatozoa. Each tract was separated into
cranial and caudal uterine halves and oviducts. These portions of the tract were
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flushed individually with 2 ml 0-9 % NaCl solution alternately from each end so
that the washings for each segment totalled approximately 4 ml. A drop of
detergent (Teepol diluted 1 in 5000) was added to facilitate sperm recovery
before centrifugation at 2000 rev/min for 10 min. The sperm content in each
concentrated washing was estimated by multiple haemocytometer counts and
an aliquot of the suspension was mounted between a glass slide and coverslip
for differential counting under u.v. illumination.

Eggs were recovered by flushing the oviducts with 2 ml 0-9% NaCl solution
either at laparotomy or at autopsy 40 to 50 hr after hcg when X-irradiated
spermatozoa were inseminated, or 18 hr after hcg when FITC-conjugated
spermatozoa were inseminated. Eggs were mounted between a glass slide and
coverslip for evaluation ofcleavage and estimation ofthe number ofspermatozoa
in the zona pellucida and perivitelline space ('extra' spermatozoa), following
which, they were squashed to permit more accurate counts. Spermatozoa
adhering to the surface of the zona pellucida after squashing were regarded as

being in contact with the zona pellucida, while those released into the surround¬
ing fluid were scored as being in the perivitelline space.

Both spermatozoa and eggs were examined by phase contrast and then with
transmitted fluorescence optics (Exciter filter BG 12/4, Barrier filter 50) on a

Zeiss photomicroscope.
Statistical analysis

For each doe, the model was proposed that, with probability P, an egg would
be fertilized by a spermatozoon of the Dutch buck and with probability 1

—

P,
an egg would be fertilized by a spermatozoon of the Albino buck, independent
of all other eggs. For the purpose of analysis, any possible maternal interaction
was ignored.

A point estimate for  in the form of the maximum likelihood estimate,  
was found, and where possible a 95 % Bayesian confidence interval for  was
obtained to show whether or not  was significantly different from 1/2. In cases

where p was 1, an exact test quickly demonstrated significance.
When mixed populations of spermatozoa were recovered from the female

tract for analysis or when 'extra' spermatozoa (those present in the zona pellu¬
cida or perivitelline space) were counted, the ¿-statistic was utilized to determine
whether significantly greater numbers of Dutch spermatozoa were observed
than Albino spermatozoa. A 99% confidence interval was calculated for the
mean of the distribution of X where :

= log10
-

No. of Dutch spermatozoa counted
No. of Albino spermatozoa counted J

In those cases where no Albino spermatozoa were recovered, the datum was

omitted from analysis in the knowledge that its inclusion would only strengthen
any result of significance.

Both the sign test and the Wilcoxon matched-pairs signed-ranks test were

applied to the data obtained on extra spermatozoa following intratubal
insemination of spermatozoa incubated in the uterus. These methods were used
further to confirm the results of t tests applied to data on 'extra' spermatozoa
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following intravaginal and intratubal insemination with ejaculated spermatozoa.

RESULTS
The effect of X-irradiation or conjugation with FITC on spermatozoa

When spermatozoa were X-irradiated at a dose of 6000 R and inseminated
intravaginally into four does, none of the eggs recovered 40 to 50 hr later had
undergone more than two cleavage divisions. Transfer of cleaved eggs to the
oviducts ofsynchronous pseudopregnant recipients confirmed that development
in these eggs was permanently arrested since only fragmented and degenerating
eggs could be recovered 48 hr later.

At the time of observation, whether shortly after treatment or up to 50 hr
following insemination, spermatozoa conjugated with FITC invariably showed
a green fluorescence in the region of the midpiece and occasionally a less
pronounced fluorescence in the head region under u.V. illumination. Following
conjugation with FITC, any decrease in sperm motility was attributable to the
handling technique since the untreated controls were similarly affected.
Occasionally, handling procedures were observed to have a differential effect
on sperm motility. In these cases, which were excluded from the results, the
experimental procedures appeared to be more detrimental to the spermatozoa
of the inferior male.

Fertilization and penetrationfollowing mixed intravaginal insemination
Following intravaginal insemination of mixed X-irradiated and untreated

samples from Buck A-4 and any one of three other bucks, the inferiority of this
buck in terms of numbers of eggs fertilized was demonstrated in two of three
pairings (Table 1 ). These results are combined with those of an earlier study
(Overstreet & Adams, unpublished) in Text-fig. 1.

When eggs were examined following intravaginal insemination ofmixtures of
FITC-conjugated and untreated spermatozoa from Bucks D-l and A-4, there
was a range of penetration from 1-0 to 36-4 spermatozoa/egg. The superior
buck (D-l) consistently contributed the majority of the 'extra' spermatozoa
although in only two does did the spermatozoa of the inferior buck fail to
penetrate at least one of the eggs (Table 2).
Sperm distribution in the female tract following mixed insemination

The numbers of spermatozoa recovered from various regions of the female
tract 6 hr and 13 hr after intravaginal insemination of like sperm numbers from
Bucks D-1 and A-4, as well as the proportion of these spermatozoa contributed
by each buck, are given in Table 3. The number of spermatozoa contributed
by each buck 6 hours after insemination was approximately the same in both
cranial and caudal uterine segments. By 13 hr, however, the spermatozoa of
Buck D-l predominated in every segment of the eight tracts examined. In the
two cases where spermatozoa were recovered from the oviducts for counting,
the predominance of Dutch spermatozoa was consistent throughout the tract.
Treatment of the total numbers of spermatozoa from both bucks recovered at
6 hr and 13 hr as a '2x2 contingency Table' and application of a standard
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Selective fertilization in the rabbit 225

 1 test showed a very highly significant difference in the ratio ofspermatozoa from
Buck D-l to spermatozoa ofA-4 in the uterine populations recovered 7 hr apart.

D,— 79°/

Text-fig. 1. The incidence of selective fertilization in a group of twelve bucks. Arrows
join bucks paired in double matings, and point away from the superior buck.

Table 2
distribution of extra spermatozoa in the eggs of does following insemination

of equal numbers of spermatozoa from bucks d-l and a-4

Doe no.

No. of
ovulations

No. of
eggs recovered

No. of extra sperm.
Dutch Albino

Dutch/Albino
sperm. ("/„)

Mean no. of extra
sperm./egg

181
220
217
197
196
224
223
227

10
8

12
13
14
10
12
11

5
3
9
6
8
9

10

21
8

306
6

86
66
17
52

1
0

21
0

12
6
1
1

95-4
100
93-6

100
87-8
91-7
94-4
98-1

4-4
2-7

36-4
1-0

12-2
80
1-8
6-6

Total 90 58 562» 32 94-9 10-2

The spermatozoa of one buck were labelled in vitro with FITC (100 to 150  106 spermatozoa
inseminated).

* 99% confidence interval for significantly greater numbers of Dutch spermatozoa (0-98, 1-46).

Fertilization and penetration following mixed intratubal insemination
Intratubal insemination of equal numbers of motile spermatozoa, either as
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ejaculated spermatozoa 10 hr before the time ofovulation or as uterine sperma¬
tozoa 3 hr after ovulation, did not raise the level of fertilization achieved by the
inferior buck, A-4 (Table 4). In the majority of cases following intratubal
insemination with ejaculated spermatozoa, the proportion of extra spermatozoa
contributed by Buck A-4 was not significantly increased, although the total
mean number of spermatozoa per egg was generally higher (Table 5). In eggs
recovered from does inseminated after the time of ovulation with equivalent
numbers of motile uterine spermatozoa, the proportion of extra spermatozoa
contributed by Buck A-4 was not significantly different from that of Buck D-l,
although the Dutch buck fertilized the majority of eggs (Table 6).

Table 3
sperm recovery from the female tract following intravaginal
insemination with equal numbers of spermatozoa from bucks d-1 and a-4

No. of hr after
mixed

insemination

6
6
6
6

Mean

13
13
13
13
13
13
13
13

Mean

No. ofsperm, recovered (  IO3)
Caudal Cranial Tubes
uterus uterus

27
318
225

12
145

32
25
91

1
37

24
110
27

428
1410
268
448
460
397

31
11
19

238
558
154
200
143
577

2-600
6-500
1-125
8-225
6-000
0-750

11-500
0-375
4-634

No. of sperm,
counted

Dutch Albino

192
302
270
118
220

308
298
330
193
282

37
84
77

170
470
491
516
543
298

8
14
24
32

155
109
89
57
61

Proportion of Dutch sperm.
(%)

Caudal
uterus

Cranial
uterus

Tubes

41
51
42
36
42

36
49
48
48
45

78
81
78
76
70
77
89
90
80

92
91
75
91
79
87
83
90
86

88
88

88

The spermatozoa of one buck were labelled in vitro with FITC before the semen was mixed
(100 to 150  106 spermatozoa inseminated). 99% confidence interval for significantly greater
numbers of spermatozoa of Buck D-l at 13 hr (0-59, 0-80).

DISCUSSION
The results obtained in the present experiments, where identification of the
fertilizing spermatozoon could be made when only a few cleavage divisions had
occurred, are in line with our earlier observations based on genetic 'colour
markers' at term (see Text-fig. 1 ). When the incidence of selective fertilization
was examined among bucks of the same breed (A-3, A-4, A-8), the results
failed to demonstrate selective fertilization between pairs of bucks which were
both either consistently superior or inferior in other pairings (Table 1 ; Text-
fig. 1). These findings support the conclusion of Napier (1961) that mixed
litters tend to result only when bucks paired for insemination contribute
spermatozoa of equal quality.
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Table 5

distribution of extra spermatozoa in the eggs of does
following intratubal insemination of equal numbers of

spermatozoa from bucks d-l and a-4

Doe

181
232
228
234
214
233
249
256
251
239

70

Group
total

No. of
ovulations

6
5
6
8

13
4
8
4
7

84

No. of eggs
recovered

3
5
2
5

11
4
8
4
4
5
6

58

No. of extra sperm.
Dutch Albino

150
442

5
282
213

12
44
21

676
3099
2259

6775*

19
63

0
47
20
17
27

3
17
85
69

367

Mean no. ofextra
sperm./egg

56
101

2
66
21

6
9
8

173
637
388

123

The spermatozoa of one buck were labelled in vitro with FITC.
* 99% confidence interval for significantly greater numbers of Dutch

spermatozoa (0-64, 1-23).

Table 6
distribution of extra spermatozoa in the eggs of does
following deposition into their tubes of equal numbers

of motile spermatozoa from bucks d-l and a-4

Doe no.

238
232
222
237
245
235
246
247
244

Group
total

No. of
ovulations

6
9
4

10
10
6

11
11
8

75

No. ofeggs
recovered

6
7
4

10
8
5
7

61

No. of extra sperm.
Dutch Albino

14
0
0
0
1
1
0

27*

3
2

13
6

14
3
1

61*

Mean no. of
extra sperm./egg

1-0
1-4
6-7
0-6
1-7
1-7
0-3
2-4
0-7

1-4

Spermatozoa were recovered for insemination from the uteri of does
inseminated surgically 12 hr earlier. The spermatozoa of one buck were
labelled in vitro with FITC. Buck D-l fertilized 90% of the thirty eggs which
were examined to establish the source of the fertilizing spermatozoon.

* Not significantly different.

Assessment of the relative contribution of two bucks (A-4 and D-l) to the
extra spermatozoa in the eggs ofdoes inseminated with mixed sperm suspensions
10 hr before ovulation revealed a much higher proportion contributed by the
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superior buck (D-l) than would be expected on the basis of the equal sperm
numbers inseminated (Table 2). It appears unlikely that a difference in the
efficiency of sperm transport alone could be responsible for these results since
intratubal insemination 10 hr before ovulation did not increase either the pro¬
portion of eggs fertilized or the proportion of extra spermatozoa contributed
by the inferior buck (Tables 2 and 4).

When like numbers of spermatozoa from Bucks D-l and A-4 were insemina¬
ted intravaginally in a mixed suspension, the numbers ofspermatozoa recovered
from the cranial and caudal halves of the uterus 6 hr after insemination were

about the same for either buck. However, by 13 hr after insemination, this ratio
had changed and a majority of the spermatozoa recovered from all segments of
the tract was contributed by the superior buck, D-l (Table 3). These obser¬
vations, together with those on selective fertilization following intratubal
insemination of ejaculated spermatozoa suggest a higher mortality of the sperm
population contributed by the inferior buck both in the uterus and in the ovi¬
duct.

The loss of spermatozoa from the female tract has been studied in a number
of species. Mechanisms of sperm loss which have been demonstrated include
voiding to the exterior (Blandau, 1945; Austin, 1957; Reid, 1965a, b), passage
into the peritoneal cavity (Asplund, 1952; Rowlands, 1958; Edgar & Asdell,
1960; Home & Thibault, 1962; Mattner & Braden, 1963), absorption and
dissolution by the tract (Blandau & Odor, 1949; Austin, 1960; Rigby, 1964)
and phagocytosis by leucocytes, a subject which has been recently reviewed by
Haynes (1967).

In the rabbit, selective phagocytosis has been demonstrated by Bedford
(1965) in the pseudopregnant uterus where only spermatozoa with damaged
acrosomes and/or damaged head membranes were ingested. He suggested that
a change in the surface membrane of the spermatozoa occurs in the oestrous
uterus which renders the intact spermatozoon in that environment acceptable
to uterine leucocytes. Leucocytic response in the tract of the female rabbit has
been observed to begin by 3 hr after sperm deposition, but a marked response
was not elicited until 8 hr, when phagocytosis began (Howe, 1967). It appears
that the difference in fertilization, as demonstrated with this particular pair of
bucks, is the direct result of a differential mortality of the two sperm popu¬
lations in the female tract, and possibly preferential removal of the one sperm
population by phagocytosis. Whether the sperm mortality resulted in or from
phagocytosis has not been determined.

That the inferior buck was fully fertile when his spermatozoa were deposited
alone is somewhat surprising since, on the basis of the presence of extra sperma¬
tozoa in the eggs following mixed intravaginal insemination, it appears unlikely
that this buck would have sired more than 40% litters of normal size (Table 2).
However, following intratubal insemination, the distribution of spermatozoa in
the eggs was sufficient to ensure full fertility (Table 5).

A mechanism by which the semen of the superior buck could contribute to
the lability of spermatozoa from the inferior buck is not apparent. Previous
reports of the effect on spermatozoa of homologous seminal plasma have
differed in their interpretation of its effect. Werthessen, Marden, Haag &
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Goldzieher (1957) claimed that seminal fluids of various stallions differ in their
ability to maintain sperm motility, and Campbell & Jaffé (1958) likewise
reported that mixed semen samples from bulls showed lower motility than the
best of the unmixed controls. These observations contrast with those of Hess,
Ludwick, Rickard & Ely (1954), who reported that mixing of semen samples
resulted in improved motility and percentage of 'live' spermatozoa and an

apparent increase in conception rates. Dott & Walton (1958) could find no

change in agglutination, percentage of'live' spermatozoa or sperm abnormalities
after mixing bull semen samples and concluded that the apparent increase in
activity following mixing could be an experimental artifact. Similarly, Napier
(1961) reported no change in the viability of rabbit spermatozoa suspended
in the seminal fluid of other bucks. In the present experiments, it was not
possible to demonstrate any effect of the semen from Buck D-l on the motility
or staining properties of the spermatozoa of those bucks to which D-1 was

superior.
Significantly, when spermatozoa from the cauda epididymidis of Buck D-1

were deposited in mixed intravaginal insemination with equivalent numbers of
epididymal spermatozoa from either Buck A-4 or A-8, D-l sired more than 90 %
of the offspring (Overstreet, unpublished observations.) Thus, it appears
unlikely that accessory gland secretions contributed to any significant extent to
the inferiority of these bucks.

The result obtained when comparable numbers of active uterine sperma¬
tozoa were placed at the site of fertilization suggests no difference between the
populations in their ability to contact and initiate penetration of the zona

pellucida (Table 6). Nevertheless, intratubal insemination was unsuccessful in
raising the proportion of eggs fertilized by the inferior buck (Table 4). The
possibility that this bias could result from an inability of the inferior spermatozoa
to traverse the zona pellucida is not supported by the positive results on the
fertility of semen from this buck in single inseminations. In this case, mean
litter sizes of 6-7 and 4-7 were recorded when insemination took place at the
time of, or 10 hr after, the injection of hcg.

The present results could be explained if spermatozoa of individual bucks
differ in the rate at which they can traverse the barrier presented by the granu¬
losa cell investment, the zona pellucida and/or vitelline membrane. Providing
a certain minimum number of such spermatozoa are present, they would tend
to fertilize a majority of the eggs regardless of their ratio to the other spermatozoa
at the site of fertilization. Bucks contributing sperm populations with such an

advantage would be expected to produce a high proportion of one-sire litters,
as has been often observed in the rabbit (Napier, 1961 ; Overstreet & Adams,
unpublished). Such a hypothesis would also explain the apparent lack of
correlation between superior fertility and sperm numbers that we have observed
following the insemination of controlled numbers of spermatozoa from two
males.
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