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INTRODUCTION

Many rodents, particularly of the suborders Caviomorpha and
Myomorpha, possess unusually well-developed and elaborate male
accessory reproductive glands. Murids (sensu Hooper and Musser,
1964), especially, display the largest and most complex glandular
complements: three to four distinct and conspicuous prostatic lobes
may be present, vesicular glands (==seminal vesicles) are very large,
and bulbo-urethrals and ampullaries are prominent (Price and
Williams-Ashman, 1961; Arata, 1964). The problem this remarkable
glandular development poses the evolutionary biologist was sum-
marized succinctly by Asdell (1966:2):

“The seminal vesicles and bulbo-urethral glands are absent in
Carnivora and Cetacea, while they are highly developed in
Rodentia. In the latter order, too, the prostate has under-
gone a high degree of differentiation. One wonders about
these adaptations, if they may be so named. Carnivores do
without some of the accessory organs while in the rodents
they are highly developed. What biological significance have
they? Their removal in some of the species in which they are
well developed has little effect upon fertility.”
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Less widely known is that considerable variation in these organs
exists among rodents. Price (1963:1) noted that “Variability in the
glands represented exists even between families within orders [of
mammals]”’, yet Arata (1964) found a great diversity of glandular
types among some North American murid genera, and Linzey and
Layne (1969) demonstrated considerable differences in accessory
gland complements among species of the genus Peromyscus.

In the course of a study of the comparative gross morphology of
male accessory glands in neotropical murids (Voss and Linzey, in
preparation), I became interested in the selective pressures respon-
sible for the complexity and variability of this organ system. Here
I review relevant aspects of the large and diverse literature on rodent
reproductive physiology, anatomy, behavior and ecology, and indi-
cate which adaptive considerations seem likely to have been most
important in the evolution of rodent accessory glands and their
secretory products.

MALE ACCESSORY GLAND SECRETIONS

The only function of mammalian male accessory glands is secre-
tion of the seminal plasma (Price and Williams-Ashman, 1961), and
yet a bewildering variety of organic and inorganic substances is
produced. To list all of these and their hypothesized roles in fertil-
ization is beyond the scope of this paper; excellent reviews are
provided by Barnes (1972), Mann (1964, 1974) and Price and Williams-
Ashman (1961). Little agreement exists as to the significance of any
chemical present in semen. As noted by Asdell (1966, see above) and
demonstrated by Greenstein and Hart (1964), removal of some
glands has no detectable effect on fertility or fecundity. None of the
known products of mammalian accessory glands appear necessary
for fertilization if artificial measures are taken to ensure contact
between sperm and egg (Barnes, 1972; Mann, 1964), so capacitation
of spermatozoa seems ruled out. Functions most commonly assigned
the many components of seminal plasma are listed below; all are
subsumed under the universally accepted primary role of this fluid,
that of providing a mechanically and physiologically optimal medium
for sperm delivery. Substances present in mammalian seminal plasma
may (1) provide nutrients for the spermatozoa, (2) adjust the
reduction-oxidation potential of the semen, (3) maintain osmotic
balance in the semen, (4) maintain proper pH in the semen, or
(5) stimulate smooth muscle contractions of the uterus (Mann, 1964;
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Bishop, 1961). These functions, however, are of such general impor-
tance that none may be considered unique to rodents, nor expected
to vary appreciably between related species. Indeed, substances
usually identified with these roles are of widespread occurrence in
the semens of other mammalian orders, and their secretion seems
thus unlikely to have been responsible for the elaboration of rodent
aacessory gland complements. This is not to say that rodents may
not accomplish these ends differently or more efficiently than other
mammals, but only that the degree of development of glands and
the diversity of glandular types in the order imply the existence of
additional seminal functions, more or less peculiar to rodents, which
vary between some species and are of substantial importance for
successful reproduction. The only known function of rodent accessory
gland secretions that satisfies the above criteria is the formation of
a hard plug that remains in the female tract after copulation.

So-called copulatory plugs do not at first appear restricted to
rodents, but have been reported also in some bats, insectivores, pri-
mates and marsupials (for an early review see Engle, 1926b). These
vaginal occlusions differ from rodent plugs in many important details,
however. Rodent copulatory plugs are typically hard, rubbery or
waxy in consistency, and are the exclusive product of male secretions.
Specifically, the rodent plug forms as the result of two denaturation
reactions between proteins secreted by the enlarged vesiculars and
anterior prostates (Walker, 1910; Speyer, 1959):

1) procoagulase 4  vesiculase————— 3 coagulase

(vesicular) (anterior prostate)
2) coagulase 4+  coagulinogen » coagulated
(vesicular) protein

By contrast, the vaginal plugs of some vespertilionid bats consist of
cornified epithelial cells of the upper vagina shed after mating (data
summarized in Eadie, 1948; Kitchener, 1975), while the plug of
Rhinolophus (Rhinolophidae) is formed from the coagulated secre-
tions of male urethral glands (Racey, 1975). The gelatinous plug of
Didelphis results from coagulation of vaginal secretions by the ejac-
ulate (Hartman, 1924), and the paste-like plugs of some insectivores
derive from secretions of prostates of uncertain homology and the
bulbo-urethrals (Eadie, 1948). Coagula found in the ejaculates of
some primates may be produced by homologues of rodent vesiculars
and anterior prostates (Von Wagenen, 1936), but appear to disin-
tegrate considerably in vivo (Blandau, 1973; Tinklepaugh, 1930),
which is not a characteristic ol rodent plugs.
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Copulatory plugs are common and widespread in rodents; rodent
species listed as plug-secreting by Asdell (1964) include representa-
tives of nine families in four suborders. That very similar reactants
secreted by apparently homologous glands account for plug forma-
tion in guinea pigs (Caviidae, Caviomorpha) and domestic rats (Mur-
idae, Myomorpha) (Mann, 1964; Walker, 1910) argues the early
acquisition of this biochemical process in rodent phylogeny. Only a
handful of murids, to be discussed in more detail below, are known
not to secrete copulatory plugs. These species possess reduced or
modified glandular complements (Hartung and Dewsbury, 1978), an
observation corroborating the hypothesis that plug secretion is an
important function of rodent accessory glands.

COPULATORY PLUGS IN RODENTS: THE HYPOTHESES

The observed properties of rodent copulatory plugs (below) and
knowledge of the biochemical reactants that produce them indicate
that the plug is an evolved adaptation and not a fortuitous effect of
normal reproductive-physiological processes — but an adaptation for
what? Five functions of rodent copulatory plugs have been suggested
in the literature. Plugs may (1) permit a gradual release of sperma-
tozoa within the female tract as they disintegrate (Asdell, 1946),
(2) prevent leakage of spermatozoa from the vagina (Leuckart, 1847),
(3) induce pseudopregnancy in the female (Long, 1919), (4) transport
sperm through the cervix (Blandau, 1945), or (5) prevent subsequent
insemination of females by other males (Martan and Shepherd, 1976).
These hypotheses are considered individually below.

SPERM STORAGE — Asdell (1946:31) believed the copulatory plug to
be “. .. conducive to fertilization as it permits a gradual release of
spermatozoa as it disintegrates.” Asdell presumably envisioned a
sperm-storage role for plugs, advantageous when the time of ovula-
tion is uncertain; inert spermatozoa are longer-lived than free-
swimming sperm in the female tract (Asdell, 1946; Bishop, 1961).
Credence is lent this hypothesis by the observation that, while many
rodents are spontaneous ovulators in which periods of female recep-
tivity (heats) are synchronized with the release of ova (Conaway,
1971), the onset of heat and of ovulation do not correspond exactly,
and the resulting hiatus may be of appreciable length. The few
relevant data are summarized in Table 1. As can be seen, ovulation
does not coincide with the onset of female receptivity in the four
species for which such information is available, but follows after



REPRODUCTIVE CHARACTERISTICS OF FOUR SPECIES OF RODENTS.

TABLE 1. See text for discussion.
time from e . . tenure of
length the onset ferdlization life of: the copula-
of of heat to tory plug in
species heat ovulation ovum sperm (in the female sources
female tract) tract
Asdell, 1964
Mesocricetus 13-26 hours 8-9 hours 6-13 hours 7 hours extruded Blandau, 1969
auratus “rather Kent, 1968
soon” after Bentley and
copulation Soderwall, 1939
Asdell, 1964
Rattus 137+ 45 8-11 hours 10-15 hours 14 hours 12-24+ hours Long and Evans,
norvegicus hours average: 1922
12-18 hours Lisk, 1969
Soderwall and
Blandau, 1941
Asdell, 1964
Mus musculus about 12 2-3 hours 15 hours 6 hours 18 hours - Blandau, 1969
hours (variable) two days Snell, 1956
Parkes, 1926
Merton, 1939
Martan and
Cavia 6-11 hours 10 hours 8-26 hours 20-22 hours 9.5-18 hours Shepherd, 1976
porcellus in 909, of Asdell, 1964
all cases Stockard and

Papanicolaou,

1919
Soderwall and

Young, 1940
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intervals of two to eleven hours. In three species, however, these
intervals are exceeded by the fertile life of spermatozoa in the female
tract; of the four, only a male Mesocricetus would thus appear to be
incapable of fertilizing ova if copulation occurred during the first
hour or two of heat. Copulatory plugs are also widespread in induced
ovulators of the genus Microtus which generally shed ova about ten
hours after copulation (Cross, 1972; Richmond and Conaway, 1969a),
but the fertile lives of spermatozoa in the female tracts of these
species are unknown.

The data in Table 1 are not entirely consistent with Asdell’s (1946)
hypothesis, but it could be argued that since sperm viability decreases
with time, the gradual release of fresh sperm from a disintegrating
plug could still increase male fertility, particularly if matings fre-
quently occur at the onset of heat. Observations on the consistency
of the plug in the female tract, however, lend no support to this
interpretation, nor, in fact, to any version of the sperm-storage
hypothesis. Descriptions of copulatory plugs consistently omit any
mention of the disintegration to which Asdell (1946) alludes; eventual
dislodgement is effected, not by any deterioration of the plug itself,
but by an involved process of delamination of outer, cornified layers
of the vaginal epithelium (Engle, 1926a; Long and Evans, 1922;
Parkes, 1926; Stockard and Papanicolaou, 1919). Asdell (1964) cites
Parkes (1926) as reporting plug disintegration in Rattus norvegicus;
no such statement is, in fact, made by Parkes, and I can only con-
clude that Asdell is in error here. Koren et al. (1974, 1975) discovered
that a collagen-like peptidase (CLP) secreted by the spermatozoa of
Homo, Bos and Rattus is capable of degrading, in wvitro, proteins
secreted by the rat vesicular gland that normally interact with an-
terior-prostatic vesiculase to form the copulatory plug. Vesicular pro-
teins incubated with CLP did not coagulate when vesiculase was
subsequently added. Koren et al. (1975: 495) concluded “. . . it seems
reasonable to suppose that this enzyme [CLP] may assist spermatozoa
to escape from the plug post coitum.” These authors did not show,
however, that spermatozoa really are released from copulatory plugs,
nor that CLP is capable of lysing the plug coagulum once it is formed.
Martan and Shepherd (1976) placed fresh copulatory plugs in the
vaginas of receptive but unmated female guinea pigs; none of the
females conceived, and these authors concluded that sperm storage
is an unlikely function of the plug in this spontaneously ovulating
species. Live spermatozoa trapped in the plug matrix appear never
to be freed (Blandau, 1969, 1973; Engle, 1926a), and their presence
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there seems best attributed to a fortuitous mixing of glandular secre-
tions with part of a fluid, pre-plug sperm packet. The presence of
such a sperm-containing, non-coagulating fraction of the ejaculate
is suggested by the abundance of spermatozoa in uterine fluids 60
seconds after copulation in domestic rats (Hartman and Ball, 1930),
and by direct observations of the ejaculates of domestic rats (Long
and Evans, 1922) and guinea pigs (Engle, 1926a; Walton, 1960).

SPERM LEAKAGE — Leuckart (1847; cited in Stockard and Papani-
colaou, 1919) was apparently the first to suggest that rodent copu-
latory plugs function in preventing leakage of sperm from the vagina,
an hypothesis which has subsequently gained wide acceptance (e.g.
Long and Evans, 1922; Mann and Lutwak-Mann, 1951). It is curious,
however, that no direct evidence apparently exists to indicate that such
leakage actually obtains for rodents. Prevention of sperm leakage is
an unlikely role for the plugs of Mus musculus, Rattus norvegicus
and Mesocricetus auratus since in these species the spermatozoa are
not deposited in the vagina at ejaculation, but in the uterus, where
they are retained by a sphincter-like action of the constricted cervix
(Blandau, 1973). Blandau and Odor (1949) found few sperm in
vaginal washings of mated female domestic rats versus 31-85 X 108
spermatozoa retained by the cervix in the uterine cornua. Similarly,
dye injected into the uteri of domestic rats does not appear in the
vagina while the cervix remains constricted during heat (Blandau,
1945). Rugh (1968:46) asserts of Mus musculus that “Some semen
passes out through the cervix, but since the vaginal plug may persist
for several days, more remains in the uterus.” Since Rugh provides
no procedural details, it is unclear whether an actual observation is
being reported or conventional wisdom repeated. Martan and Shep-
herd (1976) removed the copulatory plugs from six female guinea
pigs immediately after copulation. The cervix is not constricted in
this species, but remains open throughout heat. Five of the six females
conceived normal-sized litters. This result in a species whose anatomy
might lead one to expect sperm leakage to be important lends little
support to Leuckart’s (1847) hypothesis.

Land and McGill (1967) reported a reduction in fertility of female
domestic mice when copulatory plugs were removed immediately
after copulation, but did not comment on what factors might have
been responsible for the effect. This could be taken as evidence sup-
porting the sperm leakage hypothesis, but sperm loss was not docu-
mented. These same authors noted that plug removal was difficult,
and the trauma of removing plugs introduces additional variables
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known to reduce fertility in other murids. Adler and Zoloth (1970)
found that direct stimulation of the cervix soon after copulation
reduces uterine sperm counts and numbers of implanted zygotes in
Rattus norvegicus; such stimulation must attend plug removal, and
may account for Land and McGill’s (1967) results. A control group
of mice in which plugs are comparably agitated but not removed
might yield more readily interpretable data if these experiments are
repeated in the future.

I am not aware of any morphological evidence to suggest that
sperm leakage should be any more of a problem for rodents than
for other mammals which do not secrete plugs. Sperm leakage is
not an easy phenomenon to observe, nor, having been observed, can
it easily be said that a selective advantage necessarily accrues to its
prevention; the gametic profligacy of male mammals is such that the
loss of a few million sperm may have no real effect on fertility. Little
can be said for an evolutionary hypothesis which assumes a selective
pressure that has never been shown to exist.

PsEuDOPREGNANCY INDUCTION — Following ovulation in mammals,
the ruptured Graafian follicle forms the corpus luteum, an endocrine
organ which secretes progesterone, thereby maintaining the uterine
linings in a highly vascularized condition and inhibiting further
ovulations. If fertilization occurs, luteal activity is prolonged beyond
its normal length in the nonpregnant cycle by hormones secreted
by developing fetal tissues. If fertilization does not occur, the corpus
luteum regresses, progesterone is no longer secreted, and uterine
linings are resorbed. In most mammals, progesterone secretion by the
corpus luteum follows ovulation automatically, but in some genera
of spontaneously ovulating murid rodents corpora lutea remain non-
functional unless activated by a poorly-understood neuro-endocrine
reflex triggered by copulation. Activation of the corpus luteum and
initiation of the luteal phase of the female reproductive cycle are
critical for successful pregnancy. If, however, the mating was sterile,
induced progesterone secretion continues nonetheless, the next ovula-
tion is delayed (for up to two weeks depending on the species), and
the female is said to be pseudopregnant. The unfortunate use of
‘pseudopregnant’ connotes a qualitative distinction, not recognized
by most workers in mammalian endocrinology, between this phenom-
enon and the normal luteal phase of pregnancy. Because pseudo-
pregnancy is easily observed in the laboratory, it has been inten-
sively studied through the use of vasectomized males, chiefly in Rattus
norvegicus and Mus musculus, in order to determine which of the



No. 689  Rodent Accessory Glands and Copulatory Plugs 9

stimuli accompanying insemination induces luteal activity.

To return to copulatory plugs: Ball (1934) observed that female
Rattus norvegicus mated with vasectomized males rarely became
pseudopregnant if copulatory plugs were not deposited at ejacula-
tion, and that the incidence of pseudopregnancy increased markedly
when plugs were secreted; she concluded that plugs provide a neces-
sary mechanical stimulus for induction of pseudopregnancy. Long
(1919) had previously speculated that copulatory plugs might func-
tion in this way. In a series of well-controlled experiments, however,
Adler (1969) showed that plug formation is neither necessary nor
sufficient for luteal activation in rats. This author found that the
number of preejaculatory intromissions was the critical factor, and
suggested that the discrepancy between his results and Ball’s (1934)
might be due to Ball's failure to accurately quantify the number of
intromissions received by female rats in which plugs were not depos-
ited. Attempts to duplicate Ball’s results for Mus musculus have also
failed (McGill et al., 1968). Male Mesocricetus auratus from which
plug-secreting glands have been surgically removed can successfully
impregnate females (Weinerth et al., 1961), so luteal activation does
not appear to require plug formation in this species either. Further-
more, secretion of copulatory plugs is widespread in caviomorph ro-
dents which spontaneously form fully active, functional corpora lutea
alter ovulation (Wier, 1974; Wier and Rowlands, 1974).

Pseudopregnancy induction may only be admitted as a possible
ancestral function of the plug if it can be shown that the formation,
at ovulation, of corpora lutea requiring copulatory activation is an
earlier, or at least equally early, acquisition in rodent phylogeny than
plug secretion. Conaway (1971:241), however, regarded this type of
female reproductive pattern as “highly specialized”, and observed
that it is restricted in taxonomic distribution to a few genera of
murid rodents only. These observations do not support recognition
of an induced luteal phase as the primitive condition for plug-
secreting rodents. That the plug may have the effect of inducing
pseudopregnancy in some species is not here contested, and will be
discussed in more detail below. The phenomenon seems uncommon
in any case, having been demonstrated only once for domestic rats.

SpErRM TRANSPORT — The cervices of some murid rodents are tightly
constricted during heat, and effectively prevent leakage of uterine
fluids during this period (see above). Sperm suspended in appropriate
solutions and introduced into the vaginas of receptive female Rattus
norvegicus will not enter the uterus, nor will the ejaculates of male
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rats from which vesiculars and anterior prostates have been surgically
removed (Blandau, 1945). These and other observations led Blandau
(1945) to suggest that the copulatory plug functions to transport
sperm through the murid cervix. He believed that the stimulus pro-
vided by plug formation at ejaculation may induce female orgasm,
during which the extreme tonicity of the cervix is momentarily
relaxed and sperm entry is permitted. Blandau’s (1945) reconstruc-
tion of the events responsible for sperm transport in Rattus appears
logical and consistent with his data, but I question the generality
of the effect. A tightly constricted cervix has been described for
seven genera of rodents only (Blandau, 1973; Hartung, 1976), all of
them murids, and would thus not seem to be taxonomically wide-
spread (because the cervical morphologies of only a few rodents are
known, however, this conclusion may be premature). The effect, too,
has been observed for only one laboratory species; that male domestic
mice and hamsters are not rendered sterile by removal of plug-secreting
glands (McGill et al., 1968; Weinerth et al., 1961), indicates that plug
formation is not critical for sperm transport in all murids. Plugs
are also well developed in guinea pigs in which the cervix is known
to remain open throughout heat; sperm suspensions artificially placed
in the vaginas of receptive females will enter the uterus unaided, and
effect fertilization (Blandau and Young, 1939).

Removal of either anterior prostates or vesiculars may reduce the
percentage of fertile matings in male Mus musculus and Cavia por-
cellus (Engle, 1926a; McGill et al., 1968), but it does not follow that
this is due to lack of plug formation per se. Secretions of these glands
comprise a large proportion of the ejaculate, and their absence must
necessarily reduce the force with which the sperm-containing liquid
fraction is evidently propelled through the cervix (Blandau, 1945).
Complete removal of anterior prostates, the secretions of which are
necessary for plug formation, does not reduce either litter size or the
percentage of fertile matings in Rattus norvegicus (Greenstein and
Hart, 1964). This suggests that the sterility Blandau (1945) induced in
male rats by removing both vesiculars and anterior prostates may not
have been due to lack of plug formation, but instead to a reduced
volume of the whole ejaculate. Because male-female responses associ-
ated with ejaculation are tightly coevolved, removal of organs that
normally participate in the mating process may produce secondary
effects that have little to do with the organ’s real function.

CHasTiTy ENFORCEMENT — If it were found that copulatory plugs
result from interactions of specialized male and female secretions,
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then it could be said with confidence that some benefit must accrue
to the female from plug formation. As it is, the fact that rodent plugs
are the products of exclusively male secretions is at least consistent
with a hypothesized plug function of advantage only to the male.
One such function, of benefit solely to the male, is chastity enforce-
ment: prevention of insemination of the female from subsequent
matings with other males.

A chastity-enforcing function for male-deposited oviductal or vaginal
occlusions is not a novel concept. Such a role for plugs was proposed
by Parker (1970) for many insects, by Devine (1975, 1977) for some
colubrid snakes, and by Racey (1975) for rhinolophid bats. A series
of elegant experiments by Martan and Shepherd (1976) led these
authors to conclude that the plug of guinea pigs may also function
in this way. Testing the validity of this hypothesis as a general ex-
planation for rodent copulatory plugs requires answers to at least
two questions: (1) Do the mating systems of rodents provide an
appropriate selective context for the evolution and maintenance of
chastity-enforcing plugs? (2) Are the general properties of rodent
plugs consistent with such a hypothesized role?

1. The Selective Context

Since most rodents are nocturnal, little is known of their social
behavior. The great majority appear to live singly as adults, and
permanent pair-bonding is extremely rare (Eisenberg, 1966). Although
Kleiman (1977) listed 28 species of rodents judged monogamous by
her, the criteria she employed seem to me poor predictors of mating
exclusivity. In fact, females of Peromyscus maniculatus, listed by
Kleiman (1977) as monogamous, show high proportions of mutiply-
inseminated litters in wild populations (Birdsall and Nash, 1973;
Merritt and Wu, 1975). Multiple matings have also been observed
under natural or seminatural conditions for Microcavia australis,
Rattus norvegicus and R. rattus, and in captivity for Mus musculus,
Pervomyscus leucopus, Clethrionomys glaveolus, and Cavia porcellus
(Calhoun, 1963; Clarke et al., 1970; Dewsbury, 1976; Rood, 1970;
Rugh, 1968; Martan and Shepherd, 1976). These data, together with
the general absence of pair-bonding noted above, suggest that wide-
spread promiscuity may exist among female rodents in nature. Why
a female rodent should ‘wish’ to mate repeatedly is an interesting
question, but is irrelevant to the chastity-enforcement hypothesis: as
long as multiple matings do occur, for whatever reason, it is almost
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certain to be in the male’s interests to see that later, competing
copulations are ineffective.

2. Properties of Rodent Plugs

As emphasized by many authors (e.g., Blandau, 1973, and references
therein), rodent copulatory plugs are typically hard and firm in con-
trast to the seminal coagulums of other mammals. Parkes (1926:155)
noted that vaginas dissected from female Mus musculus with the plug
in situ were difficult to section as the plug “. .. becomes extremely
hard and practically uncuttable.” Long and Evans (1922:73) observed
that the plug of Rattus norvegicus “. . . adheres so tightly to the
cornified layer of the vaginal mucosa that it is not easily distinguished
in section.” Similarly, Rugh (1968:46) noted, “It [the plug of Afus
musculus] hardens to such a degree that mechanical removal can
injure the vaginal mucosa and the uterine ligaments.” Descriptive
literature summarized in Table 2 suggests that the passages quoted
above do not describe features unique to plugs of laboratory species,
nor to those of a few genera only. These properties of rodent plugs
seem to me entirely consistent with, and appropriate to, an hypothe-
sized role in chastity-enforcement. The appearance in vaginas of some
rodent species of solid masses that are the products of female estrous
discharges, not male secretions (Meyer and Meyer, 1944; Kent, 1968),
enjoins caution in accepting vague or casual references to ‘plugs’ by
authors not otherwise concerned with this phenomenon. Accordingly,
I have omitted from Table 2 descriptions of plugs recorded in con-
texts that render their male origins suspect, e.g., the appearance of
plugs in female Dipodomys spectabilis * . about 12 to 15 hours
after copulation” (Butterworth, 1961:414).

[t can also be seen from Table 2 that copulatory plugs frequently
remain in the female tract for extended periods ranging, where actual
times are provided by the writers, from 915 hours to two days. In
Mus musculus the normal tenure of copulatory plugs in the vagina
exceeds in length both heat and the interval from onset of heat to
the end of the fertilizable life of the ovum (Table 1). In Ratius nor-
vegicus and Cavia porcellus plug tenure closely approximates the
normal length of heat (Table 1). In all three cases, plugs remain in
the female fully (or very nearly) as long as one would expect of a
chastity-enforcing mechanism. Observations of rapid (but unquanti-
fied) plug loss are implied by some authors (e.g., for Lagidium
peruanum and Clethrionomys glareolus, Table 2), however, and occa-
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TABLE 2.

DESCRIPTIONS OF COPULATORY PLUGS OF 19 SPECIES OF RODENTS.
Sources: (1) Long and Evans, 1922; (2) Parkes, 1926; (3) Hartung, 1976; (4) Bram-

(5) Richmond and Conaway, 1969b;

(6) Hamilton, 1941;

(7) Benton, 1955; (8) Brambell and Rowlands, 1936; (9) Stockard and Papinacolaou,

1919; (10) Martan and Shepherd, 1976;

(11) Asdell, 1964; (12) Pearson, 1949;

(13) Weir, 1971; (14) Deanesly and Parkes, 1933.

Tenure of

plug within

the female
Species tract Description of plug
MYOMORPHA

Rattus norvegicus

Mus musculus

Peromyscus leucopus
P. gossypinus,
P. maniculatus

P. eremicus

Mesocricelus auratus

Meriones (ristrami

Microtus agreslis
M. californicus

M. ochrogaster
M. pennsylvanicus

M. pinetorum

Clethrionomys
glareolus

'AVIOMORPHA
Cavia porcellus

~

Chinchilla laniger

12-24 hours

18-24 hours

24 hours

“about two
days”

“probably
persists for
several days”

“short time”

9.5-18 hours

“[plugs] carry with them various por-
tions of the cornified layer of the vagina,
to which the plug is adhering tightly,
the cornified layers being in the act of
dehiscence at this time” (1:72)

“may persist for 36 hours or two days”;
“Evacuated plugs coated with cornified
epithelium”; “seals the vagina even more
completely than in the case of the rat”
(2:154)

“hard but rubbery”; “adheres to the va-
ginal wall making it difficult to remove”
(3:22)

“hard and brittle”; “stuck tightly to the
vaginal wall” (3:22)

“soft” (3:23)

“hard and rubbery”; “adheres to the va-
ginal wall” (3:24)

“hard” (4:136)

“hard rubbery”; “adheres tightly to the
vaginal walls” (3:23)

“when crushed, has a fibrous appear-
ance” (5:86)

“waxy” (6:8)

“viscous mass” (7:56)

“hard” (8:89)

“rigid”; “surrounded or enclosed by a
mass of flat epithelial cells, apparently
derived from the vaginal wall” (9:229.
233; 10)

“shed entire, surrounded by the corni-
fied layer of the vaginal wall” (11:404)
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Tenure of
plug within
the female
Species tract Description of plug
Lagidium peruanum “only a “hard waxy”; “a rather tough film of
short time” cornified vaginal epithelium envelops

the plug when it is expelled”; “[plugs]
expand the vagina considerably while
they are in situ” (12:149-150)

Lagostomus maximus — “gelatinous”; “whole plug covered by
sloughed cornified tissue” (13:362, cap-
tion to figure 2)
SCIUROMORPHA —_—
Sciurus carolinensis “firm jelly-like mass” (14:55)

sional or even frequent plug dislodgement accompanying subsequent
copulations or intromissions has been documented for a few species.
Such observations do not, at first, seem consistent with the hypothesis
that plugs enforce female chastity, and so merit further discussion.
Mosig and Dewsbury (1970) and Miligan (1975) have observed that,
when additional copulations or intromissions follow very soon after
plug deposition by the same male, dislodgement of a plug may occur.
Neither of these authors, however, ascertained whether or not plugs
remain in the female after the last copulation between pairs. Speak-
ing to this latter point, Lisk (1969:315) observed for Rattus norvegi-
cus: . . . the copulatory plug does not fall out within a few hours
of copulation unless dislodged by succeeding intromissions [follow-
ing plug desposition by only a few minutes in his tests], but in over
509, of our observations tends to remain for 24 hours or longer in
the female’s vagina.” That deposited plugs may go unnoticed by
investigators was further suggested by the same author: *“. . . in over
909, of the ejaculations the plug was lodged too deep to be visible
externally” (Lisk, 1969:315). Without very careful observation I do
not see how it can be determined whether the “dislodged” plug was
the one first deposited (a failure), or that formed from subsequent
ejaculations because of an inability to fully penetrate the already
occluded vagina, in which case the first plug was a success. Where
females have actually been killed and dissected, the normal situation
appears to be nondislodgement or plug accumulation. In four murid
species for which such data are available, incidences of complete plug
dislodgement range from 0 to 259, only; incidences of complete
retention or multiple plug accumulation range from 72 to 1009,
(Hartung, 1976). This author noted further that dislodgement may
be an experimental artifact, and that plugs deposited at ejaculation
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require about 15 minutes to harden completely, after which they are
difficult to remove. The normal interval, in nature, between com-
peting copulations is, of course, unknown. That plugs do not fully
harden sooner may well be due to biochemical constraints on the
rate at which the necessary reactions can occur: no adaptation is
perfect!

It could be argued that (1) plugs which can be dislodged at all
while females are still capable of being fertilized do not display
sufficient tenacity to justify recognition of a chastity-enforcing mech-
anism, and (2) in the few documented cases of plug dislodgement it
is the male which deposited the plug in the first place that effects
its dislodgement by repeated intromissions, and that such behavior
would not seem to indicate any great concern on the part of the male
with the continued presence of his plug in the female.

To the first objection I would note that plugs appear to stick very
tenaciously indeed to the vaginal mucosa, the only female tissue
they contact, a fact widely attested by authors who have described
the surfaces of shed plugs. Such plugs are, without reported excep-
tion, covered with adherent sheets of epithelium (Table 2). Delami-
nation of these cell layers is effected by large numbers of leucocytic
cells that invade the vagina shortly after copulation (Stockard and
Papanicolaou, 1919; Engle, 1925). Long and Evans (1922:73) specu-
lated that dehiscence of this epithelium may be “. . . a means of
insuring loss of the plug after it has performed its function [pre-
vention of sperm leakage].” If the massive vaginal exfoliation of
female rodents is to be regarded as an evolved mechanism associated
with plugs, and if the chastity enforcement hypothesis is correct, I
suggest instead that shedding of vaginal linings might more appro-
priately be regarded as a means to ensure loss of plugs before they
have performed their function, since that function can hardly be
construed as beneficial to females. The point I wish to make, in
brief, is that plug loss does not appear attributable to any property
of the plug per se, and thus cannot be interpreted to imply that plugs
do not display, within the mechanical constraints imposed by the
female tract, sufficient tenacity to be regarded as evolved chastity-
enforcing mechanisms.

Regarding the second objection, Dewsbury (1972, 1975) and others
have found that repeated copulations may function in inducing
pseudopregnancy in female murid rodents, thereby preventing resorp-
tion of uterine linings and the resultant loss of fertilized ova. It is
this behavior that occasionally effects plug dislodgement (Miligan,
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1975). Thus, disadvantages, in the context of chastity-enforcement,
associated with disturbing an as-yet-not-fully-hardened plug by
repeated copulations may be more than offset by an increased prob-
ability of inducing successful pregnancy. As mentioned above, how-
ever, there exists no evidence that a copulatory plug is not regularly
retained in the female tract after the last copulation between a given
pair. 1 see no reason why, in the rapid course of several copulatory
bouts with the same female, a male should exhibit concern for the
fates of deposited plugs so long as one is implanted at the last
ejaculation and then left to harden fully. It does seem inefficient for
a male to deposit supposedly chastity-enforcing plugs after each
mating if he is assured of copulating again with the same female in
a very short time. However, in nature males may never have this
assurance. Copulating pairs may be interrupted by predators or rival
males, or females may desert after an unpredictable number of
copulations. In such situations, the best male strategy would probably
be to deposit a plug at each mating against the possibility of inter-
ruption, but if no interruption occurs, to continue copulating.
Data on the actual effectiveness of copulatory plugs in foiling
subsequent, competing copulations are few. Martan and Shepherd
(1976) used albino female Cavia porcellus mated with albino and
colored males in reciprocal trials to determine paternity of resultant
offspring. When copulatory plugs were left in situ, litters were sired
exclusively by the first male. When copulatory plugs were removed
after the first mating, litters were of mixed paternity. These results
are obviously consistent with a chastity-enforcing function of plugs
in this species. Adler and Zoloth (1970) performed similar experiments
using albino female Rattus norvegicus and albino and pigmented
males, but did not provide data on presence/absence of copulatory
plugs. Where albino males were the first to mate, percentages of
offspring sired by pigmented males declined with increasing time
between competing copulations: from 66%, (0-5 min.) to 239, (45-60
min.). Whether this inverse correlation was due to increasing efficacy
of plugs with time, if plugs were in fact retained by the females in
question, or to the longer opportunities provided albino sperm to
fertilize ova without competition, is unknown. Percentages of off-
spring sired by the second male remained consistently high (74-97%),
regardless of time, when pigmented males were first to mate. Adler
and Zoloth (1970) speculated that spermatozoa of the highly inbred
pigmented males may have been competitively inferior. As these
authors provided no information on plug presence/absence, their
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data are not easily interpretable in terms of chastity enforcement.
The experiments certainly deserve to be repeated with paternities of
litters compared between females in which plugs remain in situ and
females from which plugs are removed. Copulatory plugs need only
decrease the percentage of offspring sired by subsequent males, not
necessarily prevent them from being sired at all, in order to be
selected for. Additionally, very short intervals between competing
copulations may not accurately represent the selective context within
which plugs evolved: adaptations cannot always be expected to func-
tion, let alone function efficiently, in evolutionarily novel situations.

COPULATORY PLUGS, ACCESSORY GLANDS
AND COPULATORY BEHAVIOR

Hartung and Dewsbury (1978) found that males of three New
World murid species, Onychomys leucogaster, O. torridus and Tylo-
mys nudicaudus do not secrete copulatory plugs, and, in contrast to
seven plug-secreting species studied, have copulatory behaviors that
include vaginal-penile locks of brief duration. Dewsbury (1972, 1975)
had observed previously that murids with locking copulatory behav-
iors possess reduced or modified accessory gland complements (Table
8). As can be seen, accessory gland arrays of locking species are more
often reduced or modified than are those of non-locking species.
Whether all locking species also fail to secrete plugs is unknown; all
non-locking species thus far studied secrete plugs. A full accessory gland
complement appears to be the primitive condition for murid rodents
(Voss and Linzey, in preparation); retention of such a full comple-
ment by all murids known to secrete plugs, and the loss or modifica-
tion of glands in three plugless species lends credence to the hypoth-
esis that plug secretion is an important function of these organs.

If the correlation between a locking copulatory behavior and
absence of plug secretion results from a causal relationship between
the two, then copulatory locks must serve much the same function(s)
as the plugs they presumably replaced. As noted by Hartung (1976),
it is difficult to see how brief locks could function in sperm storage,
prevention of sperm leakage, or chastity enforcement. Hartung con-
cluded they could function in sperm transport, since the thick
penises of locking species might dilate the cervices of females, which
are tightly constricted in the three species he studied, to permit
sperm entry into the uterus. If copulatory locks have functionally
replaced plugs in these species, and if locking and non-locking species
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TABLE 3.

MALE ACCESSORY GLAND MORPHOLOGIES FOR SPECIES OF
MURID RODENTS WITH KNOWN COPULATORY BEHAVIORS.

Abbreviations: A, ampullary gland; AP, anterior prostate; BU, bulbo-urethral gland;
DP, dorsal prostate; V, vesicular gland; VP, ventral prostate (two lobes in some
species). Morphology: X — present; X — greatly enlarged; X = vestigial; (X) =
highly modified from presumed ancestral condition; 0 — absent; XX — two lobes
present. Sources: (1) Dewsbury, 1975; (2) Arata, 1964; (3) Linzey and Layne, 1969;
(4) Taylor, 1963; (5) Hartung, 1976; (6) Lawlor, 1969; (7) Asdell, 1964; (8) Helm,
1975; (9) Voss, unpublished data. Accessory gland nomenclature follows Arata (1964).

Species Lock? Plug? BU DP VP AP V 4 Sources
Tylomys nudicaudus yes no X X X, X X)) X 159
Ototylomys phyllotis yes yes? X 0 X 0 X) X 168
Onychomys torridus yes no X X X 0 0 0 14,5
O. leucogaster yes no X X X 0 0 0 12,5
Baiomys taylori yes ? X X X X X X, L2
Ochrotomys nuttalli yes ? X X XX X, X, O 1,2
Neotoma floridana yes ? X 0 X (X) 0 X) 12
Mus musculus no yes X X XX X X X 1,2,7
Rattus norvegicus no yes X X XX X X X 1,2,7
M. tristrami no ? X X XX, X X X 1,5,9
Meriones unguiculatus no ? X X Xva X X X 1,9
Mesocricetus auratus no yes X X X X X X 1,2,5
Peromyscus californicus no ? X X X X X X 1,3
P. crinitus no ? X X XX X X X 1,3
P. eremiocus no yes X X XX X X X 1,35
P. floridanus no ? X X, XX, X, X X, 13
P. gossypinus no yes X X XX X X X 1,3,5
P. leucopus no yes X X XX X X X 1,35
P. maniculatus no yes X X XX X X X 35
P. polionotus no ? X X XX X X X 1,3
Microtus pennsylvanicus no yes X X XX X X X 1,2,7
M. pinetorum no yes X X XX X X X 1,27
Oryzomys palustris no ? X X XX X X X 1,2
Sigmodon hispidus no yes X X XX X X X 1,2,7

are subject to similar selective pressures, then it follows that facilita-
tion of sperm transport may have been the ancestral function of
rodent, or at least murid, plugs. However, the two species of Ony-
chomys are the murids for which best evidence of long-term pair
bonding and possible monogamy exist (Dewsbury and Jansen, 1972;
Egoscue, 1960; Horner and Taylor, 1968; Ruffer, 1965a, 1965b, 1968).
For these, an ancestral, chastity-enforcing function of the plug may
have become obsolete, permitting a secondary (sperm-transport?) role
to be replaced by a behavior that was less expensive metabolically
than maintenance of an elaborate glandular array. No data are avail-
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able on the social biology of the third known plugless species, Tylomys
nudicaudus.

Because so little is actually known of the interactions of most
accessory gland secretions, it is difficult to interpret the different
accessory gland morphologies (Table 38) that apparently correlate
with pluglessness. If plugs are formed from secretions of anterior
prostates and vesiculars, then why are the remaining glands of the
male tract often reduced or modified in the absence of plug deposi-
tion? Other glands do participate to a lesser extent in rodent plug
formation, however; the bulbo-urethrals, for instance, have been
clearly implicated in this regard (Hart and Greenstein, 1968). Gotterer
et al., (1955) found that the coagulation reaction in wvitro is very
sensitive to ion concentrations, suggesting that osmotically active
substances and electrolytes secreted by glands of the rodent prostate
series other than the anterior lobe may also be functionally related
to plug formation.

FUNCTION VERSUS EFFECT AND A PROPOSED TEST

To identify the proper function of a presumed adaptation it is
not enough to demonstrate an effect, one must also “. . . show that
it [the effect] is produced by design and not by happenstance”
(Williams, 1966:261). I would argue that a male secretion which
congeals almost instantly upon ejaculation (Mann, 1964) to form a
hard, resistant mass completely occluding the vagina to which it
adheres so tightly upon further, normal hardening that loss of epithe-
lial layers is necessary to effect removal does not display those design
characteristics one would expect of an evolved mechanism for induc-
ing pseudopregnancy or facilitating sperm transport. I do not deny
that copulatory plugs may have the effect of inducing luteal activity
or transporting sperm in some rodents, but I suggest these are effects
only, and not the primary function of plugs. Once copulatory plugs
had evolved as a normal concomitant of successful ejaculations, one
might expect that females would evolve to employ the stimulus of plug
formation as the cue to initiate such responses as orgasm and/or
luteal activation. Thus, while these effects, once established, could
provide significant stabilizing selection on the genes responsible for
plug formation, they seem inappropriate choices as the selective
pressures that elicited plug evolution, quite aside from the data
which I have already cited in their disfavor. Sperm storage and pre-
vention of sperm leakage seem at least credible functions of the
copulatory plug given its design characteristics, but the weight of
evidence does not appear to be in their favor either. By contrast, the
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general characteristics of rodent plugs seem to be consistent with a
hypothesized role in chastity enforcement. Copulatory plugs are com-
pletely effective in preventing the spermatozoa of subsequent matings
from effecting fertilization in Cavia porcellus, but data from Rattus
norvegicus are equivocal in this regard. How, then, might the chastity-
enforcement hypothesis be falsified?

I believe the critical test situation is to be found among those
murid species known not to secrete plugs, and for which it can be
stated with some certainty that the lack of plug secretion is derived.
The chastity-enforcement hypothesis clearly predicts that such species
should prove largely monogamous, i.e., should display substantially
greater mating exclusivity than most murids that secrete plugs. Three
plugless species, as discussed above, are known; field and laboratory
data, admittedly indirect, strongly suggest that two of these form
unusually cohesive pair bonds. Convincing tests of the chastity-
enforcement hypothesis, however, must rely on direct observations
of breeding animals under natural or seminatural conditions (e.g.,
Calhoun, 1963; Kenagy, 1976; Rood, 1970), perhaps in conjunction
with electrophoretic mother-offspring comparisons that can distinguish
between single and multiple matings; interpretation of the behavior
of caged animals is usually fraught with too many assumptions to
be admitted as conclusive in this regard. If future studies fail to
corroborate the chastity-enforcement hypothesis, then another, equally
parsimonious hypothesis of plug function should be advanced and
tested in turn. In particular, it should be shown that (1) the selective
pressure hypothesized to have elicited plug evolution in fact exists,
and (2) copulatory plugs display efficient and appropriate design to
produce the relevant effect. Much existing work on rodent copulatory
plugs fails in one or both of these regards.

Table 4 presents a possible sequence of evolutionary stages that
could have led to the loss of copulatory plugs and accessory gland
reduction in some species of murid rodents. Stage One may be taken
to represent the probable ancestral murid condition. The primitive
status of a ‘complete’ accessory gland complement is argued elsewhere
(Voss and Linzey, in preparation). That a non-locking copulatory
behavior and the secretion of plugs are also likely to prove ancestral
seems reasonable since these appear by far the most widespread
conditions in both murid and non-murid rodents (see above, and
Dewsbury,1972). That promiscuity is the primitive social milieu for
murids is an implicit assumption of the chastity-enforcement hypoth-
esis which does not appear unreasonable for reasons I have adduced
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TABLE 4.
A HYPOTHETICAL SEQUENCE FOR THE EVOLUTION OF

REDUCED GLANDULAR COMPLEMENTS AND LOSS OF
COPULATORY PLUGS IN SOME MURID RODENTS.

accessory  copulatory breeding copulatory
STAGE glands behavior system plug comments

Copulatory plug
functions primar-
ily in chastity

one complete no lock  promiscuous  present enforcement, sec-
ondarily effects
sperm transport
past cervix.

Obsolescence of

two complete no lock incipient present chastity enforc-
monogamy ing function of
plug.

Chastity enforc-
ment obsolete;
three complete  incipient = monogamy present  lock begins to
lock assume second-
ary, sperm-trans-
port role of plug.

Sperm transport
role completely
assumed by lock;

four reduced lock monogamy absent  accessory glands
now provide
medium for
sperm suspen-
sion only.

above. Remaining stages follow within the context of the chastity-
enforcement hypothesis. It would be naive to imagine that Table 4
illustrates a deterministic or necessary sequence of events; I claim
only that it is logical and consistent with existing data. I have
assumed that some copulatory cue was necessary to induce orgasm
and/or effect cervical dilation in the ancestral female murid, and
that the vaginal-penile lock has this function in some extant, plug-
less species, as suggested by Hartung (1976), but future studies may
render this assumption untenable; it is, in any case, irrevelant to the
chastity-enforcement hypothesis, and is included merely as an inde-
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pendent hypothesis that might account for the apparent correlation
between locking and pluglessness in murid rodents.

SUMMARY

Many rodents possess an extraordinarily complex array of male
accessory reproductive glands; considerable variability in this organ
system also exists among some species of the family Muridae. This
complexity is attributed to the secretion of a hard copulatory plug
which occludes the vagina of the female. Five functions of copulatory
plugs have been advanced: plugs may (1) store sperm, (2) prevent
sperm leakage, (3) induce pseudopregnancy, (4) effect sperm trans-
port or (5) prevent fertilization of the female by subsequent males.
Of these, the last, chastity enforcement, appears most consistent with
existing data; the remaining functions seem either unsupported by
convincing evidence and/or best regarded as incidental effects. A
realistic test of the chastity-enforcement hypothesis is proposed:
rodent species which do not secrete plugs should be monogamous in
nature. What is known of the biology of two such species is consistent
with this prediction.
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