Journal of Research on the Lepidoptera

Total sperm ejaculation in monandrous (Papilio machaon) and
polyandrous (P. xuthus) swallowtail butterflies (Lepidoptera:
Papilionidae) restricted to larval stage-derived nutrients
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Abstract: Potential capacities of male swallowtail butterflies for ejaculation containing sperm were
examined in laboratory studies in wmonandrous (Paprlio machaon) and polyandrous (P xuthus)
species. Virgin males transferred a spermatophore and accessory substances that corresponded to an
average of 2.4% and 2.1% of their body weight at eclosion in P xuthus and P, machaon, vespectively.
The spermatophore contained about 41 and 120 cupyrene sperm bundles and 247,000 and 202,000
apyrene spermatozoa for P xuthus and P2 machao, respectively. Individual eupyrene and apyrenc
spermatozoa of P machaon were smaller than those of P2 xuthus. However, when the males re mated
at two days after the first mating, they produced a spermatophore of 55% and 32% of full size
in P xuthus and . machaon, respectively. The number of eupyrene sperm bundles in the second
spermatophore increased while the apyrene spermatozoa decreased in P xuthus. The larger number
of eupyrene sperm bundies and the relatively smaller number of apyrene spermatozoa in the first
and the second mating of P machaon compared to P. xuthus are discussed from the viewpoint of
female monandry and polyandry.

Key words: apyrene sperm, eupyrene sperm bundle, Papilio machaon, Papilio xuthus, second mating,

39: 1-7, 2000 (2006)

spermatophore.

INTRODUCTION

In many butterfly species, the male’s second sper-
matophore is significantly smaller than his first (Svard
& Wiklund 1986, 1989; Oberhauser 1988). Before
production of a second spermatophore of full size,
a resting period of several days is required, during
which the male’s activity consists of feeding, flying,
avoiding predators, and so on (Watanabe & Hirota
1999). The copula duration of the second mating is
often significantly longer than that of the first, prob-
ably due to the size of the ejaculate (Svird & Wiklund
1986; Kaitala & Wiklund 1995).

Among the yellow swallowtail buttertlies in Japan,
females of Papitio xuthus Linne (Papilionidae) mate

three times during their life span while females of

P machaon hippocrates C. et R. Felder are apt to be
monandrous (Watanabe & Nozato 1986). For poly-
androus species like P. xuthus, each mating provides
the female with nutrients and some alkaloids with
both transferred to her via the male’s spermatophore
(LaMunyon & Eisner 1994). It has been suggested that
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butterfly females can use such male-derived nutrients
for somatic maintenance, to enhancement of their
fecundity, and to increase fimess of their offspring
(Friedel & Gillott 1977; Watanabe 1988; Boggs 1990).
The potential importance of male-derived nutrients
might correlate positively with the size of the male
ejaculate and the degree of female polyandry (Svird
& Wiklund 1989). When the male re mates, he must
produce another spermatophore of sufficient size
with a sufficient number of sperm in order to fertilize
as many eggs as possible. Therefore, the duration of
the male’s recovery time and the rate of recovery in
terms of spermatophore size and sperm number are
important for males under sperm competition (Wa-
tanabe & Hirota 1999; Wedell & Cook 1999a). The
former correlates with the duration of the female’s
non-receptive refractory period following mating
(Kaitala & Wiklund 1995), and high sperm numbers
seemed to be advantageous in sperm competition
(Parker 1992). Rather than utilizing the sperm of all
her mates, the female uses predominantly those from
the last partner in P dardanus (Simmons & Siva-Jothy
1998). On the other hand, for monandrous species
like P machaon, the female may not exercise such
postcopulatory sperm selection (Sims 1979). Intact



spermatophores have been observed in the bursa
copulatrix of aged females of monandrous species,
such as 2 machaon (unpublished) and Lycaena phlaeas
(Watanabe & Nishimura 2001), suggesting that these
females did not use male ejaculate to obtain the nu-
trients necessary for reproductive success.

Most butterfly species produce two types of sperm,
eupyrene and apyrene, which can often represent up
to 90% of the total sperm number (Cook & Wedell
1996; Watanabe et al. 1998a, b). Males vary the size of
spermatophores produced as well as the number of
both types of sperm transferred depending on their
mating status (Cook & Wedell 1996; Wedell & Cook
1999b). Previously mated males of P, xuthus produce
spermatophores that are about half the size of those
they produced as virgins, when they used nutrients
derived only from their larval stages (Watanabe &
Hirota 1999). However, there have been no studies
on sperm competition in swallowtail buttertlies. The
aim of this study was to compare male’s exploitation
of larval stage-derived nutrients for spermatophore
production between monandrous and polyandrous
swallowtail butterfly species in terms of copula dura-
tion, sperntatophore mass, and the nunmiber of apyrene
and eupyrene spermatozoa produced.

MATERIALS AND METHODS
General methods

One and three-day-old males were mated with vir-
gin females of both P. xuthus and P. machaon. Sperm
transfer from the males to spermatophore was assessed
immediately after copulation. All animals were ob-
tained from a continuously breeding culture reared
in the laboratory at room temperature in the summers
of 2001 and 2003. Adults were collected in the field,
and females were allowed to oviposit on leaves of Citrus
unshu (Rutaccae) for P. xuthusand those of Heraclewm
lanatum (Umbelliferae) for P. machaon. Larvae of both
species were reared in the laboratory under an 18-h
light 6-h dark regime at 25°C to avoid diapause. All the
pupae were placed in an emergence cage to ensure
normal eclosion. Adults were weighed on the day of
eclosion and given a unique mark on the hind wing
with a felt tipped pen. Then, males were maintained
in flight cages (30x40x45 cm) without intake of any
nutrients; i.e., they were fed on only water during
their life span. On the other hand, females were kept
in individual envelopes (14L10D light cycle at a tein-
perature of 26-27°C) to maintain their virginity. The
mean weight of male at emergence was 453.5+63.6 mg
for P. xuthusand 588.1£128.3 mg for P. machaon (+SD).
One of the best indicators of nutrients obtained dur-
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ing the larval stage is butterfly mass.

Because the mating ability of males on the day of
eclosion is low, we hand-paired one-day old males with
virgin females (one to three-days old) in the morning.
Hand-pairing is widely used in the laboratory rearing
of butterflies (West 1983; Scriber & Lederhouse 1988;
Watanabe & Hirota 1999). In this study, we brought
the tips of the male and female abdomens together,
squeezed the male in order to open his claspers, and
then joined him with the female. After joining, the
pair was removed to a small cage and the copula dura-
tion was recorded.

Males were returned to the flight cages immediate-
ly after their first mating and held to attempt a second
copulation three-days-later with virgin females. A total
of 26 mated males for P. xuthus and 24 mated males
for P. machaon were hand-paired. Spermatophore
mass and the number of eupyrene sperm bundles
and apyrene spermatozoa in the spermatophore were
determined. Because the accessory substances were
ejaculated outside the spermatophore into the bursa
copulatrix of the female, we could easily separate them
during the dissection of the bursa copulatrix.

Immediately after copulation, the females were de-
capitated and dissected under a stereco microscope to
measure the weight of ejaculates in the bursa copula-
trix. The intact spermatophore and gel-like accessory
substances were weighed (accuracy, 0.001 mg). Males
that had successfully mated twice were returned to
flight cage to attempt a third copulation.

Sperm counting procedure

The procedure used for sperm counting has
been described in detail in Watanabe et al. (1998a,
b). We evaluated the number of both types of sperm
derived in females by counting the number of sperm
in the transferred spermatophore. Immediately after
copulation, the eupyrene sperm are packed in the
spermatophore in a bundle, whereas the apyrene
bundle has already dissolved, and thus the apyrene
sperm can be observed individually (Katsuno 1977).
Eupyrene sperm bundles are clearly visible at x40 mag-
nification and apparently uniform in size. Therefore,
we first mechanically disrupted the spermatophore
and directly counted the eupyrene sperm as a bundle
using a stereo microscope. Then, all of the ejaculate
was washed out into a small tube containing a known
volume of saline solution (Ringer’s solution for in-
sects). The tube was gently stirred for 1 min in order
to homogenize the sperm suspension. A total of six,
10 pl subsamples were removed from each sample us-
ing a Gilson autopipette and allowed to dry on slides
under dust covers. The dry slides were then dipped
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for about 3 sec in distilled water and again allowed to
dry. Each subsample was examined under a darkfield
phasecontrast microscope (x100) to count the num-
bers of apyrene sperm and eupyrene single sperm.

The total number of apyrene spermatozoa in a
spermatophore was calculated by multiplying the
average sperm count in 10 pl of suspension by its dilu-
tion factor. All means are shown with their standard
errors. All weights were determined to the nearest
0.001 mg.

RESULTS

All one-day-old (one day after eclosion) virgin
males of both species were successfully mated to
females by the hand-pairing. Each mean duration
for copulation of the first mating was about one
hour, without a significantly difference between the
species (Table 1). Although several mated males of
both species failed to copulate in the second mating,
the copula duration of successfully re mated males
was also about one hour, which was not significantly
different from that of the first matings. The reasons
for failure included inability to conjoin or failure to
transfer a spermatophore after long in copula dura-
tion. No males successfully mated a third time.
There was no relation between copula duration and
the spermatophore weight in virgin males. Table 2
shows that a virgin male of P xuthus transferred a
spermatophore of about 5.5 mg with accessory sub-
stances of about 5.2 mg to the female bursa copulatrix.
Therefore, virgin males produced ejaculates of 10.7
mg, or 2.4% of their body weight at eclosion. Mated
males then produced a subsequent spermatophore of
3.0 mg with accessory substances of 2.9 mg, both of
which weights were 55% of those from the first mat-
ing.

For P. machaon, on the other hand, a virgin male
transferred a spermatophore of about 8.0 mg with
accessory substances of about 4.1 mg to the female
bursa copulatrix, and both of these weights were sig-

nificanily different from those of P xuthus (Table 2).
Therefore, virgin males produced ejaculates of 12.1
mg, or 2.1% of the body weight at eclosion. Mated
males then produced a subsequent spermatophore of
2.6 mg, which was not significantly different from that
of mated males of P xuthus. This value was 32% of the
spermatophore size of the first mating. The mass of
accessory substances (1.3 mg) from the mated males
was also 33% of that from the virgin males.

There was no relationship between the spermato-
phore weight and the copula duration in the mated
males (F=0.971 in P xuthus and F=0.333 in P. mach-
aon). Since the copula duration at each mating for
each species was roughly one hour, the ejaculation
speed was a function of the mass when the copulation
terminated. Therefore, the speed at the first mating
was higher than that at the second mating, and the
difference of the speed between the first and the
second mating in P machaon was longer than that in
P xuthus. In addition, spermatophore weight of the
mated males depended on that of the first mating in
P xuthus (F=10.365, P<0.01). Males that produced
a larger spermatophore at the first mating also pro-
duced a larger one at the next mating, though the
mass of the second spermatophore was generally
half that of the first mating. By contrast there was no
trend in regard to spermatophore mass between the
first and the second mating in P machaon (F=0.333).

All spermatophores in this study included both
eupyrene sperm bundles and apyrene sperm. Since
the bundles were usually coming loose and meander-
ing widely under the microscope, we measured the
length of a free eupyrene spermatozoon instead of
the bundle. For P xuthus, the length of a eupyrene
spermatozoa was 916.7+44.0 mm (10 males), and that
of an apyrene spermatozoon was 627.9+8.3 mm. For
P machaon (10 males), the length of a eupyrene sper-
matozoon was 562.5x11.0 mm, and that of an apyrene
one was 274.5+10.5 mm. Therefore, both cupyrene
and apyrene spermatozoa of P machaon were smaller
than those of P xuthus (U=0.00, P<0.01 and U=0.00,

Table 1. Copula duraiion for P. xuthus and P. machaon males that were successful at the first and the second mating (min,

+SE, Mann-Whiteney U-test).

1st mating

2nd mating

P xuthus

P. machaon

59.3+4.5 (n=15)
55.32.7 (n=13)

U=87.0, n.s.

62.6:3.4 (n=15)
56.3+3.3 (n=15)

U=91.5, n.s.

U=92.5, n.s

U=79.0, n.s.

n: number of males
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Table 2. Ejaculate mass transferred from P. xuthus and P. machaon males that were successful at the first and the second

mating (mg, +SE, Mann-Whitney U-test).

Ist mating

2nd mating

Spermatophore P xuthus

P machaon

5.50+0.25" (n=15)

8.03+0.35" (n=13)

3.03+0.20" (n=15)

2.60£0.19" (n=16)

U= 5.0, P<0.01
U= 0.0, P<0.01

Accessory substances P xuthus

P machaon

5.17£0.26° (n=15)

4.05+0.55¢ (n=13)

2.89+0.167 (n=15)
1.8320.229 (n=16)

U= 6.0, P<0.01
U=11.0, P<0.01

n: number of males

a: U=9.5, P<0.01

b: U=90.0, n.s.

c: U=47.0, 0.05>P>0.01
d: U=17.5, P<0.01

P<0.01, respectively).

Table 3 shows that virgin males of P xuthus trans-
ferred about 41 cupyrene sperm bundles in one
spermatophore. There was no relation between the
number of bundles and the spermatophore weight

for the first mating (F=0.025), ¢.g. the number of

cupyrene sperm bundles did relate to spermatophore
stize. In fact, the mated males transferred about 60
cupyrene sperm bundles, which was significantly larg-
er than the number at the previous mating, though
the spermatophore weight at the second mating was
significantly lighter. There was no significant relation
between the number of bundles and the spermato-
phore weight at the second mating (F=0.243).

For P. machaon, on the other hand, a virgin male
transferred about 120 eupyrene sperm bundles in a
spermatophore, and there was a positive correlation

between spermatophore weight and the number of

bundles (F=8.690, 0.05>P>0.01), ranging 71 to 192
bundles and 6.2 to 9.8 mg in weight. A virgin male
transferred about three times the number of bundles
in P xuthus (Table 3). Then, the mated males of P,
machaon produced about 134 bundles, which was not
significantly different from the number of bundles at
the previous mating. There was no significant relation
between the number of bundles and the spermato-
phore weight at the second mating (F=0.787).

There was no relation between the number of

apyrene sperimatozoa and the spermatophore weight
for either the first (F=0.007) or the second (F=0.534)
matings in 2 xuthus. The number of apyrene sper-
matozoa at the first mating was significantly larger
than thatat the second mating, suggesting that at the
second mating males transferred more eupyrenc and

less apyrene spermatozoa irrespective of their second
mating ejaculate mass, but related to mating status.

There was no relation between the number of
apyrene spermatozoa and the spermatophore weight
for cither the first (F=1.212) or the second (F=0.373)
matings in P> machaon. The number of apyrene sper-
matozoa at the first mating was significantly smaller
than thatin P, xuthus, but not significantly larger than
that at the second mating.

DiscussioN

Although copula duration in butterflies seems to
be under male control (Wickman 1985), one of the
possible costs of mating incurred by males in transfer-
ring spermatophores is time. Many butterflies try to
decrease copula duration against the risk of preda-
tion (Rutowski 1984), while prolonged mating has
a function other than just spermatophore transfer
irrespective of the size. In pierid butterflies differen-
tial transfer rates are due to behavioral competition
among males (Sviard & Wiklund 1988; Watanabe et al.
1997). In this study, however, copula duration of the
second mating with small spermatophores in both P
xuthus and P. machaon was not longer than the first,
unlike in other butterfly species (Svard & Wiklund
1986; Kaitala & Wiklund 1995).

Male P xuthus produce fullsize spermatophores
when virgins, or when they mate after several days of
abstinence (Watanabe & Hirota 1999). The present
study shows that, during an abstinence period, mated
males produce a spermatophore that is 55% (P,
xuthusy and 33% (P. machaon) of the size of a full-size
spermatophore. In many butterfly species, the second
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Table 3. Number of eupyrene sperm bundles and estimated number of apyrene spermatozoa in a spermatophore transferred
from P. xuthus and P. machaon males that were successful at the first and the second mating (+SE).

Ist mating

2nd mating

Eupyrene sperm bundles P xuthus

P machaon

41.3+ 5.76* (n=14)
119.8+13.70" (n=10)

59.6+6.86" (n=14)
133.7+14.39" (n=16)

U=59.0, P<0.05

U=72.5, n.s.

Apyrene spermatozoa P xuthus

P machaon

247,435+30,197° (n=13)
202,143+33,719° (n=10)

166,100+20,859¢ (n=14) U=52.0, P<0.05
165,098+20,888 (n=16) U=61.0, n.s.

n: number of males

a: U=4.0, P<0.01

b: U=35.0, P<0.01

c: U=39.0, 0.05>P>0.01
d: U=86.0, n.s.

spermatophore is smaller than the first (Sims 1979;
Oberhauser 1988; Sviard & Wiklund 1989; Watanabe
et al. 1998a). Larger spermatophores induce longer
periods of sexual unreceptivity in some lepidopteran
females (Oberhauser 1989), during which females
lay eggs exclusively fertilized by that male. In Colias
eurytheme, female fecundity has been shown to corre-
late positively with the size of the received ejaculate
(Rutowski et al. 1987). Therefore, a reduction in
spermatophore size may potentially be costly in terms
of a reduced female reproductive output and shorter
female refractory periods. In addition, He & Miyata
(1997) have shown that small spermatophores might
contain less eupyrene and apyrene spermatozoa than
large ones. In the present study, however, the number
of eupyrene spermatozoa in the second spermato-
phore produced by the male was more than that in
the first spermatophore for P xuthus and identical
to that in the first spermatophore for P2 machaon.
Males of both species were fed only water as adults,
meaning that they were using only larval nutrients to
produce sperm.

Cook & Wedell (1999) stated that in many butterfly
species there are typically 256 eupyrene spermatozoa
per bundle. Therefore, the range of approximately
10,000 (=41x256 in P. xuthus) to 34,000 (=134x256
in P. machaon) eupyrene spermatozoa was above the
level guaranteeing adequate fertilization, since a fe-
mate of either species has fewer than 1000 eggs after
eclosion (Watanabe & Nozato 1986). Furthermore,
a single eupyrene spermatozoon might be used for
insemination of a single egg (Watanabe & Hachisuka
2005). Wedell & Cook (1998) pointed out that mated
males compensate by increasing sperm numbers,

resulting in high fertilization success during sperm
competition.

For females, the mean lifetime mating frequency is
3 and 1 for P, xuthusand P> machaon, respectively (Wa-
tanabe & Nozato 1986). Svard & Wiklund (1989) also
showed that the mean number of mating in the Euro-
pean P machaon was 1.16. Assuming that every femate
attempted to load a sufficient number of cupyrene
spermatozoa for insemination of her eggs, the total
number of eupyrene spermatozoa in relation to her
fecundity must be similar among species, because the
number of eggs in the ovaries was roughly same. A
female of P xuthus mated with 3 virgin males during
her life span would received 123 (=41x3) cupyrene
sperm bundles. This is comparable with the number
received at a single mating by a female of P machaon,
though the eupyrene spermatozoon size of P2 machaon
was smaller than that of P xuthus. Lastly, a female of P
xuthus mating 3 times must receive 750,000 apyrene
spermatozoa.

For a male swallowtail butterfly second mating,
the probability of enconntering non-virgin females
who accept copulation must be high in nature, due
to the long flying secason and to continuous genera-
tions during summer. Hence for P xuthus, it may be
numbers of eupyrene spermatozoa in spite of reduced
nutrient donations. The number of eupyrene sperm
bundles in the spermatophore significantly increases
for the second mating. During sperm competition, an
increased risk with the degree of polyandry, produc-
tion of high numbers of sperm may be advantageous.
In Pieris rapae, males transterred significantly more
cupyrene sperm on their second mating, although
the spermatophore size was reduced (Cook & Wedell



1996; Watanabe et al. 1998a; Wedell & Cook 1999a).
Since there might be little sperm mixing in P xuthus
due to the apyrene sperm in spermatheca (Watanabe
et al. 2000), it appears advantageous for males to
transfer an excess of eupyrene spermatozoa with an
excess number of apyrene spermatozoa at the second
mating.

Male swallowtail butterflies apparently lack means
to decrease sperm competition since they leave only
a small sperm plug after copulation. Further, males
have no provision for removing a rival male’s sperm.
Their penis cannot reach the spermatheca, where
cupyrene sperm is stored. The interval of mating and
the morphology of fertilization ducts allow eupyrene
spermatozoa from the second mating to be positioned
close to the exit. With cul-de-sac spermatheca, the
sperm enter and leave by the same duct, such that
sperm from the second mating should be the first
to leave, resulting in last-male priority in P xuthus
(Watanabe et al. 2000). Last-male priority has been
established as the predominant pattern of sperm use
in most butterfly species that have been studied (Sims
1979, Lederhouse 1981).

On the other hand, females of . machaon seemed
not use the spermatophore and accessory substances
tor either energy or egg production (unpublished)
and were monandrous. In fact, they had larger fat
bodies in their abdomens after eclosion than P,
xuthus. This finding corresponds with body weights
of the males. Males of P machaon had clearly more
fat body than male P xuthus, even though their body
sizes were similar. Therefore, non-virgin females of
P machaon must have required no further ejaculate
from males, and therefore avoided their conspecifics
and/or refused mating when males were encoun-
tered. Since only virgin females permitted copulation,
the operational sex ratio was biased toward males.
The probability of mating in males may be low in
the field, but the probability of re mating by mated
males must be zero if females are able to detect mated
males. Then, males of P machaon, particularly virgins,
mightincrease the number of eupyrene spermatczoa
as well as the maximum ejaculation mass as much as
possible when they copulate. Consequently, sperm
size would decrease.

Although the number of apyrene spermatozoain P
xuthussignificantly decreased for any second mating,
the life time production of apyrene spermatozoa was
higher than thatin P, machaon, particularly in relation
to the number of eupyrene spermatozoa. Based on
the different amounts of eupyrene and apyrene sperm
in the testis (Hiroyoshi & Mitsuhashi 1999), males
independently vary the numbers of the two types of
sperm ejaculated into the spermatophore (Cook &
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Gage 1995; Watanabe et al. 1998b; Wedell & Cook
1999a). The fact that apyrene sperm migrates earlier
than cupyrene sperm from spermatophore to sper-
matheca following copulation suggests that apyrene
sperm for the second mating can fill the spermatheca
with eupyrene sperm of the first mating in order to
prevent fertilization (Watanabe et al. 2000). There-
fore, it may be advantageous for P xuthus males to
provide polyandrous females with a certain number
of large apyrene spermatozoa at each mating to effect
sperm competition.

We have no information on the mating frequency
of male swallowtail butterflies in nature. We suspect
that males of both £ xuthus and P. machaon mate at
intervals of more than a few days, extrapolated in part
by their 3-b weeks life span in the laboratory. Note
well thatin the present study P xuthus and P. machaon
males were restricted to larval stage nutrients and
never mated more than three times. All males mating
only two times died the day after the second mating.
Therefore, P> xuthus males produced a smaller number
of large cupyrene spermatozoa, while P machaon
produced a large number of small eupyrene sper-
matozoa. However, there were more larger apyrene
spermatozoa in P xuthus than in P. machaon. Conse-
quently, P xuthus males must provide for the extra cost
to produce eupyrene sperm and ignore the cost to
produce apyrene sperm for each mating under severe
sperm competition. By comparison I machaon males
decrease the apyrene sperm mass under low sperm
competition in the reproductive organs of females.
Since survival, and thus mating frequency in nature,
should be supported by nutrients from nectar, field
studies comparing the mating behavior of P. xuthus
and P machaon males are necessary.

ACKNOWLEDGEMENTS

We would like to thank M. Kamikubo of University of Tsukuba,
and A. Hachisuka and N. Dainoue of Mie University, for their as-
sistance in rearing the swallowtail butterflies. Thanks are also due
to N. Hibi, Y. Nakatani and T. Yamamoto of the Kashihara City
Insectarium, for their provision of the diet of the larvae. Comments
of two anonymous reviewers improved our manuscript. This work
was supported in part by a Grant-in-Aid for Scientific Research (C)
from the Ministry of Education, Science, Sports, and Culture of

Japan (No. 10640612) to M. Watanabe.

LITERATURE CITED

Boces, C. L. 1990. A general model of the role of male-donated
nutrients in female insects’ reproduction. American Naturalist
136: 598-617.

Cook, P. A. & M. J. G. Gace. 1995. Effects of risk of sperm
competition on the numbers of eupyrene and apyrene sperm
ejaculated by the moth Plodia interpunctella (Lepidoptera:






