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Abstract: Potential capacities of male swallowtail butterflies for ejaculation containing siDerin were

examined in laboratory studies in monandrous {Papilio machaon) and |5(dyandrons {P. xuthus)

species. Virgin males transferred a spermato|thore and accessor)' substances that corresponded to an

average of 2.4% and 2.1% of their body weight at eclosion in P. xuthus And P. machaon, respectively.

The spermatophore contained about 41 and 120 eupyrene sperm bundles and 247,000 and 202,000

apyrene spermatozoa for P. xuthus -And P. machaon, respectively. Individual eupyrene and apyrene

spermatozoa of P. machaon were smaller than those of P. xuthus. I lowever, when the males re mated

at two days after the first mating, they |troduced a spermatophore of 55% and 32% of full si/e

in P. xuthus and P. machaon, respectively. The ntunber of eupyrene sperm Irundfes in the second

spermatophore increased while the apyrene .s|)ermatozoa decreased in P. xuthus. I'he larger number
of eupyrene sperm Itundles and the relatively smaller number of a|tyrene spermatozoa in the first

and the second mating of P. machaon compared to P. xuthus are discussed from the viewpoint of

female monandr)' and polyandry.

Key words: apyrene sperm, eu]5yrene .S|)ei'm bntidle, Papilio machaon, Papilio xuthus, second mating,

spermatophore.

Introduction

In many bntterfly species, the male’s second sper-

matophore is significantly smaller than his first (Svard

& Wikhmd 1986, 1989; Oberhanser 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, [irob-

ably due to the size of the ejaculate (Svard Sc Wikhmd
1986; Kaitala & Wiklimd 1995).

Among the yellow swallowtail butterflies in Japan,

females of Papilio 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
(LaMimyon & 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 fitness 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 (Svard

& Wikhmd 1989). When the male re mates, he must

jjroduce another spermatojihore 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 lecovery 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

(Kiiitala & Wikhmd 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
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spermatophores have been observed in the bursa

co])nlatrix of aged females of inonandrous species,

such as P. machaon (impnblisbed) and Lycaena phlaeas

(Watanabe & Nisbimnra 2001), suggesting that these

females did not use male ejaculate to obtain the nu-

trients necessary for reprodtictive success.

Most butterfly species produce two types of sperm,

enpyrene 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 mimber of

both types of sperm transferred de})ending on their

mating status (Cook & Wedell 1996; Wedell & Cook
1999b). Previously mated males of /I xu//m.v produce
spermatophores that are about half the size of those

they [jrodnced 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 butterflies. 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, spermatophore mass, and the number of apyrene

and enpyrene 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 h'om the males to spermatophore was assessed

immediately after copulation. All animals were ob-

tained from a continuously breeding culture reared

in the laboratoiy at room temperature in the summers
of 2001 and 2003. Adults were collected in the held,

and females were allowed to oviposit on leaves of Citrus

unshu (Rutaceae) for P. xuthus'Awd those of Heraclmm
lanatum (Umbelliferae) for P. machaon. Larvae of both

species were reared in the laboratory under an 18-h

light (>h dark regime at 25°(i 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 tem-

perattire of 26-27°C) to maintain their virginity. The
mean weight of male at emergence was 453.5±63.6 mg
for P. xuthus And 588. 1±128.3 mgfor P. machaon (±SD)

.

One of the best indicators of nutrients obtained dur-

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 laboratoiy 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 hrst mating and held to attempt a second
copulation three-day.s-later with virgin females. A total

of 26 mated males for P. xiith us and 24 mated males
for P. machaon were hand-paired. Spermatophore
mass and the number of enpyrene sperm bundles
and apyrene spermatozoa in the spermatophore were
determined. Becau.se the accessory substances were
ejaculated otUside the spermatophore into the bursa

copulatrix of the female, we could easily separate them
during the di.ssection of the bursa copulatrix.

Immediately after copulation, the females were de-

capitated and di.ssected under a stereo 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 iit Watanabe et al. (1998a,

b). Weevaluated the number of both types of sperm
derived in females by counting the number of sperm
in the transferred spermatophore. Immediately after

copulation, the enpyrene sperm are packed in the

spermatophore in a bundle, whereas the apyrene

bundle has already dissolved, and thus tlie apyrene

sperm can be observed individually (Kiitsuno 1977).

Enpyrene 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 eiq^yrene 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 pi subsamples were removed from each sample us-

ing a Gilson autopipette and allowed to diy 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 (xlOO) to count the num-

bers of apyrene sperm and etipyrene single sperm.

The total number of apyrene spermatozoa in a

spermatophore was calculated by multiplying the

average sperm count in 10 pi 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 mgto 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 spermatopbore of

3.0 mgwith 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-

nificantly different from those of 71 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 71 xuthus. This value was 32%of the

spermatophore size of the first mating. The mass of

accessory substances (1.3 mg) from tbe mated males

was also 33% of that from the virgin males.

There was no relationship l^etween the spermato-

phore weight and the copula duration in the mated
males (F=0.971 in P xuthus and F=().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.()1). 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=().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 eiqjyrene spermatozoon instead of

the bundle. For P. xuthus, the length of a eupyrene

spermatozoa was 916. 7±44.() 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 562.5±1 1 .0 mm,and that of an apyrene

one was 274.5±10.5 mm. Therefore, both eupyrene

and apyrene spermatozoa of 77 machaon were smaller

than those of P. xiithus (U=0.00, P<0.01 and U=0.00,

Table 1. Copula duration 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 59.3±4.5 (n=15) 62.6±3.4 (n=15) U=91.5, n.s.

P. machaon 55.3+2.7 (n=13) 56.3+3.3 (n=15) U=92.5, n.s

U=87.(), 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).

Isi mating 2iid mating

.S|)einum)ph()re It .XltlllU.'i

It machaon

5.5()±0.2.5-' (11=1.3)

8.():t±()..S3- (11= lit)

:t.()3±0.20'> (n=13)

2.6()±0.19'’ (n=16)

U= 5.0, P<().()1

U= 0.0, P<0.01

Accessoiy siibstaiice.s It xuthus

It machaon

5.I7±().26' (ii=13)

4.()3±().,3.3‘ (n=i;t)

2.89±().16'‘ (n=15)

1..3.3±().22'‘ (n=16)

U=6.0, P<0.01

U=11.0, IMI.Ol

n: number of males

a: IJ=9.5, P<().()1

b; U=90.0, n.s.

c: LI=47.(), 0.()3>P>().()1

(1: U=I7.5, P<().()l

P<().()1, respectively).

Table 3 shows that virgin males of /! xuthus trans-

ferred about 41 enpyrene sperm bundles in one
spermatopbore. There was no relation between the

number of bundles and the spermatophore weight

for the first mating (F=().()25), e.g. the number of

enpyrene sperm bundles did relate to spermatophore
size. In fact, the mated males transferred about (iO

enpyrene 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=().243).

For P. machuon, on the other hand, a virgin male
transferred about 120 enpyrene sperm bundles in a

spermatophore, and there was a positive correlation

between spermatophore weight and the number of

bundles (F=8.69(), ().()5>P>().01 ), ranging 71 to 192

bundles and (i.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 numl)er of bundles and the spermato-

phore weight at the second mating (F=0.787).

4'here was no relation between the number of

apyrene spermatozoa and the spermatophore weight

for either the first (F=().()07) or the second (F=().534)

matings in P. xuthus. The number of apyrene sper-

matozoa at the first mating was significantly larger

than that at the second mating, suggesting that at the

second mating males tratisferred more enpyrene and

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

Fhere was no relation between the number of

ajjyrene spermatozoa and the spermatophore weight

for either the first (F=1.212) or the second (F=().373)

matings in P. machaon. The number of apyrene sper-

matozoa at the first mating was signihcatitly smaller

than that in 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 (Svard Sc 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 (Sviird & Wiklund
1986; Kititala & Wiklund 1995).

Male P. xuthus produce full-size 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.

xuthu.s) 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).

1st mating 2nd mating

Eupyrene sperm bundtes F. xuthus

P. machaon

41.3±.5.76'‘ (n=14)

1 19.8±13.7{)' (n=10)

.59.6±6.86'’ (n=14)

I33.7±l 4..3‘)'> (n=16)

U=.’i9.0, P<().05

U=72.5, n.s.

Apyrene spermatozoa P. xulhus

P. machaon

247,43.6±30,I97^ (n=13)

202,143±.3.3,719' {n=10)

16r>,100±2(),8.W (n=14)

165,()98±2(),888" (n=l(i)

U=52.(), P<().05

U=61.(), 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, ii.s.

spermatophore is smaller than the hrst (Sims 1979;

Oberhatiser 1988; Svard & Wikhmd 1989; Watanabe
et al. 1998a). Larger spermatophores induce longer

periods of sexual imreceptivity in some lepidopteran

females (Oberhaiiser 1989), during which females

lay eggs exclusively fertilized by that male. In CoUas

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 hrst spermatophore for P. xulhus and identical

to that in the hrst spermatophore for P. 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. xulhus) to 34,000 (=134x256

in P. machaon) eupyrene spermatozoa was above the

level guaranteeing adequate fertilization, since a fe-

male 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 sncce.ss during sperm
competition.

For females, the mean lifetime mating frequency is

3 and 1 for P. xuthus 'and P. machaon, respectively (Wa-

tanabe & Nozato 1986). Svard & Wikhmd (1989) also

showed that the mean number of mating in the Euro-

pean P. machaon was 1.16. Assuming that every female

attempted to load a sufhcient number of eupyrene

spermatozoa for insemination of her eggs, the total

number of eupyrene spermatozoa in relation to her

fecundity must be similar among si)ecies, because the

number of eggs in the ovaries was roughly same. A
female ot' P. xuthus mated with 3 virgin males during

her life span would received 123 (=41x3) eupyrene

sperm bundles. This is comparable with the number
received at a single mating by a female of /f machaon,

though the eupyrene spermatozoon size of /I machaon

was smaller than that of /I xuthus. Lastly, a female of /I

xuthus mating 3 times must receive 750, 000 apyrene

spermatozoa.

For a male swallowtail butterfly second mating,

the probability of encountering non-virgin females

who accept copulation must be high in nature, due
to the long flying season and to contimtous genera-

tions during sitmmer. 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 s])erm competition, an

increased risk with the degree of polyandry, produc-

tion of high numbers of sperm may be advantageous.

In Pieris rapae, males transferred significatitly more
eupyrene sperm on their second mating, although

the spermatophore size was reduced (Cook & Wedell
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1996; Watanabe et al. 1998a; Wedell & Cook 1999a).

Since there might he little sperm mixing in P. xulhiis

dtie to the apyrene sperm in spermatheca (Watanabe
et al. 2000), it appears advantageous for males to

transfer an excess of enpyrene spermatozoa with an

exce.ss number of apyrene spermatozoa at the second
mating.

Male swallowtail hutterllies 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
eupyrene sperm is stored. The interval of mating and
the morphology of fertilization ducts allow etipyrene

spermatozoa from the second mating to be positioned

close to the exit. With ctil-de-sac spermatheca, the

sperm enter and leave by the same dtict, such that

sperm from the second mating should be the first

to leave, restilting in last-male priority in P. xuthus

(Watanabe et al. 2()()()). Last-male priority has been
established as the predominant pattern of sperm tise

in most butterfly species that have been sttidied (Sims

1979, Lederhotise 1981).

On the other hand, females of P. twac/mon seemed
not tise the spermatophore and accessory substances

for either energy or egg prodtiction (unpiiblislied)

and were rnonandrotis. 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. marhaon had clearly more
fat body than male P. xuthus, even though their body
sizes were similar. Tberefore, non-virgin females of

P. machnon nuist have reqtiired no further ejactilate

from males, and therefore avoided their conspecifics

and/or reftised mating when males were encoun-
tered. Since only \irgin 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 /^l machaon, particularly virgins,

might increase the number of eupyrene spermatozoa

as well as the maximum ejaculation mass as much as

possible when they coptilate. Consequently, sperm
size wotild decrease.

Althotigh the ntimber of apyrene spermatozoa in P.

xuf/uw significantly decreased for any second mating,

the life time production of apyrene spermatozoa was

higher than that in P. machnon, partictilarly in relation

to the number of eupyrene spermatozoa. Based on
the different amounts of eupyrene and apyrene spenn
in the testis (Hiroyoshi & Mitsuhashi 1999), males

independently vaiy the numbers of the two types of

sperm ejactilated into the spermatophore (Cook &

Gage 1995; Watanabe et al. 1998b; Wedell & Cook
1999a). The fact that apyrene sperm migrates earlier

than etipyrene sperm from spermatophore to sper-

matheca following copulation suggests that apyrene
sperm for the second mating can fill the spermatheca
with etipyrene 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.

Wehave no information on the mating frequency

of male swallowtail butterflies in nature. Wesuspect

that males of both P xutlms and P. machaon mate at

intervals of more than a few days, extrapolated in part

by their 3-5 weeks life span in the laboratoiy Note
well that in the jtresent study P. xuthus'Awd 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.

Fherefore, P xt/Z/ucs males produced a smaller number
of large eupyrene 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 machnon. 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 P. 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.
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