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

The sex ratio of adult worms has been observed biased towards males in Schistosoma mansoni under natural conditions.

The origin of this bias is unknown. This paper determines whether males are more infective than females under controlled

experimental bisexual conditions, and hence if the sex ratio is male-biased as a consequence of this. The male and female

cercarial infectivities in uni- and bisexual vertebrate host infections using a range of controlled cercarial sex ratios were

studied. The results showed that, in experimental unisexual infections, male cercariae were more infective than females,

and that in experimental bisexual infections, male cercarial infectivity was similar to that of female, irrespective of cercarial

sex ratio. Furthermore, cumulative male and female cercarial infectivity was maximal when sex ratio was equilibrated. The

unbiased sex ratios obtained in our experimental bisexual infections are discussed in terms of behavioural and}or

biochemical male–female interaction. Alternative explanations of the natural biased sex ratio are proposed.
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

Schistosoma mansoni is a dioecious trematode whose

sex ratio is known to be male-biased in the definitive

host. This bias has been observed under natural

conditions: published values of male:female worm

ratios, obtained from infected Rattus rattus in

Guadeloupe (West Indies) include 1±1, 1±5 and 1±6
(Imbert-Establet, 1982; The! ron et al. 1992; Barral et

al. 1996). The origin of this bias may be found either

in the steps preceding cercarial penetration, the

process of penetration or during cercarial devel-

opment into adult. In order to explain the bias,

several authors have performed experimental con-

trolled unisexual infections for each step of the life-

cycle. Boissier, Morand & Mone! (1999) have

reviewed these studies and showed that only studies

on cercarial infectivity could provide an explanation

(Evans & Stirewalt, 1951; Stirewalt & Fregeau,

1968; Taylor & Andrews, 1973; Rowntree & James,

1977; Liberatos, 1987; Cheever, Lewis & Wynn,

1997): a better male cercarial infectivity may thus

explain the bias.

However, experimental unisexual infections of the

definitive host do not reflect the natural conditions

because no possible interaction exists between sexes.

The term ‘sex ratio’ cannot be used for such

experimental unisexual infections: sex ratio cannot

be calculated from the ratio of male}female worms

when males and females are recovered from separate
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definitive hosts. Boissier et al. (1999) did not use the

term male-biased sex ratio but expressed the higher

male infectivity in terms of better male life-history

performance. The term ‘sex ratio’ should be used

only for mixed sex (bisexual) infections of the

definitive host where a true operational sex ratio

exists.

This paper investigates whether males are still

more infective than females in controlled exper-

imental bisexual conditions and thus if the sex ratio

is male-biased as a consequence of this. It determines

also if the infectivity of one sex is dependent on the

presence of the other sex. Furthermore, it aims to

study the proportionality between cercarial and adult

sex ratios. In order to answer these questions, the

cercarial infectivity of male and female cercariae

were compared in both uni- and bisexual infections

of the vertebrate host using a range of controlled sex

ratios.

  

Parasite and host strains

The host–parasite system used was an albino variety

of Biomphalaria glabrata from Brazil and a strain of

S. mansoni, also from Brazil, maintained in Swiss

OF1 mice.

Snail infection and maintenance

The molluscs, measuring 4–5 mm in diameter, were

exposed individually to a single miracidium in 5 ml

of spring water. The next day, the snails were
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Table 1. Comparison between male and female infectivities according to cercarial sex ratios

Infectivity

(Mean³..)
Unisexual

infections

Bisexual infections (cercarial sex ratios)

0±25 0±33 0±67 1±00 1±50 3±00 4±00

Pooled

sex ratios

Experiment 1

Male 0±22³0±01 — 0±25³0±03 — 0±31³0±07 — 0±23³0±06 — 0±26³0±03

N 3 — 3 — 3 — 3 — 9

Female 0±18³0±00 — 0±19³0±02 — 0±28³0±05 — 0±26³0±07 — 0±24³0±03

N 3 — 3 — 3 — 3 — 9

Significance * — .. — .. — .. — ..

Experiment 2

Male 0±26³0±04 0±22³0±03 — 0±20³0±02 0±28³0±04 0±24³0±04 — 0±20³0±03 0±23³0±01

N 5 5 — 5 5 4 — 5 24

Female 0±14³0±01 0±21³0±02 — 0±19³0±02 0±28³0±04 0±22³0±04 — 0±20³0±03 0±22³0±01

N 5 5 — 5 5 4 — 5 24

Significance * .. — .. .. .. — .. ..

.., Not significant; *P!0±05.

isolated in plastic glasses containing 150 ml of spring

water. They were fed ad libitum with fresh lettuce,

and water was changed weekly and maintained at a

constant temperature of 26 °C and a photo-period of

light:dark: 12:12. Five weeks after exposure, the

cercarial sex from each mollusc was determined by

infection and subsequent perfusion of mice.

Mice infection, cercarial infectivity and worm sex

ratio determination

Mice were anaesthetized with a mixture of Rom-

pun (20 mg}ml; Bayer) 0±50 ml and Imalge' ne

(100 mg}ml; Rho# ne Me! rieux) 1±00 ml in 8±5 ml of

autoclaved NaCl 8±5 (^) by injection of 0±1 ml}10 g

of body weight. Mice abdomens were shaved and

exposed to 200 cercariae for 45 min. Worms were

recovered and worm sex ratio was determined

8 weeks post-infection for all mice. Mice were killed

by a lethal intraperitoneal injection of sodium

pentobarbital (1±1 ml in 10 ml of 10% ethanol).

Adult worms were recovered by retrograde perfusion

of the hepatic portal system with citrate (7±5^)

saline (8±5^) solution administered through the left

ventricle (Duwall & DeWitt, 1967). Worms trapped

in the liver or mesenteric system were collected after

excision of these organs. All worms were counted.

Cercarial infectivity was calculated for each sex by

dividing the number of worms which had developed

into an adult by the number of cercariae given.

Worm sex ratio was calculated for each mouse as the

proportion of male to female worms.

Experimental design

Two experiments were performed. In both ex-

periments, pairs of molluscs were constituted by

1 mollusc harbouring a male cercarial infection and

1 mollusc harbouring a female cercarial infection. In

the first experiment, 3 different pairs were used at

100 days post-infection. For each pair, 3 cercarial

sex ratios (defined as the number of male:female

cercariae) were given to mice: 0±33 (50:150), 1

(100:100) and 3 (150:50). In the second experiment,

5 different pairs of molluscs were used at 110 days

post-infection. For each pair, 5 cercarial sex ratios

were given to mice: 0±25 (40:160), 0±67 (80:120), 1

(100:100), 1±5 (120:80) and 4 (160:40). Unisexual

infections of mice were performed (control groups)

using 200 cercariae shed from each infected mollusc

used in both experiments.

Statistical tests

Statistical analyses were performed using StatView

4.5. Correlation tests were performed to assess

possible relationships between cercarial sex ratios

and worm sex ratios. The two-slope test (Zar, 1996)

was used to compare 2 simple regression equations.

The nonparametric Mann–Whitney U-test was used

to compare infectivities.



Male versus female cercarial infectivity

The comparisons between male and female cercarial

infectivities, according to the cercarial sex ratios, are

presented in Table 1 for both experiments. In

unisexual infections, male infectivities were signifi-

cantly higher than female infectivities for both

experiments. In bisexual infections, and for Ex-

periment 1, there was no difference between male

and female infectivities even if male values tend to be

higher than female values for 0±33 and 1±00 sex ratios.

In Experiment 2, which used a higher sampling than

in Experiment 1, there was no difference between

male and female infectivities. In bisexual pooled sex

ratios, male infectivities were not significantly dif-
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Fig. 1. Relationships between cercarial sex ratio and

mean total infectivity (³..) *Significant difference

with the equilibrated sex ratio.

Fig. 2. Relationships between cercarial sex ratio and

adult sex ratio.

ferent from male infectivities in unisexual infections

(Exp. 1: U¯8±50, P¯0±35; Exp. 2: U¯45±50,

P¯0±40). In bisexual pooled sex ratios, female

infectivities were higher than female infectivities in

unisexual infections; the difference was not signifi-

cantly different in the first experiment (U¯6±00,

P¯0±16) but significantly different in the second one

(U¯10±00, P!0±05).

The relationships between cercarial sex ratios and

mean total (male­female) infectivities are presented

in Fig. 1 for both experiments. Infectivities were

maximal using equilibrated cercarial sex ratios. In

the first experiment, there was no difference between

the infectivity obtained with an equilibrated sex ratio

and those obtained with non-equilibrated sex ratios

(P"0±05). In the second experiment, infectivity

obtained with an equilibrated sex ratio was signifi-

cantly higher than with most non-equilibrated sex

ratios: 0±25 (U¯17, P!0±05), 0±67 (U¯17,

P!0±05) and 4 (U¯24, P!0±05).

Relationship between cercarial and adult sex ratios

The relationships between cercarial sex ratios and

adult sex ratios are presented in Fig. 2 for both

experiments. There were highly significant positive

correlations between the sex ratios of cercariae

administered and sex ratios of the adult worms

recovered from mice (Exp. 1: n¯9, r¯0±99,

P!0±001; Exp. 2: n¯25, r¯0±99, P!0±001).

Regression equations were not significantly different

from the straight line with a slope of 1 (Exp. 1: t¯
0±04, ..¯3, P"0±05; Exp. 2: t¯0±02, ..¯7,

P"0±05).



The results showed that, in experimental bisexual

infections, female cercarial infectivity is similar to

that of males, irrespective of cercarial sex ratio.

Furthermore, cumulative male and female cercarial

infectivity is maximum when the sex ratio is

equilibrated.

Similar infectivities between both sexes in ex-

perimental bisexual infections show that simul-

taneous presence of both sexes do not give the same

results as in unisexual infections. In experimental

unisexual infections, our results showed that cer-

carial male infectivity, and thus life-history per-

formance, was higher than that of the female. This

result agrees with that of Boissier et al. (1999) using

a statistical method (meta-analysis) on the pooled

experimental results from the literature. In our

bisexual infections, no male-bias emerged from the

adult sex ratios, which remained similar to the

cercarial sex ratios.

The unbiased sex ratios obtained in our ex-

perimental bisexual infections could be explained by

a male–female interaction. The presence of the male
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may have stimulated the female infectivity, making it

comparable to that of males. At the same time, the

presence of female cercariae apparently does not

stimulate male cercarial infectivity.

In S. mansoni, many experimental biochemical

and behavioural studies have been published con-

cerning female stimulation mediated by males. For

example, the presence of the male is necessary for the

acquisition and the maintenance of female sexual

maturity (Popiel, 1986), the synthesis of female

DNA (Den Hollander & Erasmus, 1985), or

molecules which are known in other organisms to

be involved in mitogenic processes (Schussler,

Grevelding & Kunz, 1997). Female attraction

towards the male is caused, in the absence of worm-

tactile behaviour, by males emitting pheromones

that attract females (Imperia & Fried, 1980; Eveland,

Fried & Cohen, 1982; Haseeb & Eveland, 1991).

Maximum cercarial infectivity occurring for an

equilibrated sex ratio could be a direct consequence

of behavioural and}or biochemical interactions be-

tween the sexes. On the one hand, 1 male can only

protect 1 female in its gynecophoral canal. On the

other hand, in vitro, 1 female, but not 2, attracts

1 male and, 1 male, but not 2, attracts 1 female

(Eveland, Fried & Cohen, 1983). These last results

can be interpreted from the ‘window’ and}or ‘shut

down’ mechanisms described by Kemp & Devine

(1982) in digeneans where the behavioural responses

are density dependent and thus pheromonal con-

centration dependent. From these mechanical pro-

tection and}or pheromonal control mechanisms, a

maximum infrapopulation developmental success

will be achieved for an equilibrated sex ratio. In

natural populations of S. mansoni in Rattus rattus,

Morand et al. (1993) observed such a tendency in sex

ratio equilibrium when infection intensity increases.

Both the stimulation of the female by the male as

well as a maximal infectivity when sex ratio is

equilibrated maximize the number of pairings and

thus the number of eggs produced and hence favour

schistosome transmission.

Thus, what could be the explanation for the

biased-sex ratio towards males in natural bisexual

infections (Imbert-Establet, 1982; The! ron et al.

1992; Barral et al. 1996) compared to our unbiased

experimental sex ratio? Three explanations can be

proposed for the natural bias. The first possibility

could be that the bias exists before cercarial pen-

etration. Since males and females have similar

infectivities in our bisexual experimental infections,

the bias could take place at any step from egg-

hatching to cercarial penetration. Boissier et al.

(1999) showed that most of those performances were

similar between the sexes and that, when different,

they were higher in females than in males. Some

other characteristics have yet to be studied, such as

the host-finding efficiency of male and female

cercariae, and this may explain the bias. The second

possibility could be that the bias comes from the

vertebrate host and is due to repeated exposures. In

natural conditions, the infection of the definitive

host by both sexes may be accomplished either by

simultaneous or by trickle repeated exposures. Our

experiments used simultaneous infections by male

and female cercariae. In natural conditions, such

simultaneous mixed sex exposures are highly likely.

Molluscs harbouring mixed sex infections are more

numerous than expected (Woolhouse, Chandiwana

& Bradley, 1990), and most infected snails are

observed to be spatially aggregated (Sire et al. 1999).

However, some other authors suppose that the usual

pattern of exposure is by trickle repeated infections

(Sturrock, Cottrell & Kimani, 1984; Mitchell et al.

1990). Would our results be the same if infections by

male and female cercariae were not performed

simultaneously? Such experiments would be poss-

ible by the fact that mice infected with cercariae of

only one sex are not resistant to reinfection (Roberts,

Boot & Wilson, 1988), resistance being correlated

with the presence of eggs resulting from a bisexual

infection (Harrison, Bickle & Doenhoff, 1982).

Finally, the third possibility could be that the bias is

due to a competition between genetically different

adults. A genetic diversity among the individuals of

the same sex would create competition for access to

the opposite sex. This competition would be higher

between females and would induce the male-biased

sex ratio. This hypothesis is supported by both

natural and experimental results. A high genetic

diversity among adults has been found in naturally-

infected Rattus rattus (Barral et al. 1996). In our

experimental protocol, we have eliminated such a

genetic diversity; mice were infected by genetically

identical male cercariae and genetically identical

female cercariae. The adults coming from these

cercariae had to choose between sexual partners that

were all genetically identical. By eliminating the

genetic diversity, we would have suppressed the

competition and thus the bias. Finally, the capacity

of schistosomes to choose a partner has been shown

in heterospecific mating experiments (Tchuem

Tchuente! et al. 1995) and may support the existence

of a competition for the access to the other sex.
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