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Existence of Two Sexual Races in the Planarian Species
Switching between Asexual and Sexual Reproduction
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35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan
2The Open University of Japan, 2-11 Wakaba, Mihama-ku,
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In certain planarian species that are able to switch between asexual and sexual reproduction, deter-
mining whether a sexual has the ability to switch to the asexual state is problematic, which renders
the definition of sexuals controversial. We experimentally show the existence of two sexual races,
acquired and innate, in the planarian Dugesia ryukyuensis. Acquired sexuals used in this study
were experimentally switched from asexuals. Inbreeding of acquired sexuals produced both innate
sexuals and asexuals, but inbreeding of innate sexuals produced innate sexuals only and no asex-
uals. Acquired sexuals, but not innate sexuals, were forced to become asexuals by ablation and
regeneration (asexual induction). This suggests that acquired sexuals somehow retain asexual
potential, while innate sexuals do not. We also found that acquired sexuals have the potential to
develop hyperplastic and supernumerary ovaries, while innate sexuals do not. In this regard,
acquired sexuals were more prolific than innate sexuals. The differences between acquired and
innate sexuals will provide a structure for examining the mechanism underlying asexual and sexual

reproduction in planarians.
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INTRODUCTION

Many organisms can reproduce both sexually and asex-
ually. When environmental factors are favorable, asexual
reproduction allows animals to exploit conditions suitable for
survival. Asexual organisms may switch to a sexual mode of
reproduction; sexual reproduction ensures a mixing of the
species gene pool. The variations in offspring produced by
sexual reproduction allow some individuals to be better
suited for survival and provide a mechanism for selective
adaptation to occur. Thus, the reproductive strategy of
switching between asexual and sexual modes of reproduc-
tion may contribute to an organism’s fitness. Some freshwa-
ter planarians (Platyhelminthes, Turbellaria, Seriata, and
Tricladida) switch between asexual and sexual reproduction
(Curtis, 1902; Hyman, 1939; Vowinckel, 1970; Vowinckel
and Marsden, 1971a, b). The asexuals reproduce by fission
without forming any sexual organs (Fig. 1A), whereas the
sexuals are hermaphroditic (Fig. 1B). The sexuals produce
cocoons (egg capsules) that are filled with multiple fertilized
eggs from the ovaries and yolk cells from the yolk glands
(Gremigni and Falleni, 1991, 1992, 1998). In planarian
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embryonic development, the transient organs, such as the
embryonic pharynx and transitory intestines, appear first,
after which the embryos ingest yolk cells for development
and growth (Le Moigne, 1963, 1966; Sanchez-Alvarado,
2003). Embryos also cannibalize their siblings (Harrath et
al., 2009). Therefore, there is a considerable variation in the
number and size of juveniles from each cocoon (Jenkins,
1967; Renoldson et al., 1983). Embryos do not develop sex-
ual organs until after hatching (Curtis, 1902; Gremigni,
1974). Juveniles of the oviparous species Bdellocephala
brunnea gradually develop a pair of ovaries, testes, a copula-
tory apparatus, and yolk glands, in that order (Sakurai, 1998).

Kenk (1937) and Okugawa and Kawakatsu (1954) pro-
posed that the planarians Euplanaria tigrina (present name:
Girardia tigrina) and Dugesia gonocephala (present name:
D. japonica) have at least two physiological races that differ
in their manner of reproduction: an asexual and a sexual
race. The asexual race reproduces exclusively by fission
and does not express sexuality at all. The sexual race can
switch to an asexual state spontaneously, and subsequently
to revert spontaneously to a sexual state. According to this
definition (Kenk, 1937), sexuals that retain sexual reproduc-
tion without undergoing asexual reproduction are also cate-
gorized in the sexual race. It is further possible that the
sexual race contains both sexuals that retain asexual poten-
tial and sexuals that probably cannot switch to the asexual
state. Benazzi (1974, 1981) described these races as ex-
fissiparous specimens and exclusively sexual specimens,
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Fig. 1. lllustration of experimental animals. (A) Asexual Dugesia ryukyuensis. Asexuals

undergo transverse fission followed by regeneration without sexual organs. (B) Sexual D.
ryukyuensis. Sexuals are hermaphrodites that produce cocoons filled with several fertilized eggs
and many yolk cells. ¢, copulatory apparatus; g, genital pore; o, ovary; t, testis; y, yolk gland.
Usually, a pair of ovaries and a copulatory apparatus (a genital pore) are externally visible in D.

ryukyuensis. (C) Terminology used in this study.

respectively. However, there is no evidence that innate sex-
uals are not the result of asexuals acquiring sexuality, as the
definition of reproductive races was based only on observa-
tions in natural habitats and in the laboratory. We think that
it is essential to distinguish these two putative races by
using rigorous evidence to elucidate the mechanisms under-
lying sexual and asexual reproduction in planarians.

In certain planarians, asexuals can switch to a sexual
state if they are fed sexuals, indicating that sexuals contain
a sex-inducing substance or substances (Grasso and
Benazzi, 1973; Grasso et al., 1975; Benazzi and Grasso,
1977; Sakurai, 1981; Teshirogi, 1986; Hauser, 1987).
Worms of an exclusively asexual strain (the OH strain) of D.
ryukyuensis can become sexual if fed B. brunnea
(Kobayashi et al., 1999; Kobayashi and Hoshi, 2002;
Kobayashi et al., 2002). We divided the process of sexual
induction into five distinct stages on the basis of morpholog-
ical changes (see Fig. 1 in Kobayashi and Hoshi, 2002,
Additional file 1 in Kobayashi and Hoshi, 2011), which coin-
cided with consecutive weeks. For example, stage 1 was in
week 1 of the feeding treatment, stage 2 in week 2, etc. In
stage 1, the ovaries grew sufficiently large to be externally
apparent behind the head, although no oocytes or other sex-
ual organs were detectable. Oocytes appeared in the ova-
ries, but other sexual organs remained undetectable in
stage 2. In stage 3, the primordial testes emerged, and a
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Asexuals (OH strain)

X

copulatory apparatus became visi-
ble as a white speck in the post-
pharyngeal region, and in stage 4,
yolk gland primordia developed and
spermatocytes appeared in the tes-
tes. Finally, in stage 5, the mature
yolk glands formed and many
mature spermatozoa were detect-
able in the testes. It should be noted
that the morphogenesis of the sex-
ual organs during sexual induction
was quite similar to that observed
post-embryogenesis (Sakurai,
1998). We found that the test
worms in stages 1 and 2 returned to
being asexual when feeding on B.
brunnea was stopped. However,
sexual induction has a “point of no
return” between stages 2 and 3
(indicating that they will not become
asexual after this point), and test
worms in stage 3 onward continued
developing sexual organs, though
feeding on B. brunnea was
stopped. We concluded that worms
with acquired sexuality (acquired
sexuals) no longer needed to feed
on B. brunnea to maintain their sex-
uality.

The acquired sexuals copulate
and produce offspring (Hoshi et al.,
2003; Kobayashi et al., 2008).
Recently, we showed that the off-
spring consisted of both asexuals
and sexuals (Kobayashi et al,
2009). The asexuals became acquired sexuals after feeding
on B. brunnea, like the worms of the OH strain did, whereas
the sexuals (innate sexuals) became sexually mature with-
out feeding on B. brunnea (Fig. 1C) (Hoshi et al., 2003).
Externally, innate sexuals were not easily distinguishable
from acquired sexuals. Previously, we could not exclude the
possibility that the innate sexuals were asexual, like the
acquired sexuals. In the present study, we provide a ratio-
nale that considers the potential to become asexual by abla-
tion-regeneration (asexual induction) and ovarian morphol-
ogy as a means of distinguishing between acquired and
innate sexuals. Based on the results, we have revisited the
definition of reproductive races in planarians.

MATERIALS AND METHODS
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Innate sexuals

Animals

An exclusively asexual strain, the OH strain of the planarian D.
ryukyuensis (Kawakatsu et al., 1976; Kawakatsu et al., 1995), was
donated by Dr. S. Ishida, Hirosaki University, Japan. Acquired sex-
uals were obtained by feeding asexuals B. brunnea (ljima and
Kaburaki, 1916), as described previously (Kobayashi et al., 1999).
Worms were maintained at 20°C in dechlorinated tapwater, and
were fed chicken liver once a week.

Maintenance of juveniles
A group of approximately 30 acquired sexuals derived from the
OH worms was maintained at 20°C in dechlorinated tap water by
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being fed chicken liver once a week. Under these conditions, they
laid approximately 100 cocoons within approximately two weeks.
We selected 100 juveniles to observe and record the expression of
their reproductive traits. The juveniles were separated into groups
of 10. Each group was separately maintained in approximately
50 mL of dechlorinated tap water and fed chicken liver once a week.
A binocular microscope was used to observe the specimens once
a week for 20 weeks to determine whether the juveniles developed
sexual organs, and specifically, a copulatory apparatus. When the
juveniles underwent fission, the tail fragments were removed to
maintain a constant population density. The number of first fissions
was also recorded.

Ablation-regeneration tests

For the ablation-regeneration tests, worms were cut as
described previously (Kobayashi et al., 2002). Fragments were
transferred separately to a plastic dish (3 cm in diameter) containing
dechlorinated tap water, allowed to regenerate at 20°C, and fed
chicken liver once a week. During the ablation-regeneration tests,
external observations were performed weekly to determine whether
regenerated worms became sexual or asexual.

Whole-mount in situ hybridization

Worms were relaxed in cold 2% (vol/vol) HCI in 5/8 Holtfreter’'s
solution (Betchaku, 1970) for 5 min, fixed in 4% paraformaldehyde
(PFA), placed in a 5% methanol solution at 4°C for 3 h, and
bleached in hydrogen peroxide/methanol (1:4 [vol/vol]) under fluo-
rescent light at room temperature (RT) for approximately 12 h. They
were hydrated in a series of decreasing concentrations of methanol,
treated with proteinase K (20 pg/mL; Nacalai Tesque, Kyoto, Japan)
in PBTw (0.1% Tween 20 in phosphate-buffered saline) at 37°C for
12 min for asexuals or 20 min for sexuals, and post-fixed in 4% PFA
solution at RT for 30 min. The specimens were then washed three
times in PBTw for 10 min. The specimens were incubated in a pre-
hybridization solution (50% formamide, 5 x SSC, 1 mg/mL yeast
tRNA [Roche Applied Science, Mannheim, Germany], 100 pg/mL
heparin, 0.1% Tween 20) at 56°C for 1 h and hybridized with a
digoxigenin (DIG)-labeled antisense RNA probe (approximately 50
ng/mL) in prehybridization solution supplemented with 10% dextran
sulfate at 56°C for 16 h. A probe for Dr-nanos was synthesized from
the clone Dr_sW_028_K12 containing the nanos gene (Ishizuka et
al., 2007). The probe was hydrolyzed by adding an equal volume of
AB solution (80 mM NaHCOs, 120 mM Na2COs, 10 mM DTT [dithio-
threitol]) and incubated at 60°C for 60 min. The hydrolysis reaction
was quenched with an equal volume of NB solution (300 mM
sodium acetate, 1% acetic acid, 10 mM DTT), and the probe was
purified by ethanol precipitation. After hybridization, the specimens
were washed six times in a solution of 50% formamide, 5 x SSC,
and 0.1% Tween 20 at 56°C for 30 min; once in a solution of 20%
formamide, 2 x SSC, and 0.1% Tween 20 at 56°C for 30 min; and
two times in a solution of 2% formamide, 0.2 x SSC, and 0.1%
Tween 20 at 56°C for 30 min. Then, they were washed three times
in MABTw (pH 7.5, 100 mM maleic acid, 150 mM NaCl, 0.1% Tween
20) at RT for 10 min. They were incubated in a blocking solution
(MABTw containing 1% blocking reagent [Roche Applied Science,
Mannheim, Germany] and 10% sheep serum) at RT for 1 h and
then incubated in the blocking solution with an alkaline phos-
phatase-conjugated Fab fragment against DIG (Roche Applied Sci-
ence, Mannheim, Germany) at RT for 3 h. After the specimens were
washed in MABTw four times for 15 min and four times for 30 min,
they were incubated with AP buffer (100 mM Tris-HCI, pH 9.5, 100
mM NaCl, 50 mM MgClz, topped up to volume with 10% polyvinyl
alcohol solution) for 15 min. Specimens were subjected to color
development by incubation at RT in AP buffer containing nitro blue
tetrazolium (170 pug/mL, Roche Applied Science, Mannheim, Ger-
many) and 5-bromo-4-chloro-3-indolyl phosphate (175 pg/mL,
Roche Applied Science, Mannheim, Germany).
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Histology

Worms were fixed in 10% formalin in phosphate-buffered
saline. The fixed specimens were dehydrated through an ethanol
series, cleared in xylene, and embedded in Paraplast Plus embed-
ding medium (Sigma-Aldrich Co., St. Louis, MO, USA). The embed-
ded specimens were cut into 4-um thick sections and stained with
hematoxylin and eosin.

Statistical analysis

Statistical analysis was performed using the chi-square test to
determine the occurrence of asexuals and sexuals in the ablation-
regeneration tests. The induction of supernumerary ovary pairs and
the cocoon production between acquired and innate sexuals were
evaluated using Student’s t-test.

RESULTS

Development of juveniles produced by inbreeding of
acquired sexuals from the OH strain

We previously showed that inbreeding of acquired sex-
uals in the OH strain produces both asexuals and innate
sexuals at a ratio of 2:1 with a significance level of 5%
(Kobayashi et al.,, 2009). No reproductive traits were
expressed on the newly hatched worms. On reaching a suit-
able body size, some juveniles and their offspring (“fis-
sioned” worms) underwent fission and growth without devel-
oping sexual organs. We classified these offspring as
asexuals, and the total number of the asexuals was thus
expressed as the cumulative number of first fissions (Fig.
2A). As there was considerable variation in the number and
size of juveniles from each cocoon, the appearance of the
asexuals (noted by observation of first fission) gradually
increased after a 5-week period as more of the juveniles
reached a suitable size. External observations revealed that
the remaining juveniles, who were innate sexuals, devel-
oped a copulatory apparatus without undergoing fission after
a 4-week period (Fig. 2B, C). Approximately one week after
the appearance of a copulatory apparatus, a genital pore
opened on the ventral side of the juvenile animals (Fig. 2D).
In sexual induction of the OH strain, the appearance of a
copulatory apparatus and genital pore meant that the worms
were at stages 3 and 4, respectively (see Introduction).
Even in juveniles with a genital pore, a pair of ovaries was
not externally visible, although at stage 1 in sexual induc-
tion, this became sufficiently large to be apparent behind the
head (for the position of ovaries, see the pair of black arrow-
heads in Fig. 3B). Histological research revealed that the
juveniles with a genital pore not only had mature ovaries
with oocytes, but also developing testes and primordia of
yolk glands (Supplementary Fig. S1). This degree of sexual
development was identical to that in stage 4 of sexual induc-
tion. In fact, other than the difference in ovarian size, the
morphogenesis of sexual organs was nearly identical in the
sexual development of juveniles and sexual induction of
asexuals. When the offspring (juveniles) became sexually
mature, a pair of ovaries became externally apparent (Fig.
3D). These juveniles could be therefore identified as innate
sexuals.

Asexual induction in acquired and innate sexuals

We showed that acquired sexuals can be forced to
become asexuals by ablation and regeneration (asexual
induction). Head (H) fragments regenerated to become
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Fig. 2. Expression of reproductive traits in juveniles obtained by
inbreeding of acquired sexuals. About 100 juveniles were used in
this observation. (A) Cumulative number of first fission in the juve-
niles. Forty-nine juveniles began to undergo fission. Later, they
asexually reproduced by fission without developing sexual organs.
Therefore, the cumulative number of first fission was regarded as
the number of asexuals. (B) Cumulative number of the juveniles
developing a copulatory apparatus. Thirty-two juveniles externally
developed a copulatory apparatus without undergoing fission. Later,
they became sexually mature and were regarded as innate sexuals.
Ventral view of a juvenile with a copulatory apparatus (C) and a
juvenile with a genital pore (D). Arrowheads represent a copulatory
apparatus. An arrow represents a genital pore. The image is
arranged with the anterior side at the left. Scale bar: 1 mm. Nineteen
juveniles died before the expression of these reproductive traits.
They seemed to not grow under the laboratory conditions.

asexual, and middle (M) and tail (T) fragments regenerated
to become sexual (for the position of the fragments, see Fig.
2 in Kobayashi et al.,, 2002 and Fig. 5 in Kobayashi and
Hoshi, 2011). This raised the question of whether fragments
from innate sexuals regenerate to become asexual or sexual.
In the present study, we conducted ablation-regeneration
tests on innate sexuals. In acquired sexuals, the M and T
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Fig. 3. Induction of supernumerary ovary pairs in acquired and
innate sexuals. (A) Significantly more supernumerary ovary pairs
were induced in acquired sexuals fed Bdellocephala brunnea for
two weeks than in those fed chicken liver for two weeks (Student’s t-
test: ng. brunnea = 10, NLiver = 5; P = 0.0077). In contrast, no supernu-
merary ovary pairs were induced in innate sexuals, even if they
were fed B. brunnea. Error bars represent the standard error. (B-E)
Morphological examination in acquired and innate sexuals. Ventral
view of an acquired sexual fed chicken liver (B) and B. brunnea (C)
and an innate sexual fed chicken liver (D) and B. brunnea (E).
Arrowheads represent a main ovary (black) and a supernumerary
ovary (white). The image is arranged with the anterior side at the
top. Scale bar: 1 mm.

Table 1. Reproductive mode of regenerated worms from acquired
and innate sexuals.

Fates of regenerated worms

Origins of regenerated worms
Asexual Sexual Dead Unknown

Acquired sexuals

Head region 46 0 3 0
Middle region 0 49 0 0
Tail region 0 49 0 0

Innate sexuals

Head region 0 50 14 3*
Middle region 0 67 0 0
Tail region 0 67 0 0

A statistically significant difference was found in the occurrence of
asexuals and sexuals in worms regenerated from acquired and
innate sexuals (chi-square test: P = 7.7E-21, degrees of freedom =
1). *Regenerated worms did not develop any sexual organs and
did not undergo fission. They were maintained for at least four
years.
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fragments regenerated to become sexual, whereas
the H fragments regenerated to become asexual.
However, in innate sexuals, even the H fragments
regenerated to become sexual (Table 1).

Ovarian morphology and fecundity in acquired
and innate sexuals

In the previous section, innate sexuals were dis-
tinguished from acquired sexuals by ablation-regen-
eration tests. To investigate other differences
between acquired and innate sexuals, we focused on
ovarian morphology. We observed differences in
ovarian size during the sexual development of juve-
niles and sexual induction of asexuals. However, we
could not rule out the possibility that the difference in
ovarian size could also have been caused by differ-
ences in diet. Acquired sexuals developed ovaries
after eating large amounts of B. brunnea. Innate sex-
uals in contrast did not require this food source to
develop reproductive organs.

Asexuals became fully sexual, and induction of
several supernumerary ovary pairs occurred along
the ventral nerve cord, reaching the pharyngeal level,
when they were fed B. brunnea (Sakurai, 1981;
Kobayashi and Hoshi, 2011). We hypothesized that
the supernumerary ovaries are a unique morpholog-
ical feature of acquired sexuals. The acquired sexu-
als and the innate sexuals were fed B. brunnea daily for two
weeks. Supernumerary ovaries developed in acquired, but
not innate sexuals (Fig. 3). Furthermore, histological
research revealed that the main ovaries (black arrowheads
in Fig. 3B-E) were noticeably larger in acquired than in
innate sexuals (Fig. 4A-B). The increased size of the ova-
ries in the acquired sexuals was attributed to an increase in
the number of female germ cells. The innate sexuals did not
develop such ovaries even after being fed B. brunnea for
two weeks (Fig. 4C). No histological differences were
observed in the testes and yolk glands (Fig. 4D-F).

It has been reported that a gene homolog of nanos,
which is required for germ cell differentiation and mainte-
nance (Forbes and Lehman, 1991; Kobayashi et al., 1996;
Hayashi et al., 2004), is a marker of putative germline stem
cells in planarians (Sato et al., 2006; Wang et al., 2007;
Handberg-Thorsager and Salé, 2007). Recently, in D.
ryukyuensis, cells positive for the nanos homolog (Dr-nanos)
were identified in the presumed region of supernumerary
ovaries both in acquired sexuals and in asexuals (the OH
stain) (Nakagawa et al., in press, GenBank accession num-
ber AB650592). In this study, we performed whole-mount in
situ hybridization of Dr-nanos in the innate sexuals (Fig. 5).
Even in acquired sexuals with a pair of externally apparent
ovaries (Fig. 5A), cells positive for Dr-nanos were observed
in the presumed region of the supernumerary ovaries (red
arrowheads in Fig. 5B). In innate sexuals, however, they
were not detectable in this reason (Fig. 5D). Interestingly,
Dr-nanos was expressed in the brain (yellow arrowheads in
Fig. 5D) in innate sexuals only.

These differences in ovarian morphology suggested a
difference in fecundity in the two groups of worms. Sexuals
lay cocoons filled with several fertilized eggs and many yolk
cells. We examined the production of cocoons in acquired
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Fig. 4. Ovarian morphology in acquired and innate sexuals. (A—C) Main
ovary and (D-F) testes and yolk glands. (A, D) Acquired sexuals. (B, E)
Innate sexuals. (C, F) Innate sexuals fed Bdellocephala brunnea daily for
two weeks. Figures (A-C) and (D-F) are at the same magnification. o, ovary;
t, testis; y, yolk gland. Black and white arrowheads in (A—C) represent an
oocyte and an oogonium, respectively.

Live In situ

Acquired sexuals

Innate sexuals

Fig. 5. Dr-nanos expression on ventral side of acquired and innate
sexuals. (A-B) Acquired sexuals and (C-D) innate sexuals. (A, C)
Live images. (B, D) Detection of Dr-nanos expression by whole-
mount in situ hybridization. Arrowheads represent an externally visi-
ble main ovary (black), Dr-nanos expression in an ovary (red), and
Dr-nanos expression in the brain (yellow). The image is arranged
with the anterior side at the top. Scale bar: 1 mm.
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Fig. 6. Cocoon production in acquired and innate sexuals.
Acquired sexuals and innate sexuals were maintained separately for
three months in the laboratory condition (see Materials and Meth-
ods). Acquired sexuals produced significantly more cocoons than
innate sexuals (Student’s t-test: nacquired = 8, Ninnate = 8; P =
0.00052). Error bars represent the standard error.

Table 2. Reproductive mode of F2 offspring from the OH strain.

Parents Sexual Asexual
Acquired sexuals from Fis-1* 4 32
Acquired sexuals from 9-1* 4 20
Innate sexuals 27 0

*Both strains were asexuals, which were obtained by the inbreed-
ing of acquired sexuals from the OH strain. They became acquired
sexuals by feeding on Bdellocephala brunnea. Approximately 30
acquired sexuals from each of the two strains were allowed to
mate, and approximately 50 innate sexuals were allowed to mate.

and innate sexuals. As expected, the number of cocoons
produced by acquired sexuals was approximately 7-fold
higher than that produced by the innate sexuals (Fig. 6). We
showed that inbreeding of acquired sexuals of the OH strain
produced F1 offspring comprising both asexuals and innate
sexuals at a ratio of 2:1 (Kobayashi et al., 2009). We exam-
ined inbreeding of innate sexuals and found that the resul-
tant offspring were all innate sexuals (Table 2). In contrast,
the inbreeding of acquired sexuals from F1 asexuals pro-
duced offspring comprising both innate sexuals and asexu-
als, as with the OH strain. It should be noted that inbreeding
of acquired sexuals from asexuals produced many more
asexuals than that of acquired sexuals from the OH strain
(Table 2).

DISCUSSION

We found that inbreeding of acquired sexuals from the
OH strain produced both asexuals and innate sexuals at a
ratio of 2:1, with a significance level of 5% (Fig. 1C)
(Kobayashi et al., 2009). This result prompted us to consider
why innate sexuals, in which the external organs were indis-
tinguishable from those of acquired sexuals, emerged with-
out having fed B. brunnea. Previously, we concluded that
sex-inducing substances contained in sexuals induce the
production of the sex-inducing substances in otherwise
asexual worms. Once the worms acquire sexuality, they
begin to produce the sex-inducing substance (Kobayashi et
al., 2002). The acquired sexuals were cut into three pieces
(the ablation-regeneration test), which were allowed to
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regenerate. Head (H) fragments regenerated to become
asexual, whereas middle (M) and tail (T) fragments regen-
erated to become sexual (Kobayashi et al., 2002; additional
file 3 in Kobayashi and Hoshi, 2011). Recently, we showed
that the activity of the sex-inducing substance was recog-
nized in M and T fragments, but not in H fragments
(Kobayashi and Hoshi, 2011). These results strongly sug-
gest that the putative sex-inducing substance is involved in
the maintenance of acquired sexuality. In other words, the
sexuality in acquired sexuals may be maintained by a sex-
inducing substance, which “stimulates” its synthesis. The
production of such a sex-inducing substance in acquired
sexuals (asexuals) may be regulated epigenetically. This
indicates that acquired sexuals retain asexual potential.
First, we showed that the ablation-regeneration tests in this
study could distinguish between acquired and innate sexu-
als. Head fragments in acquired sexuals regenerated to
become asexual. However, those of innate sexuals regener-
ated to become sexual, apparently despite the lack of a
sufficient amount of sex-inducing substance (Table 1). The
sexuality in innate sexuals may be expressed by a sex-
inducing substance, which is constitutively produced, and
the production of this putative substance in innate sexuals
may be determined genetically. This is consistent with the sex-
ual development of juveniles that do not feed on B. brunnea,
and suggests that innate sexuals cannot switch to the asex-
ual state.

Next, we examined the potential to induce supernumer-
ary ovaries in acquired and innate sexuals by feeding on B.
brunnea. We showed that, in acquired sexuals, the develop-
ment of supernumerary ovary pairs was induced by feeding
on B. brunnea (Fig. 3). Innate sexuals did not develop
supernumerary ovary pairs, even when fed B. brunnea (Fig.
3A, E). We focused on Dr-nanos, a marker gene of putative
germline stem cells in D. ryukyuensis. Even in asexuals (the
OH strain), Dr-nanos-positive cells were identified in both
the presumed region of the main ovaries and in that of the
supernumerary ovaries (Nakagawa et al., in press). How-
ever, in innate sexuals, Dr-nanos-positive cells were not
detected in the presumed region of the supernumerary ova-
ries (Fig. 5). Innate sexuals cannot induce supernumerary
ovaries because they cannot form the necessary germline
stem cells. Additionally, we found that Dr-nanos was
strongly expressed in the brain in the innate sexuals (yellow
arrowheads in Fig. 5D). In Drosophila, nanos is essential for
dendrite morphogenesis in peripheral neurons (Ye et al.,
2004). In mice, there are three homologs of nanos. nanos 1
is expressed in the central nervous system (Haraguchi et al.,
2003). Handberg-Thorsager and Sal6 (2007) showed that
Smed-nanos is expressed in germ cells as well as eye pre-
cursor cells in the planarian Schmidtea mediterranea. Thus,
Dr-nanos expression in the brain may be associated with the
differentiation of neurons. However, we cannot currently
address why Dr-nanos expression in the brain was seen
only in innate, and not in acquired sexuals.

We also found that the main ovaries were larger in the
acquired sexuals (black arrowheads in Fig. 3B—C) than in
the innate sexuals (black arrowheads in Fig. 3D-E), even
when the innate sexuals were fed B. brunnea (Fig. 4). This
enlarged morphology resembles the hyperplastic ovaries
observed in ex-fissiparous specimens of European and
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North African Dugesia species (Grasso and Benazzi, 1973;
Gremigni and Banchetti, 1972a, b; Charni et al., 2004).
Acquired sexuals were more prolific than innate sexuals
(Fig. 6). They laid numerous cocoons filled with several fer-
tilized eggs and many yolk cells. Benazzi (1981) reported
that fecundity was higher in ex-fissiparous specimens of D.
sanchezi than in exclusively sexual specimens. The hyper-
plastic ovary (and/or supernumerary ovaries), observed in
the acquired sexuals only, may contribute to this fecundity.
It may be that planarians become more prolific when they
switch from an asexual to a sexual mode of reproduction,
because the switch generally occurs when individual sur-
vival is threatened. The fitness of acquired sexuals seems
to be higher than that of innate sexuals; however, innate
sexuals undoubtedly transmit sexuality to their offspring
(Table 2). Innate sexuals may contribute to the reproductive
success of the species by ensuring sexual reproduction (a
guarantee of sex).

For the offspring obtained by inbreeding of the acquired
sexuals from the OH strain, the ratio of asexuals to innate
sexuals (2:1) resembles a Mendelian ratio (Kobayashi et al.,
2009). In this study, inbreeding of innate sexuals produced
only innate sexuals, while inbreeding of acquired sexuals
from asexuals produced many more asexuals than inbreed-
ing of acquired sexuals from the OH strain (Table 2). Prob-
ably, the determination of whether the worm is asexual or
innate sexual is genetically controlled. However, we cannot
currently address it adequately because the OH strain of D.
ryukyuensis is triploid, and inbreeding of acquired sexuals in
the OH strain produced both diploid and triploid offspring at
a ratio of 1:2 or 1:3 with a significance level of 5% (see
Table 1 in Kobayashi et al., 2008). In nature, D. ryukyuensis
(n = 7) exhibits the following three ploidy types: diploidy
(2x = 14), triploidy (3x = 21) and mixoploidy (2x + 3x) (Oki
etal., 1981; Tamura et al., 1991). There are at least four bio-
types: diploid asexuals, triploid asexuals, diploid sexuals,
and triploid sexuals (Tamura et al., 1995). In inbreeding of
the acquired sexuals from the OH strain, we observed dip-
loid asexuals, triploid asexuals, diploid innate sexuals, and
triploid innate sexuals. Most of the diploid offspring were
innate sexuals, while two-thirds of the triploid offspring were
asexuals (Table 3 in Kobayashi et al., 2009). If the putative
genetic factor determining whether being either asexual or
innate sexual was a dominant Mendelian trait, we presum-
ably would not have observed this conflicting result in the
diploid and triploid offspring. This suggests that the determi-
nation of whether the worm is asexual or innate sexual is not
necessarily inherited in only a Mendelian fashion. In addi-
tion, we must consider the competition of embryos for
survival in the cocoons (Le Moigne, 1963, 1966; Sanchez-
Alvarado, 2003; Harrath et al., 2009) if we perform a classic
genetic analysis of triclads. Further studies are needed to
resolve this problem.

In planarians that are able to switch between asexual
and sexual reproduction, the definition of sexuals is contro-
versial. In this study, we experimentally showed differences
between acquired and innate sexuals in terms of asexual
induction and ovarian morphology. Here, we propose two
races for the sexual race described by Kenk (1937) and
Okugawa and Kawakatsu (1954): an acquired sexual race
(probably ex-fissiparous specimens by Benazzi [1974,
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1981]) and an innate sexual race (probably exclusively sex-
ual specimens by Benazzi [1974, 1981]). The criteria estab-
lished in this study will provide a structure for examining the
mechanism underlying sexual and asexual reproduction in
planarians.

ACKNOWLEDGMENTS

We thank Dr. Sachiko Ishida for kindly donating the OH strain.
We thank Dr. Midori Matsumoto for providing the clone
Dr_sW_028_K12. We would also like to thank Dr. Yuni Nakauchi
and Mr. Ryo Sasaki for their invaluable assistance in collecting ani-
mals. This work was supported in part by Grants-in-Aid for Scientific
Research (Nos. 15770147 and 20116007) from the Ministry of
Science, Culture, Sports and Education, Japan (KK), and from
PRESTO, Japan Science and Technology Corporation (KK).

REFERENCES

Benazzi M (1974) Fissioning in planarians from a genetic stand-
point. In “Biology of Turbellaria” Ed by NW Riser, MP Morse,
McGraw-Hill, New York, pp 476-492

Benazzi M (1981) Reproductive biology of Dugesia sanchezi, a
fresh-water planarian from Chile. Hydrobiologia 84: 163-165

Benazzi M, Ball IR (1972) The reproductive apparatus of sexual
specimens from fissiparous populations of Fonticola morgani
(Tricladida, Paludicola). Can J Zool 50: 703-704

Benazzi M, Grasso M (1977) Comparative research on the sexuali-
sation of fissiparous planarians treated with substances con-
tained in sexual planarians. Monitore Zool Ital 11: 9-19

Betchaku T (1970) The cellular mechanism of the formation of a
regeneration blastema of freshwater planaria Dugesia
dorotocephala. |. The behavior of cells in a tiny body fragment
isolated in vitro. J Exp Zool 164: 407-434

Charni M, Harrath AH, Sluys R, Tekaya S, Zghal F (2004) The fresh-
water planarian Dugesia sicula Lepori, 1948 (Platyhelminthes,
Tricladida) in Tunisia: ecology, karyology, and morphology.
Hydrobiologia 517: 161-170

Curtis WC (1902) The life history, the normal fission and the repro-
ductive organs of Planaria maculata. Proc Boston Soc Nat Hist
30: 515-559

Forbes A, Lehmann R (1998) Nanos and Pumilio have critical roles
in the development and function of Drosophila germline stem
cells. Development 125: 679-690

Grasso M, Benazzi M (1973) Genetic and physiologic control of fis-
sioning and sexuality in planarians. J Embryol Exp Morphol 30:
317-328

Grasso M, Montanaro L, Quaglia A (1975) Studies on the role of
neurosecretion in the induction of sexuality in a planarian
agamic strain. J Ultrastruct Res 52: 404-408

Gremigni V (1974) The origin and cytodifferentiation of germ cells in
the planarians. Boll Zool 41: 359-377

Gremigni V, Banchetti R (1972a) Submicroscopic morphology of
hyperplasic ovaries of ex-fissiparous individuals in Dugesia
gonocephala s.I. Acc Naz Lincei 52: 539-543

Gremigni V, Banchetti R (1972b) The origin of hyperplasia in the
ovaries of ex-fissiparous specimens of Dugesia gonocephala
s.l. Acc Naz Lincei 53: 477-485

Gremigni V, Falleni A (1991) Ultrastructual features of cocoon-shell
globules in the vitelline cells of neoophoran Platyhelminths.
Hydrobiologia 227: 105-111

Gremigni V, Falleni A (1992) Mechanisms of shell-granule and yolk
production in oocytes and vitellocytes of Platyhelminths-
Turbellaria. Animal Biology 1: 29-37

Gremigni V, Falleni A (1998) Characters of the female gonad and
the phylogeny of Platyhelminths-Turbellaria. Hydrobiologia 383:
235-242

Handberg-Thorsager M, Salé E (2007) The planarian nanos-like



272 K. Kobayashi et al.

gene Smednos is expressed in germline and eye precursor
cells during development and regeneration. Dev Genes Evol
217: 403-411

Haraguchi S, Tsuda M, Kitajima S, Sasaoka Y, Nomura-Kitabayashi
A, Kurokawa K, et al. (2003) nanosi1: mouse nanos gene
expressed in the central nervous system is dispensable for nor-
mal development. Mech Dev 120: 721-731

Harrath AH, Sluys R, Zghal F, Tekaya S (2009) First report of adel-
phophagy in flatworms during the embryonic development of
the planarian Schmidtea mediterranea (Benazzi, Baguha,
Ballester, Puccinelli & Del Papa, 1975) (Platyhelminthes,
Tricladida). Invert Rep Dev 53: 117-124

Hauser J (1987) Sexualization of Dugesia anderlani by feeding.
Acta Biologica Leopoldensia 9: 111-128

Hayashi Y, Hayashi M, Kobayashi S (2004) Nanos suppresses
somatic cell fate in Drosophila germ line. Proc Nat Acad Sci
USA 101: 10338—-10342

Hoshi M, Kobayashi K, Arioka S, Hase S, Matsumoto M (2003)
Switching from asexual to sexual reproduction in the planarian
Dugesia ryukyuensis. Integ Comp Biol 43: 242246

Hyman LH (1939) North American triclad Turbellaria. IX. The priority
of Dugesia Girard 1850 over Euplanaria Hesse 1897 with notes
on American species of Dugesia. Trans Am Micros Soc 58:
264-275

liima |, Kaburaki T (1916) Preliminary descriptions of Japanese
Triclads. Annot Zool Jap 9: 153-171

Ishizuka H, Maezawa T, Kawauchi J, Nodono H, Hirano Y,
Nishimura O, et al. (2007) The Dugesia ryukyuensis database
as a molecular resource for studying on switching of reproduc-
tive system. Zool Sci 24: 31-37

Jenkins MM (1967) Aspects of planarian biology and behavior. In
“Chemistry of Learning” Ed by WC Corning, SC Ratner. Plenum
Press, New York, pp 117-143

Kawakatsu M, Oki I, Tamura S, Sugino H (1976) Studies on the
morphology, karyology and taxonomy of the Japanese freshwa-
ter planarian Dugesia japonica Ichikawa et Kawakatsu, with a
description of a new subspecies, Dugesia japonica ryukyuensis
subspec. The Bulletin of Fuji Women’s College 23: 127-132

Kawakatsu M, Oki I, Tamura S (1995) Taxonomy and geographical
distribution of Dugesia japonica and D. ryukyuensis in the Far
East. Hydrobiologia 305: 55-61

Kenk R (1937) Sexual and asexual reproduction in Euplanaria
tigrina (Girard). Biol Bull 73: 280-294

Kobayashi K, Hoshi M (2002) Switching from asexual to sexual
reproduction in the planarian Dugesia ryukyuensis: Change of
the fissiparous capacity along with the sexualizing process.
Zool Sci 19: 661-666

Kobayashi K, Hoshi M (2011) Sex-inducing effect of a hydrophilic
fraction on reproductive switching in the planarian Dugesia
ryukyuensis (Seriata, Tricladida). Front Zool 8: 23

Kobayashi S, Yamada M, Asaoka M, Kitamura T (1996) Essential
role of the posterior morphogen nanos for germline develop-
ment in Drosophila. Nature 380: 708-711

Kobayashi K, Koyanagi R, Matsumoto M, Cabrera JP, Hoshi M
(1999) Switching from asexual to sexual reproduction in the pla-
narian Dugesia ryukyuensis: Bioassay system and basic
description of sexualizing process. Zool Sci 16: 291-298

Kobayashi K, Arioka S, Hase S, Hoshi M (2002) Signification of the
sexualizing substance produced by the sexualized planarians.
Zool Sci 19: 667-672

Kobayashi K, Ishizu H, Arioka S, Cabrera JP, Hoshi M, Matsumoto
M (2008) Production of diploid and triploid offspring by inbreed-
ing of the triploid planarian Dugesia ryukyuensis. Chromosoma
117: 289-296

Kobayashi K, Arioka S, Hoshi M, Matsumoto M (2009) Production of
asexual and sexual offspring in the triploid planarian Dugesia

Downloaded From: https://bioone.org/journals/Zoological-Science on 18 Nov 2024
Terms of Use: https://bioone.org/terms-of-use

ryukyuensis. Integr Zool 4: 265-271

Le Moigne A (1963) Etude de développement embryonnaire de
Polycelis nigra (Turbellarié, Triclade). Bull Soc Zool Fr 88: 403—
422

Le Moigne A (1966) Etude de développement embryonnaire et
recherches sur les cellules de regeneration chez 'embryon de
la Planaire Polycelis nigra (Turbellarié, Triclade). J Embryol
Exp Morphol 15: 39-60

Nakagawa H, Ishizu H, Chinone A, Kobayashi K, Matsumoto M
(2012) The Dr-nanos gene is essential for germ cell specifica-
tion in the planarian Dugesia ryukyuensis. Int J Dev Biol (in
press)

Oki |, Tamura S, Yamayoshi T, Kawakatsu M (1981) Karyological
and taxonomic studies of Dugesia japonica Ichikawa et
Kawakatsu in the Far East. Hydrobiologia 84: 53—-68

Okugawa Kl, Kawakatsu M (1954) Studies on the fission of Japanese
fresh-water planaria, Dugesia gonocephala (Dugés) Ill. Com-
parative studies on breeding and fission frequencies of sexual
and assumed asexual races which had been collected in ten
localities in Japan; with an additional study on the fission plane.
Bulletin Kyoto Gakugei Univ Ser B 5: 42-52 (in Japanese)

Reynoldson TB (1983) The population biology of Turbellaria with
special reference to the freshwater triclads of the British Isles.
Adv Ecol Res 13: 233-326

Sakurai T (1981) Sexual induction by feeding in an asexual strain of
the freshwater planarian, Dugesia japonica japonica. Annot
Zool Jap 54: 103—-112

Sakurai T (1988) Embryogenesis in freshwater planarians. In “Morpho-
Differentiation in Planarians—from Biological Basis to Gene
Manipulation—" Ed by W Teshirogi, K Watanabe. Kyoritsu
Shuppan Company, Tokyo, pp 203-216 (in Japanese)

Séanchez Alvarado A (2003) The freshwater planarian Schmidtea
mediterranea: embryogenesis, stem cells and regeneration.
Curr Opin Genet Dev 13: 438-444

Sato K, Shibata N, Orii H, Amikura R, Sakurai T, Agata K, et al.
(2006) Identification and origin of the germline stem cells as
revealed by the expression of nanos-related gene in planarians.
Dev Growth Differ 48: 615-628

Tamura S, Oki |, Kawakatsu M (1991) Karyological and taxonomic
studies of Dugesia japonica from the Southwest Islands of
Japan-Il. Hydrobiologia 227: 157—162

Tamura S, Oki |, Kawakatsu M (1995) A review of chromosomal
variation in Dugesia japonica and D. ryukyuensis in the Far
East. Hydrobiologia 305: 79-84

Teshirogi W (1986) On the origin of neoblasts in freshwater planari-
ans (Turbellaria). Hydrobiologia 132: 207-216

Vowinckel C (1970) The role of illumination and temperature in the
control of sexual reproduction in the planarian Dugesia tigrina
(Girard). Biol Bull 138: 7787

Vowinckel C, Marsden JR (1971a) Reproduction of Dugesia tigrina
under short-day and long-day conditions at different tempera-
tures. |. Sexually derived individuals. J Embryol Exp Morphol
26: 587-598

Vowinckel C, Marsden JR (1971b) Reproduction of Dugesia tigrina
under short-day and long-day conditions at different tempera-
tures. 1l. Asexually derived individuals. J Embryol Exp Morphol
26: 599-609

Wang Y, Zayas RM, Guo T, Newmark PA (2007) nanos function is
essential for development and regeneration of planarian germ
cells. Proc Natl Acad Sci USA 104: 5901-5906

Ye B, Petritsch C, Clark IE, Gavis ER, Jan LY, Jan YN (2004) nanos
and pumilio are essential for dendrite morphogenesis in
Drosophila peripheral neurons. Curr Biol 14: 314-321

(Received September 18, 2011 / Accepted November 8, 2011)



