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Paternal inheritance in parthenogenetic forms
of the planarian Schmidtea polychroa
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Parthenogenesis usually includes clonal inheritance, which is
thought to increase the risk of the clonal populations’
extinction. Yet many parthenogenetic organisms appear to
have survived for extended periods. A possible explanation is
that parthenogens occasionally reproduce through sex-like
processes. Although there is indirect evidence for occasional
sex, the underlying mechanisms are currently unknown. In
the present study, we examined sex-like processes in the
planarian flatworm Schmidtea (Dugesia) polychroa. Parthe-
nogenetic forms of this species are simultaneous hermaph-
rodites that require sperm to trigger embryogenesis, whereas
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Introduction

Most types of parthenogenesis involve the production of
clonal, genetically identical offspring as meiosis and
karyogamy are usually absent. At the population level,
amictic parthenogenesis reduces genetic variation, which
is disadvantageous under nonequilibrium conditions
(West et al, 1999; Otto and Lenormand, 2002). Continuous
generation of new genetic variants is therefore essential for
the persistence of parthenogenetic populations (Hurst and
Peck, 1996; West et al, 1999; Schon et al, 2000). Such new
variants may result from (1) the repeated origin of asexual
lineages from sexual ancestors, (2) mutations or (3)
occasional sexual recombination (Parker, 1979). Addition-
ally, new clonal lineages may result from interspecific
hybridization (eg Lamatsch et al, 2000; Lampert et al, 2005;
Gomez-Zurita et al, 2006). The recurrent production of
asexual lineages from sexuals is only possible if sexuals
and asexuals coexist. In contrast, mutations and occasional
sexual recombination may also occur in purely partheno-
genetic populations. In this case, the sexual events,
although rare, are suggested to be the most efficient
mechanism to prevent extinction (Hurst and Peck, 1996).
Here, we prove the occurrence of rare sexual processes
by analyzing paternal inheritance in parthenogens of the
planarian flatworm Schmidtea polychroa. To our knowl-
edge, this is the first study of its kind in parthenogenetic
animals. S. polychroa is a simultaneous hermaphrodite
incapable of self-fertilization. Parthenogenetic forms are
polyploid, usually triploid (3x=12), rarely tetraploid
(4x =16). They are sperm-dependent, that is, allosperm is
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paternal genetic material is usually excluded from the oocyte
(sperm-dependent parthenogenesis). Based on a compar-
ison of parents and offspring, using highly polymorphic
microsatellites, we demonstrate the incorporation of paternal
alleles in about 5% of the offspring. We detected two
distinct processes: chromosome addition and chromosome
displacement. Such rare sexual processes may explain the
long-term persistence of the many purely parthenogenetic
populations of S. polychroa in northern Europe.
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needed to trigger zygote division and embryo develop-
ment. Because parthenogenetic S. polychroa are also
hermaphroditic, they produce polyploid, parthenoge-
netic eggs as well as haploid sperm (Benazzi Lentati,
1970). During spermatogenesis, one chromosome set
(two in tetraploids) is eliminated. Subsequently, the
resulting diploid spermatocytes undergo normal meiosis
with haploid, fertile spermatozoa as end products
(Benazzi Lentati, 1970; Storhas et al, 2000). Consequently,
parthenogens can reproduce in the absence of diploid,
sexual conspecifics, which is the rule in large parts of
central and western Europe (Beukeboom et al, 1996;
Pongratz et al, 2003). In order to achieve this, parthenogens
mate and exchange sperm reciprocally (Michiels and Kuhl,
2003). Sperm-dependent parthenogens typically show no
paternal genetic contribution as paternal chromosomes are
expelled from the zygote after syngamy (Figure 1a). In a
previous study of a purely parthenogenetic population, we
nevertheless found substantial genetic differences between
parents and offspring, strongly indicating the occurrence
of sexual processes (D’Souza et al, 2004). However, this
study was restricted to ‘mother’—offspring comparisons in
which the putative sperm contributors were unknown. As
a result, it did not provide formal proof of paternal
inheritance (D’Souza et al, 2004).

In the present study, we specifically crossed indivi-
duals with known genotypes. Using four highly poly-
morphic microsatellite loci, we compared genotypes of
both adults and offspring to examine the occurrence of
paternal inheritance.

Materials and methods

Collection and culture
We collected adult individuals from the same lake and
location as in the previous study (Wartaweil at lake
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Figure 1 Paternal inheritance in parthenogenetic S. polychroa. Black
bars indicate maternal and gray bars paternal chromosome sets. (a)
Sperm-dependent parthenogenesis: Haploid sperm is used to
trigger embryo development without paternal, genetic contribution
to offspring. (b) Chromosome addition: haploid sperm fuses with
polyploid egg, leading to an increase in ploidy (eg 3x—4x). (c)
Chromosome displacement: haploid sperm fuses with polyploid
egg and one maternal chromosome set is excluded from the zygote.

Ammersee, Bavaria, Germany). This population consists
exclusively of parthenogens (Beukeboom et al, 1996;
Pongratz et al, 2003). Individuals were ‘virginized’ by
decapitation, which removes the sperm storage organs.
Head tissue was then prepared and fixed for karyology
and DNA extraction. Individuals regenerated within ~1
month and were kept isolated under constant conditions
(16°C and 12:12 h dark:light cycle).

Karyology

Adult individuals were karyotyped using a modified
protocol of Redi et al (1982). For this, partially regener-
ated individuals were treated with colchicine to arrest
mitosis in the metaphase. Chromosomes were then
counted using phase contrast microscopy (Beukeboom
et al, 1996).

Microsatellites

Four highly polymorphic, trinucleotide microsatellites
(SpATT7, SpATT9, SpATT12, SpATT20) were used for
genetic analysis (Ramachandran et al, 1997; Pongratz
et al, 2001). Information on DNA isolation, polymerase
chain reaction (PCR), fragment analysis and the primers
for loci SpATT12 and SpATT20 are given in Pongratz et al
(2001) and D’Souza et al (2004). New primers and PCR
profiles were used for loci SpATT7 (SpATT7F: 5'-GGCTC
CTTTGTGTGGTTTGTA, SpATT7R: 5'-CCACCTGATGA
TGACAGGAAA; profile: 2min 95°C, 35 cycles with 20s
95°C, 1 min touchdown from 60 to 50°C, 1 min 72°C and a
final 5 min 72°C) and SpATT9 (SpATTIF: 5-TGGGGAAG
AAGAACATTGCTA, SpATTIR: 5'-AAATAAYCTGTGK
GGAAAT; profile: 2min 95°C, 35 cycles with 20s 95°C,
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1min 60°C, 1min 72°C). For SpATTY9, the number of
alleles exceeded the ploidy level (up to seven alleles in
triploid individuals), indicating that this microsatellite
locus is present in at least three copies within the
genome. Importantly, the presence of several loci does
not preclude detection of paternal alleles among off-
spring. Loci SpATT12 and SpATT20 are not linked
(Pongratz et al, 2001), whereas no information about the
linkage of SpATT7 and SpATTY is currently available.

Crosses and paternity analysis

For the crossing experiment, we focused on 20 randomly
chosen individuals, which were genotyped at all four
microsatellite loci prior crosses and kept in pairs for 1
week. All individuals differed in allele composition and
therefore belonged to different clonal lineages. Partners
within each pair shared no more than one allele per
locus. Furthermore, at least one locus had no alleles in
common.

As S. polychroa is hermaphroditic and sperm donation
is generally bidirectional (Michiels and Streng, 199§;
Michiels and Kuhl, 2003), all 20 individuals could
potentially produce offspring. However, only 11 indivi-
duals produced fertile cocoons after separation. Cocoon
production was observed in the following 23 weeks. All
hatched offspring (1=_381) were genotyped with the
two most polymorphic microsatellite markers (SpATT12,
SpATT20). Genotyping was complemented with the
two additional markers (SpATT7, SpATT9) when the first
analysis revealed genetic differences between mother
and offspring (n=21). Karyotypes of offspring were
indirectly determined using information of maternal
ploidy level and inferred offspring microsatellite allele
number. This has been proven to be a reliable approach
in S. polychroa because at least loci SpATT12 and SpATT20
are unlinked (Pongratz et al, 2001) and have usually high
individual heterozygosity (unpublished data).

Results

In 18 out of 381 offspring, we obtained unequivocal
evidence for paternal alleles at two or more microsatellite
loci (see Supplementary Information for details). Three
more cases revealed mother—offspring differences at only
one locus. Two of these showed loss of one maternal
allele (offspring D4 and K1; Supplementary Informa-
tion), whereas in the third case one maternal allele was
missing and a new allele non-parental allele was found
(offspring D5). In total, five out of 11 fertile individuals
produced clonal offspring only, whereas evidence for
paternal inheritance was found in the six remaining
families. Within these six families, the proportion of
offspring with paternal alleles ranged from 0.016 to 0.250
(Table 1).

The data indicate two alternative pathways for the
incorporation of paternal alleles: (i) addition of paternal
alleles (n=10) and (ii) addition of paternal alleles
accompanied by loss of maternal alleles (n=8) (Figure
1b and ¢, and Table 2). The common characteristic of both
pathways is the incorporation of maximally one paternal
allele per locus (except the supernumerary alleles of
SpATT9). However, they differ in maternal inheritance.
While in the first pathway all maternal alleles were
present in the offspring, in the second not all maternal
alleles were inherited. These processes result in recom-



bined offspring with more alleles than the maternal
individual (addition) or with the same number of alleles
as the maternal type (displacement).

Incorporation of paternal alleles was not always
detectable at all four loci, but in all these cases the lack
of observable differences could be explained by identical
maternal and paternal alleles at a particular locus, or a
single mutation in one of the paternal alleles producing a
match with a maternal allele.

Discussion

This study provides the first direct proof of occasional
paternal inheritance in a parthenogenetic animal. Pater-
nal inheritance was found at a low rate of 4.72% of
offspring. Because the exact chromosomal position of the
analyzed microsatellite markers was only partially
known, cases of paternal inheritance may have been
undetected. Hence, the observed rate of paternity may be
underestimated. In three other offspring, we found
mother—offspring differences at one locus only. However,
in these cases, mutation cannot be ruled out, because

Table 1 Proportion of paternal inheritance per family

Family Total offspring Offspring with Sex rate
(maternal paternal alleles
ploidy)

Addition  Displacement
A (3x) 24 — — 0
B (4x) 4 1 — 0.25
C Bx) 44 4 — 0.091
D (3x) 156 3 — 0.019
E (Bx) 6 1 — 0.167
F (3x) 62 1 — 0.016
G (3x) 28 — — 0
H (3x) 2 — — 0
I (3%) 10 — — 0
J Bx) 6 — — 0
K (3x) 39 — 8 0.205
Total 381 10 8 0.047

In five out of 11 families, no paternal inheritance was detected. In
the other six families, 5.79% of the offspring showed incorporation
of paternal alleles, either by addition of paternal alleles or
displacement of maternal alleles.
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changes occurred at only one locus and/or consisted of
small microsatellite size variation. Following a conserva-
tive interpretation of results, we classified these three
cases as clonal offspring.

Two different mechanisms for the incorporation of
paternal alleles have been detected, namely allele
addition and allele displacement. As only one allele per
locus is paternally added to the offspring and only one
maternal allele per locus is lost (except supernumerary
alleles of SpATT9), loss and addition of whole chromo-
some sets is likely. This conclusion is also supported
by the fact that at least loci SpATT12 and SpATT20 are
not linked (Pongratz et al, 2001) and aneuploidy has
never been observed in S. polychroa. Consequently, allele
addition coincides with increase of ploidy level (3x —4x,
4x —5x), whereas allele displacement results in identical
mother—offspring ploidy (3x — 3x). These results confirm
the mechanisms that we previously proposed to account
for occasional sex in this parthenogenetic population
(D’Souza et al, 2004).

We could not find evidence for a third mechanism
(chromosome loss) in this study. This mechanism was
previously indicated in tetraploid individuals, which
produced triploid offspring at a rate of ~12% (D’Souza
et al, 2004). However, in the current study, only one
tetraploid individual was fertile and produced only four
offspring (family B). This number is clearly too small for
a rigorous test of the occurrence of chromosome loss.

The mechanism restoring regular numbers of chromo-
somes (either 3x, 4x or rarely 5x) has still to be clarified.
The chromosome displacement pathway, in particular,
needs further study. Although the present data suggest
displacement of whole chromosome sets, we cannot
exclude the possibility that only some paternal chromo-
somes remain in the zygote. During asexual reproduc-
tion, paternal chromosomes either degenerate within
the zygote or are expelled from the zygote with one
of the polar bodies (Benazzi Lentati, 1970). Instead of
paternal chromosomes, maternal ones may be sometimes
excluded from the zygote by the same mechanisms.
However, maternal chromosomes may also be eliminated
before fusion with sperm during oogenesis. Irrespec-
tive of the exact mechanism, chromosome elimination
and incorporation have to be cytogenetically adjusted,
as otherwise aneuploid or diploid individuals may

Table 2 Two examples of families with paternal inheritance. For illustration purpose we displayed only the results of three micro-

satellite loci

Family SpATT12 SpATT20 SpATT7
D ? 14 15 27+50 23 34 43 70 73
| | l ! ! | | |
D4 (addition) 14 15 27+50 34+55 23 33 34 43 70 71 73
1 T 1
) 11 34+55 24 33 43 71 73
K ? 1 12 15 23 24 34 69 71
| | ! ! !
K2 (displacement) 11 12 X 27+50 23 X 34 42 69 X 73
1 1 1
) 14 15 27+50 23 33 42 43 70 73

All families and offspring genotypes are displayed in Supplementary Information. Different alleles are shown as the number of microsatellite
repeat units. Arrows indicate inheritance of alleles, and bold numbers paternal alleles in offspring. Missing maternal alleles are illustrated as
X. In Family D, a typical example of addition of paternal alleles is given: All maternal alleles and one paternal allele per locus were inherited
to the offspring. In family K, paternal inheritance was accompanied with loss of one maternal allele per locus.
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originate. However, in contrast to other planarians
(Beukeboom et al, 1998), aneuploidy has never been
observed in S. polychroa. Moreover, all populations in
central and western Europe lack diploid individuals and
consist of only polyploid parthenogens (Beukeboom et al,
1996; Pongratz et al, 2003).

Owing to the recent advances in molecular and
cytogenetics, more and more examples of rare sex in
supposedly clonal species have been discovered (eg Burt
et al, 1996; Belshaw et al, 1999; Samadi et al, 1999; Belshaw
and Quicke, 2003; Chapman et al, 2004; Bock et al, 2005).
However, little information about the exact underlying
mechanisms is available. The main reason for this is
that the presence of occasional sex is often indirectly
inferred from population genetic parameters, such as
genetic diversity or heterozygosity (Samadi et al, 1999;
Reusch et al, 2000; Chapman et al, 2004; Bock et al, 2005).
Examples of mechanisms that have been proposed for
rare sex in supposedly clonal species are central fusion
automixis in some Hymenoptera (Beukeboom and
Pijnacker, 2000; Belshaw and Quicke, 2003), meiotic
recombination and nonmeiotic recombination in dande-
lions (Mertens King and Schaal, 1990; van Baarlen ef al,
2000), or other covert forms of meiosis and segregation
(Hurst et al, 1992).

Our studies demonstrate by direct parent-offspring
comparison that sperm-dependent parthenogens possess
two alternative mechanisms for occasional sex: chromo-
some displacement (one-generation cycle) and also
chromosome addition (3x — 4x). If chromosome addition
were to be followed by chromosomal loss (4x— 3x),
as has been detected in S. polychroa, a unique two-
generation cycle of mixing of maternal and paternal
chromosomes and sexual recombination would emerge
(D’'Souza et al, 2004).

Although the incidence of ploidy variation within
parthenogenetic species and sperm dependency may
be suggestive, genetic exchange between parthenogens
has only been unequivocally demonstrated in the
sperm-dependent dace Phoxinus eos-neogaeus (Goddard
and Schultz, 1993; Goddard et al, 1998) and hermaphro-
ditic dandelion Taraxacum (Verduijn et al, 2004). How-
ever, geneflow between these parthenogens is mediated
by sexual sperm/pollen donors, which is in contrast with
the case of S. polychroa, where chromosome sets are
exchanged in exclusively parthenogenetic populations.

Theoretically, parthenogenetic populations are seen
as evolutionary dead ends. However, parthenogenesis
seems to be a stable reproductive mode in several
species. This paradox may be explained by undetected
mechanisms of sexual reproduction in supposedly clonal
species (Hurst et al, 1992). Low rates of sex may help to
maintain sufficient genetic variation, to enhance the
incorporation of beneficial mutations (Pamilo ef al, 1987;
Peck, 1994; Green and Noakes, 1995) and slow down the
accumulation of deleterious mutations (Pamilo et al,
1987; Green and Noakes, 1995; Haccou and Schneider,
2004). After only one sexual generation, most of the
hidden genetic variance of asexuals is released with the
consequence that deleterious mutations can efficiently be
eliminated by natural selection (Lynch and Gabriel, 1983;
Wagner and Gabriel, 1990). Occasional recombination
also helps to stabilize complex host—parasite dynamics
(Flatt et al, 2001) and allows for rapid evolution of
resistance against coevolving parasites (Hamilton, 1980;
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Lively and Howard, 1994). Moreover, under negative
frequency-dependent selection, which may arise owing
to host-parasite interactions, parthenogens with rare
sex are able to invade obligate sexual and obligate
asexual species (Yamauchi, 1999; Yamauchi and Kamite,
2003). In conclusion, rare sex in predominately clonally
reproducing organisms could accrue the benefits of sex
without paying its full costs (Hurst and Peck, 1996).

The sperm dependency observed in several partheno-
genetic species could therefore be explained if it allows
rare seX, and hence the combination of the advantages of
sex and asex (Beukeboom and Vrijenhoek, 1998; Schlupp,
2005). Paternal leakage in sperm-dependent partheno-
gens has been found in the Amazon Molly Poecilia
formosa (Schartl et al, 1995; Lamatsch et al, 2000) and
Phoxinus eos-neogaeus (Goddard and Schultz, 1993;
Goddard et al, 1998). Moreover, the occurrence of regular
paternity may also explain why sperm-dependent
hermaphrodites still invest in male organs, even though
a parthenogen allocating all resources into the female
function would be expected to easily outcompete
hermaphroditic parthenogens. An understanding of
the diversity and frequency of rare sexual processes in
parthenogenetic species clearly warrants further investi-
gation. Such studies should help to explain the distribu-
tion and persistence of parthenogenesis in natural
populations.
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