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How to become a parasite without sex chromosomes:
a hypothesis for the evolution of Strongyloides spp. and
related nematodes
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SUMMARY

Parasitic lifestyles evolved many times independently. Just within the phylum Nematoda animal parasitism must have
arisen at least four times. Switching to a parasitic lifestyle is expected to lead to changes in various life history traits including
reproductive strategies. Parasitic nematode worms of the genus Strongyloides represent an interesting example to study
these processes because they are still capable of forming facultative free-living generations in between parasitic ones. The
parasitic generation consists of females only, which reproduce parthenogenetically. The sex in the progeny of the parasitic
worms is determined by environmental cues, which control a, presumably ancestral, XX/XO chromosomal sex determining
system. In some species the X chromosome is fused with an autosome and one copy of the X-derived sequences is removed
by sex-specific chromatin diminution in males. Here I propose a hypothesis for how today’s Strongyloides sp. might have
evolved from a sexual free-living ancestor through dauer larvae forming free-living and facultative parasitic intermediate
stages.
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INTRODUCTION

Parasitism is a highly successful strategy for organ-
isms of various taxa. Parasitic species are found in all
animal phyla, indicating that this lifestyle has arisen
numerous times in evolution (Poulin, 2007; Poulin
and Randhawa, 2014). The phylum Nematoda
(Roundworms), in addition to many free-living
species occupying virtually all terrestrial and aquatic
habitats, contains a high number of parasitic species.
Many of them cause diseases in humans and
companion animals or reduce productivity in crops
and livestock (Anderson, 2000; Lee, 2002). Even
within this one phylum, parasitism must have arisen
multiple times independently (Blaxter et al. 1998).

In most animal species, among them the vast
majority of parasitic nematodes, there exist indi-
viduals of different sexes, normally males and
females. The original cues that determine the sex
and the regulatory machineries that interpret these
cues are highly diverse (Haag and Doty, 2005; Haag,
2007). Sex can be determined genetically (genetic sex

determination, GSD). In species employing GSD
the sex is fixed at the moment the individual is
formed, usually by the fusion of an egg and a sperm
cell. The sex an individual adopts can also depend on
environmental inputs, like temperature (environ-
mental sex determination, ESD). In this case, the
very early individual is sexually indifferent and its
gender is specified only later in ontogeny. Various
genetic and environmental sex-determining systems
have been found within the Nematoda (Pires-
daSilva, 2007). A genetic mechanism with two X
chromosomes in females but only one X chromosome
in males along with two sets of autosomes (XX/XO
GSD) appears to be the most common and possibly
ancestral sex determining system in nematodes
(Pires-daSilva, 2007). Evolutionary transitions be-
tween GSD and ESD must be relatively frequent, at
least in some taxa (Sarre et al. 2004; Valenzuela, 2008;
Chandler et al. 2009).Within the nematodes ESDhas
presumably arisen from GSD ancestors multiple
times independently (Pires-daSilva, 2007). One
example for a parasite nematode taxon, that most
likely switched from GSD to ESD fairly recently, is
the genus Strongyloides (Streit, 2008).

The adult parasite worms of the about 50 known
species of Strongyloides live in the small intestines of
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various vertebrates (Speare, 1989; Dorris et al. 2002;
Viney and Lok, 2007). The biology and the life cycle
of Strongyloides spp. (Fig. 1E–G) have been reviewed
recently (Viney andLok, 2007; Streit, 2008). In brief:
the parasitic worms are all female and reproduce by
mitotic parthenogenesis. They produce male and
female progeny, which leave the host with the faeces
at various stages of development, depending on the
species. The female progeny can develop either into
infective third-stage larvae (L3i) (homogonic or
direct development) or into free-living adults (het-
erogonic or indirect development). Themale progeny
invariably become free-living. The free-living worms
reproduce sexually and, with very few exceptions
(Yamada et al. 1991; Streit, 2008), produce only
female progeny that develop into L3i.
The sex of all species of Strongyloides investigated

thus far is influenced by the immune status of the
host. An increasing host immune response, for
example over the duration of an infection, leads to a
higher proportion of males (Streit, 2008). In spite
of having an ESD system, in Strongyloides ratti
(a parasite of rats) and Strongyloides stercoralis
(a parasite of humans and dogs), X chromosomes

exist (Nigon and Roman, 1952; Hammond and
Robinson, 1994; Harvey and Viney, 2001). In these
species females have two X chromosome, males only
have one. Both sexes have two pairs of autosomes.
Other species, i.e. Strongyloides papillosus (a parasite
of sheep) and S. vituli (in cattle) have only two pairs
of chromosomes (Albertson et al. 1979; Nemetschke
et al. 2010a; Kulkarni et al. 2013). For S. papillosus
it was shown that the genetic material homologous
to the X chromosome and chromosome I of S. ratti
is combined in one chromosome (Nemetschke
et al. 2010a). In males of these species sex-specific
chromatin diminution removes one copy of the
genetic material related to the S. rattiX chromosome
(Albertson et al. 1979; Nemetschke et al. 2010a;
Kulkarni et al. 2013). There may even exist
species of Strongyloides with two chromosomes and
no chromosomal differences between the sexes
(Triantaphyllou and Moncol, 1977).
Many species belonging to the Strongyloididae and

related taxa can be isolated from thewild and cultured
in the laboratory relatively easily. For many of them
the phylogenetic relationship is resolved (Dorris
et al. 2002; Hasegawa et al. 2009) and for some a set

Fig. 1. Hypothesis for the evolutionary history of Strongyloides sp. For explanations see text. Evolutionary novelties are
highlighted in orange (bold grey in the print version). Chromosomes and parts of chromosomes present in two copies in
males and in females are represented in blue (black in the print version). Chromosomes and parts of chromosomes
present in only one copy in males but two copies in females are represented in red (grey in the print version).
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of tools and techniques has been developed to the
extent that they can be considered emerging satellite
model organisms (Nolan et al. 1988; Nolan and
Schad, 1992; Viney, 1999, 2006; Dorris et al. 2002;
Viney et al. 2002; Grant et al. 2006a,b; Eberhardt
et al. 2007; Hasegawa et al. 2009; Nemetschke et al.
2010b; Shao et al. 2012). Therefore this group of
nematodes is excellently suited to serve as a test
case to study the evolutionary transitions between
different lifestyles, life histories and reproductive
strategies.

Based on theoretical and experimental work from
numerous authors (mentioned at the corresponding
places in the text), I propose a hypothesis for the
evolutionary path from an ancestral free-living
nematode with a simple life cycle and XX/XO
GSD to a species of Strongyloides with its alternative
life cycles, no genetic differences between the sexes
and ESD. The hypothesis has to account for four
major transitions: (i) from free-living to parasitic life
style; (ii) from sexual to parthenogenetic repro-
duction; (iii) from GSD to ESD; and (iv) from
three pairs of chromosomes, one of which is a sex
chromosome, to two pairs of chromosomes with no
sex chromosome. The hypothesis is summarized
without references in the next paragraph and in
Fig. 1. After that I discuss the individual steps in
more detail.

THE HYPOTHESIS IN SUMMARY

The hypothetical evolutionary path starts with a
sexually reproducing free-living ancestor. It had a
simple life cycle with four juvenile stages (Fig. 1A).
Further, it employed XX/XO genetic sex determi-
nation with two pairs of autosomes and one pair of X
chromosomes in females. Next this ancestor evolved
the ability to form dauer larvae, an alternative third
juvenile stage specialized for surviving adverse
conditions (Fig. 1B). The dauer larvae then estab-
lished increasingly species-specific non-parasitic, e.g.
phoretic or necromenic, interactions with other
organisms (putative future hosts, Fig. 1C). In the
next step the dauer branch of the life cycle became
parasitic, resulting in a facultative parasite (Fig. 1D).
Next, four changes in unresolved order occurred
(Fig. 1E). (i) The number of consecutive free-living
generations was limited, eventually to one. (ii) The
free-living generation stopped producing males.
(iii) The reproductive mode in the parasitic form
changed from sexual to parthenogenetic. (iv) Sex
determination became dependent on the host’s
immune status transforming the different numbers
of X chromosomes from sex-determining signal
to part of the machinery that interprets the now
sex-determining environmental cue. Next the
X chromosome fused with an autosome. However,
the originally X chromosomal genomic regions
were still present in only one copy in males due to

sex-specific chromatin diminution (Fig. 1F). As the
final step, physical elimination of genetic material
frommales was abandoned, completing the transition
from XX/XO GSD to ESD without a genetic
difference between the sexes (Fig. 1G).

THE INDIVIDUAL STEPS OF THE HYPOTHESIS

Initial remarks

One of the problems with evolutionary history is
that we can never go back and observe directly how
and when something happened. We can only draw
conclusions from what we observe today either in
living organisms or in fossils. The latter are virtually
non-existent for nematodes. It is also important never
to forget that every organism present today is a
modern organism, which is separated from a common
ancestor for exactly the same time as any other
organism it is compared with. However, if a lineage
breaks up into multiple species after a certain
evolutionary novelty arose, in some branches this
particular trait will undergo further change while in
others it will remain virtually unaltered. If we now
look at the evolutionary history of a specific taxon, as
with Strongyloides spp. here, features that were
intermediate steps on the way to the taxon of interest
may still be present in related taxa, because these taxa
did not change this particular trait, not because they
are generally closer to the common ancestor. For the
purpose of this article I will refer to species that show
a trait proposed as an intermediate step towards
Strongyloides spp. as ‘contemporary representatives’
of this intermediate state.

The ancestor (Fig. 1A)

Based on phylogenetic analyses it is most parsimoni-
ous that modern nematode parasites are descendants
of multiple different non-parasitic nematode ances-
tors (Blaxter et al. 1998; Holterman et al. 2006;
Holterman et al. 2008). The typical nematode life
cycle contains four juvenile stages (J1–J4, synony-
mously also called larval stages L1–L4), which are
separated from each other and from the adult by
moults (Lee, 2002). As four juvenile stages are found
in most nematodes of all clades (Lee, 2002) and
Strongyloides spp. develops through four juvenile
stages today, there is no reason to postulate that the
ancestor was different in this respect.

XX/XO GSD is very common among nematodes
including several relatives of Strongyloides spp. and
might well be ancestral for all nematodes (Pires-
daSilva, 2007). XX/XO GSD is therefore a likely
scenario in the free-living ancestor. By parsimony
two autosomes are postulated because this requires
the least number of changes in order to arrive at
Strongyloides spp.
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Dauer larvae as pre-adaptation for parasitism (Fig. 1B
and C)

It is hard to imagine that the transition from a free-
living to a parasitic lifestyle happened in one step. It
had long been proposed that for this evolutionary
step, as for other major changes, features that evolved
for a completely different reason but later facilitated
the transition to parasitismmust have existed (Osche,
1962; Poulin, 2007). Osche introduced the somewhat
controversial term ‘pre-adaptations’ for such fea-
tures. I will use the term here but I would like to
stress that it has no teleological meaning. A pre-
adaptation for parasitism is not a form of adaptation
to parasitism but something that existed prior to the
transition and the adaptation to the parasitic lifestyle.
It happened to be present and coincidentally facilitate
the transition to parasitism, which was in no way
‘intended’ or inevitable at the time when the pre-
adaptation arose for reasons completely unrelated to
parasitism. For a recent discussion of the evolution
of parasitism in general see Poulin and Randhawa
(2014).
Many free-living nematodes can form dauer larvae

to survive adverse conditions like starvation (Lee,
2002). At least in clades IV and V (c.f. Blaxter et al.
1998) there are many parallels between dauer larvae
of free-living nematodes and infective larvae (L3i) of
animal parasitic nematodes. Both are non-feeding but
motile third-stage larvae. They show morphological
similarities and there are conserved aspects in the
genetic cascade that controls their formation
(Dieterich and Sommer, 2009; Ogawa et al. 2009;
Wang et al. 2009; Sommer and Ogawa, 2011). For
these reasons, dauer larvae and L3i very likely are
evolutionarily related (homologous). In many cases
dauer larvae adhere to other organisms (Lee, 2002;
Sommer and Ogawa, 2011). These interactions range
from relatively unspecific, purely phoretic interac-
tions for dispersal to highly species-specific associa-
tions. Examples for the latter are the so-called
necromenic associations between species of the
genus Pristionchus and particular scarab beetles
(Herrmann et al. 2006; Sommer and Ogawa, 2011).
The dauer larvae adhere to their ‘host’ beetle and
resume development after the death of the beetle,
feeding and reproducing on the emerging microbial
population. Once the food is exhausted the worms
again form dauer larvae, which populate a new beetle.
These interactions, in spite of being specific, are
neither parasitic (the larvae do not harm the beetle)
nor obligatory. The apparent homology of dauer
larvae and infective larvae and the capability of many
dauer larvae to form species-specific interactions with
other organisms make the capability to form dauer
larvae a prime candidate for a pre-adaptation for
parasitism (Dieterich and Sommer, 2009; Sommer
and Ogawa, 2011). For a very recent, more detailed
discussion and review of this topic see Crook (2014).

Facultative parasitism (Fig. 1D)

Once dauer larvae have established interactions
with particular ‘hosts’ it is conceivable that they
evolve strategies to exploit the host. At least two
strategies are imaginable. Either, the worms start
reproducing on/in the host without killing it rapidly
(parasitic) or they acquire the capability of actively
killing the host to speed up the necromenic cycle.
With the entomopathogenic family Steinernematidae
there exists a likely example for the second strategy
among the relatives ofStrongyloides spp. (Dorris et al.
2002). For the purpose of this article the genus
Parastrongyloides is more important. It is very closely
related with Strongyloides spp. and its best-studied
representative, Parastrongyloides trichosuri, is a fac-
ultative parasite (Dorris et al. 2002; Grant et al.
2006b). Parastrongyloides trichosuri, when parasitic,
lives in the small intestines of Australian possums
(Mackerras, 1959; Grant et al. 2006b). Individuals of
this species appear to have a free ‘choice’ between a
free-living and a parasitic life style. Parastrongyloides
trichosuri consists of males and females in the
parasitic and in the free-living generation
(Mackerras, 1959; Grant et al. 2006b) and reproduces
sexually in both generations (Mackerras, 1959; Grant
et al. 2006b). It has three chromosomes, employs
XX/XO sex determination (2n = 6 in females and
2n = 5 inmales) and its X chromosome is homologous
to the X chromosome of S. ratti (Kulkarni et al.
2013). With this, P. trichosuri is an excellent
candidate for a contemporary representative of a
facultative parasitic, fully sexual ancestor stage of
Strongyloides spp.

Intermediate remarks

The procedure proposed so far allowed the gradual
and sequential evolution of strategies for host finding
and for survival within the host without depending
upon the host. Up to this point, evolutionary reversal
to a situation as depicted in Fig. 1A is straight-
forward. It simply takes the loss of the dauer/parasitic
cycle. Among the close relatives of Strongyloides spp.
there is indeed a taxon that was proposed to have
reverted to a simple non-parasitic lifestyle, namely
Rhabditophanes spp. (Dorris et al. 2002). This con-
clusion should, however, be taken with caution
because it is partially based on the erroneous
phylogenetic placing of Rhabdias bufonis by Dorris
et al. (2002) (Blaxter et al. 2014). From the facultative
parasitic stage, as described in Fig. 1D, the transition
to an obligatory parasite with no free-living adults is
easy to imagine, simply by losing the free-living
cycle. Losing one of the two life cycles is presumably
genetically rather easy. From work in the model
nematodeCaenorhabditis eleganswe know that strains
which cannot form dauer larvae, and strains which
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must develop through the dauer stage, can arise after
single point mutations (Riddle and Albert, 1997).

Obligate parthenogenetic parasite with a limited number
of facultative sexual free-living generations and
environmentally controlled XX/XO sex determination
(Fig. 1E)

In the case of Strongyloides spp. the transition to
obligate parasitism did not occur through a simple
loss of the free-living cycle but rather through the
limitation of the number of consecutive free-living
generations. The fundamental differences between
the life cycles in Fig. 1D (represented byP. trichosuri)
and Fig. 1E (represented by S. ratti) are (i) the
limitation of the number of consecutive free-living
generations to one, (ii) the absence of males in the
progeny of the free-living generation, (iii) the non-
sexual (parthenogenetic) reproduction in the para-
sitic generation and (iv) the switch to environmental
sex determination in the progeny of the parasitic
females.

To (i) and (ii): the well-studied species S. ratti and
S. stercoralis appear to be completely incapable of
forming consecutive free-living generations and no
males are formed in the progeny of the free-living
generation (Yamada et al. 1991; Viney, 1999; Harvey
and Viney, 2001). There is some indication that the
limitation of consecutive generations to only one and
the complete loss of males from the progeny of the
free-living worms evolved gradually. For some
species of Strongyloides small numbers of second-
and-more-generation free-living animals have been
observed under very specific culture conditions
(reviewed in Streit, 2008). Most notably, Yamada
et al. (1991) were able to raise up to 11 consecutive
free-living generations in Strongyloides planiceps,
although with dramatically declining fecundity after
generation seven. In this study, as well as in two
earlier publications by Beg (1968) on Strongyloides
fuelleborni and by Beach (1936) on Strongyloides
simiae, both sexes were present in the consecutive
free-living generations in numbers that permitted the
propagation of the cultures. Other authors described
either a shortage (Augustine, 1940) or complete
absence (Hansen et al. 1969) of males in second-
and-more-generation free-living Strongyloides spp.;
in the study by Yamada et al. (1991) the proportion
of males also was lower than the 50% that would be
expected in an XX/XO genetic sex determining
system. The mechanism for how the formation
of males is reduced or entirely prevented is not
known. In S. papillosus it was shown that genetically
male-determining mature sperm is never formed
(Nemetschke et al. 2010a). On the other hand,
recombination between the full-length chromosome
and the two remnants of chromatin diminution
(which when incorporated into sperm would lead to

the male karyotype after fertilization, see below) were
observed. This places the exclusion of the male-
determining chromosomes between prophase of
meiosis I and mature sperm. Therefore, a mechanism
comparable to the one in the unrelated nematode
Rhabditis sp. SB347, where predominantly female-
determining sperm is produced due to asymmetric
spermatogenic meiosis is a likely scenario (Shakes
et al. 2011). Such a mechanism would also provide
the flexibility for very different degrees of bias. To
(iii): although sexual reproduction is the predomi-
nant mode of reproduction in multicellular organ-
isms, transitions to parthenogenetic reproduction are
not uncommon throughout the metazoans (Schön
et al. 2009). Within the nematodes, transitions from
reproductive systems with males and females and
obligatory outcrossing to systems with obligatory or
facultative self-reproducing females, either by means
of self-fertilization (hermaphroditism) or by par-
thenogenesis occurred rather frequently (Denver
et al. 2011). Further, there is experimental evidence
demonstrating that such transitions can be achieved
with as little as two mutations (Baldi et al. 2009).
Therefore, it is reasonable to assume that in
Strongyloides spp. the transition from sexual to
parthenogenetic reproduction also could occur rela-
tively easily (for a general discussion of conditions
favouring or constraining the evolution of partheno-
genesis see Engelstadter, 2008 and Schwander et al.
2010). One prerequisite, however, was that the
mechanisms controlling oocyte maturation had di-
verged sufficiently between the parasitic and the free-
living females that it was mechanistically possible to
switch to parthenogenesis in the parasitic but not in
the free-living generation. In this context, compara-
tive studies of oogenesis in parasitic and free-living
P. trichosuri will be highly interesting. Upon the
transition to parthenogenesis, males became obsolete
in the parasitic generation and they lost their ability to
develop into the parasitic form (see below and Box 1).

Box 1. Speculative order of events between
Fig. 1D and E.

First the parasitic female switched to partheno-
genetic reproduction. This automatically led to an
all-female progeny, with the exception of rare
males formed as the result of X chromosome mis-
segregation, similar to what is seen in C. elegans
(Brenner, 1974). The resulting population had a
female bias (compared with whatever the optimal
sex ratio might have been before the change
(cf. Hamilton, 1967) in both generations because
all individuals contributed by parasitic mothers to
the free-living and the parasitic populations were
now females and the proportion ofmales produced
by free-living parents had not changed. Since
males were obsolete in the parasitic generation and
underrepresented in the free-living generation, in

1248Adrian Streit

https://doi.org/10.1017/S003118201400064X Published online by Cambridge University Press

https://doi.org/10.1017/S003118201400064X


the progeny of the free-living worms there was a
strong selection pressure for males to stay free-
living and for females to become parasitic. Under
these circumstances males lost their capability of
forming infective larvae and females only rarely
underwent multiple consecutive free-living gen-
erations. The result was a species where among the
progeny of free-living adults virtually all the
females developed into L3i and all the males into
free-living males. In populations newly founded
by parasitic females, a cohort of males could still
be initiated by the rare males occurring in the
progeny of the parasitic generation as the result of
X chromosome mis-segregation. In the next step,
the parasitic worms regained the capability of
producing large numbers of males by increasing
and controlling the number of X losses. The males
produced all developed into free-living males
because they had lost their capability of forming
L3i in the previous step. The addition of males to
the free-living population through the progeny of
the parasitic worms and the smaller number of
females, because a considerable fraction of their
siblings now developed into males, resulted in
a change in the gender balance such that males
were now overrepresented. This may have led to a
selective pressure for a reduction of the proportion
of males in the progeny of the free-living
generation, ultimately to zero.

Currently we do not have well-character-
ized contemporary representatives for any of the
intermediate steps that could support or reject the
order of events presented above. However, at least
for some steps such contemporary representatives
are likely to exist in the form of the species capable
of forming small numbers of second-generation
free-living animals described in the main text. Be
that as it may, at the moment the analysis of these
x-generation free-living animals is insufficient.
For example, in no case is it known if male
offspring of free-living worms can also develop
into infective larvae. For most of these publica-
tions the isolates studied are no longer available.
Due to the difficulties in Strongyloides taxonomy
in some cases it is unclear to which species the
Strongyloides under investigation really belonged
(c.f. Augustine, 1940; Speare, 1989; Eberhardt
et al. 2008; Streit, 2008) and their phylogenetic
positions are not known.

To (iv): one problem that arose with the transition
to parthenogenesis was how males, which are still
required in the free-living generation, can be gener-
ated. The ancestral genetic sex-determining mech-
anism, which depended on the existence of two
types of genetically different (X bearing and non-X
bearing) sperm was no longer available in the context
of parthenogenetically reproducing females. Based

on findings in multiple, very different taxa it has been
proposed that genetic regulatory cascades that control
sex determination have a tendency to evolve bottom
up such that new elements are added at the top
(Wilkins, 1995). In this way the decisive sex-
determining signal can change but the underlying
regulatory components used for the interpretation of
the signal and the execution of sex determination
remain the same. In the case ofStrongyloides spp. this
means that a host immune response dependent
mechanism to remove one of the X chromosomes
from a portion of the parthenogenetically produced
embryos arose. This rendered the sex-determining
system environmental. Hermaphrodites of the model
nematode C. elegans, which are essentially females,
produce a virtually all-hermaphrodite progeny.
However, a small number of males are formed as
the result of X chromosome non-disjunction events.
It is known that environmental conditions, such as
high temperature, can influence the frequency of
X chromosome non-disjunction. Further, mutations
in single genes (him-5 and him-8) can dramatically
and X-chromosome-specifically increase this fre-
quency (Brenner, 1974; Hodgkin et al. 1979;
Hodgkin, 1983). Although the situations inC. elegans
and in Strongyloides spp. are not directly comparable
because in the former the reduction of the number of
X-chromosomes occurs during ameiotic division and
in Strongyloides an X is lost during a mitotic division,
the example of C. elegans illustrates that the type of
genetic change required can occur relatively easily
requiring only very few mutations (see also Box 2).
As a result of this evolutionary step, in the progeny of
the parasiticStrongyloides spp. females the number of
X chromosomes was no longer the sex-determining
signal but became part of the cascade that interprets
the new signal. The underlying ancestral sex deter-
mination machinery did not have to change because
the number of X chromosomes still differed between
the sexes. At the same time, in the progeny of the
free-living population the system could still be
used for chromosomal GSD, if at the time males
still existed among the progeny of the free-living
generation.

Box 2. Speculation on the recognition of the
X chromosome.

All processes leading to the controlled production
of males by parasitic females, as they are described
in the main text, require the specific recognition
and elimination or silencing of the X chromosome
or the X-derived sequences. Among the
molecular machineries that recognize specifically
the X chromosomes in different organisms, the
dosage compensation (DC) machineries, which
equalize the amount of X chromosomal gene
products between sexes with different numbers
of X chromosomes, are the best-studied ones
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(Lucchesi et al. 2005; Ferrari et al. 2014).
However, others also exist. In C. elegans it is
known that in the germ line the X chromosome is
very different from the autosomes with respect to
various chromatin modifications and transcrip-
tional activity (Schaner andKelly, 2006). Further,
there exist a family of four homologous genes,
that code for the so-called ZIM proteins, which
are C2H2 zinc-finger proteins that are chromo-
some-specific components of the chromosomal
pairing centres, which initiate the pairing of
homologous chromosomes during meiosis
(Phillips and Dernburg, 2006). Mutations in
him-8, which encodes the X-specific ZIM, lead
to the X chromosome specific increase in chromo-
some non-disjunctions mentioned above
(Hodgkin et al. 1979; Phillips and Dernburg,
2006). It is very likely that such X-recognizing
molecular machineries existed also in the ancestor
of Strongyloides spp. At the example of the
X chromosome DC mechanism I speculate
below how this machinery might have been
recruited for sex determination. Characterized
X chromosome DC mechanisms, in a first
approximation, work according to one of three
principles (Lucchesi et al. 2005; Ferrari et al.
2014): (i) increasing the transcriptional activity of
the single X chromosome in males, as in
Drosophila melanogaster; (ii) inactivating one of
the two X chromosomes in females, as in mice and
humans or (iii) reducing the expression levels of
X-linked genes from both female X chromosomes,
as in C. elegans. In (i) the DC machinery is active
in males, in (ii) and (iii) in females. If the
expression level of X-linked genes is to be used
for sex determination, as ameasure for the number
of X chromosomes present, dosage compensation
must be off at the time the signal is read. If the
ancestor of Strongyloides spp. as depicted in
Fig. 1G had aDCoperating according to principle
(iii), like C. elegans, one would expect that it was
on in the parasitic female but switched off during
oogenesis before the one-cell embryo was formed.
If, due to a new mutation the resetting fails in
some cases, the result is an embryo with X-linked
genes expressed at half the level of normal. This is
equivalent to having only one X chromosome and
the affected individual embryo might develop as a
male. This could have been amechanism to render
the sex-determining system independent of the
copy number (but not the expression level) of
X-linked or derived genes.

It is noteworthy that there was no need for the
transition to parthenogenesis and the rise of the
new sex-determining mechanism to occur simul-
taneously. If parthenogenetic reproduction in the
parasitic generation pre-dated the restriction of the

number of consecutive free-living generations, it is
conceivable that there was an intermediate state
where the parasitic females, similar to C. elegans
hermaphrodites, produced essentially only female
progeny and the males were all the offspring of free-
living mothers (see also Box 1).

It is clear that the capability of the parasitic females
to self-reproduce must have preceded the loss of the
ability of males to form infective larvae. But other
than that, based on current knowledge, it is very
difficult to propose an order of the events that led
fromFig. 1D–E. Also, some of the steps proposed are
rather large leaps. In order to illustrate that it is
possible that the proposed transition occurred
through a cascade of relatively small, conceivable
steps, in Box 1 I present a highly speculative order
of events. However, other than for the hypotheses
discussed in the main body of this article, which are
supported (although far from being proven) by
observational and experimental evidence, for the
scenario in Box 1 such evidence is highly limited or
absent and other orders of events are equally
plausible.

Chromosome fusion and chromatin diminution
(Fig. 1F)

Whereas in the last step the X chromosome lost its
function as part of the sex-determining signal, in
this step leading to a state today represented by
S. papillosus it lost its physical independence through
fusion with an autosome. For S. papillosus it was
shown that the equivalents of the S. ratti chromo-
somes I and X are combined into one chromosome
such that the X-related regions are now flanked by
chromosomal regions related to chromosome I
(Nemetschke et al. 2010a). Nevertheless, males and
females differ genetically. In males one copy of the
genetic material that is evolutionarily related to the
X chromosome of S. ratti is removed from one-cell
embryos destined to become males (sex-specific
chromatin diminution, Albertson et al. 1979;
Nemetschke et al. 2010a). The fact that P. trichosuri
has three chromosomes, employs XX/XO sex deter-
mination and its X chromosome is homologous to the
one of S. ratti strongly suggest that two autosomes
and an X chromosome are the ancestral state
(Kulkarni et al. 2013) and thus supports the order
of Fig. 1D–F. The situation with four chromosomes
in S. papillosus is derived and arose through the
integration (or terminal fusion followed by a chro-
mosomal rearrangement) of the X chromosome into
the autosome number I. Chromatin diminution
serves to functionally reconstitute the ancestral
environmentally controlled XX/XO sex-determining
system. It is an open question how big the mechan-
istic obstacles for the switch from disposing of an
entire chromosome (chromosome elimination) to the
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removal of only a portion of a chromosome (chroma-
tin diminution) actually were. At first, it appears
much more complicated to remove a portion of a
chromosome and retain both ends rather than getting
rid of the entire chromosome. However, we do not
know how the elimination of one X chromosome is
achieved in S. ratti. For S. papillosuswe know at least
that the chromatin to be eliminated undergoes
fragmentation (Albertson et al. 1979). This is
reminiscent of the evolutionarily independent,
much better understood case of chromatin dimin-
ution in giant roundworms (Ascaris spp. and
relatives), which creates a genetic difference between
the soma and the germ line (Tobler andMüller, 2001;
Streit, 2012; Wang et al. 2012). In Ascaris spp. new
telomeric sequences are added in an apparently
unspecific manner to the free ends of the fragments
to be retained and of the ones bound for destruction
(Müller et al. 1991; Tobler and Müller, 2001). This
indicates that at least this nematode has a general
repair mechanism for chromosome breaks, which is
used in the process of chromatin diminution. If
similar mechanisms are at work in Strongyloides spp.
it is conceivable that in S. papillosus the mechanism
already in place for the elimination of one
X chromosome in combination with the general
repair mechanism for chromosome breaks was
sufficient to achieve chromatin diminution after the
chromosomal fusion occurred. Should this be the
case, in Strongyloides spp. the conceptually different
chromosome elimination and chromatin diminution
(cf. Tobler and Müller, 2001) would be achieved
essentially by the same mechanism.

Environmental sex determination without genetic
difference between the sexes (Fig. 1G)

The last step to complete the transition from chromo-
somal GSD to ESD without genetic differences
between the sexes could be achieved by abandoning
chromatin diminution and, for example, replacing it
with silencing of one copy of the X-derived sequences
or reducing their average expression to half in males.
Mechanisms to achieve such effects are well known
from various X chromosome dosage compensation
(DC) systems which recruit different types of
regulatory chromatin modifications (Lucchesi et al.
2005; Ferrari et al. 2014) (see also Box 2).
Alternatively, the loss of chromatin diminution

may have been preceded by a change in the sex-
determining genetic cascade removing the dose of
X-derived gene products from the mechanism there-
by making physical elimination or differential tran-
scriptional activity of the corresponding DNA
unnecessary. The experiments by Hodgkin (2002)
in C. elegans suggest that such changes require only
very few mutations. In natural populations this type
of change has, for example, been well characterized

in the house fly Musca domestica where in some
populations new sex-determining loci arose on
autosomes (Dubendorfer et al. 2002; Hediger et al.
2010). They feed into the regulatory cascade down-
stream of the original sex-determining locus on the Y
chromosome. As a consequence populations of M.
domestica without Y chromosomes appeared. In
Drosophila melanogaster, another dipteran, there is
evidence that the dot chromosome is evolutionarily
derived from an X chromosome, providing an
example of an X chromosome that reverted to being
an autosome (Vicoso and Bachtrog, 2013).
Currently, it is an open question if species of

Strongyloideswithout karyotypic differences between
the sexes exist. Triantaphyllou and Moncol (1977)
looked for but failed to detect indication for
chromatin diminution in their isolates ofS. papillosus
and Strongyloides ransomi and proposed that in these
species males and females do not differ with respect to
their chromosomes. This view was later challenged,
at least for S. papillosus (Albertson et al. 1979;
Nemetschke et al. 2010a). However, Triantaphyllou
and Moncol (1977) studied a different isolate of
S. papillosus than the later authors. From the
M. domestica example and the findings by Hodgkin
(2002) we know that different sex-determining
systems are possible within one species.
Alternatively, given the difficulties with S. papillosus
taxonomy (Eberhardt et al. 2008), it is also possible
that Triantaphyllou and Moncol (1977) studied a
different species. Interestingly, they described frag-
mentation of the larger chromosome followed by the
loss of a portion (in S. ransomi) or by recovery (in
S. papillosus) during male spermatogenesis and
interpreted this finding as a hint for the X chromo-
somal evolutionary origin of one half of the long
chromosome. Future genetic and cytological analysis
of further species of Strongyloides, i.e. S. ransomi,
will tell if species as depicted in Fig. 1G exist in
nature.

CONCLUDING REMARKS

The model presented here describes the case of one
specific group of species. There is no reason to
assume that the way to parasitism was the same in all
the independent cases of animal parasitic lifestyle
within the nematodes. Nevertheless, some of the
thoughts presented about individual steps are also
valid for other parasitic nematodes. For example,
dauer larvae are also prime suspects for represent-
ing pre-adaptations toward parasitism in clade V,
which contains many gastrointestinal nematodes,
among them the human hookworms (Blaxter et al.
1998). Also in this group of nematodes there is an
example of a species with parasitic and free-living
generations. Rhabdias bufonis, a parasite of toads, is
able to form protandrous hermaphroditic parasitic
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and gonochoristic free-living adults (Anderson,
2000). Note that the phylogenetic placement of R.
bufonis as a close relative of Strongyloides spp. by
Dorris et al. (2002) was in the meantime found to be
wrong by the authors of this paper (Blaxter et al.
2014). Instead it should be placed in clade V (M.
Blaxter, personal communication).

In this article, I intentionally concentrate on the
question of what happened during evolution and
do not discuss why it happened. The evolutionary
path to Strongyloides spp. is a singular historical
succession of events, which was driven by a combi-
nation of selective forces and stochastic events. For
some changes it is rather easy to speculate what the
selective advantage might have been. For example,
for becoming capable of clonal self-reproduction
several advantages are imaginable: (i) a single animal
can found a new population; (ii) since all infective
larvae are females and with this productive, the
parasitic generation avoids sexual conflict and paying
the two-fold cost of sex (Chapman et al. 2003),
essentially without suffering from negative effects of
asexuality because occasional sexual reproduction is
still possible through the free-living generation;
(iii) having the opportunity to ‘choose’ clonal
reproduction when the conditions for parasitic stages
are favourable and thereby prevent breaking up
beneficial gene combinations and to opt for sexual
reproduction and the creation of new genotypes once
conditions deteriorate.

For other evolutionary changes there are no
putative selective advantages easily recognizable.
This does, of course, not mean that no such
advantages could exist. However, nematodes, in
particular the ones with females capable of self-
reproduction, are very efficient colonizers (Herrmann
et al. 2010). It is very likely that for such species new
small, relatively isolated populations are founded
frequently. Therefore stochastic small population
effects may play a major role in the evolution of such
taxa and there is no need to postulate a direct selective
advantage for every evolutionary step. For example,
the fusion of the X chromosome with an autosome
happened at a specific time point. There is no slow
transition from one state to the other. It is hard to
imagine that the fusion was of immediate and direct
benefit to the carrier. It is more likely that it was
slightly detrimental or, at best, neutral and spread by
nearly neutral evolution (Ohta, 1996) or was hitch-
hiking with a beneficial mutation. The latter would
be facilitated by clonal reproduction during which
the two loci in question are not separated. The
chances of the novelty to persist and become fixed at
least in a local population might have been increased
because it occurred in a very small population or even
in an individual that founded a new population. The
chromosomal rearrangement may even have contrib-
uted to the genetic isolation of this population, and
with this to speciation.

The hypothesis presented here is speculative and
contains some rather large steps. Many observations
invoked to support certain claims could probably be
interpreted differently or merely show that a postu-
lated evolutionary transition is plausible but do not
really indicate that in the specific case it happened
as suggested. This hypothesis was devised bearing
in mind the best studied (S. ratti, S. stercoralis
and S. papillosus) and a hypothetical species of
Strongyloides with no genetic difference between the
sexes as endpoints. However, this hypothesis can be
tested, refined and amended with additional branches
to related free-living, (entomo)pathogenic and para-
sitic nematodes. In order to do so, on one hand
additional species need to be characterized with
respect to their life histories, chromosome numbers
and sex determination. At first, these analyses can be
relatively superficial and serve to identify new
putative contemporary representatives of intermedi-
ate steps and of new endpoints of interest. These
candidates can then be analysedmore thoroughly. On
the other hand, more detailed analysis of the ‘model’
Strongyloides and Parastrongyloides species, in par-
ticular of the mechanisms of chromosome elimin-
ation/chromatin diminution and male meiosis and
spermatogenesis will provide additional hints.
Eventually, one would like to gain insights into the
molecular/genetic changes at the base of the evol-
utionary changes. Modern deep genome sequencing
approaches will in the near future produce a wealth of
information. However, they will only provide very
limited new insight into thewhat, how andwhy of the
evolution of nematodes unless they are paralleled and
followed up by functional genetic studies and very
old-fashioned analyses of the natural history, mor-
phology, cytology and, very crucially, the phylogeny
of the species in question. While sequencing and
molecular phylogeny can these days be applied easily
to many species, functional studies are more labor-
ious and require a certain investment into the system
in order to make it workable. Therefore these studies
will have to be restricted to a relatively small number
of appropriately selected species (cf. Sommer, 2009).
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