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Abstract Nematodes of the genus Strongyloides are intestinal
parasites of vertebrates including man. Currently, Strongyloides
and its sister genus Parastrongyloides are being developed as
models for translational and basic biological research.
Strongyloides spp. alternate between parthenogenetic parasitic
and single free-living sexual generations, with the latter giving
rise to all female parasitic progeny. Parastrongyloides
trichosuri always reproduces sexually and may form many
consecutive free-living generations. Although the free-living
adults of both these species share a superficial similarity in
overall appearance when compared to Caenorhabditis elegans,
there are dramatic differences between them, in particular with
respect to the organization of the germline. Here we address
two such differences, which have puzzled investigators for sev-
eral generations. First, we characterize a population of non-
dividing giant nuclei in the distal gonad, the region that in
C. elegans is populated by mitotically dividing germline stem
cells and early meiotic cells. We show that in these nuclei,
autosomes are present in higher copy numbers than X chromo-
somes. Consistently, autosomal genes are expressed at higher
levels than X chromosomal ones, suggesting that these worms
use differential chromatin amplification for controlling gene
expression. Second, we address the lack of males in the progeny
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of free-living Strongyloides spp. We find that male-determining
(nullo-X) sperm are present in P. trichosuri, a species known to
produce male progeny, and absent in Strongyloides papillosus,
which is consistent for a species that does not. Surprisingly,
nullo-X sperm appears to be present in Strongyloides ratti, even
though this species does not produce male progeny. This sug-
gests that different species of Strongyloides employ various
strategies to prevent the formation of males in the all-parasitic
progeny of the free-living generation.

Introduction

The nematode Strongyloides stercoralis is one of the most
prevalent parasitic round worms in humans. Strongyloidiasis
is considered a neglected tropical disease (Olsen et al. 2009).
The rat parasite Strongyloides ratti and the sheep parasite
Strongyloides papillosus are two other, more experimentally
accessible members of the nematode genus Strongyloides,
which consists of small-intestinal parasites of numerous ver-
tebrates (Viney and Lok 2007; Dorris et al. 2002; Speare
1989). S. ratti can be maintained in the laboratory in their
natural host while S. papillosus can be reared in rabbits. The
easy access to the free-living adults (see below) and a number
of recently developed resources for working with
Strongyloides spp. and their relative Parastrongyloides
trichosuri, a facultative parasite of Australian possums (Grant
et al. 2006a; 2006b; Shao et al. 2012; Eberhardt et al. 2007,
Nemetschke et al. 2010b; Viney et al. 2002), render this group
of parasites highly attractive not only for parasitological re-
search of medical and veterinary interest but also for the study
of basic biological questions like host parasite interactions
(Bleay et al. 2007; Crook and Viney 2005; Viney et al.
2006) and evolution (Fenton et al. 2004; Gemmill et al.
2000; Streit 2014).
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The life cycles of S. ratti and S. papillosus (Fig. 1a) have
been reviewed in several places (Streit 2008; Viney and Lok
2007). In brief, the parasitic worms are all female and live in the
small intestines of their respective hosts. They give rise to both
female and male offspring by mitotic parthenogenesis. The
young females either develop directly into infective third-
stage larvae (L31) and search for a new host (termed homogonic
or direct development) or, together with all the males, give rise
to a facultative free-living generation that reproduces sexually
(termed heterogonic or indirect development). In the genus
Strongyloides, offspring of free-living adults are all female
and bound to develop into L3i, with very few known excep-
tions (Streit 2008; Yamada et al. 1991). Parastrongyloides with
its best-studied representative P. trichosuri is a genus closely
related to Strongyloides (Dorris et al. 2002). Parastrongyloides
spp., like Strongyloides spp., also form parasitic and free-living
generations of reproducing adults. However, the life history
(Fig. 1b) and reproductive modes of this genus differ in inter-
esting ways from those of Strongyloides spp. (Grant et al.
2006b). The distinguishing feature that led to the installation
of the new genus Parastrongyloides was the presence of males
in the parasitic generation (Mackerras 1959). Linked to this, a
major difference from Strongyloides spp. is that free-living
Parastrongyloides spp. produce progeny of both sexes. For
P, trichosuri, it was confirmed genetically that reproduction in
both generations is indeed sexual (Grant et al. 2006b; Kulkarni
etal. 2013). In addition, P, trichosuri can undergo an apparently
unlimited number of consecutive free-living generations (Grant
et al. 20006b). It is therefore a facultative parasite.

P trichosuri employs XX/XO chromosomal sex determi-
nation with 27=6 in females and 2n=5 in males. There is no
indication of an environmental influence on sex determination
in this species (Grant et al. 2006b; Kulkarni et al. 2013). How-
ever, in S. ratti and in S. papillosus, as in all species of
Strongyloides investigated thus far, the sex ratio in the proge-
ny of parthenogenetic parasitic females is influenced by the
immune status of the host (reviewed in Streit 2008) such that
an increasing immune response of the host against the worms
leads to a higher proportion of males. Nevertheless, in S. ratti
and in S. papillosus, males and females differ in their chromo-
somal complement. In S. ratti, females have a pair of X chro-
mosomes along with two pairs of autosomes while males have
only one X chromosome. Hence, they employ an environmen-
tally controlled XX/XO sex determination with 2n=6 in fe-
males and 2n=5 in males (Harvey and Viney 2001; Nigon and
Roman 1952). In S. papillosus, the genetic material homolo-
gous to autosome I and to the X chromosome of S. ratti is
combined into one chromosome (Nemetschke et al. 2010a).
Additionally for this species, oocytes that give rise to males
undergo a sex-specific chromatin diminution event that cre-
ates a hemizygous region corresponding in sequence to the X
chromosome in S. ratti, presumably functionally restoring the
ancestral XX/XO sex-determining system (Albertson et al.

@ Springer

1979; Nemetschke et al. 2010a; Kulkarni et al. 2013). In this
process, an internal portion of one chromosome is eliminated
and both ends are retained as separate chromosomes. This
leads to karyotypes of 2rn=>5 in males and 2»=4 in females.
Given that Strongyloides males are heterogametic, it is puz-
zling that they sire only female (homogametic) progeny. There
are multiple, not mutually exclusive, hypothetical explana-
tions for this: (i) male-determining mature sperm (nullo-X
sperm in the case of S. ratti and sperm lacking the region
undergoing chromatin diminution in S. papillosus, for sim-
plicity referred to from here on as nullo-X sperm) may be rare
or never formed at all; (ii) nullo-X sperm may be incapable or
highly inefficient at fertilizing oocytes; or (iii) genetically
male zygotes may be unviable. It is currently unknown as to
which of these explanations hold true in Strongyloides spp.
For S. papillosus, absence of nullo-X sperm was postulated
based on genetic experiments (Nemetschke et al. 2010a),
while for S. stercoralis, measurements of DNA content of
sperm based on DNA binding dyes indicated that nullo-X
sperm may be present (Hammond and Robinson 1994).

In the model nematode Caenorhabditis elegans, as in many
other nematodes (Rudel et al. 2005), the gonads in both sexes
are essentially tubes. In the hermaphrodites, the gonad has two
arms, one extending anteriorly and one posteriorly but both
terminating in a central vulva. The male gonad has just one
arm with a posterior opening. These arms contain a germ cell
production and differentiation line (Hubbard and Greenstein
2005). Although the overall morphology of the gonad arms is
very similar to that of C. elegans, the organization and appear-
ance of the germ cells is very different in Strongyloides and
Parastrongyloides spp. (Hammond and Robinson 1994;
Triantaphyllou and Moncol 1977). In these genera, the distal
region contains giant nuclei that take on various shapes
(Fig. 1¢). No nuclear divisions have ever been reported in this
region of the gonad in adult free-living stages. These nuclei
have a DNA content of up to several hundred C, where one C
is the DNA content of a haploid set of chromosomes (Ham-
mond and Robinson 1994). Interestingly, these authors noted
that the DNA contents they observed in different nuclei and
among individuals were not full multiples of the entire ge-
nome, suggesting that different portions of the genome are
amplified to various extents. The region with these giant nu-
clei is followed proximally by a band of very small, compact
nuclei. At the end of this band, nuclei with condensed and
presumably meiotic chromosomes can be observed. Further
down in the gonad, depending on sex, differentiated oocytes
or sperm are present, very similar to C. elegans.

Here, we elaborate on the chromatin and chromosome com-
plements in germ cells of Strongyloididae. Based on quantita-
tive sequencing approaches, we show that the X chromosome
(or the X-derived region in the case of S. papillosus) is under-
represented in comparison to the autosomes in the giant
germline nuclei of both sexes in two species of Strongyloides
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and in P, trichosuri. Differential chromatin amplification likely
serves as a way of controlling gene expression since X-encoded
genes are, on average, expressed at a much lower level than
autosomal genes in the distal gonad of S. ratti females. Addi-
tionally, based on quantitative sequencing of isolated mature
sperm, we confirm the absence of nullo-X sperm in
S. papillosus but, surprisingly, its presence in S. ratti. For this
species, we found evidence for the presence of nullo-X sperm
and unviable early embryos, suggesting that the two species of
Strongyloides employ different strategies to avoid the formation
of males in the progeny of the free-living generation.

Materials and methods
Culturing and manipulating nematodes

S. ratti ED321 and S. papillosus isolate LIN were maintained as
described (Eberhardt et al. 2007; Nemetschke et al. 2010b;

Small nuclei _, ..

Viney et al. 1992). All animal experimentation was done accord-
ing to national and international guidelines. The required permits
were granted by the local authorities. P. trichosuri was cultured
in continuous free-living cycles (Grant et al. 2006b) at 20 °C on
NGM plates seeded with E. coli OP 50 bacteria (Stiernagle
1999) supplemented with a piece of autoclaved rabbit feces.

DAPI staining

Adult worms (of the desired age) were fixed with ice cold
100 % methanol and directly mounted (without a rehydration
series) on polylysine-coated glass slides in 10 uL of Vectashield
containing 1 pg mL ™" 4',6-diamidino-2-phenylindole (DAPI).

DNA extractions from dissected gonads for Illumina
sequencing

About 500 distal arms of the gonads per biological replicate
were manually dissected from adult worms (both sexes) of all
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three species. Samples were frozen in liquid nitrogen and
stored at —20 °C for DNA extraction using the Illumina Epi-
center Masterpure™ DNA purification kit. The samples were
measured for their DNA content using the Qubit High Sensi-
tivity DNA measuring kit and then used for making libraries
according to the Illumina platform. Libraries were made using
the NEXTflix™ ChIP-Seq10ng kit (Bioo Scientific) and then
sequenced.

RNA extraction from dissected gonads

For each of the four independent replicates, approximately
100 distal gonad arms were dissected from adult free-living
female worms of S. ratti and samples were immediately put on
dry ice. Five hundred microliters of TRIzol was added to the
samples, and they were then frozen in liquid nitrogen and
stored at —80 °C until RNA extraction. RNA was extracted
using the RNA micro kit (Invitrogen) and quantified using the
Qubit High Sensitivity RNA measuring kit. cDNA was pre-
pared using SMARTer Ultra Low Input RNA for Illumina
Sequencing (Clontech Laboratories). Libraries were made
using the Low Input Library Prep Kit (Clontech Laboratories)
and then Illumina sequenced.

DNA extraction from sperm

Adult males of all three species were incubated in a solution of
0.5 ug/L (0.2 M) levamisole at room temperature for 45 min
as described for S. papillosus (Nemetschke et al. 2010a). This
causes muscle contraction and as a consequence the release of
sperm. Then the ejaculated mature sperm were collected using
a mouth pipette and transferred into sterile Eppendorf tubes.
DNA extraction was done using the Illumina Epicenter
Masterpure™ DNA purification kit. Libraries were made ac-
cording to the Low Input Library Prep Kit (Clontech) and
[lumina sequenced.

Analysis of sequencing data

Draft genome assemblies including chromosome information
and gene annotations for S. ratti, S. papillosus, and
P trichosuri were provided by the Sanger Institute. We used
version 0.5.9-r16 of BWA software (Li and Durbin 2009) to
align raw reads of all three species to their respective genome
assemblies. Read counts per 2-kb window were calculated
from the resulting alignment files using custom Perl scripts.
To ensure comparability across samples, read counts were
normalized to one million aligned reads.

For transcriptome analysis of the S. ratti samples, we
employed version 2.0.3 of TopHat aligner to map RNA-seq
reads to the S. ratti genome and used version 2.0.1 of
Cuftlinks software to quantify expression levels (Trapnell
et al. 2012). Tests for higher expression levels on autosomes
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with respect to the X chromosomes were done using a
Wilcoxon ranksum test, as implemented in R.

Results
Appearance and number of giant nuclei

We observed that in the species studied, the giant nuclei in the
distal gonad arms can take on various shapes depending on
age. In general, they went from being relatively small and
round or oval in young virgins (Fig. 2a) to becoming highly
elongated, irregular, and large (>15 pm) in older females that
are becoming infertile (Fig. 2b). This change in size and shape
appeared to be more extreme in P. trichosuri than in the two
species of Strongyloides (Fig. 2d). In these nuclei, frequently
the nucleoli were clearly visible by DIC microscopy (Fig. 2e),
as expected for nuclei in interphase. In all three species, the
number of giant nuclei per gonad arm decreased significantly
with age at least in females (Fig. 2f) but individual giant nuclei
appeared to incorporate more DAPI in older worms than in
younger ones, raising the question if their DNA content is
higher. The number of giant nuclei per gonad arm ranged from
around 20 to 50. The two arms within a single female tended
to have similar but rarely equal numbers of giant nuclei. For
example, among 33 S. papillosus females, only three had the
same number in both arms while the maximum difference
observed was 14. However, 25 (75 %) of the females fell
within a range of 2—7 giant nuclei more in one arm than in
the other. In 17 worms, the anterior arm had the higher num-
ber; in 13, this was the posterior arm.

In males, a band of small presumably early spermatogonic
nuclei (Triantaphyllou and Moncol 1977) migrates anteriorly
with age, thereby increasing the volume filled with mature
sperm and decreasing the volume containing giant nuclei
(Fig 2c).

Differential DNA amplification in the giant nuclei

The giant nuclei in the distal arm have been postulated to be a
result of repeated replication of the chromosomes in the ab-
sence of intervening cell divisions (Hammond and Robinson
1994). Although these authors had already noted that it was
unlikely that the DNA content of the giant nuclei was the
product of uniform full genome amplifications, no informa-
tion about what sequences are amplified was available. We
isolated distal arms of gonads containing giant nuclei from
free-living adults of S. ratti, S. papillosus, and P. trichosuri
and subjected them to quantitative sequencing (Figs. 3 and 4).
In all species, it appeared that the portion of the genome that is
present in only one copy in males (the X chromosome and the
region undergoing chromatin diminution, respectively) was
underrepresented in both sexes. More precisely, in XX/XO-
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Fig. 2 Morphology and number of germline nuclei. DAPI-stained virgin
(a) and old S. papillosus female (b), respectively. Arrows point to giant
nuclei in the distal gonad arm. Note the change in size, number, and
morphology of giant nuclei. The asterisks mark the position of the band
of small nuclei. Note the change in position accompanied by an increase
in number of small nuclei from virgin to old females. ¢ DAPI-stained free-
living S. papillosus male worms. Arrows point to the band of small nuclei.
Note the change in position in males from L4 to adult. The band moves
anteriorly over time reducing the space occupied by the giant nuclei in the
gonad. Asterisks mark the anterior end of the worms. d DAPI-stained

based sex determination, one would expect a two times higher
coverage of autosomes as compared to the X chromosome and
the region undergoing chromatin diminution respectively in
males, but equal coverage in females. Instead, we find a four-
to sixfold increase in median coverage for autosomal regions
in both sexes of S. ratti (Fig. 3a) and P, trichosuri (Fig. 4a)
with no obvious difference between the sexes. Although it is
difficult to analyze this type of data statistically, it appears that
in S. papillosus (Fig. 4b), which does not have a free X

J. BYoung
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S. papillosus P. trichosuri

female P, trichosuri showing the extreme irregular giant nuclei (asterisk)
in older infertile females. Giant nuclei insets show that often multiple
giant nuclei are seen clumping together, and sometimes a thin line is seen
within a nucleus (asterisks, See Suppl Movies 1 and 2). e DIC image
showing the giant nuclei (outlined in white) in the distal gonad arm
(outlined in yellow) showing a clearly visible nucleolus (outlined in
orange, arrow heads). f The changes in the numbers of giant nuclei over
age in females of all three species. For each species, there is a significant
reduction in giant nuclei number over time

chromosome, the difference is smaller (only about two- to
threefold) and the underrepresentation might be slightly more
pronounced in males than in females.

The high quality of the draft genome sequence available for
S. ratti (Strongyloides sequencing consortium, submitted for
publication) allowed us to analyze the chromatin amplification
along the individual chromosomes (Fig 3b, Suppl Fig. 1a).
While we cannot exclude slight differences, we found no clear
indication of differential DNA amplification among different
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Fig. 3 DNA and RNA sequencing of S. ratti giant nuclei a Graphs
indicate the genome-wide distribution of coverage (non-overlapping 2-
kb windows) obtained from sequencing giant nuclei in S. ratti females
and males, respectively (f7, f2, and /3 indicate female biological replicates
while m/ and m2 are male biological replicates). The higher coverage
peak corresponds to the autosomes (b/ue) and the lower coverage peak is
that of the X chromosome (red). Md indicates median values. b
Chromosome-wide analysis of one female (/eff) and one male (right)

regions of chromosomes. In Fig. 3b, it appears as if sequences
at the left end of chromosome X are present in somewhat
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replicate showing a relatively uniform amplification of DNA across the
length of a chromosome (See Suppl Fig. 1a for the other replicates). The
slight increase in coverage towards the left end of the X may or may not
be real (see text). ¢ Quantitative RNA sequencing from the giant nuclei in
S. ratti female replicates shows that autosomal genes show a strong trend
towards higher expression (»<0.001, Wilcoxon ranksum test), consistent
with the underrepresentation of the X chromosomal genes compared with
the autosomal ones

higher copy number than the rest of the chromosome. How-
ever, the quality of the assembly of the X chromosome is not
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as good as for autosomes, and for the moment, we cannot tell
if the left end is indeed amplified more than the rest of the X or
if this slight increase is artificially caused due to genome as-
sembly problems. To determine whether the lower copy num-
ber of the X chromosomes is also reflected in the levels of
gene products, we also isolated and sequenced the RNA of the
distal portion of the gonads from S. ratti females. Indeed, X-
derived mRNAs are on average much less abundant than tran-
scripts encoded on autosomes (Fig. 3¢, Suppl Fig. 1b) while
there is no difference between the two autosomes.

Presence or absence of male determining sperm

As explained in the “Introduction,” reproduction in the free-
living generation of the two species of Strongyloides in ques-
tion is sexual but, unlike in P. trichosuri, produces only fe-
males. In order to address if genetically male-determining
(nullo-X) sperm exists, we isolated mature sperm from free-
living males of both species of Strongyloides and from
P trichosuri and we quantitatively sequenced the sperm ge-
nomes (Fig. 5a). As expected, in P. trichosuri, which produces
both sexes, X chromosomal sequences are covered by only
about half as many reads as autosomal regions indicating that
X-bearing and nullo-X sperm are present in about equal num-
bers (Fig. 5a, top left panel). In S. papillosus, on the other
hand, we did not observe an underrepresentation of the X-
derived sequences, confirming the genetic findings (Fig. Sa,
top right panel). Surprisingly, X chromosomal sequences were
underrepresented in mature sperm in S. ratti, indicating that
nullo-X sperm are present (Fig. Sa, bottom panels). It must,
however, be noted that the two independent experiments,
shown in Fig. 5a bottom panels, differed rather strongly.
While in one experiment (Fig. 5a, bottom right) the under
representation of the X chromosome was very clear and the
difference was very close to the expected 50 %, in the second
one, the difference was less than expected (Fig. 5a, bottom
left). This might indicate that the proportion of nullo-X sperm
formed might be variable over time or cultures. Alternatively,
it may be a consequence of stochastic fluctuations, which have
to be taken into account given the very small amount of
starting material available. However, there is additional evi-
dence for the existence of nullo-X sperm in S. ratti. In contrast
to S. papillosus (Nemetschke et al. 2010a), we observed two
different karyotypes among the very young embryos of S. ratti,
namely with five or with six chromosomes, which correspond
to the diploid number of chromosomes for males and females,
respectively (Fig. Sb, Suppl Movies 3, 4, and 5). In addition,
within the uteri of S. ratti, but not S. papillosus females, we
observed dying embryos among normally developing ones
(Fig. 5¢). Dying embryos were observed at a frequency of
13 % (n=116). Although we do not know when exactly the
embryos die and this number is therefore an underestimate, it
is considerably less than the 50 % that would be expected if

half of the sperm were nullo-X leading to non-viable embryos
(see “Discussion”). For comparison with S. papillosus, 0 out
of 55 embryos were scored to be developing abnormally.

Discussion

Giant non-dividing nuclei had been noticed and described in
the distal gonads of Strongyloides spp. by multiple authors
over the years (see, for example, Basir 1950; Hammond and
Robinson 1994; Triantaphyllou and Moncol 1977). For
S. stercoralis, it had also been proposed that the DNA content
of these nuclei is as high as several hundred C and that the
exact DNA amount per nucleus could not have resulted from a
succession of consecutive full genome duplications (Ham-
mond and Robinson 1994). This suggests that different re-
gions of the genome are amplified to variable extents. All
these earlier studies were based on cytological observations
using DNA binding dyes, and no information about the geno-
mic regions amplified was available. Here we show that in
S. ratti, S. papillosus and P. trichosuri X chromosomal regions
(in S. papillosus the evolutionarily X chromosome-derived
portion of the larger chromosome) are present in lower copy
numbers than autosomal regions. Interestingly, for
S. papillosus, in which the X chromosome is fused with an
autosome (Kulkarni et al. 2013; Nemetschke et al. 2010a), the
difference is smaller. While in males this difference can be
partially explained by the lower dose of the X due to XX/
XO sex determination, in females, it must be caused solely
by differential amplification. Quantitative RNA sequencing
consistently confirmed that X-linked genes are expressed at
lower levels on average than autosomal genes (shown for
S. ratti females), suggesting that the differential DNA ampli-
fication contributes to the control of gene expression in the
germline. Underexpression of X chromosomal sequences
compared with autosomal ones also occurs in the gonads of
the model nematode C. elegans, and this phenomenon appears
to be widespread among nematodes (Kelly et al. 2002). In
C. elegans, the expression differential appears to be due to
differential chromatin modifications and consequentially dif-
ferential transcription from equal copy numbers. By contrast,
in Strongyloides spp., an increase in autosomal copies might
be an important determinant for the higher expression of au-
tosomal genes. However, the about five to six times lower
copy number of X chromosomal genes, compared with auto-
somal ones, does not fully explain the more than ten times
lower median expression of X-linked genes. There must be
additional gene-specific and/or chromosome-wide control
mechanisms at work.

In general, endoreplication in the germline seems to be less
common than in other tissues, with the exception of amplifi-
cation of ribosomal RNA genes, which can be construed as an
adaptation for rapid oogenesis. Incidentally, the giant nuclei
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<« Fig. 4 DNA sequencing from P. trichosuri and S. papillosus giant
nuclei. a, b Graphs plotting the genome-wide distribution of coverage
(non-overlapping 2-kb windows) obtained from giant nuclei sequencing
in P. trichosuri and S. papillosus, respectively (f1, /2, and f3 indicate
female biological replicates while m/, m2, and m3 are male biological
replicates). The higher coverage peak corresponds to the autosomes
(blue) and the lower coverage peak is that of the X chromosome (red).
The panel iL3 (bottom left) shows the equal coverage of autosomal and X
chromosomal sequences obtained from sequencing infective larvae of
S. papillosus, which are all female and lack giant nuclei in their gonads.
This experiment serves as a control demonstrating that underexpression
of the X chromosomes compared to the autosomes in the panels above is
not a consequence of some feature of the X chromosome rendering it
inefficient for sequencing. Md indicates median values

have previously been proposed to act as nurse cells
supporting the development of oocytes (Hammond and
Robinson 1994), a role that in C. elegans is assumed by
early meiotic cells in pachytene (Hubbard and
Greenstein 2005). In this regard, it is interesting to note
that one of the best-characterized nurse cells, those
found in the egg chambers of the fruit fly, also amplify
their genome (Bastock and St Johnston 2008; Lee et al.
2009). On closer inspection of our RNA data, we ob-
served high expression of mRNAs encoding ribosomal
components, chaperones, and proteasome components,
among others. These signs of high gene expression ac-
tivity further support that the giant nuclei of
Strongyloides and Parastrongyloides act as nurse cells.
An interesting though somewhat puzzling observation is
the reduction in number of the giant nuclei in females
with age. One possible explanation would be that some
of them are broken up into small, diploid nuclei, there-
by replenishing the population of germ cells available
for oogenesis. Such a process has been proposed for
certain snakes (Becak et al. 2003), and it was shown
that some endopolyploid tumor cells use a meiosis-
related mechanism to revert to normal diploidy
(Erenpreisa et al. 2009; lanzini et al. 2009). In fact,
we noticed a significant (p<0.01 in a ¢ test) increase
in small nuclei number from around 78 (£24.4 [standard
deviation]) per arm in young S. papillosus females (n=
26 arms) to about 97 (£17.2) at peak reproductive age
(n=36 arms). The corresponding numbers for S. ratti
were 56 (£16.0) in young (n=18) and 83 (£19.1) in
older (n=20) worms. Nevertheless, we failed to observe
any mitotic figures or condensed mitotic chromosomes
in this region, a somewhat puzzling observation, which
has however been reported before (Triantaphyllou and
Moncol 1977). Alternatively, some giant nuclei may un-
dergo apoptosis or fuse with each other, as suggested by
the elongated shape of these nuclei (Fig. 2d giant nuclei
insets, Suppl Movies 1 and 2). However, for the mo-
ment, these hypothetical explanations remain speculative

and the actual dynamics of the giant nuclei in
Strongyloides spp. will need to be investigated in live
worms. To this end, GFP-tagged histone proteins
expressed from transgenes, as has been established in
C. elegans (Praitis et al. 2001), will be advantageous.
For the moment, although transgenic techniques for
Strongyloides spp. have been developed (Lok 2013),
no germline-expressed promoters are available.

Most species of Strongyloides do not produce males
in the progeny of the free-living generations (Streit
2008). Based on genetic arguments for S. papillosus
(Nemetschke et al. 2010a), it was proposed that
Strongyloides spp. males do not produce male-
determining (nullo-X) sperm. However, DNA quantifica-
tion using DNA binding dyes in S. stercoralis
(Hammond and Robinson 1994) provided evidence that
some species of Strongyloides might produce such
sperm. While our quantitative sequencing of mature
sperm confirmed absence of male-determining sperm
for S. papillosus, we did find evidence for the presence
of nullo-X sperm in S. ratti. Additionally, we also
found early embryos with a male karyotype in this spe-
cies. This might suggest that these two species use dif-
ferent strategies to prevent males among the infective
larvae, either by avoidance of male-determining sperm
as in S. papillosus or by inviability of male embryos as
in S. ratti. In addition, nullo-X sperm might be less
successful in fertilizing oocytes, reducing the number
of “wasted” non-viable embryos. However, the differ-
ence might also be only quantitative and it might de-
pend as much on the isolate as on the species. A very
small proportion of nullo-X sperm (more precisely,
sperm not containing a copy of the region undergoing
chromatin diminution) in S. papillosus would probably
have gone unnoticed in the earlier studies as our obser-
vations indicate that the number of nullo-X sperm in
S. ratti might vary among experiments. A mechanism
for producing an (variable) excess of X-bearing sperm
has been described for the nematode Rhabditis sp.
SB347 (Shakes et al. 2011). Therefore, it is also possi-
ble that both mechanisms are at work in both species
but to variable extents.

The results presented here, on one hand, enhance our
understanding of the reproductive biology of a fascinating
group of parasitic nematodes. On the other hand, they also
illustrate the usefulness of the Strongyloides/
Parastrongyloides system for comparative evolutionary
studies over very different phylogenetic distances. It will
be highly revealing to further study the interesting differ-
ences (representing evolutionary changes) within the group
and in comparison to other nematode model systems in
evolutionary biology, in particular Caenorhabditis spp.
and Pristionchus spp. (Sommer and Bumbarger 2012).
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4 Fig. 5 X chromosomes in sperm of P. trichosuri, S. papillosus, and
S. ratti. a DNA sequencing of mature sperm showing genome-wide
distribution of coverage (non-overlapping 2-kb windows) of the
autosomes (blue) compared with the X chromosome (red) of
P. trichosuri (ml, top left), S. papillosus (ml, top right), and S. ratti
(bottom panels ml and m?2), respectively. The X chromosome is
underrepresented in P. frichosuri and S. ratti indicating presence of
nullo-X sperm in these species. S. ratti (bottom panels, ml and m?2)
shows variability in the amount of nullo-X sperm between replicates.
Md indicates median values. b The two distinct karyotypes seen in
early embryos of free-living S. ratti females, with 2n=>5 the expected
male karyotype (fop) and 2n=6 the female karyotype (bottom). Also
see Suppl Movies 3, 4, and 5. ¢ Dying or abnormal embryos as seen in
DAPI-stained free-living S. ratti females (fop), marked with green
asterisks, amid normally developing ones. In contrast no such abnormal
embryos are observed in S. papillosus (bottom)
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