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1 | INTRODUCTION

Tapeworms are a medically and economically important
group of helminth pathogens and one of the oldest recog-
nized forms of parasitic worms.! Their segmented, or
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Abstract

Background: Tapeworms are parasitic flatworms that independently evolved
a segmented body plan, historically confounding comparisons with other ani-
mals. Anteroposterior (AP) patterning in free-living flatworms and in tape-
worm larvae is associated with canonical Wnt signaling and positional control
genes (PCGs) are expressed by their musculature in regionalized domains
along the AP axis. Here, we extend investigations of PCG expression to the
adult of the mouse bile-duct tapeworm Hymenolepis microstoma, focusing on
the growth zone of the neck region and the initial establishment of segmental
patterning.

Results: We show that the adult musculature includes new, segmental ele-
ments that first appear in the neck and that the spatial patterns of Wnt factors
are consistent with expression by muscle cells. Wnt factor expression is highly
regionalized and becomes AP-polarized in segments, marking them with axes
in agreement with the polarity of the main body axis, while the transition
between the neck and strobila is specifically demarcated by the expression
domain of a Wntl11 paralog.

Conclusion: We suggest that segmentation could originate in the muscular
system and participate in patterning the AP axis through regional and polar-
ized expression of PCGs, akin to the gene regulatory networks employed by
free-living flatworms and other animals.

KEYWORDS

anteroposterior patterning, Cestoda, hedgehog, Platyhelminthes, positional control
genes, Wnt

strobilar, adult body plan is a derived feature not only
among flatworms (phylum Platyhelminthes) but also
among members of the class Cestoda in which repetition
of body parts appears to have evolved in a step-wise
fashion under selection for increased fecundity.” Their
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multi-host life cycles and highly derived form lacking
most cephalized structures as well as a gut has made
their body plan difficult to homologize with other
animals®~ leaving longstanding questions regarding the
true polarity of their anteroposterior (AP) axis,®®
the individuality of their segments’ and more generally
whether the mechanisms that underlie segmentation
resemble those of other animals.'®!!

Canonical Wnt signaling is a universal form of cell-cell
communication in Metazoa with a conserved function in
AP patterning through the combination of posterior Wnt
signaling and anterior Wnt inhibition.'> AP patterning in
free-living planarian flatworms is also regulated by canoni-
cal, p-catenin-dependent Wnt signaling'® and expression
of ligands, inhibitors and receptors show distinct region-
alization along the main body axis.'* These and other
region-specific markers have been referred to as posi-
tional control genes (PCGs) and are expressed continu-
ously by muscle cells throughout their lives,'>'®
maintaining an axial Cartesian coordinate system'’ that
is instructive to the somatic stem cells (neoblasts)
responsible for all cellular renewal during growth,
homeostasis and regeneration.

Extending this model to parasitic flatworms, Koziol
et al.” investigated the expression domains of Wnt com-
ponents'® and other canonical markers of AP patterning
during larval metamorphosis in two tapeworm species
with highly disparate morphologies. For the first time
this provided a common basis of comparison and showed
that despite gross morphological differences in the struc-
ture of their larvae, in both species the site(s) of scolex
formation (i.e., the “head” containing the holdfast struc-
tures and the central nervous system [CNS]), is preceded
by expression of Wnt inhibitors, whereas the larval cyst
tissues, which have evolved into a diverse range of mor-
phologies in different tapeworm groups,'® express poste-
rior markers including canonical Wnt ligands. This
resolved the question of the true developmental AP polar-
ity of the larval worm and provided support for the idea
that metamorphosis represents the phylotypic stage in
their ontogeny, with AP-regionalized patterns of Wnt
expression mirrored across different larval forms of tape-
worms and planarians.’ It also demonstrated PCG
expression in tapeworm muscle cells. However, the pat-
tern of Wnt expression during adult development, includ-
ing questions regarding the polarity of the individual
segments, are still unknown.”®

Metamorphosis of the tapeworm oncosphere results
in the genesis of an encysted, juvenile worm with a fully
developed scolex and body that includes all major ele-
ments of the muscle, nerve and osmoregulatory systems
(Figure 1). In most tapeworms, sexual and strobilar

development are repressed until the larva is transmitted
to the enteric system of the vertebrate, final host in which
the larvae lose their cyst tissues before becoming estab-
lished in the small intestine (and bile duct in the case of
Hymenolepis microstoma). Adult development then com-
mences via elongation of the body with the germinative
neck region and strobila intercalated between the scolex
and the posterior end of the juvenile worm (Figure 1A).
Sexual development is coupled to segmentation and
results in the continual production of hermaphroditic
sets of reproductive organs (proglottids) that are superfi-
cially separated by segmental elements of the muscula-
ture. Adult development thus represents the second
major transformation in their postembryonic ontogeny
and a significant departure from the typical, non-
segmented flatworm body plan.

Throughout these developmental processes, cell pro-
liferation is restricted to a population of undifferentiated
stem cells, known as germinative cells, that are akin to
the neoblasts of planarians and other flatworms.* In adult
tapeworms these cells are absent from the cortical tissues,
being restricted to the periphery of the medullary (inner)
parenchyma, and in the central region where they con-
tribute to the development of the reproductive organs
(Figure 1E, Additional files 1-3). Germinative cell popu-
lations are found in these locations throughout the length
of the worm and are not restricted to a specific region
such as the neck.

Here, we extend investigations of PCG expression
during larval metamorphosis to the strobilar phase of the
life cycle of the mouse bile-duct tapeworm
H. microstoma,” concentrating on the neck region and
initial segmental patterning of the adult body, prior to
maturation of the reproductive organs. This classical
mouse/beetle-hosted laboratory system has been the sub-
ject of genomic,'** transcriptomic,”>*° and develop-
mental studies>*”® that underpin its utility as a
contemporary model and is supported by a complete,
chromosome-level assembly of its genome.”® We show
that adult development begins with the formation of seg-
mentally arranged elements of the muscular system in
the neck that subsequently come to define segment
boundaries. Wnt components are expressed in muscular
domains that become AP-polarized in the transition
between the neck and strobila, a region that is uniquely
marked by the expression of a Wntll gene. In the stro-
bila, polarized expression of inhibitors and ligands mark
individual segments with AP poles in agreement with the
polarity of the main body axis. Together our results sug-
gest that segmentation in tapeworms could originate in
the muscular system and participate in patterning the AP
axis through regional and polarized expression of PCGs.
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FIGURE 1 Legend on next page.
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2 | RESULTS

2.1 | The internal body wall
musculature shows evidence of early
segmental patterning

Given the known expression of PCGs by muscle cells in
planarians’ and larval tapeworms,” we investigated the
architecture of the musculature of adult H. microstoma
(Figure 2). Unlike other segmented organisms, most of
the musculature of tapeworms is not segmentally orga-
nized and consists instead of elements that run uninter-
rupted through the body.* Their musculature includes a
sub-tegumental layer comprised of fine, outer circular
(CM; Figure 2C) and thin longitudinal (OLM; Figure 2D)
muscle fibers, an inner layer of thick longitudinal bun-
dles of fibers (ILM; Figure 2F) that attach to the base of
the rostellum (and by convention define the
cortical-medullary boundary), and a dense array of fine,
dorsoventrally oriented fibers that run through the paren-
chyma of the worm, except where interrupted by the
osmoregulatory canals and reproductive elements
(Figure 1C; Figure 2E,H).

At segmental boundaries there are dorsoventrally
(DV) and AP-paired strands of transverse muscle fibers
(TMFs) positioned inside the ILM layer (Figure 1B,C; see
also®”). These TMFs extend through the medullary region
on either side of the main nerve cords into the cortex,
where they attach (Figure 1C). Here, we trace their initial
development to the start of the neck where they are first
seen as fine, paired strands closely arrayed along the AP

axis (Figure 2G). As the neck enlarges and transitions to
the strobila they become progressively separated and
come to define segmental boundaries (Figure 2LJ). To
the best of our knowledge, these are the only muscular
elements arranged in a segmentary distribution along the
AP axis and are one of the earliest indications of segmen-
tation during adult development, suggesting that muscle
cells could participate directly in the segmentation pro-
cess or that their precursors could be among the earliest
cells to respond to signals regulating segmentation. In
contrast, the major elements of the peripheral nervous
system (PNS), which includes the main longitudinal
(LNC), medial longitudinal (MNC), and transverse nerve
cords, exhibit a flatworm-typical orthogonal pattern®'
(Figure 1D) that remains distinctly independent of the
underlying segmentary pattern of the musculature until
new, intra-segmental elements of the PNS form in
maturing segments, discussed below. A recent study of
peptidergic signaling in H. microstoma also shows the
non-segmentary pattern of the nervous system in this
region, evident from the positions of nerve cells along the
LNCs and MNCs.**

2.2 | Spatial distribution of myocytons
indicates their participation in PCG
expression

The nuclei of flatworm muscle cells are contained in cell
bodies called myocytons that are offset from the contrac-
tile part of the muscle cells (i.e., the muscle fibers) to

FIGURE 1 Life cycle, neuromuscular anatomy and cycling cells of the mouse bile-duct tapeworm Hymenolepis microstoma. (A) Major
stages of larval metamorphosis and strobilar development (n.b. illustrations drawn to scale save the strobila detail; larvae staged according to
Montagne et al.”®). The life cycle is perpetuated when eggs expelled with mouse feces are consumed by grain beetles (e.g., Tenebrio spp.)
releasing oncospheres that use their hooks to penetrate the intestine and enter the hemocoel where they metamorphose into encysted,

juvenile worms called cysticercoids. Strobilar/sexual development commences when infected beetles are ingested by mice, releasing larvae
that excyst in the stomach and slough their cyst tissues before entering the small intestine. There they undergo elongation of the body to
form a neck region that generates the segmented strobila before the worms locate permanently in the bile duct. After around 2 weeks, the
worms reach their maximum size and possess ~650 segments.” (B) Confocal imaging of the neck region of phalloidin stained worms shows
the major muscle layers and AP-paired, transverse muscle fibers (TMF; inset) at segmental boundaries. (C) Transverse reconstruction at an
early segment boundary shows that the TMFs are positioned inside the inner longitudinal muscle (ILM) layer and extend through the
cortical region at the margins. Also visible is the array of dorsoventrally oriented muscle (DVM) fibers that run through the parenchyma,
gaps in which show the positions of the osmoregulatory canals (oc) and main longitudinal nerve cords (LNC). (D) Fluorescent microscopy of
anti-Synapsin staining shows the major elements of the nervous system in the scolex and neck, consisting of the main longitudinal (LNC),
medial longitudinal (MNC) and transverse (TNC) nerve cords. Panel (E) and Additional files 1-3 show in vitro EdU labeling of cycling cells
in the neck region (see Methods). Populations of these proliferative, neoblast-like somatic stem cells, called germinal cells, are located at the
periphery of the medullary region and in the central region where the genital primordia develop. Also seen is expression of collagen by
muscle cells representing the major muscle layers of the cortex (see Figure 4). (F) Diagram of the neuromuscular anatomy and cycling cells
in the neck. cc, cycling cells; CM, circular muscle layer; eb, embryophore; h, hook; hx, hexacanth (= oncosphere) larva; ILM, inner, thick
longitudinal muscle layer; oc, osmoregulatory canal; OLM, outer, thin longitudinal muscle layer; pl, primary lacuna (= cavity); r, hooked
rostellum; rb, rostellar bulb; s, sucker; sh, membranous shell; tg, syncytial tegument; TMF, segmentally distributed transverse muscle fibers.
All scale bars = 100 pm except C = 50 pm.
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FIGURE 2 Phalloidin staining of the muscular system reveals early segmental elements formed in the neck. Standard deviation
projection of the anterior neck region (A) shows locations of the transverse reconstruction in (B) and magnified areas in (C-H). B shows the
focal planes of images C-H. Beneath the syncytial tegument (tg) is a layer of fine circular muscles (C) that are exterior and adjacent to the
outer, thin longitudinal muscle layer (D) with which they are occasionally interwoven. The inner longitudinal muscle layer (F) has thick
bundles of fibers and defines the boundary between the cortex and medulla (B inset). In both longitudinal muscle layers, the major strands
are seen to form connections with neighboring strands (D, F). Immediately interior to the inner longitudinal muscle layer, we see the first
indication of segmental patterning in the anterior of the neck with the development of AP-paired, transverse muscle strands that are closely
arrayed along the AP axis (G). As the neck transitions to the strobila and segmentation of the body wall becomes visible they become further
separated along the AP axis and come to define segmental boundaries (I, J). In the cortex (E) and medullary regions (H) are densely packed
fine fibers that traverse the worm dorsoventrally (DV fibers), except where interrupted by the osmoregulatory canals (H) and genital
primordia (not visible). CM, circular muscle layer; DVM, dorsoventral muscle fibers; fc, flame cell; ILM, inner longitudinal muscle layer; oc,
osmoregulatory canal; OLM, outer longitudinal muscle layer; tg, syncytial tegument. Scale bars in A and C-J = 100 pm; 25 pm in B (inset in
B scale bar = 100 pm); and inset scale bars in C-H = 10 pm.

which they are connected via thin cytoplasmic pro- muscular tropomyosin isoforms (hm-tpm1,
cesses.'> We visualized the spatial distribution of myocy- HmN_000188900.3; hm-tpm2, HmN_000471300.3)**"* as
tons in adult worms by WMISH using probes for two  well as an isoform of collagen (hm-collagen,
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HmN_000398500).15 No difference in pattern was dis-
cernible between the two isoforms of tropomyosin
(cf. Figure 3A-D and Additional file 4). We identified sev-
eral different myocyte populations according to their spa-
tial distributions. In the cortex we identified myocytons
associated with the CM and OLM layers immediately
beneath the tegument (cortical myocytons; Figure 3B);
myocytons associated with the ILM layer (Figure 3C);
and uniquely clustered myocytons external to the LNCs
that form ribbons along the lateral margins of the worm,
hereafter referred to as “marginal myocytons” (arrows in
Figure 3D-G). These clusters are paired by smaller foci of
expression on the opposite (medullary) sides of the main
nerve cords (arrowheads in Figure 3F,G). In the center of
the medullary region is another prominent domain
of expression (double arrowhead in Figure 3E-G) repre-
senting muscle cells that are likely intercalated between
cells that contribute to the formation of the genital pri-
mordia, the precursors to the hermaphroditic proglot-
tids.>>*® Unexpectedly, we found that although the ILMs
run continuously through the strobila, some of their
myocytons become segmentally distributed along the AP
axis in maturing segments (Figure 3H), resulting in three
“stripes” that correspond spatially to the three transverse
nerve cords that form in each segment (Figure 31).**°
The spatial arrangement of these myocytons thus points
to concerted development between the musculature and
segmental patterning of the PNS.

We also investigated the spatial patterns of myocytons
via expression of collagen (Figure 4; Additional file 2) as
muscle cells have been shown to be the main cell type
expressing diverse extracellular matrix components in the
parenchyma of planarians.”” Hm-collagen was found to be
expressed in a more restricted set of myocyton populations
than tpml1/2, with little expression seen in the scolex
(Figure 4A) and medullary regions (Figure 4B). Strong
expression was seen in the cortical region, including the
marginal myocytons (Figure 4B-D), and transverse recon-
structions show circumferential expression (Figure 4B,F,
G) associated with the outer and inner muscle layers.

We also examined collagen expression during larval
metamorphosis and found it to be restricted to the poste-
rior hemisphere of the larva, forming a wide band that
marks the region of the developing cyst tissues
(Figure 4H-J). Similar to expression in adults, collagen is
restricted to a subset of the total larval muscle cell popu-
lation as recently described by Montagne et al.*® How-
ever, these results corroborate previous findings of the
massive production of collagen by muscles in the cyst tis-
sue of H. microstoma larvae, resulting in the deposition
of three layers of collagen strands that protect the
encysted juvenile from mechanical injury.*

Most of the broader patterns of expression in myocy-
ton populations revealed by tpm1/2 and collagen can be
clearly associated with the different major elements of
the musculature (e.g., cortical myocytons are associated
with the cortical muscle fibers Figure 2). However, inde-
pendent visualization of the nuclear and contractile bod-
ies of the myocytes prevents us from being able to make
definitive assignments between individual myocytons
and their corresponding muscle fibers.

2.3 | Wnt inhibitors are expressed in the
scolex and neck

We found that the scolex and neck are characterized by
the expression of secreted frizzled receptor (SFRP) genes
(Figure 5) which are inhibitors of Wnt signaling.'? Tape-
worms have two sFRP genes: a homolog of sFRPs that
canonically act to specify the anterior pole in metazoans
(hm-sfrp; HmN_000556500) and a sfip-like paralog (hm-
sfl;, HmN_000359400) with a divergent netrin domain,
both of which were found to be expressed in anterior
domains in larval worms.” In adult worms, sfrp is
expressed in the scolex and neck before being abruptly
downregulated at the start of the strobila where segmen-
tation of the body wall first becomes visible (Figure 5A).
Its expression in the neck is seen in the outer cortex
(Figure 5B), and in the marginal myocytons, including
the associated medullary foci (arrows/arrowheads in
Figure 5C,F). A number of internal foci are also seen
in the scolex and confocal reconstruction of sfip together
with anti-Synapsin staining®® shows that they are associ-
ated with the cerebral ganglia and terminal branches of
the CNS that innervate the holdfast structures
(Figure 5D,E).

Hm-sfl is also expressed in the scolex and neck region
but differs from the pattern of sfrp in most other respects
(Figure 6). In particular, it is also expressed segmentally
and thus in all regions of the adult worm (Figure 6A),
exhibiting the most comprehensive set of expression
domains of the components investigated. In the neck
region (Figure 6B-F), its expression further differs from
sfrp in being expressed in medullary domains and not in
the cortex, save the marginal myocytons in which both
inhibitors are expressed. At the DV boundary (Figure 6C)
sfl shows expression in the marginal myocytons and asso-
ciated foci, as well as in the central region, mirroring the
muscular expression pattern of tpmI (Figure 3F,G). Addi-
tional foci are seen that are semi-regularly spaced along
the AP axis on the dorsal and ventral sides of the LNC
(Figure 6D), and at the cortical-medullary boundary
there are neural-related foci that follow the pattern of the
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MNCs (Figure 6E), and which are also foci of hedgehog
expression, discussed later.

2.4 | Strobilar development involves AP-
polarized expression of Wnt inhibitors and
ligands

In the transition from the neck to strobila, we observe a
change in patterning of sfl and the first instances of AP-
polarized expression of inhibitors and wnts (Figure 7). In
this region, new dorsal and ventral pairs of sfl + foci orig-
inate along the cortical-medullary boundary, forming an
expression pattern hereafter referred to as the “signaling
quartet” (SQ). These new domains arise in register with
the early segmentation of the body wall and are initially
positioned close together near the midline. As the
nascent strobila develops the paired foci are observed to
widen laterally toward the position of the MNCs, and in
the transition to the strobila sfl expression in the SQ
diminishes at the same time as new, midline foci of
expression appear (Figure 7A, Additional file 5).

The appearance of the sfl + SQ precedes the first
instance of posterior Wnt gene expression during strobi-
lar growth (Figure 7B). Expression of hm-wntl
(HmN_000328000), a homolog of the Wingless/Int gene
family, begins later in the SQ (Figure 7B-D) and double
fluorescent in situ hybridization (FISH) shows that it ini-
tially co-localizes with sfl in these foci (Figure 7G-I). As
wntl expression in the SQ increases, sfl diminishes and a
new midline foci of expression appears at the cortical-
medullary boundary, in between the paired foci of the SQ
(Figure 7D, Additional file 6). In the transition to the
early strobila, the foci of the SQ widen toward the posi-
tions of the MNCs (Figure 7J-M) and come to register
with segment boundaries (Figure 7C,D,H).

In the strobila, the sfl expression domains that begin
in the neck and transition zone become segmental and
AP-polarized with wntl expression (Figure 8, Additional
file 7). As segments mature new circumferential

expression domains of both sfl and wntl in the cortical
region appear, marking the segments with AP axes in
agreement with the polarity of the main body axis
(Figure 8A,C,F). Although expression in the SQ may per-
sist throughout strobilar development, the distinct quar-
tet pattern quickly becomes confounded by additional
sites of expression (cf. Figure 8B,D). Wntl expression is
notably absent from the marginal myocytons
(Figure 8B,E,H) whereas sfl expression in these domains
is strong in the anterior of the segments and diminishes
posteriorly along the LNCs (Figure 8C,F). At segmental
boundaries sfl is also expressed in a line of foci that tra-
verses the DV boundary (Figure 8D,G).

2.5 | Expression of wntlla demarcates
the transition to strobilar development

The transition between the neck and strobila forms a
morphological gradient marked by out-pocketing of the
outer body wall. Strikingly, this region is tightly demar-
cated by the expression domain of one of two Wntll
paralogs (hm-wntlla; HmN_002147900) that starts prior
to and includes the first visible signs of segment forma-
tion (Figure 9, Additional file 8). Upregulation of wntlla
in this zone begins in the marginal myocytons and cen-
tral region and is then expressed circumferentially in the
cortical region (Figure 9D-F). Double FISH shows that
expression begins in register with wntl and then fades as
wntl expression increases and becomes expressed cir-
cumferentially (Figure 9F). Expression of wntlla is thus
highly ephemeral and demarcates a transition zone along
the AP axis roughly equal in length to that of the neck
(~500 um). Results also show that it is expressed in cell
populations distinct from those that are wntl+ and that
are positioned just above (anterior) to the wntl domains
(Figure 9D). The onset of wntlla expression is also
shown to coincide with appearance of sfl expression in
the SQ (Figure 9G). In the central region, wntlla expres-
sion begins and fades earlier in development than in the

FIGURE 3

Tropomyosin expression shows the spatial distribution of muscle cell nuclei. Expression of hm-tpm1 shows the punctate

pattern of myocytons in the different muscle layers and regions of the body. Panel A shows a maximum projection of the scolex and anterior
neck and B-D show single focal planes corresponding to the outer and inner muscle layers and DV boundary, as indicated in the transverse
reconstruction in (E). F shows an image through the DV boundary of the scolex, neck and early strobila, and the inset (G) shows higher

magnification at the neck margin. Clusters of myocytons (arrows), referred to as marginal myocytons, and their opposing, internal foci

(arrowheads) are seen arrayed along the main longitudinal nerve cords, forming prominent ribbons of expression along the margins of the

worm. Myocytons are also arrayed down the center of the worm (F, double arrow) where groups of cells give rise to the genital primordia. In
the early strobila, the pattern becomes noticeably segmental with gaps in signal becoming visible between foci (F). In more mature
segments, myocyton populations are seen arrayed along the AP axis in transverse rows (H) that correspond to the positions of the three
transverse nerve cords (TNC1-3) that develop in each segment (I). Also visible are nervous elements associated with the genital atria

(ga) where the male and female ducts open at the dextral margin. LNC, main longitudinal nerve cord; MNC, medial longitudinal nerve cord;
oc, osmoregulatory canal. All scale bars = 100 pm except F = 500 pm and G = 50 pm.
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cortical tissues, giving the appearance of an anteriorly
offset streak (Figure 9G, Additional file 8).

2.6 | Wntllb and notum expression is
restricted to the strobila

Expression of the other Wntll paralog, hm-wntllb
(HmN_000022800), is similar in pattern to wntl but starts
abruptly in the strobila rather than being upregulated
gradually in the transition zone (Figure 10). Like wntl,
wnt11b is restricted to the posterior segmental boundaries
and becomes circumferential as segments mature, but dif-
fers in also being expressed in the marginal myocytons
and in a line across the DV boundary at the limit between
segments (Figure 10E,G), similar to sfl expression
(cf. Figure 8G) with which it is AP-polarized. Posterior seg-
mental boundaries in the strobila are thus marked by
expression of the posterior Wnt genes wntl and wntl1b.

Like sFRPs, Notum is an inhibitor of canonical Wnt
signaling®® and is widely involved in neurogenesis.*’ In
planarians, Notum is required for respecification of the
anterior pole*>** and brain development during regener-
ation.**  Hm-notum (HmN_000848900) expression
(Figure 10H-L) was observed in a small number of foci
in the scolex (Figure 10I) but was otherwise restricted to
four foci associated with the positions of the MNCs at
segment boundaries that we suggest represents the SQ
pattern (Figure 10J,K). Like wntl1b, notum expression
starts abruptly in the strobila after the initial formation of
segments in the transition zone. As it was not included in
our previous investigations,” we investigated notum
expression in larvae and found that it is expressed in two
subapical foci at the anterior pole (Figure 10L).

2.7 | Frizzled receptor genes show
regionalized expression in domains that
mirror sfl

Proteins of the Frizzled family function as surface recep-
tors of secreted Wnt ligands and may also be bound by
inhibitors which block ligand binding. Like other Wnt

signaling components they typically have distinct expres-
sion domains along the AP axis during embryogenesis.*®
We examined the expression of three frizzled genes with
predicted roles in Wnt signaling: hm-fzd5/8
(HmN_000386300), hm-fzd1/2/3/6/7 (HmN_000227100)
and hm-fzd4 (HmN_000319700). Strikingly, in the neck
and transition zone these genes showed expression in
most of the domains that express sfl, but differed in the
strength of expression regionally along the AP axis
(Figure 11). Homologs of fzd5/8 have a canonical role in
specifying the anterior pole and are expressed in the ante-
rior organizer of adult planarians.*® We found weak
expression of hm-fzd5/8 at the base of the rostellum fol-
lowed by very gradual upregulation of expression in the
neck in the marginal myocytons (arrows Figure 11A,H,
K) and in medullary expression domains internal to the
LNC (arrowheads) and in the central region (double
arrow). It is also expressed in the SQ in the transition
zone (Figure 11B). These patterns mirror those of sfl,
with the exceptions of domains of sfl expression associ-
ated to the nervous system (the DV-paired foci along the
LNCs [Figure 6D] and MNC-related foci [Figure 6E]). In
the strobila, fzd5/8 is also expressed at the anterior of the
segments like sfl, and eventually becomes circumferential
(Figure 11C-F). Also like sfl it shows diminishing expres-
sion in the marginal myocytons posteriorly (Figure 11E)
and in foci that traverse the DV boundary in between the
segments (Figure 11F).

Fzd1/2/3/6/7 expression begins abruptly in the ante-
rior of the neck where the marginal myocytons first
appear along the AP axis (Figure 11H) and also shows
punctate expression in the cortical tissues (Figure 11G)
and in the early SQ. Its expression is significantly down-
regulated but not extinguished in the early strobila
(Figure 11I), and an identical pattern was described by
Rozario et al.*’ for the ortholog in H. diminuta
(HDID_0000773501) that was identified in an RNA-Seq
screen for genes enriched in the anterior of the neck.

Fzd4 expression (Figure 11J,K) begins gradually in
the neck similar to fzd5/8, and in maturing segments also
shows diminishing expression in the marginal myocy-
tons, as well as taking on a more general pattern of punc-
tate expression throughout the body (Figure 11L) which

FIGURE 4

Collagen shows expression domains in muscle cells. Hm-collagen expression is seen in a more restricted set of myocyton

populations than seen in hm-tpm1/2 (cf. Figure 3/Additional file 4) and is primarily cortical. In the scolex (A), there are few collagen + cells,
whereas the punctate pattern of the main muscle layers, together with the clustered pattern of the marginal myocytons (arrows), is seen
throughout the neck (A, B) and strobila (E-G). Higher magnification at segment margins (C, D) shows the clustered arrangement of the
marginal myocytons (box in D). Punctate expression corresponding to the muscles layers is evident in mature segments, and at segmental
boundaries (G) a line of medullary foci is seen along the dorsoventral boundary (DVB; dashed line). During larval metamorphosis collagen is
expressed in the cyst tissues that develop in the posterior hemisphere (H, I) and eventually encyst the nascent worm (J).> Asterisks in I show
condensations of cells around the positions of the holdfast structures of the scolex which develop post-encystment.*® ga, genital atrium; ov,
ovary; pl, primary lacuna; sr, seminal receptacle t, testis. Scale bars in A, B and E-G = 100 pm; 50 pm in C, D and H-J.
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is seen in mature segments in all three frizzled genes. In
regenerating planarians, fzd4 is upregulated in posterior
blastemas, suggesting a potential role in reorganizing the
posterior pole.>** In H. microstoma, it is expressed in
the anterior of the body, the neck, and in the strobila
appears strongest in the anterior of the marginal myocy-
tons within segments. However, it does not become
expressed circumferentially at the anterior of the seg-
ments like fzd5/8 and sfl, and punctate expression foci in
the body do not exhibit any kind of AP pattern
(Figure 11L). Thus, whereas hm-fzd4 shows posterior
expression during larval metamorphosis,” similar to pla-
narian regeneration, during adult development segmen-
tal expression domains do not appear strongly AP-
polarized.

FIGURE 5
sfrp marks the scolex and neck

Expression of

as Wnt inhibitory. Expression of
hm-sfirp is restricted to the scolex
and neck region and is abruptly
downregulated at the start of the
strobila (A). Transverse
reconstructions show that
expression in the neck is
restricted to the outer cortex (B),
while in the posterior neck
region there is also expression in
the marginal myocytons
(arrows) and internal,
accompanying foci (arrowheads)
associated with the main
longitudinal nerve cords (LNC)
(C). Combined with anti-
Synapsin staining shows that
expression in the scolex is
associated with the major
elements of the central nervous
system (D, E), whereas
reconstruction through the neck
region (F) confirms that
expression is restricted to the
outer muscular layers and
marginal myocytons. Asterisk in
panel D indicates artifactual
signal in the glandular, rostellar
bulb (see also®®). Scale

bars = 100 pm.

2.8 | Hedgehog is expressed with sfl in
neural-related domains

Hedgehog signaling has been shown to be an upstream
promotor of Wnt signaling in flatworms*’ and we investi-
gated hedgehog expression in larval and adult worms
(Figure 12). Combined with anti-Synapsin staining shows
that hm-hedgehog (HmN_000068600) is expressed in the
scolex in foci associated with the CNS (Figure 12A). In
the neck, it is expressed at the junctions of the medial
and transverse nerve cords (Figure 12B) and in clusters of
cells in the central region, and both domains persist into
the strobila. Double FISH shows that hedgehog co-
localizes with sfl in both the nerve junctions (boxes in
Figure 12D,D”) and central region (Figure 12E,E").
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FIGURE 6 The sfip paralog
sfl is expressed in the scolex and
neck and segmentally in the
strobila. Fluorescent
micrographs show dynamic
expression of the inhibitor hm-
sfl along the AP axis (A). B-F
show confocal micrographs of sfl
in the scolex and neck region,
up to the transition zone
described in Figure 7. B shows a
maximum projection and C-E
show single focal planes at the
levels indicated in the transverse
reconstruction (F). In the scolex,
there are few foci (B) that appear
more cortical than the CNS-
associated domains of sfrp
(Figure 5D,E). At the
dorsoventral boundary (C), sfl is
expressed in the marginal
myocytons (arrows) and
internal, associated foci
(arrowheads) associated with the
main nerve cords (LNC), as well
as in the central region (double
arrows), mirroring the muscular
expression domains of tpm1 at
the dorsoventral boundary
(Figure 3). Additional foci are

VARG En an e BRALS

also seen along the dorsal and
ventral sides of the LNC (D) and
at the cortical-medullary
boundary (E), there are foci that
follow the pattern of the medial
longitudinal nerve cords (MNC;
Figure 1D), and in which sfl co-
localizes with hedgehog
expression (see Figure 12D).
Scale bars = 500 pm in A;

100 pm in B-F.
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In the transition zone and early strobila, hedgehog/sfl
expression in the nerve junctions follows the orthogonal
pattern of the nervous system, which remains indepen-
dent of the segmental pattern as represented by the start
of sfl expression in the SQ (Figure 12D’,D"). However, in

scolex

strobila
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the transition to the strobila, the SQ pattern shifts to the
positions of the MNCs along the cortical-medullary
boundary, at which point neural-related expression of
hedgehog/sfl becomes spatially associated with these
domains. During larval development, hedgehog
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FIGURE 7 Initial expression of the canonical posterior gene wntl shows co-localization with the inhibitor sfl. Fluorescent micrographs show
that in the transition from the neck to strobila four new prominent, paired foci of sfl appear in a segmentary pattern near the midline of the worm
(A, for 3D reconstruction see Additional file 5). These foci are referred to as the signaling quartet (SQ) and it is in these cells that we observe the
first instance of posterior wnt expression during adult development (B, C). Confocal imaging (C-I) shows that hm-wnt1 first becomes upregulated
in sfl + cells in the SQ (G-I) and that its expression in these foci increases into the strobila at the same time as expression of sfl decreases (for 3D
reconstruction see Additional file 6). In this transition zone, the paired foci become separated laterally (B) and a new focus of expression is seen at
the midline (B). Specimens co-stained with anti-Synapsin (J-M) show that in the nascent strobila the SQ pattern becomes spatially associated with
the positions of the medial longitudinal nerve cords (MNC). Scale bars in A-C = 500 pm; 100 pm in D-F and J-M; and 10 pm in G-L.
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expression (Figure 12F-I) marks the sagittal midline on
the dorsal and ventral surfaces of the hemisphere that
gives rise to the juvenile worm, consistent with a canoni-
cal role in midline patterning,” and is juxtaposed with sfl
expression along the L-R margins (Figure 12I).

3 | DISCUSSION

3.1 | Strobilar growth reveals domains of
PCG expression associated with the
neuromuscular system

The patterns revealed by tropomyosin and collagen
encompass most of the expression domains of the Wnt
ligands, inhibitors and receptors, consistent with Wnt sig-
naling being established and maintained by the muscula-
ture."> Unexpectedly, expression of these muscle markers
revealed the clustered arrangement of myocytons at the
margins that run continuously through the neck and
strobila and are thus not overtly segmental in their
arrangement. However, PCG expression in these clusters
becomes markedly discontinuous, segmental and AP-
polarized. They are also positioned at the DV boundary
which has been described as an organizing center in pla-
narians'* and other animals, and are immediately exte-
rior to the main LNCs, allowing for close, cell-cell
communication between the systems. We suggest that
these uniquely arranged myocytons act as signaling cen-
ters, or organizers,”' that regionalize the AP axis during
adult growth. It is notable that clustered myocytons are
not observed in planarians,'” although a much broader

FIGURE 8 Sfl and wntl expression is AP-polarized at segment
boundaries. Early segments show AP-polarized expression of sfl and
wntl at segment boundaries (A), marking each segment with AP
axes in agreement with the polarity of the main body axis (for 3D
reconstruction see Additional file 7). Transverse reconstruction

(B) showing the pattern of the signaling quartet (SQ). Expression in
the SQ during later segment development becomes confounded by
the presence of new foci that encircle the worm (C-H). Sfl
expression in the marginal myocytons, which do not express wntI,
is strong in the anterior of the worm and is downregulated at the
posterior of each segment (C, G). At segment boundaries sfl is also
expressed in a line of medullary foci along the dorsoventral
boundary (DVB; D, H; see also collagen expression, Figure 4F,G).
ga, genital atrium; oc, osmoregulatory canal; ov, ovary; str, seminal
receptacle; t, testis. Scale bars = 100 pm.
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FIGURE 9

Whntl1a specifically marks a transition zone between neck and strobila. Expression of the posterior Wntl1 gene hm-wntlla

is tightly restricted to the transition zone between the neck and strobila where segmental signaling via AP-polarized expression of sfl and

wntl begins in the signaling quartet pattern (SQ, Figure 7). Its expression is shown in three-day-old, pre-strobilar juvenile worms (A) and in

strobilar adults (B-D, see also Additional file 8 for 3D reconstruction). D shows detail of wnt11a along with the start of wnt1 expression in

the SQ. Transverse reconstructions show circumferential domains of wntl1a in the cortex, as well as expression in the marginal myocytons

and in the central medullary region (E). Double FISH shows that the cortical domains wntl1a are separate from those of wnt1 (D, F) and

that wntlla is upregulated just after the first appearance of sfl in the SQ (G; in this image expression in the central medullary region is also

more apparent). Asterisk in B indicates artifactual signal in the rostellum. Scale bars in A-F = 100 pm; 500 pm in G.

survey of myocyton patterns in flatworms is needed to
determine the extent to which this arrangement could be
unique to tapeworms or to H. microstoma.

The structure of the AP-paired TMFs that develop in
the neck could provide a means to produce polarized
expression of PCGs at segment boundaries and thus
account for expression in the sfl+/wntl+ SQ. It is also
possible that they could account for segmental disconti-
nuity of expression in the marginal myocytons, as the
TMFs extend past the LNC into the cortex (Figure 1C)
and could contribute to segmentally arranged myocyton
populations within the otherwise continuous arrays of
marginal myocytons. However, we also find that myocy-
tons in the otherwise continuous longitudinal muscles
can come to be arranged segmentally (Figure 3H) which
could instead account for discontinuous signaling in the
marginal myocytons. Finally, being positioned at
the cortical-medullary boundary, we cannot exclude the

possibility of expression in germinative cells or their dif-
ferentiating progeny. In any case, we suggest that the SQ
also represents a signaling center for patterning the AP
axis which is associated with the onset of strobilation
and/or proglottization.

In planarians, Scimone et al.'® and Witchley et al."
identified wnt ligands and frizzled receptors expressed by
different subsets of musculature, suggesting signaling
between muscle layers. Although we cannot definitively
assign the expression of Wnt components to the different
muscles, we suggest that concordance in the patterns of
tpm1 (Figure 3), sfl (Figures 6-8) and fzd5/8 (Figure 11)
points to modulation of Wnt signaling between muscle
cells, which could be employed to maintain these foci as
wnt inhibitory. Similarly, punctate expression of
fzd1/2/3/6/7 in the outer cortex (Figure 11G) could be
associated with sfrp signaling in the neck, which in turn
could have a role in preventing ectopic initiation of
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segmentation by marking the region as wnt inhibitory,
thus maintaining an unsegmented region. Future testing
of co-localization among these factors and Wnt compo-
nents will help clarify these possibilities. Interestingly,
Rozario et al.*” demonstrated that anterior fragments of
the neck region of H. diminuta have the ability to gener-
ate new proglottids in vitro, whereas very few proglottids
were generated by middle and posterior fragments. Tak-
ing into account the results here, it is possible that in the
posterior neck fragments only the transition zone that
had already initiated segmentation was present, or that
an unsegmented germinative region could not be stably
maintained without signals elicited from the boundary
between the neck and scolex.

3.2 | Wnt expression defines secondary
segmental axes

The components of Wnt signaling are expressed along
the AP axis in a highly regionalized pattern (Figure 13)
with the scolex and neck characterized by expression of
inhibitors, the transition zone by upregulation of poste-
rior ligands and the strobila by AP-polarized expression
of inhibitors and ligands. In tapeworms, these regions
represent developmental periodicities that illustrate the
dynamic changes in signaling, with wntlla being an

FIGURE 10 Wntl11b and notum expression begins in the
strobila. The posterior Wntl1 gene hm-wnt11b is expressed
segmentally at the posterior margins and is upregulated abruptly in
the strobila post-transition zone (A). Early segments (B) show
expression in the marginal myocytons, in the central medullary
region, and in DV foci at the midline of the cortical-medullary
boundary (C). In maturing segments (D-G) expression becomes
circumferential in the cortical region, and in a line of medullary
foci (E, G) along the dorsoventral boundary (DVB), as seen in
collagen (Figure 4G) and sfl (Figure 8G). Expression of the Wnt
inhibitor hm-notum (H-L) is similarly restricted to segmental
boundaries in the strobila (H) with the exception of a small number
of foci in the scolex that are likely associated with the CNS (I). In
the strobila it is expressed in four foci (J, K) near the positions of
the medial longitudinal nerve cords that we suggest represent the
pattern of the signaling quartet (SQ) (cf. Figure 7M). In stage

2 larvae (L) notum is expressed in bilaterally symmetrical, apical
clusters of cells at the anterior pole. ga, genital atrium; ov, ovary; sr,
seminal receptacle; t, testis. Scale bars in A and H = 500 pm;

100 pm in B-G and I-K; 50 pm in L.
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example of a gene with an especially ephemeral periodic-
ity. Thus, the neck as classically defined is recognizable
as a Wnt-inhibitory region, in which several frizzled
receptors are expressed in staggered domains and in
which a transition zone can be distinguished by the
expression domain of wntlla, and by a new, segmental
expression domain, the SQ, in which we see the first indi-
cations of AP-polarized Wnt expression.

Previous investigation of Wnt signaling during larval
development resolved historical questions regarding the
polarity of the main body axis,” demonstrating that
the juvenile worm develops in the anterior (opposite the
larval hooks; Figure 1) as conventionally understood.’
The question of the polarity of their individual segments
in relation to the whole worm”® is resolved by the pre-
sent work showing that segmental boundaries are
marked by AP-polarized wnt expression in agreement
with the polarity of the main body axis (Figure 8), form-
ing secondary AP axes in each segment. The orientation
of the adult body plan is therefore not dissimilar in its
head-tail axis to other animals despite reduced cephaliza-
tion and other adaptations that have confounded ana-
tomical comparison with other animals.

3.3 | The “transition zone” exhibits an
embryological character

In planarians, Wnt inhibitors and ligands have been
shown to be co-expressed in cells during the initial stages
of embryogenesis as well as during the earliest phases of
regeneration, in which sfrp is expressed prior to co-
expression with wnt1."*>* Co-localization of wntI and the
inhibitor notum has also been demonstrated during
the initial stages of regeneration, prior to their spatial
domains becoming AP-polarized.*> In H. microstoma, co-
localization of wntl and sfl in the SQ shows that Wnt sig-
naling in the transition zone exhibits a character typical
of early embryological and regenerative development in
flatworms. Also similar to planarians, we find that sfl is
expressed in the SQ prior to co-expression with wnt1.

Morphologically, the onset of strobilation in the tran-
sition zone is visible as a field of nascent segments and
we have never observed pre-strobilar worms with only a
few or a single segment, indicating that strobilation acts
across a field of tissues. The expression pattern of wntlla
corresponds to a region of the worm that encompasses
multiple nascent segments and potentially could act as a
trigger to initiate strobilation of the outer body wall.
Moreover, being one of two wntll paralogs present in
flatworms'® it may have been free to evolve a novel role
in segmentation.

3.4 | Neural expression of hedgehog and
sfl suggests a potential link in signaling

Hedgehog is a secreted signaling protein in bilaterians
that is typically expressed in gradients, with receiving
cells having a concentration-dependent response.”>* It
has pleiotropic effects during embryogenesis and is a key
player in coordinating the development of the nervous
system. In planarians, hedgehog is expressed by differen-
tiated neural cells in the ventral nerve cords and has been
shown to have a role in establishing AP polarity by upre-
gulating Wnt signaling.**”° Similarly, expression of
hedgehog in H. microstoma is observed in the nervous sys-
tem, albeit in discrete foci in the cerebral ganglia and at
the junctions of the MNCs (Figure 10A,B). It is also
expressed in the central medullary region which is likely
to represent one of the most cellularly heterogeneous
regions that includes myocytons and germinative cells
(shown here), peptidergic nerve cells,* and most likely
many additional cell types including differentiating ger-
minal cell progeny, making it difficult to speculate
regarding the identity of hedgehog+/sfl + cells in this
region.’

Yazawa et al.* proposed that hedgehog proteins in
the CNS could be transported posteriorly via axonal traf-
ficking®® where they are secreted, stimulating Wnt
expression in differentiated cells (e.g., myocytes) that in
turn signal to neighboring cells, causing upregulation of

FIGURE 11

Frizzled receptor genes show regionalized expression in domains that mirror sfl. The three frizzled receptor genes

implicated in Wnt signaling all show highly similar domains of expression but differ in their regionalization. Fzd5/8 (A-F) in particular

shows expression in domains that mirror sfl, including the marginal myocytons (arrows) and associated foci (arrowheads), central region
(double arrow) (A), signaling quartet (SQ, B), the anterior of segments in the strobila (C, E) and along the DV boundary (DVB) at segment
boundaries (F). These are all domains seen in sfl (Figures 6-8) with the exception of the sfl domains associated with the medial longitudinal
nerve cords (Figures 6E and 12D). Fzd5/8 also differs from sfl expression in that the foci in the neck become upregulated very gradually

(A) until full expression is seen in the transition zone (B). Fzd1/2/3/6/7 (G-I) shows punctate expression in the outer cortex (G) and the same
internal domains of expression as fzd5/8, but starting abruptly in the anterior of the neck (H), and fading in the transition zone (I) where it
is also expressed in the SQ pattern. Fzd4 (J, K) shows the same domains at fzd1/2/3/6/7 but begins more gradually in the neck like fzd5/8 (J).
It is also expressed in punctate pattern in the strobila (L). Scale bars = 100 pm.

95UB017 SUOWIWIOD SATER1D) 3|edldde aU Aq pauRA0B 8.2 S9D1e O ‘85N JO S9INI 10} Ae1g1TUIIUO AB|IA LD (SUONIPUCD-PUE-SLLIBY WD A | 1M Aleq 1 putjuoy//SdnL) SUORIPUOD pue swid | 84} 985 *[520z/S0/TT] Uo AiqiTauliuo A8|im ‘d1igndey ©19a pepsiAIuN ¥y 13AN Ag 2T APAD/Z00T OT/I0p/wod" A im Ake.q i putjuo sgndAwuoteue//:sdny woy pepeojumoq 'TT ‘v202 '22T0L60T



MW] | =A@ Developmental Dynamics

JARERO ET AL.

hedgehog
(D)

transition
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FIGURE 12 Hedgehog expression is associated with the nervous system. Hm-hedgehog expression in the scolex and neck combined with

anti-Synapsin staining of the nervous system (A, B) shows expression at the junctions of the transverse and medial longitudinal nerve cords

as well as expression in the central, medullary region. Expression of hedgehog combined with hm-sfl (C-E) in the neck and transition zone

shows co-localization in both the neural-related domains (D, D", boxes show a single set of foci at a junction) and central region (E, E”). In
the transition zone, co-expression with hedgehog helps to distinguish the neural domains of sfl from the segmentary expression of sfl in the
signaling quartet (SQ, D”) in which hedgehog is not expressed. During larval development, hedgehog is expressed along the dorsoventral

midlines of the hemisphere that gives rise to the juvenile worm (F-I), whereas sfl marks the left (L) and right (R) axes (I). Scale

bars = 500 pm in C; 100 pm in A and D-E; 50 pm in B and F-1.

B-catenin and a feedback loop that results in posterioriza-
tion. Co-expression of sfl and hedgehog expression in
tapeworms suggests a potential link between hedgehog
signaling in the nervous system and Wnt signaling in the
musculature, although in the anterior of the worm these
systems are not in register with one another and it may
be that such a link is first established in the strobila or
that neural expression of sfl is not related to segmental
patterning. The main elements of the nervous system also
lie in intimate proximity to both the inner musculature
and the germinative cells positioned inside the cortical-
medullary boundary (Figure 1E), suggesting that as in
planarians, these cells could be directed by signals eli-
cited by the nervous system.

During larval development, hedgehog was found to be
expressed along the dorsal and ventral midlines,

perpendicular to the expression domains of sfl that mark
the left-right (LR) axes (Figure 8C,D). Midline expression
is a conserved feature of hedgehog signaling during
embryogenesis that relates to CNS development™>” and
involvement in planarian neurogenesis has also been
demonstrated.”®> As with Wnt expression,” canonical
expression of hedgehog during larval metamorphosis in
tapeworms is consistent with this representing the phylo-
typic stage in their ontogeny.®

3.5 | Tapeworm segmentation in
relation to regeneration in flatworms

The unique combination of the maintenance of somatic
stem cells®’ and the continuous expression of PCGs
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FIGURE 13 Diagram of Wnt and Hedgehog expression domains. Bars show regional expression domains along the anteroposterior
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(AP) axis while individual foci are shown in the illustration and cross sections. For clarity, the central, medullary domains of expression in
the neck region are depicted only in the cross sections. Multicolored foci depict co-localization of factors.
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throughout life endows flatworms with extreme develop-
mental plasticity that includes whole-body regeneration
in some planarians and widespread abilities of posterior
regeneration (i.e., not involving regeneration of the
brain) among other free-living groups.®® In planarians,
regeneration involves the formation of new tissues, the
blastema, in which a generic wound response is eli-
cited.®®> This is followed by the reestablishment of axial
information that induces regeneration of missing tissues
through a process of intercalation between the blastema
and preexisting tissues,”* and grafting experiments have
shown that new tissues can be intercalated at the AP, DV
and LR axes.®® Almuedo-Castillo et al.'* extended this
model to include homeostasis, or “continuous intercalary
respecification,” to accommodate the fact that axial pat-
terning systems such as Wnt are perpetually active, even
in fully grown, intact flatworms.

The life cycles of parasitic flatworms have evolved to
incorporate profound ontogenetic changes that rely on
proliferative and transformative growth enabled by
somatic stem cells, comparable in many ways to pro-
cesses of regeneration in free-living flatworms.*’ In tape-
worms, adult development is characterized by the
continuous intercalation of new tissues in the neck
region and involves expression of PCGs canonically asso-
ciated with AP patterning, suggesting that it can also be
viewed as a form of continuous intercalary respecifica-
tion. Moreover, whereas adult development does not
require respecification of axial information or the remo-
deling of structures, but rather renewed growth of preex-
isting structures together with the generation of new
structures (e.g., TMFs), remodeling of the oncosphere
during larval metamorphosis does involve the formation
of an entirely new body plan.*® Thus we suggest that
whereas the developmental programs that control larval
and adult growth in tapeworms are likely to have evolved
independently in the group, they are also likely to share
many underlying homologies with gene regulatory net-
works (GRN) that control development in other parasitic
flatworms and the broad spectrum of regenerative abili-
ties in free-living flatworms.

3.6 | Exaptation of a GRN for
segmentation

Wntl, hedgehog, and the homeobox transcription factor
Engrailed have been historically canonized as “segment
polarity genes.”'®®> Conservation of Wnt-hedgehog
interactions in establishing boundaries between adjacent
cells is a common mechanism in animals and has been
used to infer a common origin of segmentation in bilater-
ians, or at least in protostomes,”® despite that the

underlying modes of segmentation differ within and
among groups.lo Segmentation in tapeworms has been
commonly considered an evolutionary novelty,'® imply-
ing a lack of underlying homology to the GRNs of other
animals. Planarians and other flatworms, as well as early
branching tapeworm lineages, lack segmentation (see
below). Nevertheless, AP patterning during planarian
regeneration is dependent on hedgehog-Wnt interac-
tions*>> with knockdown phenotypes of hedgehog mir-
roring the AP patterning defects of Wnt/p-catenin.®”®®
Despite their lack of segmentation, the interplay of Wnt
and hedgehog in planarian AP patterning has been con-
sidered homologous to that of segmented animals.>® In
tapeworms, Wnt and hedgehog expression indicates that
they also have a role in establishing and maintaining
repeated AP axes along the strobila.’ Their apparent
involvement in polarizing AP boundaries in tapeworms
is thus perhaps unexpectedly similar to that of other pro-
tostomes, suggesting an underlying homology of their
GRN or of specific regulatory modules employed by bila-
terians to produce boundaries along the AP axis.'"*’

The homeobox transcription factor Engrailed has
been linked to segmentation perhaps more strongly than
any other gene due to the early discovery of its role in
forming para-segmental boundaries in Drosophila. How-
ever, although its function is mostly conserved across
arthropods, it varies in other groups suggesting that a role
in segmentation is not in fact ancestral.”’ An
H. microstoma gene model containing an engrailed-like
homeobox sequence (HmN_003004120) was only
recently identified in the complete assembly of its
genome™ and orthologous gene models are found in
other parasitic and free-living flatworms. However, RNA-
seq quantification in different ontogenetic stages and
regions of the H. microstoma adult**® demonstrate that
it is either not expressed or expressed at levels below
minimum thresholds (median 0-1.2 transcripts/million
reads) throughout its ontogeny. Thus, although an
engrailed ortholog is present in H. microstoma and broad
presence of orthologs across the phylum point to its con-
servation in parasitic flatworms, lack of expression makes
it unlikely to be involved in tapeworm segmentation.

3.7 | Wntsignaling in relation to the
evolution of repeated parts and
indeterminate growth in tapeworms

Segmentation is the hallmark of tapeworms although not
a universally shared feature of the group or one likely to
have been present in either the common ancestor or ear-
liest branching lineages of the clade.>”" True tapeworms
(Eucestoda) are united by a universally observed larval
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form (the oncosphere) and other shared, derived charac-
ters irrespective of their final body plan. The diversity of
extant forms and the phylogenetic pattern of their evolu-
tion shows that the segmented body typical of the major-
ity of contemporary species is the result of two
evolutionarily and developmentally different processes:
repetition of the hermaphroditic sets of reproductive
organs (proglottization) and their somatic compartmen-
talization into semi-discrete segments (strobilation).
Although coupled in most groups, there exist forms of
tapeworms that are neither proglottized nor segmented
(caryophyllideans); proglottized ~ without  being
segmented (spathebothriideans); have lost segmentation
secondarily without accompanying loss of proglottization
(Anantrum)’"’?; and are segmented without being pro-
glottized (Haplobothrium).”> These conditions demon-
strate the modularity of these processes, including the
ability for them to be secondarily decoupled, and phylo-
genetic analyses point to a possible step-wise pattern of
evolution giving rise to the fully segmented condition
found in most contemporary forms.>”’

Overlaying strobilation on top of proglottization more
significantly allowed for indeterminate growth, confer-
ring fully segmented cestodes with at least the theoretical
ability for perpetual growth and thus significantly
increased reproductive potential. For example, whereas
spathebothriidean tapeworms evolved the ability to
increase egg production through the development of mul-
tiple sets of reproductive organs (proglottization), the
number of proglottids they develop is determinate and
ultimately restricted by their body size’* which is in turn
restricted by their host. In relation to fully segmented
groups, the adults of Spathebothriideans can be viewed
as an elongated neck region that undergoes proglottiza-
tion without accompanying strobilation. The ability to
somatically compartmentalize the reproductive organs
into segments that could be shed progressively enabled
proglottization in more recent groups to proceed indeter-
minately while the overall body size remained constant.

The existence of these forms considered in light of the
present findings suggests a number of questions that
merit further investigation. For example, the paired
TMFs that define segmental boundaries in H. microstoma
and that we suggest participate in segmental patterning
of the body would not be expected to be observed in tape-
worms that lack segmentation and/or proglottization.
Similarly, the wntl1a paralog whose expression is specifi-
cally associated with the onset of strobilation would be
expected to play a different role in groups that are not
segmented, as could the sfrp paralog sfl which is linked to
segmentation through its expression in the transition
zone and strobila. Our work provides a PCG-based frame-
work for addressing these questions through comparative

investigations and the development of genomic resources
representing most of the exemplar groups discussed
above is currently underway.

3.8 | Conclusions

Our findings suggest that segmentation in adult tape-
worms could be initiated and guided by the musculature,
with new, segmentally repeated elements formed in the
neck used to partition the adult body via regionalized
and AP-polarized expression of PCGs. Despite profound
differences in the trophic and life history strategies of
parasitic flatworms, we suggest that the GRNs employed
to pattern their bodies are unlikely to differ fundamen-
tally with those of free-living flatworms and other ani-
mals. Thus the study of parasitic species throughout the
animal kingdom can be instructive not only for under-
standing unique aspects of their biology and the diseases
they cause, but of biology more generally. For example,
genomic investigations in parasitic flatworms have
revealed that stem cell pluripotency can be maintained in
the absence of putatively essential, “universal” multipo-
tency proteins such as Piwi and Vasa’® that are present in
the genomes of free-living flatworms,’® while complete
assembly of the H. microstoma genome confirmed for the
first time that chromosomes can be capped by centro-
meres, making these motifs responsible not only for chro-
mosome segregation but also the protection of ends
normally conferred by telomeric sequences.” Such unex-
pected findings speak not to the condition of parasitism
but to general principles in biology and illustrate the
value of broadening the range of organisms that contrib-
ute to our understanding of development.>’””®

4 | EXPERIMENTAL PROCEDURES

41 | Animals

Adult and larval specimens of the Nottingham strain*® of
Hymenolepis microstoma were generated, fixed and stored
as previously described.”® Mice were used in accordance
with animal care regulations under UK Home Office
license PPL70/8684.

4.2 | Genes and probe synthesis

Gene orthologs were identified from H. microstoma geno-
mic data and gene models as previously described.”'®*!
An isoform of collagen was chosen as it was orthologous
to the isoform investigated in the planarian Schmidtea
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mediterranea (Smed_00066_V2)."> A list of the gene
models, primers and protein sequences investigated is
given in Additional file 9. Primers were designed against
the gene models using Primer3”® implemented in Gen-
eious (Biomatters Ltd.) and near full-length mRNA tran-
scripts amplified by PCR from cDNAs synthesized from
total RNA purified from either larval or adult samples.
Amplicons were cloned into StrataClone (Agilent Tech-
nologies) or pGEM-T (Promega) vectors and eight posi-
tive colonies/gene transferred to 750 ul of ddH20 and
heated to 90 C to liberate the plasmids. The size
and direction of the inserts were then checked via PCR
by combining M13R with GSP forward and reverse
primers, and the identities of the inserts confirmed via
Sanger sequencing. Insert regions together with flanking
T3/T7 or T7/SP6 promotor sites were then amplified in
large volume (75 pl) reactions using M13F/R or T7/SP6
primers. Resulting amplicons were used as templates for
the synthesis of either digoxigenin (DIG) or fluorescein
(FITC)-labeled antisense probes by in vitro transcription
using T7 or T3 polymerases (Roche) and DIG or FITC
RNA labeling mixes (Roche).

4.3 | Fluorescent in situ hybridization
Larval and adult H. microstoma samples were processed
in 1.5 ml tubes. Larval samples consisted of mixtures of
~10 specimens each of different larval stages (see
Figure 1A) that were processed together. Adult worms
were cut into pieces, with samples consisting of
~12 sections of worm/tube representing the scolex and
neck and different regions of the strobila of multiple,
individual worms. Single FISH was performed on at least
two (often many) replicate samples for each factor and
some factors (e.g., hm-sfl) included many further repli-
cates due to their use for double FISH and/or as positive
controls in different runs. Hence, the spatial expression
of all factors was assayed in >10 individual specimens/
fragments.

Tyramide-FITC-based FISH was performed with DIG-
labeled antisense probes as previously described.’ Double
FISH was performed using a modified version of this pro-
cedure. During probe hybridization, both DIG and FITC-
labeled antisense probes (each at a concentration of
1 pg/ml) were hybridized simultaneously. FITC-labeled
probes were detected first by incubating with sheep Anti-
Fluorescein-POD Fab fragments (Roche) at a 1:50 dilu-
tion. The signal was then developed via tyramide signal
amplification (TSA) using a FITC tyramide solution as
previously described® followed by incubation in 100 mM
sodium azide for 45 min to quench the HRP (horseradish
peroxidase) enzyme. Samples were then washed four

times in PBST (phosphate buffered saline with 1%
Tween) for 10 min before incubating in blocking buffer
for 1 h. Digoxigenin-labeled probes were detected by
incubating with sheep Anti-Digoxigenin-POD Fab frag-
ments (Roche) at a 1:50 dilution. The signal was then
developed via TSA using a rhodamine tyramide solution.
Specimens were counterstained in DAPI (4',6-diamidino-
2-phenyllindole), cleared in 80% glycerol and wet-
mounted on microscope slides.

4.4 | Immunohistochemistry

Phalloidin staining was done on PFA-fixed specimens
rinsed in PBS and permeabilized using PBS containing
0.25% TritonX-100 for 2 h. Specimens were stained with
AlexaFluor-488 labeled phalloidin (Molecular Probes) in
PBS at a final concentration of 1 U/ml. After treatment
with Ribonuclease A to remove RNA, nuclear counter-
staining was carried out with propidium iodide (1:250)
for 20 min. Specimens were rinsed again and mounted
on glass slides in 90% glycerol, 10% PBS, and 0.25%
DABCO.

Staining with Synapsin was combined with TSA and
performed on PFA-fixed specimens permeabilized in 1%
sodium dodecyl sulfate (N.B. no Proteinase K treatment)
for 1 h prior to the FISH procedure. After FISH detection,
specimens were quenched in 100 mM sodium azide to
prevent cross-reactivity of the tyramide solutions. Anti-
Synapsin (3C11 anti-SYNORF1, Developmental Studies
Hybridoma Bank) was used as the primary antibody at a
1:200 dilution. The second antibody was goat-anti-mouse
conjugated to HRP. The signal was then amplified via
TSA with a rhodamine tyramide solution, as described in
the FISH procedure. DAPI (Thermo Fisher) counterstain-
ing was performed last on all specimens by incubating in
a 4 ng/ml solution for 10 min.

4.5 | Invitro culture and EdU labeling of
cycling cells

To investigate the positions of cycling cells in adult
H. microstoma we labeled mitotically active cells in vitro
with the thymidine analogue 5-ethynyl-2’-deoxyuridine
(EdU; Invitrogen). Adult worms were dissected from
mice, rinsed in saline with antibiotics and cultured in a
supplemented mixture of M199 (Sigma, M2520) culture
media in a CO2 incubator as described previously.”” EdU
was added to the culture media at a concentration of
2 uM and after 4 h of exposure, the worms were heat-
fixed and preserved for 1 h in 4% paraformaldehyde and
detection performed with the Click-iT EdU Alexa Fluor
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555 Imaging Kit (Invitrogen). Specimens were then co-
labeled via FISH using a probe for hm-collagen and coun-
terstained with DAPI.

4.6 | Imaging

Bright-field and fluorescent imaging was done using a Leica
DM5000B epifluorescent microscope with CoolLED illumi-
nation and a DFC450C digital camera linked to Leica Appli-
cation Suite ver. 4. Confocal imaging was performed with a
Nikon A1-Si confocal microscope and all projections and 3D
reconstructions made from resulting image stacks using the
Fiji distribution of ImageJ2.**®' In some cases, increased dif-
ferentiation of signals was achieved by adjusting the overall
brightness and contrast of different channels.
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