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Abstract

Acoel flatworms possess epidermal sensory-receptor cells on their body surfaces and exhibit behavioral repertoires such as
geotaxis and phototaxis. Acoel epidermal sensory receptors should be mechanical and/or chemical receptors; however, the
mechanisms of their sensory reception have not been elucidated. We examined the three-dimensional relationship between
epidermal sensory receptors and their innervation in an acoel flatworm, Praesagittifera naikaiensis. The distribution of the
sensory receptors was different between the ventral and dorsal sides of worms. The nervous system was mainly composed
of a peripheral nerve net, an anterior brain, and three pairs of longitudinal nerve cords. The nerve net was located closer to
the body surface than the brain and the nerve cords. The sensory receptors have neural connections with the nerve net in
the entire body of worms. We identified five homologs of polycystic kidney disease (PKD): PKDI-1, PKDI-2, PKDI-3,
PKDI-4, and, PKD2, from the P. naikaiensis genome. All of these PKD genes were implied to be expressed in the epidermal
sensory receptors of P. naikaiensis. PKD1-1 and PKD2 were dispersed across the entire body of worms. PKD1-2, PKD1-3,
and PKD1-4 were expressed in the anterior region of worms. PKDI-4 was also expressed around the mouth opening. Our
results indicated that P. naikaiensis possessed several types of epidermal sensory receptors to convert various environmental
stimuli into electrical signals via the PKD channels and transmit the signals to afferent nerve and/or effector cells.

Keywords Phalloidin - a-Tubulin - dSap47 - Polycystin - Xenacoelomorpha

Introduction

Acoela are aquatic bilateral flatworms with a simple body
plan. They lack gut epithelium, anus, and coelomic cavity.
Their simplicity is suggested to represent ancient bilaterian
characteristics or secondary losses from a complex ancestor
because Acoela belong to the phylum Xenacoelomorpha
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which forms a sister group to Nephrozoa (Cannon et al.
2016) or Ambulacraria (Marlétaz et al. 2019; Mulhair et al.
2021; Philippe et al. 2019). Some of them exhibit behav-
ioral repertoires such as geotaxis (Keeble 1912; Sakagami
et al. 2021; Sprecher et al. 2015), phototaxis (Keeble 1912;
Nissen et al. 2015; Sprecher et al. 2015; Yamasu 1991),
and rheotaxis (Keeble 1912). To perceive environmental
stimuli, they possess epidermal sensory-receptor cells, one
statocyst, and paired eyes. The epidermal sensory receptors
are located on their entire body surface and should be mech-
ano- and/or chemo-receptors (Bedini et al. 1973). Several
types of them have been identified from some acoel species
(Todt and Tyler 2007; Bery et al. 2010). The statocyst and
eyes are located in the anterior region of worms and are
gravity and photoreceptors, respectively (Sprecher et al.
2015; Sakagami et al. 2021; Yamasu 1991).

These sensory organs should be innervated. Acoel nerv-
ous systems are mainly composed of an anterior brain, three
to five pairs of longitudinal nerve cords, and a peripheral
nerve net. The brain, surrounding both the statocyst and
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eyes at the anterior region of worms, has been described by
various terms such as the cerebral ganglion (Ferrero 1973),
commissural brain (Raikova et al. 1998), and statocyst gan-
glion (Bery et al. 2010). The nerve cords extend from the
brain along the entire length of worm bodies (Achatz and
Martinez 2012; Raikova et al. 1998; Sakagami et al. 2021;
Sprecher et al. 2015). The nerve net is a peripheral neural
plexus with the shape of a network (Bedini and Lanfranchi
1991; Bery et al. 2010). Acoel epidermal sensory receptors
are bipolar and multipolar neurons. So far, ultrastructural
analyses of the epidermal sensory receptors have revealed
that their dendrites carry a sensory cilium which is responsi-
ble for receiving environmental stimuli, that their cell bodies
are sunk underneath the epidermis, and that their axons form
synapses with other neurons (Arboleda et al. 2018; Bery
et al. 2010; Martinez et al. 2017, 2021; Pfistermiiller and
Tyler 2002; Rieger et al. 1991). Transcriptome analyses have
identified some transient receptor potential (TRP) channels
that should be involved in acoel sensory functions (Duruz
et al. 2021; Hulett et al. 2022). However, signal transduction
mechanisms in acoel epidermal sensory receptors have not
been elucidated.

In this study, we used Praesagittifera naikaiensis which is
a Japanese endemic acoel species (Hikosaka-Katayama et al.
2020; Yamasu 1982), because it has a ciliated epidermis with
epidermal sensory receptors (Sakagami et al. 2021) and we
can access the genome data of P. naikaiensis (Arimoto et al.
2019). To examine the relationship between the epidermal
sensory receptors and their innervation, we simultaneously
visualized both of them. Acoel epidermal sensory receptors
are classified into collared or non-collared receptors
characterized by the presence or absence of a microvillar
collar surrounding a single sensory cilium (Bedini et al.
1973; Pfistermiiller and Tyler 2002; Rieger et al. 1991;
Semmler et al. 2008; Todt and Tyler 2007; Zabotin 2019).
Since cilia and microvilli are composed of microtubules and
actin filaments, respectively, we used a-tubulin antibody
and fluorescent phalloidin. A neural marker was used,
Drosophila synaptic protein 47 (dSap47) antibody, that
selectively labels nerve terminals (Reichmuth et al. 1995;
Sakagami et al. 2021; Sprecher et al. 2015).

To reveal signal transduction molecules in acoel epider-
mal sensory receptors, we focused on the polycystin family
which is required for mechano- and/or chemoreception in
other organisms such as the Cnidaria Hydra magnipapillata
(McLaughlin 2017), the Nematoda Caenorhabditis elegans
(Barr 2005; Barr and Sternberg 1999), and the Annelida
Platynereis dumerilii (Bezares-Calderdn et al. 2020). The
polycystin family is divided into two types of channel subu-
nits, polycystic kidney disease (PKD) 1-related subunits
and PKD2-related subunits, which are the member of TRP
polycystin (TRPP) family (Esarte Palomero et al. 2023). We
identified five P. naikaiensis homologs of the polycystin
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family and showed that these genes could be expressed in the
epidermal sensory receptors. To the best of our knowledge,
this study is the first report to identify molecules that might
be required for mechano- and/or chemo-reception in acoel
epidermal sensory receptors.

Materials and methods
Animals

P. naikaiensis were collected in the upper part of the inter-
tidal zone on the Seto Inland Sea coasts in Japan. They were
kept in aquariums with filtered seawater at 18 °C with a
12:12 h light-dark cycle. The filtered seawater was changed
weekly or according to needs. Worms were harvested within
1 month of collection. All worms were immersed in 7.14%
MgCl, hexahydrate to avoid muscle contraction before fixa-
tion. Using ImagelJ software (National Institutes of Health,
Bethesda, Maryland, USA), we measured the length of sen-
sory cilia. All data were expressed as means + SE (n, number
of worms).

Scanning electron microscopy

Worms were fixed in 4% paraformaldehyde and 0.1 M phos-
phate buffer (pH 7.4) for 30 min at room temperature. After
washing with 0.1 M phosphate buffer, the worms were dehy-
drated in a graded series of ethanol concentrations, were
critical point dried, and then sputter-coated with osmium.
Using a scanning electron microscope (S4800, Hitachi,
Tokyo, Japan) at 20 kV, the specimens were examined.

Transmission electron microscopy

Worms were immersed in a fixative containing 2.5% glu-
taraldehyde and 0.1 M cacodylate buffer (CB) containing
6% sucrose (pH 7.4) for 90 min at room temperature. After
washing with 0.1 M CB, the worms were post-fixed in 1%
0s0O, and 0.1 M CB for 90 min at room temperature. After
washing with 0.1 M CB, the worms were dehydrated in a
graded series of ethanol concentrations, transferred through
propylene oxide, and then embedded in Spurr’s resin. Using
a transmission electron microscope (H-7650, Hitachi,
Tokyo, Japan) at 80 kV, thin sections were made and stained
with uranyl acetate and lead citrate and examined.

Immunohistochemistry and confocal laser microscopy

Immunohistochemical analysis was performed as previously
described (Sakagami et al. 2021). The following primary
antibodies were used: mouse anti-dSap4 antibody (DSAP47-
1, Developmental Studies Hybridoma Bank, Iowa, USA) at
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a 1:20 dilution and mouse anti-a-tubulin antibody (DM1A,
Thermo Fisher Scientific, Tokyo, Japan) at a 1:200 dilution.
The following secondary antibodies were used: goat anti-
mouse IgG antibody, Alexa Fluor 488 (A11001, Thermos
Fisher Scientific, Tokyo, Japan), at a 1:200 dilution. Cyto-
logical staining for microvilli and muscles was done with
Acti-stain 555 phalloidin (PHDH1-A, Cytoskeleton Inc.,
Denver, USA) at a 1:200 dilution. Fluorescent images were
taken using a confocal laser scanning microscope system
(FV1200, Olympus, Tokyo, Japan). Depth coding, stereo
pair, and orthogonal images were reconstructed from confo-
cal image stacks using LSM 510 software (version 3.2; Carl
Zeiss, Germany) and Imaris software (version 9.3; Oxford
Instruments, Oxfordshire, UK).

Phylogenetic analysis

Using amino acid sequences of Homo sapiens homologs
of polycystin family proteins, a similarity search was con-
ducted by the Basic Local Alignment Search Tool for Pro-
tein searches against the P. naikaiensis genome at https://
marinegenomics.oist.jp/p_naikaiensis/viewer?project_id=
71 (Arimoto et al. 2019), with an E-value cutoff that was
less than 1e — 10. A phylogenetic tree was generated using
amino acid sequences of PKD proteins from P. naikaien-
sis, H. sapiens, Drosophila melanogaster, C. elegans, and
Nematostella vectensis. These amino acid sequences of mul-
tiple alignments were produced by ClustalX version 2.1 with
gap trimming (Larkin et al. 2007). Sequences of poor quality
that were not well aligned were deleted using BioEdit (Hall
1999), and then, a phylogenetic tree was constructed using
the neighbor-joining (NJ) method by ClustalX. Bootstrap
support values were obtained from 1000 replicate resampled
data. After that, the phylogenetic tree was drawn by using
the NJ plot (Perriere and Gouy 1996). Domain searches
against the Pfam database (Pfam-A.hmm) were performed
using HMMER (Eddy 1998; Finn et al. 2016). Gene model
ID were as follows: PKD1-1 (g8209), PKD1-2 (g20157),
PKDI-3 (g14832), PKD1-4 (g6405), and PKD2 (g29246).

RNA extraction and subsequent cDNA synthesis

Total RNA was extracted using a QIA shredder and an RNe-
asy Mini kit (Qiagen, Tokyo, Japan) and treated with DNase
I (Qiagen) digestion to avoid DNA contamination. The qual-
ity and quantity of RNA preparations were assessed using a
NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham,
MA). Isolated RNA was stored at — 80 °C until use. The
single-strand cDNA was synthesized using ReverTra Ace
reverse transcriptase (Toyobo, Tokyo, Japan) and oligo-dT
primers (Toyobo) for 40 min at 42 °C. DNA fragments of
PKD genes were amplified by PCR with gene-specific prim-
ers which were designed with the Primer 3 program at http://
primer3.sourceforge.net/ (Table 1).

Whole-mount in situ hybridization

Amplified cDNA fragments were ligated into pPGEM-T easy
vector (Promega, Madison, WI, USA) and cloned. Gene-
specific antisense or sense digoxigenin (DIG)-labeled cRNA
probes were synthesized with a Roche DIG RNA labeling
kit (Roche Diagnostics, Penzberg, Germany). Worms were
fixed in 4% paraformaldehyde and 0.1 M phosphate buffer
(pH 7.4) for 20 min at room temperature and washed with
phosphate-buffered saline (PBS) containing 0.1% Tween-
20. The worms were then dehydrated in a graded series of
methanol concentrations and stored at—30 °C until use.
After rehydration washing with 1 xXSSC (15 mM Na cit-
rate and 150 mM NaCl and pH adjusted to 7.0), bleaching
was carried out with 2% H,0, containing 5% formamide
and 0.5 X SSC for 90 min at room temperature. The worms
were then washed with 1 X SSC, treated with 0.01 mg/ml
Proteinase K for 5 min, and followed by 4% paraformal-
dehyde and 0.1 M phosphate buffer (pH 7.4) for 20 min at
room temperature. DIG-labeled cRNA probe hybridiza-
tion was performed in a solution containing 1% Tween-20,
5% dextran sulfate, 50% formamide, 5 X SSC, and 0.1 mg/
ml tRNA from baker’s yeast for overnight at 56 °C. After
blocking with 3% normal goat serum and 0.5% blocking

Table 1 Primers used in this

Gene Primer sequences (5'-3") Size (bp) Gene model ID
study

PKDI-1 GGGCATTCGTGTCTGGATTTACTG 1031 28209
GGTGTTTGTATCGGCAGCGG

PKDI-2 GCGGGCTATCATGCTCGAGTTC 1092 820157
GTCTGCCATGTTTCGTCGTCTG

PKDI-3 ATCAGTTCATCCACCGGTCCATAG 1093 g14832
CTCTCAATCGTTCGGTCAATCAGC

PKDI1-4 GCCTTTGAAGATTCTCATCCTGGC 1035 26405
GCTATCATGGTCACAACGGCG

PKD2 GTGTCTGCGTTCGACCGATTC 901 829246

CTGCAAACATGGCTCTAATCTCCG
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reagent (Roche Diagnostics), the worms were incubated with
alkaline-phosphatase-conjugated anti-DIG antibody (Roche
Diagnostics; 1:10,000 dilution) for overnight at 4 °C and
were washed with 50 mM Tris-HCI (pH 7.5) containing
150 mM NaCl and 0.1% Tween-20. The last wash was fol-
lowed by Tris-HCI (pH 9.5) containing 100 mM NaCl and
50 mM MgCl,. The color reaction was developed in 3.5 ul/
ml 5-bromo-4-chloro-3-indolyl phosphate toluidine (Roche
Diagnostics) and 4.5 ul/ml nitroblue tetrazolium (Roche
Diagnostics) at 4 °C. When staining was satisfactory, the
worms were washed with PBS containing 0.1% Tween-20
and dehydrated in a graded series of methanol concentra-
tions. After the worms were rehydrated and cleared in 75%
glycerol, we observed using a differential interference con-
trast microscope (IX71, Olympus, Tokyo, Japan) equipped
with an Olympus DP21 microscope camera.

Results

Structure of epidermal sensory receptors

Scanning electron microscopy revealed that the epidermis
of P. naikaiensis was covered with motile and non-motile
ciliated cells (Fig. 1a). The non-motile cilium was a sen-
sory cilium which may be a dendrite of the epidermal sen-
sory receptor (Rieger et al. 1991). The sensory cilia were
observed on the entire body surface of worms, but those

were denser at the anterior and posterior tips (Fig. 1b, c).
Transmission electron microscopy revealed that there were
two types of epidermal sensory receptors, collared and non-
collared receptors (Fig. 2). The collared one possessed a
collar of microvilli surrounding the central cilium and an
electron-dense core called a swallow’s nest instead of a
rootlet (Pfistermiiller and Tyler 2002). The non-collared one
possessed a single rootlet. These receptors were connected
to the adjoining epidermal cells through a zonula adherens.

Phalloidin staining revealed the distribution of collared
sensory receptors and the worm’s musculature (Fig. 3). The
collared receptors were observed on the entire body surface
of worms and were denser at the anterior and posterior tips
(Fig. 3a, b). Their collars showed a brush-like shape and
protruded beyond an epidermal cell web which is formed by
actin filaments as a cytoskeletal element (Fig. 3b, b’, and ¢’;
Tyler 1984). The collared receptors were also denser anterior
to the mouth opening on the ventral side (Fig. 3d) but were
scattered on the dorsal side (Fig. 3e).

The musculature of the worm body wall was comprised
of three layers of myofibers, including circular, longitu-
dinal, and diagonal muscles (Fig. 3a—c). Circular and lon-
gitudinal muscles ran perpendicular and parallel to the
anterior—posterior axis, respectively. The longitudinal
muscles were located underneath the circular muscles
(Fig. 3b, c). Diagonal muscles ran from the anterior lat-
eral sides to the midline until half of the worm body. Some

Fig.1 Sensory cilia in the worm body surface. a Epidermal cilia cov-
ering the entire body surface. Anterior facing upward. b Sensory cilia
showing longer than epidermal motile cilia (arrowheads). ¢ A fine
structure of the sensory cilium. Scale bars, 150 um (a), 20 pm (b),
and 2 um (c)

@ Springer

Fig.2 Fine structure of epidermal sensory receptors. Note: both col-
lared and non-collared sensory receptors are observed. Arrowhead, a
microvillus of the collared receptor. cc central cilium, cr ciliary root-
let, mr microvillous rootlet, sn swallow’s nest, and za zonula adher-
ens. Scale bar, 1 um
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Fig. 3 Phalloidin staining showing the structure of actin filaments.
a A montage image of the whole body was created by 4 projection
images. Each projection image was reconstructed from 40 optical
sections taken at 0.6 um. The body-wall musculature of adult worm.
Anterior facing upward. b, ¢ Depth coding images at the anterior
(b) and middle (c) regions of worms. Each image was reconstructed
from 150 optical sections taken at 0.2 um. Color code: blue (dorsal)
to red (ventral). Dotted lines indicate the sectioning plane for b’ and
¢’, respectively. Phalloidin staining showing microvilli of the collared

of the diagonal muscles were fused at the mouth opening
on the ventral side (Fig. 3¢, d). The mouth opening was
formed by encircled muscles and was located in the mid-
dle region of worms (Fig. 3a, c, d). Additionally, phal-
loidin staining allowed for the visualization of both male
and female gonopores as well as a bursal nozzle (Fig. 3a).
These genital organs were not observed in newly hatched
juvenile worms (data not shown).

Immunopositive patterns of a-tubulin visualized epider-
mal cilia including the epidermal sensory receptors (Fig. 4).
The length of sensory cilia was 14.7+2.1 um (n=35). These
cilia were observed on the entire body surface of worms
and were denser at the anterior and posterior tips, as were

receptors and cross-over muscles. b’, ¢’ Reconstructed x—z images at
the anterior (b’) and middle (¢’) regions of worms. Dorsal side facing
upward. d, e Confocal optical sections of the ventral (d) and dorsal
(e) surfaces of the same worm body. Note: the collared receptors are
concentrated anterior to the mouth opening on the ventral side. Aster-
isks indicate the position of the mouth opening. Arrowheads, a micro-
villus of the collared receptor. bn bursal nozzle, fg female gonopore,
mg male gonopore, and mo mouth opening. Scale bars, 200 um (a),
50 um (b, b’, ¢, ¢’, d, and e)

observed by scanning electron microscopy (Fig. 1). The
distribution of some sensory cilia corresponded to those
of the microvillus collars which were observed below the
sensory cilia (Figs. 4 and 5). There were some clusters
formed by two or three collared receptors on the dorsal side
(Fig. 5a-h). Such clusters were not observed on the ven-
tral side (Fig. 5i-1). Several microvilli were encircled by
the collars (Fig. 5b, f, j, arrowheads). Actin filaments of
these microvilli extended to a level of their cell bodies and
connected one another (Fig. 5c, d, g, h, k, and 1). Axons
were also visible at a level below the cell bodies (Fig. 5c, d,
g, h, k, and 1). The density of collared receptors visualized
with phalloidin was measured on both the dorsal and ventral
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Fig.4 Sensory cilia and microvilli of collared receptors. a Sensory
cilia were labeled by the a-tubulin antibody. b Double labeling for
sensory cilia (green) and microvilli (red) of collared receptors. ¢ A
transmission light micrograph overlaid with green and red fluores-

sides (Fig. 6). There was no significant difference in the den-
sity between the anterior and posterior regions to the mouth
opening on the dorsal side. In contrast, the density showed
a significant difference on the ventral side.

Relationship between epidermal sensory receptors
and their innervation

Immunopositive patterns of dSap47 revealed the relation-
ships between the collared receptors and their innervation
in the anterior, lateral, and posterior regions of worms
(Fig. 7a—c), and we could observe them three-dimensionally
with confocal microscopy. The nervous system was mainly
composed of a peripheral nerve net, an anterior brain, and
three pairs of longitudinal nerve cords. Among these, the
nerve net was located closer to the body surface. There were
neural connections between the collared receptors and the
nerve net. Some neurites extended from the part of the nerve
net to the brain at the anterior region (Fig. 7a, a’) and to the
nerve cords at the lateral and posterior regions (Fig. 7b, b’,
¢, and c¢’). We also observed some neurites interconnected
among the collared receptors.

Expression and localization of PKD genes
in P. naikaiensis

BLAST hits and phylogenetic reconstruction methods
revealed five candidate genes on the genome of P. nai-
kaiensis, with high similarity to known polycystin family
genes (Fig. 8). We named them PKD1-1, PKDI-2, PKDI-3,
PKD1-4, and PKD2. Among these, PKD2 showed high simi-
larity to known PKD2-related subunits of other bilaterians
(Fig. 8). All of the PKD genes contained Polycystin_dom
(PF20519.1) and PKD_channel (PF08016.15) Pfam domains
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cence. Projection images were reconstructed from 76 optical sections
taken at 0.05 um. Note: the collared receptor composed a single cil-
ium and microvilli. Arrowheads, sensory cilia. Scale bars, 20 um

which were found in PKD1-related and PKD2-related pro-
teins of H. sapiens. PKDI1-1, PKDI-2, PKDI-3, and PKDI-
4 contained PLAT (PF01477.26) Pfam domain which was
found in PKD1-related proteins of H. sapiens.

Whole-mount in situ hybridization revealed that all of
the PKD genes were expressed in cells which located in
the peripheral region (Fig. 9). The cell bodies were sunk
underneath the epidermis, implying that these cells were
the epidermal sensory receptors. PKDI-1 and PKD2 were
dispersed across the entire body of worms (Fig. 9a, e). These
were highly expressed in the anterior and posterior regions
compared with the lateral region (Fig. 9a, e). PKDI-2,
PKDI-3, and PKD1-4 were expressed in the anterior region
(Fig. 9b—d). PKDI-4 was also expressed around the mouth
opening (Fig. 9d). In the region of testes, PKDI-1, PKDI-2,
and PKDI-3 were expressed (Fig. 9a—c). No signals were
seen in the sense controls (data not shown).

Discussion

Phalloidin staining could visualize collared receptors,
which has been reported in the Convolutidae Symsagittifera
roscoffensis (Semmler et al. 2008), in the Isodiametridae
Isodiametra pulchra (Pfistermiiller and Tyler 2002; Tyler and
Rieger 1999), and in the Proporidae Proporus bermudensis
(Todt and Tyler 2007). The term “swallow’s nest receptors”
refers to these collared receptors. Their actin filaments of
microvilli extend and connect one another at a level of their cell
bodies. Instead of striated rootlets, these receptors consist of an
electron-dense core called a swallow’s nest (Pfistermiiller and
Tyler 2002; Todt and Tyler 2007). Additionally, these receptors
are found in a more derived acoel clade named Crucimuscu-
lata (Jondelius et al. 2011) including the Convolutidae (Bedini
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Fig.5 Top views of collared receptors. Serial confocal optical sec-
tions were viewed from epidermal cilia to underlying muscle lay-
ers. Sensory cilia and microvilli of collared receptors were labeled
by the a-tubulin antibody (green) and fluorescent phalloidin (red),
respectively. a~h Clusters formed by two (a—d) and three (e-h) col-

etal. 1973; Bery et al. 2010), the Isodiametridae (Pfistermiiller
and Tyler 2002), and the Proporidae (Todt and Tyler 2007).
Because P. naikaiensis belong to the Convolutidae (Jondelius
et al. 2011) and their collared receptors visualized with phal-
loidin showed similar structures of actin filaments to the swal-
low’s nest receptors, the collared receptor of P. naikaiensis was
suggested to be homologous to them.

Distributions of epidermal sensory receptors have been
investigated in several acoel species. A cluster of sensory
receptors has been reported in Acoela (Bery et al. 2010;
Todt and Tyler 2007); however, that of the swallow’s nest
receptors has not yet been done. P. naikaiensis did display
clusters of collared receptors on the dorsal side, suggesting
acoel swallow’s nest receptors form such clusters. Addi-
tionally, there is a possibility that the phalloidin staining
visualizes another collared receptor that possesses a ciliary

lared receptors on the dorsal surface. i-1 A single collared receptor
on the ventral surface. Arrowheads, the collar of microvilli. Approxi-
mate depths from the epidermal ciliary surface were at 1 um (a, e,
i), 1.5 um (b, £, j), 2 um (c, g, k), and 2.5 pm (d, h, 1), respectively.
Scale bars, 5 um

rootlet splitting into numerous striated fibers (Todt and Tyler
2007). Until now, the collared receptor with the striated root-
let has been observed in the Convolutidae S. roscoffensis,
C. convoluta, and Convoluta theca, and that of C. convoluta
forms a cluster on the dorsal side (Bery et al. 2010; Todt
and Tyler 2007). Even though this collared receptor has not
been reported to visualize with fluorescent phalloidin, our
findings suggested that there were several types of collared
receptors on the dorsal side of P. naikaiensis. Some platyhel-
minths possess various sensory receptors on the dorsal sides
to detect mechanical, chemical, and visual stimuli (Cribb
et al. 2003; Watson and Rohde 1994; Whittington et al.
1999). The dorsal side of P. naikaiensis might be capable
of detecting a wide range of stimuli as well. Future studies
are required to reveal the role of acoel epidermal sensory
receptors by electrophysiological analysis.
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Fig.6 Density of collared receptors. The number of the collared
receptors was counted in 100-um squares at the anterior (open bar)
and posterior (hatched bar) to the mouth opening on the dorsal and
ventral sides, respectively. Data are expressed as mean+SE (n=10).
Asterisk indicates a statistically significant difference (P <0.01). n.s.
no significant difference

Epidermal sensory receptors should be innervated and
transmit environmental stimuli to afferent neurons. So
far, ultrastructural analyses have revealed that epidermal
sensory receptors of S. roscoffensis form synapses with
neurons and effector cells such as muscles and glands
(Arboleda et al. 2018; Martinez et al. 2021). Such neural
connections between the collared receptors and the nerve
net were observed three-dimensionally on the entire body
of P. naikaiensis. Acoel flatworms exhibit a body con-
traction response induced by mechanical and chemical
stimuli (Sprecher et al. 2015; Tyler and Rieger 1999).
S. roscoffensis exhibits the body contraction response
even after the amputation of its head, which includes
the brain (Sprecher et al. 2015). We also observed the
same response in P. naikaiensis after the amputation
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of its head (data not shown). Our results corroborated
Sprecher et al.’s (2015) theory that the behavior was
brain-independent and that they could sense things via
epidermal mechanical and/or chemical sensors connected
to nerve cords.

To convert the mechanical and/or chemical stimuli
into electrical signals in epidermal sensory receptors,
acoel flatworms should possess signal transduction
molecules such as PKD channels. Among five PKD
homologs identified from the P. naikaiensis genome,
PKD?2 was shown to be classified into the PKD2-related
subunits and other PKD genes appeared to show spe-
cies-specific gene duplication. In a mammalian kidney,
PKD1-like and PKD2-like proteins act as a heteromeric
channel and are found in primary cilia which can revers-
ibly bend in response to fluid flow rates (Praetorius
and Spring 2003a, b). In the renal tube, bending of the
primary cilium by the shear flow leads to activating
PKDI1L1/PKD2 channels (McGrath et al. 2003; Nonaka
et al. 2002). Therefore, in P. naikaiensis, PKD1-1 and
PKD2, as well as PKD1-2 and PKD1-3, may form het-
eromeric channels, respectively. Additionally, it is pos-
sible that each P. naikaiensis PKD either forms a hetero-
meric channel with other TRPs or a homomeric channel.
In human Madin-Darby canine kidney cells, a hetero-
meric channel of PKD2 and TRPV4 forms a complex
that is both mechanical and thermal receptors (Kottgen
et al. 2008).

Acoel flatworms exhibit behavioral repertoires which
may be required for PKD genes. The body contrac-
tion response in P. naikaiensis was induced by simple
mechanical stimulation (e.g., tapping the Petri dish)
even after the amputation of its head (data not shown),
suggesting water-borne vibration activates PKD1-1 and/
or PKD2 channels because these were expressed entire
body surface. Besides, acoel flatworms detect water
flows, warm temperatures, and chemicals. S. roscoffen-
sis show rheotaxis and thermotaxis (Gamble and Keeble
1904). And, when they are exposed to acidic conditions,
their behaviors are changed, and their symbiotic algae
are expulsed rapidly (Dupont et al. 2012). I. pulchra
respond to noxious stimuli (Tyler and Rieger 1999). The
PKD genes of P. naikaiensis may be required for such
behaviors of them. In particular, PKD1-2, PKD1-3, and
PKD1-4 were expressed considerably more on the ante-
rior tip of P. naikaiensis, which is useful to migrate to
favorable circumstances because acoel flatworms only
move forward by ciliary movement and change direction
by bending the worm body (Tyler and Rieger 1999).
PKD1I-4 was also expressed around the mouth where
there are also epidermal sensory receptors (Todt and
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Fig.7 Three-dimensional relationship between the nervous system
and collared receptors. The nervous system and microvilli of collared
receptors were labeled by the dSap47 antibody (green) and fluores-
cent phalloidin (red), respectively. a, a’ Anterior region. b, b’ Lateral
region. ¢, ¢’ Posterior region. Stereo pairs of confocal images were
reconstructed from 171 optical sections taken at 0.2 um. To obtain

Tyler 2007), suggesting this gene is required for prey
detection and feeding because acoel flatworms feed on
small marine crustaceans and protists including unicel-
lular algae for symbiosis (Brusca et al. 2016; Jennings
1957). To examine the association between acoel PKD
genes and their behavioral repertoires, future studies
are needed with RNA interference and CRISPR CAS9
genome editing.

Some of the PKD genes showed much larger expression
than would be expected from the sensory receptors,
suggesting that they were expressed in various other
cell types. We observed PKD gene-positive cells in the
region of testes. Therefore, further roles of P. naikaiensis
PKD genes were hypothesized to be involved in the

stereo images, view the left panel with the left eye and the right panel
with the right eye at a distance of 30-35 cm. Each image is viewed
from the dorsal side. dmc dorsomedial nerve cord, dic dorsolateral
nerve cord, and vic ventrolateral nerve cord. Arrowheads indicate
neurites extended from the peripheral nerve net to the brain or nerve
cords. Scale bars, 20 pm

reproductive system. In Drosophila, a PKD2 homolog is
localized in sperm tails and is essential for transferring
sperm from the uterus to sperm storage organs of the
female flies (Gao 2003; Watnick et al. 2003). Acoel
flatworms are hermaphroditic and reproduce by internal
fertilization. Sperms are exchanged mutually and stored
at the seminal bursa until the eggs are ready to fertilize
(Achatz et al. 2013; Zabotin and Evtugyn 2021; Zabotin
and Golubev 2014). In this study, we did not consider
the maturation stage of P. naikaiensis. However, it was
suggested that acoel PKD genes were also required
for sperm function and fertilization. Future studies are
required to compare among the expression patterns of the
PKD genes during maturation.
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Fig.8 Phylogenetic analysis
of the PKD homologs. The HsPKDREJ
phylogenetic tree was depicted HsPKD1L1
by neighbor-joining method and
was rooted by TRPML family 803 HsPKD1L2
genes in H. sapiens. The values 1
of replicate trees in which 546 HsPKD1L3
the associated taxa clustered
together in the bootstrap test NvPKD1
(1000 replicates) is shown
next to the branches. The tree 779 DmPKD2
is drawq to scale, With'branch 1000 CePKD2
lengths in the same units as
those of the evolutionary dis- HsPKD2L2
tances used to infer the phyloge- | | 977
netic tree. Red, Praesagittifera 880 870 NvPKD2
naikaiensis; black, Caenorhab- 861 1000
ditis elegans (Ce), Drosophila 1000 |[H PKD2
melanogaster (Dm), Homo 969
sapiens (Hs), and Nematostella HsPKD2L1
vectensis (Nv) 792 HsPKD2
471
PKD1-1
PKD1-2
1000 | PKD1-3
1000 PKD1-4
HsTRPML2
0.1 HsTRPM1L
—

Fig.9 Gene expression patterns of the PKD homologs of P. naikaiensis. a PKD1-1.b PKDI-2. ¢ PKDI-3.d PKDI-4. e PKD2. Montage images
of the whole body were created by 5 transmission light micrographs. Scale bars: 150 um

@ Springer
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Conclusions

P. naikaiensis possessed epidermal sensory receptors on
the entire body. To visualize the sensory receptors three-
dimensionally, a-tubulin antibody and fluorescent phalloidin
could be appropriate markers. We were able to reveal that
the distribution of collared receptors was different between
the dorsal and ventral sides of worms and that these recep-
tors were innervated. Additionally, we identified five poly-
cystin family genes from the P. naikaiensis genome. These
genes were implied to be expressed in the epidermal sensory
receptors, suggesting that PKDs could be appropriate specific
markers for acoel epidermal sensory receptors. Further studies
are needed to demonstrate the localization with their specific
antibodies since our results have not shown direct evidence to
localize PKDs to the sensory receptors that we observed with
electron and confocal microscopies. These sensory recep-
tors may convert mechanical and/or chemical stimuli from
the environment into electrical signals via PKD channels and
release neurotransmitters to efferent neurons. We have dis-
covered additional TRP family genes from the P. naikaien-
sis genome in addition to PKD genes including TRPP genes
(data not shown). Acoel flatworms exhibit various behavioral
repertoires such as geotaxis, phototaxis, and rheotaxis. In L
pulchra, some TRP genes are expressed in the anterior tip of
the worm and in the periphery of the brain (Duruz et al. 2021).
Therefore, we assumed TRP channels require for those behav-
iors. Since Acoela belong to the phylum Xenacoelomorpha
which forms a sister group to Nephrozoa or Ambulacraria,
they could be a unique model for investigating the key pro-
cesses that allow bilaterians to sense environmental cues.
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