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Time to re-assess pharynx evolution in flatworms.
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ABSTRACT: Pharynx structure was traditionally considered a major systematic character
in turbellarian Plathelminthes. Recent appearance of a robust phylogenetic tree of flat-
worms necessitates a total re-assessment of our views on pharynx evolution and on the
homology of specific types of pharynges in different groups, especially that of pharynx
plicatus and subtypes of pharynx bulbosus. In the present study, basing on morphology and
on the recent phylogenies we test the homology of the rosette-shaped pharynx (pharynx
rosulatus) in Rhabdocoela. Using immunohistochemistry, phalloidin staining and confocal
laser scanning microscopy we compare pharynx musculature, pharynx innervation and
nervous system in representatives of the two rhabdocoel sister-groups: Dalytyphloplanida
(Castrada hofmanni) and Kalyptorhynchia (Gyratrix hermaphroditus). Both pharynges
have a set of common characters (presence of a sphincter around the opening with a set of
radial muscles; both the inner and outer walls of the pharynx are composed of two layers:
inner circular muscles and outer longitudinal ones; septal (radial) muscles interconnect
the inner and the outer pharynx walls; presence of retractor muscles; innervation of the
pharynx by inner and outer layers of FMRFamide IR nerve fibers associated with 1-2
pairs of pharynx neurons). Both species studied also have similar nervous system patterns
classified under concentrated orthogon type. We conclude that the rosulate pharynges are
indeed homologous within Rhabdocoela. The possibility of pharynx rosulatus serving as
an apomorphy for Rhabdocoela is discussed. Also we provide some evidence that
pharynx rosulatus may have evolved directly from pharynx simplex, bypassing the
pharynx plicatus type.
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PE3IOME: CtpykTypa rTOTKH TPaIUIIMOHHO CYUTANIACH BAYKHBIM CHCTEMAaTHYECKUM TIPH-
3HAKOM Y IUIaTeJIbMUHTHBIX TypOeiuspuil. HenaBHee nosiBiieHne ycToiunBoro puioreHe-
THYECKOT'O JIpeBa IUIOCKUX 4epBeil TpeOyeT IMOJHOM MEepeoleHKH HaIuX B3IJISIIOB Ha
SBOJIFOIMIO TJIOTKH W HA TOMOJIOTHIO OIPE/ICICHHBIX THIIOB TJIOTOK B PasHbIX IPyINax,
0Cc00€EHHO CKJIaa4aThbIX I''TIOTOK U ITIOATUIIOB MAaCCHBHOM I'JIOTKHU. B HaCTOALLEM HUCCIea0Ba-
HHH, OCHOBBIBASICH HAa MOP(OJIOTUH U HEJTAaBHUX (DUITOTEHETHYECKUX IPEBaxX, MbI TPOBEPSI-
€M TOMOJIOTHIO PO3ETKOBHUIHOM roTKH (pharynx rosulatus) y Rhabdocoela. Mcrnonb3ys
UMMYHOTHUCTOXHMHUIO, OKpaIlMBaHue (GpasIonInHOM U KOH(DOKAJIbHYIO JIa3epHYI0 CKaHH-
PYIOILYI0O MUKPOCKOIIAIO, MBI CPABHUBAEM MYCKYJIATyPy ITIOTKH, MHHEPBALUIO TTIOTKU U
HEPBHYIO CUCTEMY Y MPEACTABUTEIECH IBYX POACTBEHHBIX I'PYII IPSIMOKHUILIECYHBIX Typ-
oemspuii: Dalytyphloplanida (Castrada hofmanni) u Kalyptorhynchia (Gyratrix herma-
phroditus). O6e TTIOTKH UMEIOT PsiJl OOMINX MPU3HAKOB (C(HUHKTEP BOKPYT TIIOTOYHOTO
OTBEPCTUA C Ha60pOM paauaJbHbBIX MBI, BHYTPCHHASA W BHCIIHAA CTCHKU TIJIOTKU
COCTOAT M3 ABYX CJOCB MbIIII: BHYTPEHHUX KOJIBLICBBIX W HAPYKHBIX MNPOAOJBbHBIX;
cenTaibHbIe (paJlaNbHbIe) MBIIIIBI COSUHAIOT BHYTPEHHIOO U HAPYKHYIO CTEHKH TJI0T-
KH; HaJIMYKE MBI -PETPAKTOPOB; UHHEPBALIX [VIOTKU BHYTPEHHUM U HAPY>KHBIM CJIOSIMU
FMRF-amu1 ”MMyHOPEaKTHBHBIX HEPBHBIX BOJIOKOH, CBA3aHHBIX ¢ |—2 mapaMu riaoToy-
HBIX HeHpoHOB). O0a U3yUEHHBIX BUA TAK)KE UMEIOT CXOIHBIC MATTEPHBI HEPBHOW CHCTe-
MBI, KJIACCU(HUIMPOBAHHBIE KaK KOHIEHTPUPOBAHHBIN OpPTOroH. MBI 3aKiroyaeM, 4TO
PO3ETKOBUHBIC TIIOTKH JACHCTBUTEIBHO roMosioruulbsl BHyTpH Rhabdocoela, u paccmar-
puBaeM BoIrpoc, MoxeT Jii pharynx rosulatus ObiTh artomopueii 3Toit rpymsl. Takike Mbl
NPUBOMM HEKOTOPbIE JOKa3aTeIbCTBA, YTO TII0TKA rosulatus Moriia pa3BUThCS HEITOCPE/I-
cTBeHHO 3 pharynx simplex, Munys craguio pharynx plicatus.
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Introduction

Pharynx structure was traditionally consid-
ered one of the main diagnostic characters for
turbellarians (free-living flatworms) and one of
the major characters in their systematics. In the
classic system of “Turbellaria” the class was
subdivided into “Archoophora” (flatworms with
entolecithal eggs) and Neoophora (with ecto-
lecithal eggs). Within these two subclasses the
classification was based on the pharynx struc-
ture combined with the gut shape. The type of
pharynx with its specific arrangement of muscle
layers proved to be a stable character of high
rank groups like orders and suborders. There-
fore, pharynx structure received considerable
attention in the classic zoological literature (Kar-
ling, 1940, 1974; Hyman, 1951; Ax, 1963,1984;
Ivanov, Mamkaev, 1973; Doe, 1981; Joffe,
1987).

Within turbellarians the following main types
of pharynges were recognized (Karling, 1940,
1974; Ax, 1961, 1963; Doe, 1981):

1. pharynx simplex, a simple invagination of
the body wall without any re-arrangement of the
muscle layers. This type of pharynx occurs in
basal flatworm groups Catenulida and Macros-
tomida;

2. pharynx plicatus, a long tubular muscular
organ, that can protrude through the mouth and
thus enable not only food capture, but also
partial digestion of larger food outside the body.
The plicate pharynx is not isolated from the
parenchyma by border lamina. This type of
pharynx occurs in Polycladida, Proseriata, part
of Prolecithophora (Combinata) and Tricladi-
da;

3. pharynx bulbosus, massive pharynx with
additional muscle layers and with pharynx tis-
sues isolated from the parenchyma by border
lamina. It cannot protrude through the mouth
but is fairly mobile within the body due to
retractor muscles. The bulbous pharynx occurs
solely in neoophoran turbellarians. Within this
type several sub-types are recognized:

3a. pharynx variabilis or variable pharynx is
characterized by insunk epidermis, thick layer
of longitudinal muscles lining the pharynx ca-

nal, partial ciliation and glands outside or inside
the pharynx tissues. This type occurs in Leci-
thoepitheliata and Prolecithophora-Separata;

3b. pharynx rosulatus or rosette-shaped phar-
ynx is mainly characterised by the presence of
radial (septal) muscles connecting the inner and
outer wall of the pharynx, giving it a rosulate
appearance on transversal sections. This type
occurs in Rhabdocoela Typhloplanoida, butalso
in Neodermata, for instance Monogenea;

3c. pharynx diliiformis is mainly character-
ized by its barrel shape, position of glands
inside and epidermal nuclei outside the pharynx
tissues. This type occurs in Rhabdocoela Daly-
elloida and in most Neodermata.

This classification of pharynges remained
unchallenged for half a century, but nowadays
two major assets have become available. First
appeared the easy method for studying complex
muscular structures, namely phalloidin his-
tochemical method combined with confocal la-
ser scanning microscopy and 3D software. This
method permits to visualize three-dimensional
pharynx musculature on whole-mount prepara-
tions, without histological sectioning and time-
consuming manual reconstructions. Secondly,
the internal phylogeny of Plathelminthes has
gained more clarity in recent years (Littlewood
etal., 1999; Baguiia, Riutort, 2004; Littlewood,
2006; Laumer, Giribet, 2014) and quite recently
we have got a long-awaited molecular phyloge-
netic tree of Plathelminthes (Laumer et al.,
2015). Also we have got a detailed phylogeny
within Rhabdocoela (Willems ef al., 2006; Van
Steenkiste et al., 2013) the most interesting
group from the point of view of pharynx struc-
ture, because its homologization is directly con-
nected with the question of the origin of parasit-
ic flatworms.

The main question raised by the new classi-
fication of turbellarian Plathelminthes is the
homology — or absence thereof — of specific
types of pharynges in different groups. Basing
both on morphological characters and on the
newest phylogenetic trees one can determine
quite accurately whether the somewhat similar
pharynges are homologous, homoplasious (re-
sults of parallel evolution in related groups) or
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results of convergent evolution in unrelated or
distantly related groups. After such analysis the
classic pharynx types should be split and rede-
fined, to have only homologous structures in
one type.

The biggest problem seems to be pharynx
plicatus. It occurs in very phylogenetically dis-
tant groups throughout the tree: in archoopho-
ran Polycladida, in early Neoophoran Proseria-
ta, and in higher groups like Tricladida and a
part of Prolecithophora. The classic phyloge-
netic hypothesis stipulated that the plicate phar-
ynx had arisen in Polycladida and constituted a
plesiomorphic character for all Neoophora (Ax,
1961). An alternative hypothesis of indepen-
dant evolution of this type of pharynx in poly-
clads, triclads and prolecithophorans should
alsobe considered (Karling, 1974; Ehlers, 1985;
Joffe, 1987). Only more thorough morphologi-
cal studies of plicate pharynges in different
groups could answer this question.

Pharynx variabilis is certainly non-homolo-
gous in Lecithoepitheliata and Prolecithopho-
ra-Separata, considering very distant position
of these groups on the molecular tree. The
pharynges in these groups also differ morpho-
logically, with longitudinal muscles forming the
outer pharynx wall in Lecithoepitheliata and
circular muscles in Prolecithophora (Ivanov,
Mamkaev, 1973). Moreover, Karling (1940)
described several cases of parallel evolution of
pharynx variabilis from pharynx simplex within
a single prolecithophoran family Plagiostomi-
dae. The representatives of other group of Pro-
lecithophora - Combinata - have pharynx plica-
tus, so we can suppose that plesiomorphic for
Prolecithophora was pharynx simplex, which
later evolved independently either into pharynx
plicatus or into pharynx variabilis. This hypoth-
esis is supported by molecular evidence that
though Prolecithophora is monophyletic, its
subtaxa Separata and Combinata are non-mono-
phyletic and artificial (Norén, Jondelius, 1999).
Lecithoepitheliata is likely non-monophyletic
as well (Laumer et al., 2015). Therefore the
pharynx variabilis should be re-described in
various groups and subdivided into several new
types, neither of which should be classified

within pharynx bulbosus, which currently clear-
ly constitutes an artificial grouping of unrelated
pharynx types (Joffe, 1987, Joffe et al., 1987;
Rohde, 1994).

Pharynx doliiformis, which in the famous
system of Ehlers (1985) was proposed as a
synapomorphy of Rhabdocoela Dalyellida and
Neodermata, in fact occurs in too many unrelat-
ed groups (Laumer et al., 2015). Rohde (1994)
has pointed out that evidence for the homology
of the barrel-shaped pharynx is practically non-
existent. Joffe (Joffe, 1987; Joffe et al., 1987),
on the basis of detailed light-microcopic studies
of the pharynges of various parasitic and free-
living flatworms concluded that the doliiform
pharynx had evolved repeatedly in different
groups, and that the parasitic taxahad notevolved
from the polyphyletic Dalyellida.

As for the pharynx rosulatus, it used to be the
defining systematic character for Rhabdocoela
Typhloplanida (as pharynx doliiformis was for
Dalyellida), but the latest phylogenies got rid of
these suborders, intermixing their representa-
tives within the large rhabdocoel subgroup Da-
lytyphloplanida. Rhabdocoela, according to the
latest molecular phylogenies (Willems et al.,
2006; Van Steenkiste et al., 2013) consists of
two sister-groups: Kalyptorhynchia with about
500 species and Dalytyphloplanida with about
1000 species. In both groups there are many
representatives with rosette-shaped pharynges.

In order to redefine pharynx rosulatus and
follow its evolution within Plathelminthes we
have decided to start with the question whether
the rosulate pharynges are homologous even
within Rhabdocoela. In the present paper we
compare pharynges, their innervation and ner-
vous system architecture in Gyratrix hermaph-
roditus from the group Kalyptorhynchia, and
Castrada hofmanni from Dalytyphloplanida,
both species characterized by pharynx rosula-
tus.

Material and Methods

Gyratrix hermaphroditus Ehrenberg, 1831
(Rhabdocoela Kalypthorhynchia) and Castra-
da hofmanni Braun, 1885 (Rhabdocoela Da-
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lytyphloplanida) were collected in freshwater
ponds of Yaroslavl Area of Russia. Field inves-
tigations were carried out in Papanin Institute
for Biology of Inland Waters of the Russian
Academy of Sciences in Borok. G. hermaphro-
ditus was collected among floating water plants,
while C. hofmanni was found on underwater
vegetation. The length of the studied worms
never exceeded 1 mm. Microphotographs of the
fixed animals were made with a Leica micro-
scope equipped with Nomarsky optics in order
to obtain an overview of the animal.

For immunocytochemistry and phalloidin
staining the worms were fixed with Stefanini
solution (2% paraformaldehyde and 15% picric
acid in 0.1 M sodium phosphate buffer, pH 7.6)
and stored in the fixative for several weeks.
Prior to staining, the animals were incubated for
24-48 hin 0.1 M sodium phosphate buffer with
20% sucrose, washed three times for 5 min with
PBS with 0.2% Triton X-100 (PBS-T) and
incubated in 30 mm embryo dishes. Non-specif-
ic antigens were blocked with 2% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO, USA)
in PBS (BSA-PBS) for 45-90 min at room
temperature.

To localize anti-FMRF-amide immunoreac-
tive (IR) neuropeptides, the animals were incu-
bated with rabbit antibodies to FMRF-amide
(ImmunoStar 20091; ImmunoStar Inc., Hud-
son, WI, USA) diluted 1:400 in PBS-T for 48 at
11 °C on a shaker. Then, samples were washed
three times for 5 min with PBS-T and incubated
for 1-2 h with FITC-labeled swine anti-rabbit
secondary antibody (DAKO F0205) diluted 1:40
in PBS-T. After washing with PBS-T, the ani-
mals were stained with phalloidin-TRITC (Sig-
ma-Aldrich P1951, diluted 1:100 in PBS) for 2
h atroom temperature on a shaker. After rinsing
in PBS 3 x 10 min, the animals were mounted in
glycerol-PBS (2:1) and either examined direct-
ly or kept in a freezer at —20 °C before micro-
scopic examination.

As a control for specificity, some animals
were incubated for a week in PBS-T solution
only without any primary antibodies; then the
secondary antibodies were applied in the usual
way. No staining of the nervous system was
obtained in controls.

The preparations were examined with a con-
focal scanning laser microscope (CSLM) Leica
TCS SP5 (Leica Microsystems, Wetzlar, Ger-
many). The maximum projection option was
used to make reconstructions from a whole
series or from several adjacent optical sections
in a series (thus resulting in a thicker optical
section). The files obtained were processed with
Leica LAS AF lite software, as well as Adobe
PhotoShop v. 7.0.

Results

Gyratrix hermaphroditus, pharynx mus-
culature

G. hermaphroditus has cylindrical body; on
its anterior end there are two black eyes and a
muscular proboscis, specific for Kalyptorhyn-
chia, used for attaching to the substrate and for
capturing prey (Fig. 1A). At the posterior end a
long V-shaped stylet is visible in adult worms.
In the middle of the body a big egg with dense
eggshell can often be observed (Fig. 1A). The
pharynx of G. hermaphroditus lies in the begin-
ning of the posterior half of the body and opens
on the ventral side (Fig. 1B-F). Around the
opening of the pharynx a group of ring muscles
forms a 3—4 pm wide pharynx sphincter (Fig.
1E, F). From this sphincter starts a layer of about
40-50 serrated radial muscles; each muscle
fiber about 9-10 pm long and 1.6 um thick (Fig.
1E, F). These muscles are continuous with the
outer pharynx wall. On the outside the pharynx
is surrounded by an orthogonal muscle grid: an
inner dense layer of 1.3—1.8 um thick circular
muscles (Fig. 1D, E), and the outermost layer of
1.8-2.7 um thick longitudinal muscles (Fig. 1E,
F), sometimes serrated (Fig. 1E), sometimes
more widely spaced (Fig. 1F). Through the
pharynx passes its inner canal, lined by 1.3 pm
thick inner circular muscles and 2.7 um thick
outer longitudinal ones (Fig. 1B, C). A great
number of thin septal muscles radiate from the
inner pharynx canal towards the outer pharynx
wall (Fig. 1B, C). They are about 0.5-1 pm
thick, and their length varies from 10 to 25 pm.
The shortest ones are found in the anterior and
posterior ends of the pharynx, while the longest
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Fig. 1. Gyratrix hermaphroditus, musculature, phalloidin-TRITC staining (B—F). A — general view of the
worm from the ventral side, confocal microscopy, differential contrast; B — optical section of the whole
animal at the level of the inner canal of the pharynx. Note the anterior muscular proboscis and ventral
pharynx; C — same pharynx with higher resolution; D — optical section at the level of pharynx retractors;
E — outer pharynx musculature, max projection; F — optical section at the level of the pharynx wall and
the musculature of the male genital system.

Abbreviations: e — eyes; eg — egg; ich — inner pharyngeal canal; Imc — longitudinal muscles of the canal; Imw —
longitudinal muscles of the pharynx wall; p — proboscis; ph — pharynx; rm — radial muscles around pharynx opening;
rmw — ring muscles of the pharynx wall; rph — retractors of the pharynx; sm — septal muscles; sph — sphincter of
the pharynx opening; st — stylet. Scale bar 25 um.

Puc. 1. Gyratrix hermaphroditus, myckynarypa, okpammuBanue GpamutontuaoM-TRITC (B-F). A — o0mmii
BH/J] TYPOCIIISIPUH C BEHTPAILHOM CTOPOHBI, KOH(POKAIBbHAS MUKPOCKOMHS, AU hepeHInaIbHbI KOHTPACT;
B — omTrueckuii cpe3 )HUBOTHOTO HA YPOBHE BHYTPEHHETO KaHasa IIOTKH. OTMEThTe IIepeaHUH MyCKYJIIH-
CTBIN XOOOTOK M BEHTPAIBHYIO TTI0TKY; C — Ta ke TII0TKa ¢ O0IbIINM yBenundenneM; D — onrudaeckuii cpes
Ha ypOBHE PETPAKTOPOB IIOTKU; E — BHEWIHAA MyCKylaTypa IJI0TKHM, max-1poekuus; F — ontudeckuii
Cpe3 Ha YpOBHE CTEHKH TJIOTKH U MYCKyJIaTypa My KCKOH ITOJIOBOH CHCTEMBI.

O0o03HaueHUs: € — rjasa; €g — ﬂﬁHO; ich — BHyTpeHHI/Iﬁ KaHaJI TJIOTKH; Imc — TIPOAOJIBHBIE MBIIIIBI TTIOTOYHOT'O
KaHalja, lmw —_— l'lpO[LOJ'IbHI:]e MBIl CTCHKH I'NIOTKH, p — XOGOTOK; ph — IJIOTKa; rm — pa}l”aﬂbﬂble MBIIIIBI BOprr
TJIOTOYHOI'O OTBEPCTHUA, MW — KOJIBIIEBbIE MBIIIIBI CTEHKU TJIOTKH, rph — PETPAKTOPHI TNIOTKHU; SM — CCIITAJIbHBIC
MBIIIIBL; Sph — C(UHKTEp ITIOTOYHOrO OTBEPCTHS; st — cTHiaeT. MaciraOHas auHelka 25 MKM.
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ones lie in its middle part. The presence of septal
(or radial) muscles explains the name “rosette-
shaped” pharynx — pharynx rosulatus.

On the outside of the pharynx there is a set of
special retractor muscles suspending the phar-
ynx to the body-wall and enabling its mobility
within the parenchyma. Pairs of retractor mus-
cles start from the outer pharynx wall and go in
different directions, mostly anteriorly and pos-
teriorly. The strongest ones go to the anterior
body wall (Fig. 1D); they are 50-70 pm long
and 6-7 pm thick, and contain four muscular
fibers each (Fig. 1D). Other retractors reach the
proboscis; they are 50 um long and composed of
three fibers about 5 um thick. Strong pair of
retractors about 10—25 pm thick goes in poste-
rior-dorsal direction towards the dorsal body
wall, each composed of several thick muscle
strands (Fig . 1D).

Gyratrix hermaphroditus, FMRFamide IR
pattern of the nervous system

FMRFamid IR elements were detected in
the brain, in the anterior dorsal semi-ring, in
strong ventral and lateral longitudinal nerve
cords, in the transverse commissure, connecting
them, in some parts of the thin dorsal cords, in
pharynx nerve rings and submuscular plexus. In
total, 36 FMRFamide IR neurons were observed
in G. hermaphroditus.

The brain ganglion is wormiform and lies
closer to the dorsal side posterior to the probos-
cis atthe level of the eyes (Fig. 2A, B). About 20
brain neurons were detected, though their count
was hindered by the brightness of the neuropile.
The brain neurons are of roundish, elongated,
triangular or polygonal shapes with sizes vary-
ing from 5 to 10 um. They are mostly uni- and
bipolar neurons with some multipolar ones (Fig.
2B). Eight pairs of neurons lie in the lateral
regions of the brain, two pairs occupy a central
position. Paired branches of the anterior dorsal
semi-ring start anteriorly from the lateral brain
regions (Fig. 2B, C). In their proximal regions
there are paired bipolar neurons of elongated
shape and 5-6 pm long (Fig. 2B). A pair of
strong ventral (main) cords starts from the brain
in posterior direction (Fig. 2C), each cord com-

posed of one to three fibers, about 2 pm thick.
Thinner lateral cords and thin and short dorsal
ones also run from the brain. A pair of small (2—
3 pum) roundish neurons lies on the proximal
parts of the ventral cords (Fig. 2C). A pair of
drop-shaped neurons 3.6 um long lies on mid-
regions of the lateral cords (Fig. 2C). A single
strong transverse commissure, equal in thick-
ness with the ventral cords, lies closer to the
posterior end of the body (Fig. 2C). A pair of
multipolar neurons of elongated shape 5—6 um
long was detected at the crossings of the com-
missure with the ventral cords (Fig. 2C). One
more pair of neurons lies on the posterior parts
of the ventral cords (Fig. 2C).

The pharynx is innervated by two nerve
layers, seen as rings on the transverse optical
sections of the pharynx. The inner one sur-
rounds the pharynx canal, thus lying inside the
pharynx tissues. The outer layer lies outside the
outer pharynx wall, surrounding the pharynx on
the outside (Fig. 2E). Two neurons were detect-
ed associated with the outer pharynx nerve layer
(Fig. 2E).

On the posterior end of the body, where
main parts of the male and female genital system
are localized, 4-6 FMRFamide IR neurons were
detected. The biggest ones, bipolar and multi-
polarneurons 5-8 pm long, lie by the base of the
stylet, at the level of the seminal vesicle (Fig. 2D,
E). Thin and rare strands of submuscular plexus
are visible throughout the body (Fig. 2C, E).

The nervous system of G. hermaphroditus
corresponds to the concentrated orthogon type
(Kotikova, 1991), as it has been already detect-
ed previously basing on patterns of the cholin-
ergic and catecholaminergic parts of the ner-
vous system of this animal (Kotikova, 1995).

Castrada hofmanni, pharynx musculature

Castrada hofmanni has a massive rosette-
shaped pharynx about 85 um in diameter, lying
not far from the anterior end of the body (Fig.
3A). The pharynx opening is surrounded by a
3.6 pm wide circular muscle forming a pharynx
sphincter. A dense layer of external radial mus-
cles 1-2 um thick radiate from the pharynx
opening (Fig. 3A). Radial muscles seem to be
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Fig. 2. Gyratrix hermaphroditus, nervous system. A — general view of the fore end, confocal microscopy,
differential contrast; B— FMRFamide IR pattern of the brain with neurons (arrows) and the anterior dorsal
semi-ring; C — FMRFamide IR pattern of the concentrated orthogon with a small neuron (arrow) at the
beginning of the ventral cord and some neurons (arrowheads) on the cords and the commissure. D — stylet
and seminal vesicle, confocal microscopy, differential contrast; E — same area as in D, pharynx and genital
system innervation, FMRFamide IR pattern. Note pharynx neurons (arrows) and neurons innervating the
genital system (arrowheads).

Abbreviations: adsr — anterior dorsal semi-ring; b— brain; bn — brain neurons; c — commissure; e — eyes; lc — lateral
cord; p — proboscis; ph — pharynx; st — stylet; sv — seminal vesicle; ve — ventral cord. Scale bar 25 um.

Puc. 2. Gyratrix hermaphroditus, nepBHas cucrema. A — 00Ul BUJ TIepeHero KoHIa, KOH(OKaIbHAas
Mukpockonus, muddepennuansubii KoHTpacT; B — marrepn FMRF-amua nMMyHOpPeakTHBHOCTH B MO3Te
¢ HepoHaMU (CTPEJIKH) U MEePEeTHIM JOpcaTbHbIM NoaykoasoM; C — matrepr FMRF-amun nmmyHope-
AKTUBHOCTH B KOHIIEHTPUPOBAHHOM OpTOroHe. OTMeThTe HeOOJNbIIOW HEWPOH (CTpesKa) B Hayaje BEHT-
PaJIbHOT'O CTBOJIA M HECKOJIBKO HEHPOHOB (HAKOHEUHHMKH CTPEJIOK) Ha CTBOJIaX ¥ KOMUCCYpax. D — ctuner
¥ CEeMEHHOU ITy3bIpeK, KoH(OKanbHast MUKpOCKonus, TuddepeHnnambHblii KoHTpacT; E— To ke MecTo, 4To
u Ha D, riioTka u nHHepBauus 1oyoBoii cucremsl, narrepH FMRF-amun ummyHopeaxktuBHocTH. OT™METBTE
HEHPOHBI IIOTKHU (CTPEIIKH) ¥ HEHPOHBI, HTHHEPBUPYIOIINE TTOJIOBYIO CHCTEMY (HAKOHEYHHKH CTPEJIOK).
O0o03Hauenus: adsr — mepenHee TOPCAIBHOE MOTYKOIbILO; b — MO3T; bn — M0O3roBbIe HEHPOHBI; ¢ — KOMHCCYPa; € —
riasa; lc — narepanbHblit cTBOI;, p — X000TOK; ph IJIOTKA; St — CTHMJIET; SV — CEMEHHOHW ITy3bIpeK; Ve —
BEHTpaJIbHbIN CTBOJ. MaciTabHas TuHeiKa 25 MKM.
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Imw

rmw

Fig. 3. Castrada hofmanni. Pharynx musculature, optical sections of the same specimen at different levels
starting from the ventral side. Phalloidin-TRITC staining. A — pharynx opening with sphincter and the set
of radial muscles continuing into the longitudinal muscles of the pharynx wall; B — radial muscles, outer
pharynx wall and pharynx retractors; C — inner canal of the pharynx and septal muscles; D — septal muscles
and pharynx retractors.

Abbreviations: ich — inner pharyngeal canal; Imw — longitudinal muscles of the pharynx wall; pm — parenchymal
muscles; rm — radial muscles around pharynx opening; rmc — ring muscles of the pharynx canal; rmw — ring muscles
of the pharynx wall; rph — retractors of the pharynx; sm — septal muscles; sph — sphincter of the pharynx opening.
Scale bar 25 um.

Puc. 3. Castrada hofmanni. Myckynartypa TJIOTKH, ONITHYECKHE CPE3bl OTHOTO SK3EMIUIIpa CACTaHHBIC Ha
Pa3MMYHBIX YPOBHSX, HAYMHAS ¢ BEHTpanbHOH cTopoHbl. Okpacka dammonanH-TRITC. A — rmorounoe
OTBEpCTHE CO CHUHKTEPOM U HAOOPOM paJMabHBIX MBIIIIL, TPOIOHKAIOMINXCS KaK MTPOJAOIBEHBIC MBIIIIIBI
CTEHKU IJIOTKHM; B — paguanbHble MBIIIIIBI, BHEIIHAS CTEHKA TJIOTKH U TJIOTOYHbBIE peTpakTopbl; C —
BHYTPEHHHI KaHaJl IJIOTKU U CENTalbHbIE MBIIIIbI;, D — cenTanabHble MBIl U PETPAKTOPHI TJIOTKHU.
O06o03HaueHus: ich — BHyTpeHHI/Iﬁ KaHaJl TJIOTKH,; Imw — TIPOAOJIBHBIE MBIIIIBI CTEHKU TJIOTKHU; pmM — IMapECHXUMHBIE
MBIIINBL;, M — paJuaJbHBIC MBIIINBI BOKPYI' TJIOTOYHOTO OTBEPCTHUA; I'MC —— KOJIBIEBBIE MBIIIIBI BHYTPEHHETO
TJIOTOYHOTO KaHaj1a, rmw — KOJBICBBIC MBINIIBI CTCHKH TJIOTKH, I'ph — PETPAKTOPLI TJIOTKH, SM — CCITAJIBHBIC
MBIIIBL Sph — cGUHKTEp TI0TOYHOrO oTBepcTHa. MaciitaOHas JnHelka 25 MKM.
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continuous with the external layer of longitudi-
nal muscles of the outer pharynx wall (Fig. 3A,
B), where the thickness of individual muscles
increases up to 3.5 pm. A dense layer of circular
muscles 1-3.5 um thick lies slightly deeper,
with circular muscles often intermingling with
longitudinal ones. On some optical sections cir-
cular muscles seem to be on the surface (Fig. 3C).
Both layers form the outer wall of the pharynx.
The pharynx canal runs deep within the pharynx
tissues; it is lined by circular muscles (Fig. 3B,
C). Above them in some places rare longitudinal
strands can be detected. Inner and outer pharynx
walls are interconnected by long septal (radial)
muscles 1-2 um thick (Fig. 3C, D).

Strong retractors start from the pharynx to-
wards the body-wall. Their proximal parts are
equally spaced on the pharynx outer wall, like
spokes of a wheel (Fig. 3B, D). Thick proximal
parts of the retractors reach 7.5 pm, while the
distal parts become thinner down to 1 pm and
form anastomoses with parenchymal muscula-
ture and that of the body wall (Fig. 3B, D).

Castrada hofmanni, FMRFamide IR pat-
tern of the nervous system

FMRFamide IR part of the brain is trapeze-
shaped with thinning anterior and posterior an-
gles (Fig. 4C). In the lateral regions of the brain
neuropile 8 pairs of brain neurons were detect-
ed. They are roundish and reach 5-7 pum in
diameter (Fig. 4A, C). Paired branches of the
dorsal semi-ring start from the anterior angles of
the brain and innervate the fore end of the body.
Paired elongate neurons 7 um long were detect-
ed at the base of each branch (Fig. 4B, C).
Ventral cords start from the postero-lateral re-
gions of the brain. Lateral cords do not start
directly from the brain: while by-passing the
brain laterally, they are connected with it by thin
rootlets (Fig. 4A). All longitudinal cords were
found to be FMRFamide IR. The strongest ven-
tral (main) cords are 3—5 pm thick, while the
lateral and dorsal ones do not exceed 2 pm.
Lateral cords of both sides fuse together at the
anterior end; at the posterior end they join the
ventral cords (Fig. 4A, D). A few irregular
commissures interconnect the cords (Fig. 4D).

Along the proximal region of the ventral
cords four pairs of bipolar neurons of roundish
or slightly elongate shape 4-5 um in size were
detected. They are often situated at the junctions
with the commissures (Fig. 4D). In the proximal
regions of the lateral cords lies a pair of elongat-
ed neurons 5 pm long; another pair or roundish
neurons 3 um in diameter lies at the juncture of
lateral and ventral cords (Fig. 4A).

On the transverse optical sections of the
pharynx two rings of FMRFamide IR fibers are
detected, corresponding to two nerve layers, as
they are present on all sections through the
pharynx. One surrounds the inner pharynx canal
and its musculature, another surrounds the whole
pharynx, lying outside its outer wall (Fig. 4A,
A). These layers are interconnected by radial
fibers passing along the septal muscles. The
additional innervation of the pharynx is provid-
ed by two pairs of neurons, lying anterior and
posterior to the pharynx (Fig. 4B).

All in all, 32 FMRFamide IR neurons were
detected in C. hofmanni. As to the general NS
pattern, we observe once again a concentrated
orthogon type with one regular commissure
forming a semi-ring on the ventral side and
several short irregular commissures connecting
only the adjacent cords (Fig. 4D).

Discussion

The data obtained demonstrate a very simi-
lar organization of two rosulate pharynges in the
studied representatives of Kalyptorhynchia and
Dalytyphloplanida. Both pharynges share the
following common characters (Fig. 5):

1. A sphincter of circular muscles is present
around the opening of the pharynx.

2. A dense layer of radial muscles starts from
the pharynx sphincter and joins the outer wall of
the pharynx.

3. The outer wall of the pharynx consists of
two layers: inner circular muscles and outer
longitudinal muscles that are sometimes inter-
mingled.

4. The inner pharynx canal is surrounded by
inner circular and outer longitudinal muscles.

5. Septal (radial) muscles interconnect the
canal wall and the outer wall of the pharynx.
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Fig. 4. Castrada hofinanni. FMRFamide IR pattern of the nervous system. A — dorsal optical section at the
level of the brain showing pharynx innervation, ventral cords starting from the brain and lateral cords
connected with the brain by rootlets. Pharynx neurons are marked by arrows, neurons associated with nerve
cords are marked by arrowheads; B — ventral optical section of the same specimen showing the anterior
dorsal semi-ring with neurons at its base (arrowheads) and pharynx rings with 4 bright pharynx neurons
(arrows); C — optical section through a trapeze-shaped brain with neurons; D — optical section at the level
of ventral and lateral cords of the orthogon. Note irregular transverse comissures and neurons (arrowheads)
associated with the cords.

Abbreviations: adsr — anterior dorsal semi-ring; b — brain; bn — brain neurons; ¢ — commissure; iphr — inner
pharyngeal ring; lc — lateral cord; ophr — outer pharyngeal ring; ph — pharynx; vc — ventral cord. Scalebar 25 pum.
Puc. 4. Castrada hofmanni. Tlarrepp FMRF-amun mMMyHOpeakTHBHOCTH B HEPBHOW cucremMe. A —
JOPCaJbHBIA ONTHYECKHH Cpe3 Ha YPOBHE MO3ra, MOKA3bIBAIOIIUI MHHEPBALUIO TJIOTKH, BEHTPAJIbHbIC
CTBOJIbI, HAUMHAIOLIMECS OT MO3ra U JaTepalbHble CTBOJIbI, CBA3aHHBIC C MO3rOM Kopeluikamu. HelipoHsl
TJIOTKH OTMEYEHBI CTPEIIKaMH, a HeHPOHBI HEPBHBIX CTBOJIOB — HAKOHEUYHHKAMH CTPENOK; B — BeHTpanb-
HBIH ONTUYECKUI Cpe3 TOTo XkKe HK3EMIUIApa MOKA3bIBAIOLINH NepeiHee JOPCcaTbHOE MOTYKOJIBIO C HEHpo-
HaMH Y OCHOBaHHsI (HAaKOHEYHNKH CTPEJIOK) M HEPBHBIE KOJIBIIA TIIOTKH C 4 SPKUMH ITIOTOYHBIMA HEIfpOHAMHU
(ctpenkm); C — onTHUYecCKuil cpe3 TpamerueBUIHOTO Mo3ra ¢ HelipoHamu; D — onTHueckuii cpe3 Ha
YPOBHE BEHTPAJIBHBIX H JIATEPAIBbHBIX CTBOJIOB OpTOroHa. OTMEThTE HeperyJIsipHbIe ITONIEePEYHbIEe KOMUCCY-
PBl U HEHPOHBI HEPBHBIX CTBOJIOB (HAKOHEUHUKU CTPEJIOK).

O0o3HaueHus: adsr — mepeiHee JOpPCaIbHOE MOJYKOJIbII0; b — MO3T; bn — M0O3roBble HEHPOHBI; ¢ — KOMMHECCYPa;
iphr — BHyTpeHHee II0TOYHOE HEPBHOE KOJbIIO; Ic — saTepaibHblil CTBOJ; Ophr — BHeIIHee IJIOTOYHOE HEPBHOE
KOJIbLO; ph — IIIOTKA; Ve — BEHTPANBHBIA cTBOI. MaciuTaOHast TuHeliKa 25 MKM.
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Fig. 5. Schematic representation of the muscular
layers of rhabdocoel pharynx rosulatus. Transverse
section. Circular muscles shown in blue; longitudinal
ones shown in red; septal muscles shown in green.
Abbreviations: Imc — longitudinal muscles of the pharynx
canal; Imw — longitudinal muscles of the pharynx wall;
rmc — ring muscles of the pharynx canal; rmw — ring
muscles of the pharynx wall; sm — septal muscles.

Puc. 5. Cxema pacmonioKeHHs CII0eB MyCKYIaTyphl
B PO3ETKOBHIHOM TIIOTKE MPSIMOKHUIIIEYHBIX TypOe-
ssapuil. Ilonepeunslil cpe3. KonblieBble MBIIIIBI
MOKa3aHbl CHHUM, MPOJONbHBIE — KPACHBIM, CETI-
TaJIbHBIE MBIIIIBI — 3€JIEHBIM.

O6o3nauenus: Ime — TIPOAOJIBHBIE MBIl TITIOTOYHOTO
KaHaia, Imw — TPOJOJIBHBIC MBIIIIBI CTEHKU TJIOTKH,
TMC — KOJIBIIEBBIC MBIIIIBI INIOTOYHOI'O KaHala, rmw —
KOJBIEBBIC MBIl CTCHKH I'JIOTKH, SM — CCIITAJIbHBIC
MBIIIIIBI.

6. Retractor muscles attach the pharynx to
the body wall and parenchymal musculature,
providing its mobility.

7. The pharynx is innervated by two layers of
FMRFamide IR nerve fibers, inner and outer,
interconnected by radial fibers. The outer layer
is associated with 1-2 pairs of pharynx neurons.

There are also some differences that we
consider not to be essential:

1. In Castrada hofmanni the pharynx is
situated closer to the anterior end of the body,
while in Gyratrix hermaphroditus it is shifted
towards the posterior end. This difference in
pharynx position is explained by the presence in
G. hermaphroditus of an anterior muscular pro-
boscis, characteristic for Kalyptorhynchia.

2. In G. hermaphroditus along the inner
pharynx canal there is a dense layer of longitu-

dinal muscles, outside the inner ring muscles
(Fig. 1B, C). In C. hofinanni the inner canal is
lined almost solely by ring muscles, the longitu-
dinal strands occurring only occasionally (Fig.
3C, D).

Basing on a number of shared morphologi-
cal traits and on the sister-group relationship of
Kalyptorhynchia and Dalytyphloplanida
(Willems et al., 2006; Van Steenkiste et al.,
2013) we conclude that pharynges in the studied
species are indeed homologous. It is likely that
pharynx rosulatus represents an apomorphic
character for the order Rhabdocoela, present in
the common ancestor of both Kalyptorhynchia
and Dalytyphloplanida. Ehlers (1985) in his
famous first cladistic study of flatworm mor-
phology and phylogeny listed pharynx rosulatus
as the only known autapomorphy for Rhab-
docoela. Pharynx rosulatus is widespread in
both Kalyptorhynchia and Dalytyphloplanida,
including their basal representatives (Evdonin,
1977; Joffe, 1987; Willems et al., 2006), but it
does not occur outside Rhabdocoela (with the
exception of similar pharynges found in Neo-
dermata). Within both Kalyptorhynchia (Evdo-
nin, 1977) and Dalytyphloplanida (Joffe, 1987)
pharynx rosulatus has evolved in parallel in var-
ious monophyletic lines into different variations
of what is commonly known as “pharynx dolii-
formis”, but in reality into homoplasious barrel-
shaped pharynges that need further studies.

However, as mentioned above, rosette-
shaped pharynges are also described in lower
Neodermata, for example in some Monogenea
(Joffe et al., 1987), the fact that formerly served
as one of the arguments for seeking the roots of
Neodermata within Rhabdocoela (Ax, 1963,
1984; Ehlers, 1985). The new system of Plathel-
minthes (Laumer et al., 2015) made it clear that
in this case we see convergent pharynx evolu-
tion, as Neodermata is certainly not related to
Rhabdocoela. We suggest that all cases of rosu-
late pharynx outside Rhabdocoela should be re-
investigated and classified under different names.
The name “pharynx rosulatus”, we believe,
should be reserved for Rhabdocoela, as it is a
diagnostic character of a great number of its
representatives, including the basal ones.
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It remains unclear whether pharynx rosula-
tus in the ancestor of Rhabdocoela has evolved
from pharynx plicatus, according to the tradi-
tional hypothesis (Ax, 1961; Ivanov, Mamkaev,
1973) or, alternatively, it has arisen directly
from pharynx simplex, plesiomorphic for
Plathelminthes (Joffe, 1987). We favor the lat-
ter hypothesis, basing the arguments both on
morphology and phylogeny:

1. We note that the inner pharynx canal
described here has the same muscle layer ar-
rangement as in pharynx simplex that has arisen
as a simple invagination of the body wall. The
outer circular muscles of the body wall gave rise
to inner circular muscles, while the inner longi-
tudinal body wall muscles formed the outer
longitudinal muscles of the pharynx. As to the
outer wall of the pharynx rosulatus, we share
Joffe’s opinion that it has arisen as a duplication
of the canal musculature (Joffe, 1987). On the
other hand, there is no sufficient evidence to
homologize the pharynx rosulatus with pharynx
plicatus with its long mobile muscular tube
inside a deep pharynx pocket. And there seem to
be no reasons for rhabdocoelan ancestors to
change one complex and highly functional phar-
ynx type for another.

2. From the phylogenetic point of view,
Rhabdocoela in the new system (Laumer et al.,
2015) is no longer considered the most derived
turbellarian group; instead, it is the basal group
of Euneoophora (Neophora with the exception
of Lecithoepitheliata). Thus, among the groups
more basal than Rhabdocoela, only Polycladida
have plicate pharynx, which may well be their
autapomorphy gained independently from Pros-
eriata and Tricladida. However, only more de-
tailed re-investigation of plicate pharynges in
different groups may provide a definite answer.

The study of the nervous system patterns
revealed, that both chosen rhabdocoel species
have the same orthogon type — concentrated
orthogon (Kotikova, 1986), characterized by a
single semi-circular ventral commissure, all the
others being reduced. The data obtained are in
perfect accordance with the previously studied
cholinergic and catecholaminergic patterns in

the same two species (Kotikova, 1991, 1995,
1997) and ultrastructural studies of G. her-
maphroditus nervous system (Reuter, Lindroos,
1979a, b). The cholinergic, catecholaminergic
and FMRF-amide IR fibers run parallel to each
other forming the same general pattern.

In Kalyptorhynchia two types of orthogon
were described: irregular, with several irregular
commissures, and concentrated, with one com-
missure. Both types are considered derived in
comparison with the primitive regular orthogons
with right angles between the longitudinal cords
and transverse ring commissures (Kotikova,
1991; Reuter et al., 1995). As for Dalytyphlo-
planida, four types of orthogon occur in this
group: regular rare, regular serrated, irregular
and concentrated (Joffe, Kotikova, 1983). The
evolution from the regular orthogon types to-
wards the irregular and concentrated ones likely
occurred within the group.
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