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Abstract Within Spiralia, Gnathifera may represent the
deepest branching lineage comprising the jaw worms
Gnathostomulida and their sister group Micrognathozoa +
Syndermata. Yet, very few nervous system studies have been
conducted on this lineage of microscopic, jaw-bearing worms,
limiting our understanding of the evolution of this organ system
in Spiralia. The nervous system of representatives from all
major groups of Gnathostomulida was here mapped using con-
focal laser scanning microscopy and immunohistochemistry.
Their intra-epidermal, unsegmented nervous systems comprise
an anterior brain and three to five ventral and two to four dorsal
longitudinal nerves, connected by few transverse commissures.
Neurites of the stomatogastric nervous system were found lin-
ing the pharynx and connecting to a prominent buccal gangli-
on. Supposedly, sensory ciliated cells in the pharynx and the
gut were documented for the first time. Based on these mor-
phological results, primary homologies of neural structures in
Gnathostomulida and other Gnathifera were hypothesized and
thereafter tested using parsimony. This first neurophylogeny of
Gnathostomulida resulted in a topology congruent with molec-
ular data, supporting the monophyly of Bursovaginoidea,
Conophoralia, and Scleroperalia. From this topology, the evo-
lution of the gnathostomulid nervous system was reconstruct-
ed. It suggests a specialization and diversification of cords and
serotonin-like immunoreactive cell patterns from a
plesiomorphic neuroarchitecture of three unsegmented nerve

cords and a compact anterior brain and buccal ganglion.
These plesiomorphic states resemble the nervous system of
Micrognathozoa, and possibly the ancestral states of Spiralia.

Keywords Neurobiology .Meiofauna . Lophotrochozoa .

Neurotransmitters . Phylogeny

Introduction

Gnathostomulida is a spiralian clade of microscopic (230–
3600 μm), interstitial marine worms with about 100 described
species (Sterrer and Sørensen 2015). Next to Syndermata (in-
cluding wheel animals and parasit ic worms) and
Micrognathozoa, they now occupy a well-supported position
within the clade Gnathifera, based both on morphology (e.g.,
Ahlrichs 1995, Rieger and Tyler 1995, Herlyn and Ehlers
1997, Kristensen and Funch 2000, Sørensen 2000, Jenner
2004, Bekkouche et al. 2014, Bekkouche and Worsaae
2016) and molecular data (Struck et al. 2014, Golombek
et al. 2015, Laumer et al. 2015).

Gnathostomulida comprises the two subclades
Filospermoidea and Bursovaginoidea (Sterrer 1972,
Sørensen 2002, Sørensen et al. 2006), the latter contain-
ing Scleroperalia and Conophoralia (Sterrer 1972,
Sørensen et al. 2006). The main differences between
these clades concern the body form, reproductive sys-
tem, sperm morphology, and arrangement of sclerotized
mouth parts (Sterrer 1972, Sørensen 2002, Sørensen
et al. 2006, Sterrer & Sørensen 2015), whereas the ner-
vous system has not been treated systematically.

Gnathostomulida possesses a subterminal mouth opening,
which divides the body into an anterior rostrum followed by a
trunk region, and in some species a distinct tail. The pharyn-
geal apparatus includes a set of denticulate jaws and a basal
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plate, which, as in other gnathiferans, is formed by sclerotized
rod-like elements moved by a complex sets of muscle fibers
(Sterrer 1969, Lammert 1986, Lammert 1991, Ahlrichs 1995,
Rieger and Tyler 1995, Herlyn and Ehlers 1997, Kristensen
and Funch 2000, Sørensen et al. 2003a). Posteriorly, the
pharynx continues into a uniform, supposedly unciliated,
blind gut, with a reported temporary anus in some species
(Knauss 1979). Gnathostomulids are simultaneous hermaph-
rodites with internal fertilization and direct development
(Sterrer & Sørensen 2015). The reproductive system is simple
in Filospermoidea, whereas a female opening (vagina), a
receptaculum seminis (bursa), and a muscular penis (Tyler
and Hooge 2001) are generally present in Bursovaginoidea
(Sterrer 1972). Filospermoidea have characteristic filiform
sperm, while bursovagionoid spermatozoans are aflagellate
and either large and cone-shaped in Conophoralia or dwarfed
in Scleroperalia. The body wall musculature consists of a
fence of longitudinal fiber bundles as well as more delicate
diagonal and outer circular muscles (Tyler and Hooge 2001,
Müller and Sterrer 2004). Yet, as most meiofaunal spiralians,
gnathostomulids mainly move by ciliary gliding using their
epidermal monociliated epidermis, relying on their body wall
musculature for directional movements and contractions
similar to the motility of interstitial annelids (Worsaae and
Kristensen 2003, Worsaae et al. 2004, Worsaae and
Kristensen 2005).

The precise innervation of musculature or detailed archi-
tecture of the gnathostomulid nervous system has not been
mapped or employed in broader comparative studies. Yet,
several descriptive anatomical studies, using transmission
electron microscopy (TEM) and light microscopy
(Kristensen and Nørrevang 1977, Lammert 1986), have been
performed on Rastrognathia macrostoma Kristensen &
Nørrevang, 1977, Gnathostomula paradoxa Ax, 1956,
Haplognathia rosea (Sterrer, 1969), Haplognathia simplex
(Sterrer, 1966), and Pterognathia meixneri Sterrer, 1969.
Moreover, two studies employed immunohistochemical

stainings and CLSM on Gnathostomula peregrina Kirsteuer,
1969 (Müller and Sterrer 2004) and G. paradoxa (Schmidt-
Rhaesa 2016), revealing somewhat divergent results.
However, all of these studies cover only a fraction of the
gnathostomulid diversity. From these studies, the central
nervous system of gnathostomulids has been described as
intraepidermal, consisting of a frontal brain located in the
rostrum and a variable number of longitudinal neurite
bundles. The main pair of nerve cords extends ventrally
from the brain to the tail section, where they form a
posterior and a tail commissure. In the posterior part of the
pharyngeal bulb, an additional buccal ganglion is found
(Kristensen and Nørrevang 1977, Lammert 1986, Müller
and Sterrer 2004, Schmidt-Rhaesa 2016), which together with
a pair of buccal nerves form the stomatogastric nervous
system.

Several types of sensory structures, distributed in different
parts of the body, have been described for Gnathostomulida.
The most apparent are three to five pairs of non-motile
compound cirri (each composed of several monociliated
cells) present on the rostrum of Bursovaginoidea
(Kristensen and Nørrevang 1977, Lammert 1986) as well
as single stiff cilia, frontal apicalia, and dorsal occipitalia,
the latter present in all Gnathostomulida (Sterrer 1970).
Additionally, two to three Bciliary pits^ have been described
in the anteriormost rostrum of Conophoralia and some
Scleroperalia (Sterrer and Sørensen 2015). Internally located
coiled cilia (spiral sensory organs) of suggested
equilibrioreceptive (Lammert 1984) or mechanosensory
function (Kristensen and Nørrevang 1977) have been found
in several gnathostomulid species within both Scleroperalia
and Filospermoidea. Based on ultrastructural TEM studies,
Lammert (1986) identified 15 different monocellular,
monociliated, epidermal receptors, positioned on the
rostrum, around the ventral mouth opening, in the buccal
cavity, and in the genital region (summarized in Sterrer
and Sørensen 2015).

Table 1 Summary of data of sampling localities and gnathostomulid taxa identified

Locality Coordinates Environment Date Species found

List auf Sylt, Sylt, Germany 55° 01.62′ N, 08° 25.99′ E Shallow subtidal sand flat at
0.3–0.6 m depth

25 Aug 2015 Gnathostomula paradoxa

Plemmirio, Sicilia, Italy 37°00.22′ N, 15°18.81′ E Cave, subtidal fine sand mixed with
silt at 15 m depth

21 Jul 2015 Labidognathia longicollis

Ellekilde Hage, Zealand,
Denmark

56° 05.83′ N, 12° 30.01′ E
56° 06.33′ N, 12° 29.03′ E
56° 06.13′ N, 12° 29.77′ E

Fine sand mixed with silt and
organic matterat 7–13 m depth

30 Oct 2015 Haplognathia gubbarnorum,
Haplognathia filum,
Haplognathia simplex,
Rastrognathia macrostoma

Yal-ku lagoon, Akumal,
Mexico

20° 24.69′ N, 87° 18.26′ W Coarse sand with mud at
1 m depth

18 Nov 2015 Austrognathia microconulifera,
Austrognathia christiane,
Austrognatharia medusifera

448 Gąsiorowski L. et al.



T
ab

le
2

M
or
ph
ol
og
ic
al
m
at
ri
x
re
pr
es
en
tin

g
44

ch
ar
ac
te
rs
us
ed

in
ph
yl
og
en
et
ic
an
al
ys
es

C
ha
ra
ct
er

nu
m
be
r
in

th
e
re
ce
nt

st
ud
y

1
2

3
4

5
6
7

8
9
10

11
12

13
14

15
16

17
18

19
20

21
22

23
24

25
26

27
28

29
30

31
32

33
34

35
36

37
38

39
40

41
42

43
44

C
ha
ra
ct
er

nu
m
be
r
in

Sø
re
ns
en

et
al
.(
20
06
)
-

-
-
-

-
-
-

-
-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
10

11
12

13
14

15
16

17
19

A
us
tr
og
na
th
ar
ia

m
ed
us
ife
ra

1
1

0
1

1
1
1

0
?
1

1
1

1
1

0
?

1
1

?
0

1
1

0
0

0
?

?
?

1
1

0
1

0
0

?
1

1
1

1
1

1
1

1
0

A
us
tr
og
na
th
ia

ch
ri
st
ia
na
e

1
1

0
1

1
1
1

0
?
1

1
0

-
1

0
0

1
1

1
0

1
1

0
0

0
1

1
0

1
1

0
1

0
1

0
1

1
1

1
1

1
1

1
0

A
us
tr
og
na
th
ia

m
ic
ro
co
nu
lif
er
a

1
1

0
1

1
1
1

0
1
1

1
0

-
1

0
1

1
1

1
1

1
1

0
0

0
1

1
0

1
1

1
1

0
1

1
1

1
1

1
1

1
1

1
1

G
na
th
os
to
m
ul
a
pa
ra
do
xa

1
1

0
1

1
1
1

0
1
1

1
1

0
0

1
1

1
1

1
1

0
1

1
1

1
1

1
0

1
1

1
1

0
0

1
1

1
0

1
1

1
1

0
0

G
na
th
os
to
m
ul
a
pe
re
gr
in
a

1
1

0
1

1
1
1

1
0
1

0
0

-
0

?
?

1
?

?
?

?
?

?
?

?
?

?
?

?
?

?
?

?
0

1
1

1
0

1
1

1
1

0
0

H
ap
lo
gn
at
hi
a
fil
um

1
0

-
1

0
1
1

1
0
1

-
1

1
1

0
0

1
0

0
-

0
1

0
0

0
0

-
-

1
1

0
1

1
0

1
?

0
0

0
0

0
0

0
0

H
ap
lo
gn
at
hi
a
gu
bb
ar
no
ru
m

1
0

-
1

0
1
0

0
0
1

-
?

?
1

0
?

?
0

0
-

0
1

1
0

0
1

0
0

1
1

0
1

1
?

1
1

0
0

0
0

0
0

0
0

H
ap
lo
gn
at
hi
a
si
m
pl
ex

1
0

-
1

0
1
0

0
0
1

-
?

?
1

0
?

?
0

0
-

0
1

1
0

0
1

0
0

1
1

0
1

1
?

0
1

0
0

0
0

0
0

0
0

La
bi
do
gn
at
hi
a
lo
gn
ic
ol
lis

1
1

1
0

0
0
1

0
?
1

-
0

-
0

1
?

1
1

?
1

0
1

0
1

1
?

?
?

?
?

0
?

?
0

?
1

0
0

1
1

1
1

1
1

R
as
tr
og
na
th
ia

m
ac
ro
st
om

a
1

1
1
0

1
0
1

0
?
1

0
0

-
0

1
1

1
1

1
0

0
1

0
0

0
0

-
-

0
-

0
0

0
0

1
1

1
0

1
1

1
1

1
0

Li
m
no
gn
at
hi
a
m
ae
rs
ki

0
-

-
0

0
1
1

0
0
0

-
0

-
1

0
0

0
0

?
-

0
0

0
1

0
1

1
1

0
-

0
-

-
0

0
0

0
0

0
0

0
0

0
0

N
ot
om

m
at
a
co
pe
us

0
-

-
0

0
1
1

0
0
0

-
1

0
1

0
0

1
0

?
-

0
0

0
0

0
1

1
1

1
0

0
-

-
0

?
0

0
0

0
0

0
0

0
0

M
ac
ro
tr
ac
he
la

qu
ad
ri
co
rn
ife
ra

0
-

-
0

0
0
1

0
?
0

-
1

0
0

0
0

1
1

?
0

0
0

0
0

?
1

1
1

1
0

0
-

-
0

?
0

0
0

0
0

0
0

0
0

N
eo
da
sy
s
ch
ae
to
no
to
id
eu
s

0
-

-
0

0
0
0

0
0
0

-
1

0
0

0
0

1
0

0
-

0
0

0
-

-
0

-
?

1
0

0
-

-
0

0
0

0
0

0
0

0
0

0
0

?
m
is
si
ng

da
ta
,-

in
ap
pl
ic
ab
le

Nervous system of Gnathostomulida 449



Table 3 List of the characters coded in the morphological matrix

Nerve cords

1. Paired ventro-lateral nerves

2. Ventro-lateral nerves extending as single pairs in posterior trunk

3. Branch off of ventro-lateral nerve

4. Ventro-lateral nerves extend as midventral nerve in posterior trunk

5. Dorso-lateral nerve cords along the trunk

6. Postpharyngeal commissure

7. Additional subpharyngeal neurite bundle

8. Middorsal trunk neurite bundle

9. FMRF-amid-like immunoreactive medial processes on ventral trunk

10. Peripheral nerves innervating sensory cilia on the body surface:
0 present, 1 absent

11. Dorsal tail nerves

12. Ventral tail nerves

13. Ventral tail commissure

14. Anterior ganglia associated to the postpharyngeal commissure

15. Serotonin-like immunoreactive anterior perikarya

16. Middorsal perikaryon dorsal to the penis

17. Posterior cell clusters associated to the posterior commissure
(or the lateral cords)

Brain

18. Serotonin-like immunoreactive median perikarya in the dorsal brain

19. Tubulin-like immunoreactive nerve connecting the median perikarya
with the first dorso-anterior commissure in the dorsal brain

20. Serotonin-like immunoreactive 2nd dorso-anterior commissure in
the dorsal brain

21. Serotonin-like immunoreactive 2nd ventro-posterior commissure in
the ventral neuropil

22. Serotonin-like immunoreactive ring-shaped loop in the ventral neuropil

23. Median connective in the ventral neuropil

Stomatogastric nervous system and pharynx

24. Serotonin-like immunoreactive cells in the buccal ganglion

25. Median buccal nerve projecting anteriorly from the buccal ganglion

26. Ciliary pharyngeal receptor

27. Paired ciliary pharyngeal receptor

28. Multiciliated pharyngeal receptors

29. Ciliated cells in the buccal cavity

30. Type of pharyngeal ciliation: 0 entire pharynx ciliated, 1 only
ciliated glandular cells

Sensory structures

31. Rostral lateral serotonin-like immunoreactive sensory cells

32. Spiral organs

33. Symmetry of spiral organs: 0 symmetric, 1 asymmetric

34. Sensory cells related with cell cluster in the posterior part of the
body

35. Ciliary gut receptor

Characters from Sørensen et al. (2006)

36. (10) Occipitalia

37. (11) 1st pair of apicalia

38. (12) 2nd pair of apicalia

39. (13) Frontalia

40. (14) Ventralia

450 Gąsiorowski L. et al.



In this paper, we map the nervous system of six species of
Bursovaginoidea, represented by three scleroperalians
(G. paradoxa, Labidognathia longicollis Riedl, 1970, and
R. macrostoma) and three conophoralians (Austrognatharia
medusifera Sterrer, 1998, Austrognathia christianae Farris,
1977, Austrognathia microconulifera Farris, 1977) as well as
three species of Filospermoidea (Haplognathia filum Sterrer,
1966, H. gubbarnorum Sterrer, 1969, H. simplex) employing
different immunohistochemical neural markers (acetulated α-
tubulin, tyrosinated tubulin, serotonin, FMRF-amide,

synapsin 1 and 2) examined with confocal laser scanning mi-
croscopy (CLSM). The broad collection of data allowed for
the framing of multiple primary homology hypotheses on the
nervous structures in Gnathostomulida, which subsequently
were tested with a parsimonious cladistic approach. Hereby,
we also provide the first attempt of reconstructing
the evo lu t i on o f t h e ne rvous sy s t em wi th i n
Gnathostomulida; the results of which are further
discussed in a broader phylogenetic context, by compar-
ison with other spiralian taxa.

Fig. 1 Schematic drawings of the
nervous system in
Gnathostomula paradoxa as
inferred from serotonin-like
immunoreactivity and CLSM. a
Entire body, dorsal structures. b
Entire body, ventral structures. c
Head and pharyngeal regions,
dorsal structures. d Head and
pharyngeal regions, ventral
structures. Abbreviations: ap
anterior perikaryon; asc anterior
sensory cell; b brain; bg buccal
ganglion; bn buccal nerve; bu
bursa; dac1 first dorso-anterior
commissure; dac2 second dorso-
anterior commissure; dc dorso-
lateral nerve cord; dtn dorsal tail
nerve; e egg; lc lateral nerve cord;
ldp large dorsal perikaryon; llp
large lateral perikaryon; lsc lateral
sensory cell; mc median
connective; mdc middorsal cell;
mic mouth innervating cell; mo
mouth opening; mp median
perikarya; np neuropil; p penis; pb
pharyngeal bulb; pc posterior
commissure; pp posterior
perikaryon; slp small lateral
perikaryon; t tail; te testis; vac
ventro-anterior commissure; vlc
ventro-lateral nerve cord; vpc
ventro-posterior commissure; vtn
ventral tail nerve; * and + indicate
where the dorsal part connects to
the ventral one

Table 3 (continued)

41. (15) Dorsalia
42. (16) Lateralia
43. (17) Paired lateral ciliary pits
44. (19) Unpaired ciliary pit on tip of rostrum

Characters 1–35 are developed on the results of the present study. Characters 36–44 are incorporated from the matrix used by Sørensen et al. (2006).
Original character numbers from Sørensen et al. (2006) are provided in parentheses for each character. If not indicated, characters are coded as 0 absent, 1
present

Nervous system of Gnathostomulida 451



Materials and methods

Material collection and fixation

Sediment samples were taken from four localities, which are
summarized in Table 1. The sampled sediment was
transported in buckets to the laboratory, and after few days
to several weeks, the animals were extracted from subsamples
by decantation and MgCl2 narcotization method (Higgins and
Thiel 1988). Nine different species were considered in the
present study: Austrognatharia medusifera, Austrognathia
christianae, A. microconulifera, Gnathostomula paradoxa,
Haplognathia gubbarnorum, H. filum, H. simplex,
Labidognathia longicollis, and Rastrognathia macrostoma.
The animals were anesthetized with MgCl2 and fixed with
2% paraformaldehyde for about 18 h at 4 °C. Subsequently,

Fig. 2 Schematic drawing of the
nervous system in
Gnathostomula paradoxa as
inferred from tyrosinated tubulin-
like immunoreactivity and
CLSM. Central nervous system in
red, short peripheral neurites and
plexi in purple. a Entire body,
dorsal structures. b Entire body,
ventral structures. c Head and
pharyngeal regions, dorsal
structures. Two pairs of
compound cirri (s2 and s4) are not
shown. d Head and pharyngeal
regions, ventral structures.
Abbreviations: ac anterior
commissure; adn auxiliary dorso-
lateral neurite bundles; aln
auxiliary lateral neurite bundle;
bg buccal ganglion; bn buccal
nerve; cgr ciliary gut receptor; cpr
ciliary pharyngeal receptor; dc
dorso-lateral nerve cord; dtn
dorsal tail nerve; lc lateral nerve
cord; mdc middorsal cell; mnp
median nerve plexus; mo mouth
opening; mp median perikarya;
mpi male pore innervation; mpr
median process; np neuropil; pb
pharyngeal bulb; pc posterior
commissure; pcc posterior cell
cluster; pcl buccal ciliation; ppc
postpharyngeal commissure; s1–4
compound cirri; sn sensory nerve;
so spiral organ; vlc ventro-lateral
nerve cord; vpc ventro-posterior
commissure; vtn ventral tail nerve

�Fig. 3 Z-projections of the nervous system in Gnathostomula paradoxa
visualized with serotonin-like (a–d) and tyrosinated tubulin-like
immunoreactivity (e–h) and CLSM. Anterior to the left. Entire body of
the animal (a, b, e, and f) and nervous structures in the head and
pharyngeal region (c, d, g, and h). Dorsal (a, c, e, and g) and ventral (b,
d, f, and h) views. Abbreviations: ac anterior commissure; adn auxiliary
dorso-lateral neurite bundle; aln auxiliary lateral neurite bundle; ap
anterior perikaryon; asc anterior sensory cell; b brain; bg buccal
ganglion; bn buccal nerve; dac dorso-anterior commissure; dac1 first
dorso-anterior commissure; dac2 second dorso-anterior commissure; dc
dorso-lateral nerve cord; lc lateral nerve cord; ldp large dorsal perikaryon;
llp large lateral perikaryon; lsc lateral sensory cell;micmouth innervating
cell; mc median connective; mp median perikaryon; np neuropil; pc
posterior commissure; pp posterior perikaryon; s2–s4 compound cirri;
slp small lateral perikaryon; so spiral organs; vac ventro-anterior
commissure; vlc ventro-lateral nerve cord; vpc ventro-posterior
commissure

452 Gąsiorowski L. et al.
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Fig. 4 Z-projections of the details of the nervous system of
Gnathostomula paradoxa visualized with CLSM. Tyrosinated tubulin-
like immunoreactivity in yellow, cell nuclei visualized with DAPI in
cyan, serotonin-like immunoreactivity in white (b, c) and red (d–f), F-
actin phalloidin staining in green, FMRF-amid-like immunoreactivity in
glow (g) andmagenta (h and i), synapsin 1-like immunoreactivity in blue.
Anterior to the left. a Sensory structures in antero-lateral part of the
rostrum. b Posterior end of animal, showing posterior commissure and
tail innervation. c Posterior end of animal, details of dorsal structures. d
Ventral nervous structures in pharyngeal region. e and f Ventral nervous
structures in the middle part of the animal. g FMRF-amid-like
immunoreactivity in the entire body, ventral view. h FMRF-amid-like

immunoreactivity in the brain, dorsal view. i Ventral nervous structures
in themiddle part of the animal. j Synapsin 1-like immunoreactivity in the
anterior part of the animal. Abbreviations: aln auxiliary lateral neurite
bundle; asc anterior sensory cell; b brain; bg buccal ganglion; bn buccal
nerve; bp brain perikarya; dc dorso-lateral nerve cord; lc lateral nerve
cord; mdc middorsal cell; mm median musculature; mnp median nerve
plexus; mo mouth opening; mpi male pore innervation; mpr median
process; np neuropil; p penis; pc posterior commissure; pp posterior
perikaryon; ppc postpharyngeal commissure; s2 compound cirri; sn
sensory nerve; so spiral organ; te testis; vlc ventro-lateral nerve cord,
vtn ventral tail nerve
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they were rinsed six times in phosphate-buffered saline (PBS)
and either directly stained or stored in PBS with 0.05% NaN3.
Stored animals were additionally rinsed in PBS prior to the
staining procedure.

Immunohistochemistry

For investigation of the nervous system, different primary
antibodies were used: polyclonal rabbit anti-serotonin (5-HT,
SIGMA S5545, St. Louis, USA), anti-FMRF-amide
(IMMUNOSTAR 20091), and anti-synapsin 2 (ADI-VAS-
SV061-E, ENZO life Science); monoclonal mouse anti-
acetylatedα-tubulin (SIGMAT6793), anti-tyrosinated tubulin
(SIGMA T9028), and anti-synapsin 1 (3C11 (anti
S YNORF 1 ) , D EVELO PMENTAL S TUD I E S
HYBRIDOMA BANK, Iowa, USA); and polyclonal chicken
anti-α-tubulin (SIGMA SAB3500023-100UG). Additionally,
some animals were examined for the musculature with F-actin
staining (Alexa Fluor 488-labeled phalloidin, INVITROGEN,
Carlsbad, USA). To visualize the primary antibodies, appro-
priate secondary antibodies conjugated with fluorochromes
were applied: goat anti-chicken labeled with Dy488
(Jackson Immuno-Research, 103-485-1550), goat anti-
chicken labeled with Dy649 (Jackson Immuno-Research,
103-495-1550), goat anti-mouse labeled with Cy5 (Jackson
Immuno-Research, 115-175-062), goat anti-mouse labeled
withDy488 (Jackson Immuno-Research, 115-485-1460), goat
anti-rabbit labeled with Dy594 (Jackson Immuno-Research,
111-515-1440), goat anti-rabbit labeled with Dy649
(Jackson Immuno-Research, 111-495-1440), goat anti-rabbit
labeled with FITC (SIGMA F0382), and goat anti-rabbit la-
beled with TRITC (SIGMAT5268). All antibodies were ap-
plied in a final 1:400 concentration in PTA (PBS + 0.1%
Triton-X, 0.05% NaN3, and 0.25% BSA) with the exceptions
of primary antibodies against Synapsin 1 and 2, which were
used in 1:25 concentration.

Regardless of the set of antibodies used in the par-
ticular experiment, the staining protocol was always
consistent and follows previous experiments (e.g.,
Worsaae and Müller 2004, Nielsen and Worsaae
2010). The entire specimens were preincubated for
1 h in PTA and later incubated overnight at room tem-
perature in one, two, or three primary antibodies dilut-
ed in PTA. Then, animals were rinsed six times in
PBS, preincubated for 1 h in PTA, and incubated over-
night at room temperature in the secondary antibodies.
Subsequently, the specimens were rinsed in PBS and
either mounted on objective slides or preincubated for
1 h in PTA and then incubated for 1.5–3 h in 0.33 μM
Phalloidin diluted in PTA, rinsed in PBS, and mounted.
Vectashield® with DAPI was used as a mounting me-
dium after intermediate rinse in a 1:1 PBS and
Vectashield® solution.

Confocal microscopy and image processing

Mounted specimens were examined with an Olympus
Fluoview FV-1000 confocal laser scanning microscope. Z-
stacks of scans were projected into 2D images and 3D recon-
structions in IMARIS 7.4. This program was also used to
conduct all measurements. Schematic drawings based on z-
stacks of scans were made in Adobe Illustrator CC 2015.
CLSM images were adjusted in Adobe Photoshop CC 2015
and assembled in Adobe Illustrator CC 2015.

Morphological matrix

The morphological matrix (Table 2) was developed partly
based on results of the current study (characters (C) 1–35)
and partly by incorporation of characters from the matrix used
by Sørensen et al. (2006) (C36–44 in our matrix). For easy
comparison, original character numbers from Sørensen et al.
(2006) are provided in Table 2 as well.

All characters are listed in Table 3 and described in the
Online Resource 1. Data on C1–35 for species not treated in
this study (Gnathostomula peregrina, Notommata copeus
Ehrenberg, 1834, Macrotrachela quadricornifera (Milne,
1886), Limnognathia maerski Kristensen & Funch, 2000,
and Neodasys chaetonotoideus Remane, 1927) were taken
from literature (respectively: Müller and Sterrer 2004,
Hochberg 2007, Leasi et al. 2009, Bekkouche and Worsaae
2016, Rothe et al. 2011). The coding of C36–44 for
Austrognathia microconulifera, Austrognatharia medusifera,
Haplognathia filum, N. copeus, M. quadricornifera, and
N. chaetonotoideus here added to the matrix was based on
the original species descriptions.

The new matrix comprises 44 informative, binary charac-
ters, representing 88 character states. Linked characters were
coded following the Bc-coding^ principle (Pleijel 1995,
Worsaae 2005, Di Domenico et al. 2014, Martinez et al.
2015). Inapplicable character coding (-) were treated as ques-
tion marks (?) in the analysis.

Phylogenetic tree

The morphological dataset was analyzed with parsimony in
PAUP* version 4.0b10 using a branch and bound search
algorithm.

Character optimization

Character optimization was performed in Mesquite 3.04
(build725), using the Btrace character history^ option
with Bparsimony ancestral state^ as the ancestral state
reconstruction method. In case of equivocal tracing,
the following rules were used: (1) DELTRAN was im-
plied when data were missing (B?^ in character matrix)
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for most of the members of clades with ambiguously
reconstructed character. We follow that rule to avoid
imposition of the character presence in species for
which it has not been examined/does not apply. (2)

ACCTRAN was implied when defined (B0^ or B1^ in
character matrix) states were available for most mem-
bers of the clade with ambiguous character reconstruc-
tion in order to better preserve homologies.
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Results

Neuroanatomy of Gnathostomulida

Brief morphological descriptions of the nervous system in six
species of Gnathostomulida with diverging morphology are
provided, containing information on the main architecture
and characters used in the phylogenetic analyses. More de-
tailed descriptions and notes on three additional species are
added as online supplementary material (Online Resource 2)
alongside one additional figure (Fig. S1 in Online Resource 2)
and one table summarizing the immunoreactivity patterns
found in Gnathostomulida (Table S1 in Online Resource 2).

Gnathostomula paradoxa

Serotonin-like immunoreactive (SLIR), tyrosinated tubulin-
like immunoreactive (TyrTLIR), FMRF-amide-like immuno-
reactive (FLIR), and synapsin 1-like immunoreactive
(Syn1LIR) nervous structures as well as DAPI-stained cell
nuclei are visualized with CLSM.

The brain occupies most of the rostrum and consists of a
central neuropil (np, Figs. 1b; 2b, c; 3b, f) surrounded by
numerous cell bodies, including 10 SLIR (2 × ldp, 2 × llp, 2
× mp, and 4 × slp, Figs. 1c, 3c) and nine FLIR perikarya (bp,
Fig. 4h) as well as sensory structures (asc, lsc, s1–4, sn, so,
Figs. 1d, 2, 3d–h, 4a). The neuropil contains four SLIR com-
missures: two dorso-anterior (dac1 and dac2, Figs. 1c, 3c),
one ventro-anterior (vac, Figs. 1d, 3d), and one ventro-
posterior (vpc, Figs. 1d, 3d). The two latter form a character-
istic ring-shaped structure and a SLIR median connective (mc,
Figs. 1d, 3d) connecting the dorsal part of the neuropil with
the nerve cords. Two TyrTLIR commissures were detected in
the brain, one equivalent to the SLIR ventro-posterior

commissure (vpc, Figs. 2d, 3h) and one thick anterior com-
missure (ac, Figs. 2d, 3h) containing both dorso-anterior and
ventro-anterior SLIR commissures.

Six longitudinal nerve cords are found: the main ventro-
lateral (originating from the ventro-posterior brain commis-
sure; vlc, Figs. 1b, d; 2b, d; 3b–h; 4j), lateral (lc, Figs. 1b, d;
2b, d; 3b, d–h; 4j), and dorso-lateral pairs (originating from
the anterior commissure; dc, Figs. 1a, c; 2a, c; 3a–e; 4j). These
three pairs extend from the brain to the posterior commissure
(pc, Figs. 1b; 2b; 3b, f; 4b), with the dorso-lateral pair con-
tinuing as dorsal tail nerves (dtn, Figs. 1a, 2a); all of them are
SLIR, TyrTLIR, and Syn1LIR. Accessory lateral (aln,
Figs. 2b, d; 3f, h; 4d, e) and dorso-lateral (adn, Figs. 2a, c;
3e, g) TyrTLIR neurite bundles split from the respective lon-
gitudinal cords, giving rise to the peripheral nervous system.

Fig. 6 Schematic drawing of the nervous system in Labidognathia
longicollis as inferred from serotonin-like immunoreactivity and CLSM.
a Entire body. b Head and pharyngeal regions, dorsal structures. c Head
and pharyngeal regions, ventral structures. Abbreviations: ap anterior
perikaryon; b brain; bg buccal ganglion; bn buccal nerve; dac1 first
dorso-anterior commissure; dac2 second dorso-anterior commissure;
dpp dorsal paired perikarya; lc lateral nerve cord; lpp large paired
perikarya; mo mouth opening; mp median perikaryon; pb pharyngeal
bulb; php pharyngeal perikarya, pp posterior perikaryon; te testis; vac
ventro-anterior commissure; vlc ventro-lateral nerve cord; vlp ventro-
lateral perikaryon; vpc ventro-posterior commissure

�Fig. 5 Ciliation in the alimentary tract ofGnathostomula paradoxa (a, b,
j , k) , Rastrognathia macrostoma (c and f), Austrognathia
microconulifera (d, e, and l), and Haplognathia gubbarnorum (g–i and
m). Tyrosinated tubulin-like (a–c, f–h, j, and k) andα-tubulin-like (d, e, i,
l, andm) immunoreactivity in yellow, cell nuclei visualized with DAPI in
cyan, serotonin-like immunoreactivity in red, F-actin phalloidin staining
in green. Virtual median sections through middle part of the trunk (a and
d), anterior to the left, dorsal to the top. Virtual tranverse sections through
the middle part of the trunk (b, e, f, and h), dorsal to the top. Virtual
ventral longitudinal section through the middle part of the trunk (c and
g), anterior to the left. Virtual frontal section through the pharyngeal bulb
(i, j, l, andm), dorsal view, anterior to the top. Cross section through the
anterior part of pharyngeal region (k), dorsal to the top. Abbreviations: bg
buccal ganglion; bn buccal nerve; bu bursa; cgr ciliary gut receptor; cpr
ciliary pharyngeal receptor; dc dorso-lateral nerve cord; e egg; en
endoderm; ep epidermis; gl gut lumen; lc lateral nerve cord; lm
longitudinal body muscle; mbn median buccal nerve; mnp median
nerve plexus; mo mouth opening; mvc midventral nerve cord; pbm
pharyngeal bulb musculature; pcl buccal ciliation; pl pharynx lumen;
vlc ventro-lateral nerve cord
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Short TyrTLIR and FLIR irregular median processes (mpr,
Figs. 2b, d; 4d–g, i) extend from the accessory lateral neurite
bundles towards the ventral midline. Two transverse commis-
sures, one postpharyngeal (TyrTLIR, ppc, Figs. 2b, d; 4d) and
one posterior (SLIR, TyrTLIR, and Syn1LIR, pc, Figs. 1b; 2b;
3b, f; 4b), interconnect the nerve cords; the latter associated
with two small TyrTLIR posterior clusters of perikarya (pcc,
Figs. 2b), which also include SLIR posterior perikarya (pp,
Fig. 1b, 3a, 4b). A midventral TyrTLIR nerve plexus (mnp,
Figs. 2b, d; 4f), formed by some of the processes of the acces-
sory lateral neurite bundles and ventro-lateral cords, extends
longitudinally from the postpharyngeal commissure to the
male opening, also innervating a few ciliary gut receptors
(cgr, Figs. 2b; 5a, b). A pair of peripheral SLIR perikarya
(ap, Figs. 1d, 3d) projects their neurites into the ventro-
lateral nerve cords anterior to the pharynx. A single middorsal
SLIR and TyrTLIR perikaryon (mdc, Figs. 1a, 2a, 4c), which
probably plays a role in copulation, is located dorsal to the
penis.

The stomatogastric nervous system was visualized with
SLI reactivity, TyrTLI reactivity, and Syn1LI reactivity and
consists of a buccal ganglion (bg, Figs. 1a, c; 2a, c; 3c, g; 4j;
5j), and a pair of buccal nerves (bn, Figs. 1c; 2a, c; 3g; 4j,)
connecting directly to the ventro-posterior part of the neuropil.
The ganglion consists of approximately 40 cells and connects
to the paired ciliary pharyngeal receptors (cpr, Figs. 2c, 5j),
situated in the dorso-posterior part of the pharynx. Additional
TyrTLI reactivity was detected in the scattered ciliated glan-
dular cells in the lateral and dorsal walls of the buccal cavity
(pcl, Figs. 2c; 5j, k).

The rostral sensory structures consist of four pairs of
TyrTLIR compound cirri (s1–s4, Fig. 2, 3e–h, 4a) and up to
three pairs of TyrTLIR spiral organs, positioned laterally on
the dorso-anterior margin (so, Figs. 2c, 3h, 4a). Moreover,
four SLIR cells (two anterior and two lateral) send projections
to the tip of the rostrum (asc and lsc, Figs. 1d, 3d).

Labidognathia longicollis

SLIR nervous structures and DAPI-stained cell nuclei are
visualized with CLSM. The brain consists of a central
neuropil dorsally and laterally surrounded by perikarya, in-
cluding 12 SLIR cells (4 × dpp, 4 × lpp, 2 × mp, 2 × vlp,
Figs. 6b, c; 7g). The neuropil contains four SLIR commis-
sures, two dorso-anterior (dac1 and dac2, Figs. 6b, 7g), one
ventro-anterior (vac, Figs. 6c, 7h), and one ventro-posterior
(vpc, Figs. 6c, 7h); the two latter forming a characteristic ring-
shaped structure.

Two pairs of nerve cords originate from the brain and ex-
tend along the trunk: the ventro-lateral nerves (originating
from the ventro-posterior commissure; vlc, Figs 6a, c; 7h)
and lateral nerves (originating from the ventro-anterior com-
missure; lc, Figs. 6a, c; 7h, j). The latter nerve cord terminates

with a pair of SLIR posterior perikarya (pp, Figs. 6a, 7j). No
transverse commissures have been observed in the trunk. A
pair of peripheral SLIR perikarya (ap, Figs. 6a, c; 7h) is locat-
ed anterior to the pharynx between the ventro-lateral and the
lateral nerve cords, and these two bundles are additionally
interconnected by fine neurite bundles in the anterior part of
the trunk (Fig. 6a, 7h).

The buccal ganglion consists of about 40 cells, including
seven SLIR perikarya (bg, Fig. 6a, b; 7h, i), and gives rise to
three buccal nerves, a pair extending along the pharyngeal
wall towards the brain (bn, Fig. 6b, 7i) and the short median
one, directed dorso-anteriorly. Three pairs of large SLIR cells
are located along the paired buccal nerves (php, Fig. 6b, 7i);
four of them possess projections directed towards the pharyn-
geal cavity.

Rastrognathia macrostoma

SLIR and TyrTLIR nervous structures as well as DAPI-
stained cell nuclei are visualized with CLSM The brain
consists of the central neuropil (np, Figs. 7f, 8d) surrounded
by perikarya and sensory structures (Figs. 7d–f, 8b–d). The
SLI reactivity was detected in six brain cells (2 × dp, 2 ×mp, 2
× lp, Figs. 7d, 8b) and two ventral brain commissures (vac and
vpc, Figs. 7b, 8c) forming a ring-shaped structure. In addition,
a distinct dorso-anterior TyrTLIR commissure was visualized
(dac, Figs. 7e, 8d).

Three pairs of longitudinal SLIR and TyrTLIR nerve cords
extend from the brain to the posterior commissure: ventro-
lateral, lateral, and dorso-lateral (vlc, lc, dc, Figs. 7a–c, e, f;
8); the two former are interconnected by a fine neurite in the
anterior part of the trunk. A pair of peripheral SLIR anterior
perikarya (ap, Figs. 7a, b; 8a, c) projects neurites into the
ventro-lateral nerve cords anterior to the pharynx, and a single
middorsal TyrTLIR perikaryon (mdc, Figs, 7c, 8e) is located

�Fig. 7 Z-projections of the nervous system of Rastrognathia
macrostoma (a–f) and Labidognathia longicollis (g–j), anterior to the
left. Serotonin-like immunoreactivity in white (a, b, and d), red (c), and
glow (g–j); tyrosinated tubulin-like immunoreactivity in yellow, cell nu-
clei visualized with DAPI in cyan. a Entire body, ventral view. b and h
Ventro-anterior nervous structures. c Virtual sagittal section through the
posterior end of the animal, dorsal to the top. d, e, and g Nervous struc-
tures in the head region, dorsal view. f Nervous structures in the head
region, ventral view. i Stomatogastric nervous system. j Virtual frontal
section through the posterior end. Abbreviations: ap anterior perikaryon;
aso anterior spiral organ; b brain; bg buccal ganglion; bn buccal nerve; cc
compound cirri; dac dorso-anterior commissure; dac1 first dorso-anterior
commissure; dc dorso-lateral nerve cord; dp dorsal perikaryon; dpp dorsal
paired perikarya; lc lateral nerve cord; lp lateral perikaryon; lpp large
paired perikarya; mdc middorsal cell; mp median perikarya; np neuropil;
p penis; pc posterior commissure; pcc posterior cell cluster; php pharyn-
geal perikarya; pp posterior perikaryon; pso posterior spiral organ; vac
ventro-anterior commissure; vco ventral ciliary organ; vlc ventro-lateral
nerve cord; vlp ventro-lateral perikaryon; vpc ventro-posterior
commissure
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above the male genital opening. A few ciliary gut receptors
occur along the midventral line (cgr, Fig. 5c, f).

The stomatogastric nervous system consists of a buccal
ganglion (bg, Fig. 8d) with about 20 perikarya and a pair of
buccal nerves (bn, Fig. 8d) extending along the pharyngeal
bulb, both being TyrTLIR.

The rostral TyrTLIR sensory structures include three apical
ventral ciliary organs (vco, Figs. 7e, f; 8d), four pairs of com-
pound cirri (cc, Fig. 7e, f, one pair shown in Fig. 8d), and three
pairs of spiral organs, the two anterior ones larger-sized and
with thicker bundles of cilia than the posterior one (aso and
pso, Figs. 7e, 8d).

Fig. 8 Schematic drawing of the
nervous system in Rastrognathia
macrostoma as inferred from
serotonin-like (a–c) and
tyrosinated tubulin-like (d and e)
immunoreactivity and CLSM. a
Entire body. b Head and
pharyngeal regions, dorsal
structures. c Head and pharyngeal
regions, ventral structures. dHead
and pharyngeal region, projection
of both dorsal and ventral
structures, dorsal view. Only one
out of four pairs of compound
cirri is shown. e Posterior region,
dorsal view. Abbreviations: ap
anterior perikaryon; aso anterior
spiral organ; b brain; bg buccal
ganglion; bn buccal nerve; cc
compound cirri; dac dorso-
anterior commissure; dc dorso-
lateral nerve cord; dp dorsal
perikaryon; lc lateral nerve cord;
lp lateral perikaryon; mdc
middorsal cell; mo mouth
opening; mp median perikarya;
np neuropil; p penis; pb
pharyngeal bulb; pc posterior
commissure; pcc posterior cell
cluster; pso posterior spiral organ;
te testis; vac ventro-anterior com-
missure; vco ventral ciliary organ;
vlc ventro-lateral nerve cord; vpc
ventro-posterior commissure
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Austrognathia microconulifera

SLIR, acetylated α-tubulin-like immunoreactive (αTLIR),
FLIR, and synapsin 2-like immunoreactive (Syn2LIR) ner-
vous structures as well as DAPI-stained cell nuclei are visual-
ized with CLSM.

The brain consists of a central neuropil (np, Figs. 9b–h,
10c–h) surrounded dorsally, laterally, and anteriorly by
perikarya and sensory structures. The SLI reactivity was de-
tected in 11 brain perikarya (3 × mp, 2 × llp, 4 × plp, 2 × slp,
Figs. 9c, 10e) and four brain commissures: one dorso-anterior
(dac, Figs. 9c, 10e), one ventro-anterior (vac, Figs. 9d, 10b),
and two ventro-posterior (vpc1 and vpc2, Figs. 9d, 10b); the
ventro-anterior and the first ventro-posterior commissures
form a ring-shaped structure. The FLI reactivity and the
Syn2LI reactivity were detected in respectively 30 and eight
brain perikarya and in the neuropil (Fig. 10g, h, see Online
Resource 2 for more details).

Three pairs of longitudinal nerve cords extend from the
brain: main ventro-lateral, lateral, and dorso-lateral (vlc, lc,
dc, Figs. 9, 10a). The two former are SLIR, αTLIR,
FLIR, and Syn2LIR (Figs. 9, 10a–d, i–n) and terminate
at the posterior commissure (pc, Figs. 9b, f; 10k–n),
whereas the dorso-lateral cords (dc, Figs. 9, 10c) are only
SLIR and αTLIR and continue into the tail (dtn, Figs. 9a,
e, S1k). Some scattered peripheral FLIR perikarya and
processes are present along the ventro-lateral cord
(Fig. S1g–i). A pair of small SLIR, αTLIR, FLIR, and
Syn2LIR postpharyngeal ganglia (ppg, Figs. 9b–h, 10a–d)
were detected posteriorly to the pharynx, connecting to the
lateral cord and contralaterally to the ventro-lateral cord,
thus forming a ganglionated postpharyngeal commissure
(ppc, Figs. 9b–h, 10a–i). At the level of that commissure,
a midventral nerve cord (mvc, Figs. 5e, 9b–h, 10a–l), be-
ing both SLIR and αTLIR, originates from the ventro-
lateral nerves and innervates few midventral ciliary gut
receptors (cgr, Figs. 5d, e; 9f, h; 10i). Posteriorly, the
ventro-lateral and the lateral nerve cords form a posterior
commissure (pc, Figs. 9b, f; 10k–n), related to a pair of
posterior cell clusters (pcc, Figs. 9f, 10l–n, S1j), which
include SLIR posterior perikarya (pp, Figs. 9b, 10a, k,
S1k). A single middorsal αTLIR and Syn2LIR perikaryon
(mdc, Figs. 9e, S1j) is present above the male opening.

Approximately 35 cells constitute the buccal ganglion (bg,
Figs. 5l; 9e, g; 10c, d; S1a, c), related to paired ciliary pharyn-
geal receptors (cpr, Figs. 5l, 9g) and a pair of buccal nerves
(bn, Figs. 5l, 9g, 10c), along which ciliated buccal cells are
located (pcl, Figs. 5l, 9g). Some additional cells in the pha-
ryngeal bulb and around the mouth opening show Syn2LI
reactivity (see text and Fig. S1a, b in the Online Resource
2). Additionally, FLI reactivity was detected in the buccal
nerves and three short neurite bundles within the buccal gan-
glion (Figs. 10d, S1c).

The rostral sensory structures include four pairs of αTLIR
compound cirri (s1–s4, Figs. 9e–h, 10f), an αTLIR anterior
sensory organ (ano, Figs. 9h, 10f), a pair of αTLIR spiral
organs (so, Figs. 9g, 10c, f), and a pair of SLIR lateral sensory
cells (lsc, Figs. 9d, 10b). In the posterior part of the body, a
pair of αTLIR and Syn2LIR sensory cells (psc, Fig. 10n) are
associated with a posterior cell cluster.

The nervous system of Austrognathia christianae and
Austrognatharia medusiferawas very similar with only minor
variance (see text in the Online Resource 2).

Haplognathia gubbarnorum

SLIR, TyrTLIR, αTLIR, FLIR, and Syn1LIR nervous struc-
tures as well as DAPI-stained cell nuclei are visualized with
CLSM.

The bilobed brain is positioned in the posterior part of the
rostrum and consists of the central neuropil (np, Figs. 11c, d;
12b–j), surrounded laterally, dorsally, and anteriorly by brain
perikarya, including 10 SLIR cells (4 × lp, 2 × pbd, 4 × pdb,
Figs. 11a, 12a) and three pairs of clustered FLIR perikarya
(alp, dcp, vcp, Fig. 12g, j). The neuropil contains three SLIR
commissures: one dorso-anterior (dac, Figs. 11a, 12a), one
ventro-anterior (vac, Fig. 11b), and one ventro-posterior
(vpc, Figs. 11b, 12a), the two latter forming a ring-shaped
structure. The thick ventro-posterior commissure shows
TyrTLI reactivity as well (vpc, Fig. 12c). Several SLIR,
TyrTLIR, and FLIR rostral nerves originate anteriorly in the
brain and penetrate the rostrum (drn, lrn, rn, Figs. 11b–d, 12a–
j).

Two main lateral nerve cords (lc, Figs. 11b, d; 12a, c) and a
pair of ventro-laterally located subpharyngeal neurite bundles
(spn, Figs. 11b, d; 12a, c) emerge from the brain, both being
SLIR, TyrTLIR, and αTLIR, lateral cords showing additional
FLI reactivity and Syn1LI reactivity (Fig. 12j). Posterior to the
pharynx, neurites of these four bundles form a postpharyngeal
commissure (ppc, Figs. 11b, d; 12a, c), associated with a pair
of SLIR and TyrTLIR postpharyngeal ganglia (ppg, Figs. 11b,
d; 12a, c). Some neurites of the subpharyngeal neurite bundles
form a midventral nerve cord (mvc, Figs. 11b, d; 12a, c) at the
level of the postpharyngeal commissure, which innervates a
few midventral TyrTLIR and FLIR ciliary gut receptors (cgr,
Figs. 5g, h; 11d; 12g). Three additional pairs of short fine
neurite bundles are present in the pharyngeal region: ventral
accessory subpharyngeal SLIR neurite bundles (asn,
Figs. 11b, 12a) and two pairs, ventral and dorsal, of the
TyrTLIR neurite bundles (dn and vn, Figs. 11c, d; 12b, c).

The stomatogastric nervous system includes a trilobed buc-
cal ganglion (bg, Figs. 5i, 11c, 12j) with approximately 35
cells, related to an unpaired αTLIR and TyrTLIR ciliary pha-
ryngeal receptor (cpr, Figs. 5i, 11c) and TyrTLIR buccal
nerves protruding from the ganglion along the pharyngeal
walls (bn, Figs. 11c, 12j). Some FLIR and Syn1LIR perikarya

Nervous system of Gnathostomulida 461



(dpp, Fig. 12j) and ciliated TyrTLIR and αTLIR cells (pcl,
Figs. 5m, 11c) are distributed along these nerves.

The only observed rostral sensory structures are three
asymmetrically distributed TyrTLIR and αTLIR spiral organs
(so, Figs. 11d, 12b) located anterior to the brain.

Unfortunately, information on the posterior part of the an-
imal was not available. The nervous system of Haplognathia
simplex only shows minor differences (see text in Online
Resource 2).

Haplognathia filum

SLIR, TyrTLIR, FLIR, and Syn1LIR nervous structures
as well as DAPI-stained cell nuclei are visualized with
CLSM. The nervous system is generally similar to that of
H. gubbarnorum; however as the animal is very thin and slender,
most of the nervous structures are more densely packed in the
medio-lateral axis and are elongated in the antero-posterior axis
(Figs. 11e, 12e, f). Yet, there are some structures not observed
(either absent or damaged) in H. gubbarnorum. Six longitudinal
rostral nerves (1 × drn, 2 × dln, 2 × lrn, 1 × vrn, Figs. 11e, 12e, f)
show strong TyrTLI reactivity and innervate the asymmetrical
spiral organs (so, Figs. 11e, 12e), laterally located pompom cili-
ated organs (pcr, Figs. 11e, 12e, f), and apical rostral anterior cells
(rac, Figs. 11e, 12e) of presumably sensory function. In the pos-
terior part of the animal, the lateral nerve cords (lc, Figs. 11f, 12d)
are connected by a posterior SLIR and TyrTLIR commissure (pc,
Figs. 11f, 12d), related to the posterior ganglia (pg, Figs. 11f, 12d),
as well as by a terminal tail commissure (tc, Figs. 11f, 12d). In
addition to the Syn1LIR structures described for
H. gubbarnorum, Syn1LI reactivity was detected in the
midventral nerve cord (mvc, Fig. 12h), the middorsal longitudinal
neurite bundle (mdn, Fig. 12h), and in nerves connecting the
stomatogastric nervous system with the ventro-posterior part of
the neuropil (sgn, Fig. 12i).

Phylogeny

Phylogenetic tree

The analysis of neuroanatomical characters resulted in nine
most parsimonious trees of 71 steps. The strict consensus of
all most parsimonious trees is depicted in Fig. 13a. The tree
shows a monophyletic Gnathostomulida (supported by nine
unique apomorphies: C1, C4, C10, C22, C30, C32, C34, C35,
and C36; Fig. 13b), Bursovaginoidea (supported by 10 unique
apomorphies: C2, C5, C11, C16, C19, C37, C39, C40, C41,
and C42; Fig. 13b), Conophoralia (supported by two unique
apomorphies: C21 and C38; Fig. 13b), and Scleroperalia (sup-
ported by two unique apomorphies: C15 and C25; Fig. 13b).
The Filospermoidea were monophyletic in some of the
shortest trees, but the position of Haplognathia filum was
changing between different trees, resulting in a trichotomy

(H. filum, (H. gubbarnorum, H. simplex), Bursovaginoidea)
(Fig. 13a). Monophyly of Rotifera and (Rotifera,
Micrognathozoa) has not been confirmed (Fig. 13a).

Character optimization

Among the nine most parsimonious trees recovered
based on neuroanatomical characters, we only show
the reconstructed character evolution on the tree
suppor t ing the monophy ly of F i lospe rmoidea
(Fig. 13b), since this taxon has been found monophylet-
ic in most phylogenetic analyses (e.g., Sørensen 2002,
Sørensen and Giribet 2006, Sørensen et al. 2006). Since
the monophyly and interrelations of the remaining
clades of Gnathostomulida were identical in all most
parsimonious trees, the choice of this particular tree
does not bias the reconstruction of the character evolu-
tion in Gnathostomulida. Yet, this tree did resolve oth-
erwise ambiguously optimized transformations at the
deepest branches of the tree. The interrelationships of
the three gnathiferan groups, Rotifera, Micrognathozoa,
and Gnathostomulida are debatable and could not be
resolved with our data set. Therefore, we depicted this
as a basal polytomy (see Fig. 13b). However, all char-
acters were traced with the three possible topological
combinations, which revealed no differences for the op-
timization of characters within Gnathostomulida.

Discussion

All the Gnathostomulida examined here show a nervous
system comprising an anterior brain, a variable (3–7)
number of longitudinal nerve cords, ventrally connected
by up to three transverse commissures (postpharyngeal,
posterior, and tail), as well as a stomatogastric nervous
system (i.e., buccal ganglion and nerves) and peripheral

�Fig. 9 Schematic drawings of the nervous system in Austrognathia
microconulifera as inferred from serotonin-like (a–d) and α-tubulin-like
(e–h) immunoreactivity and CLSM. a, e Entire body, dorsal structures. b,
f Entire body, ventral structures. c, gHead and pharyngeal regions, dorsal
structures. d, h Head and pharyngeal regions, ventral structures.
Abbreviations: ano anterior sensory organ; b brain; bg buccal ganglion;
bn buccal nerve; c conuli; cgr ciliary gut receptor; cpr ciliary pharyngeal
receptor; dac dorso-anterior commissure; dc dorso-lateral nerve cord; dtn
dorsal tail nerve; lc lateral nerve cord; llp large lateral perikaryon; lsc
lateral sensory cell; mdc middorsal cell; mp median perikarya; mvc
midventral nerve cord; np neuropil; pb pharyngeal bulb; pc posterior
commissure; pcc posterior cell cluster; pcl buccal ciliation; plp paired
lateral perikarya; pp posterior perikaryon; ppc postpharyngeal
commissure; ppg postpharyngeal ganglion; s1–4 compound cirri; slp
small lateral perikaryon; so spiral organ; vac ventro-anterior
commissure; vlc ventro-lateral nerve cord; vpc ventro-posterior
commissures; vpc1 first ventro-posterior commissure; vpc2 second
ventro-posterior commissure
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neurite bundles. These finding are concordant with pre-
vious studies (Kristensen and Nørrevang 1977, Lammert
1986, Müller and Sterrer 2004, Schmidt-Rhaesa 2016),

yet the more detailed information across a broader range
of gnathostomulid diversity allowed us to phylogeneti-
cally test our primary neuroanatomical homology

Fig. 10 Z-projections of the nervous system of Austrognathia
microconulifera. Serotonin-like immunoreactivity in white, α-tubulin-
like immunoreactivity in yellow, FRMF-amid-like immunoreactivity in
magenta, and synapsin 2-like immunoreactivity in green. Anterior to the
left. a Entire body. b–d Nervous structures in the ventro-anterior part of
the body. e–h Brain and sensory structures in the head region. i and j
Ventral nervous structures in the middle part of the trunk. k–n Ventral
nervous structures in the posterior part of the body. Abbreviations: ano
anterior sensory organ; b brain; bg buccal ganglion; bn buccal nerve; bp
brain perikarya; cgr ciliary gut receptor; dac dorso-anterior commissure;
dc dorso-lateral nerve cord; dp dorsal perikarya; dpc dorso-posterior

commissure; fp frontal perikarya; lc lateral nerve cord; lcp lateral cluster
of perikarya; llp large lateral perikaryon; lsc lateral sensory cell; mp me-
dian perikaryon; mpg median perikarya group; mprmedian process; mvc
midventral nerve cord; np neuropil; pc posterior commissure; pcc poste-
rior cell cluster; plp paired lateral perikarya; pp posterior perikaryon; ppc
postpharyngeal commissure; ppg postpharyngeal ganglion; prn
protonephridium; psc posterior sensory cell; s3 compound cirri; slp small
lateral perikaryon; so spiral organ; vac ventro-anterior commissure; vlc
ventro-lateral nerve cord; vpc ventro-posterior commissures; vpc1 first
ventro-posterior commissure; vpc2 second ventro-posterior commissure
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s t a t em e n t s a n d t r a c e t h e e v o l u t i o n o f t h e
Gnathostomulida nervous system.

Similarities in gnathiferan brain architecture

Number of serotonin-like immunoreactive cells

Gnathostomulida brains consist of a ventral neuropil
surrounded by numerous perikarya, the peripheral nuclei
of which are indistinguishable with DAPI staining from
the closely positioned epidermis nuclei. However, the
examined species were found to contain 6–14
serotonin-like immunoreactive (SLIR) perikarya in the
b ra in , comparab l e the 12 SLIR pe r ika rya in
Micrognathozoa (Bekkouche and Worsaae 2016) and
4–14 SLIR perikarya found in rotifers (Kotikova et al.
2005, Hochberg 2006, Hochberg 2007, Leasi et al.
2009). Rotifers have been proposed to possess around
200 perikarya totally in the brain (Ware and Lopresti
1975), whereas a total number of brain perikarya around
260–360 cells in the Gnathostomula peregrina was es-
timated from an expected ratio of the counted FMRF-
amide-like immunoreactive (FLIR) perikarya (Müller
and Sterrer 2004). Although we expect our examined
species to have brain sizes within these given ranges,
our results showed the number of SLIR and especially
FLIR per ika rya to be h ighly var iab le among
Gnathostomulida, preventing a more specific prediction.

Homology of serotonin-like immunoreactive structures

The homology of the several brain perikarya in
Gnathostomulida was proposed based on their
serotonin-like immunoreactivity (Fig. 14), similarities
in position, and connection to the longitudinal cords
(especially among the Bursovaginoidea). These primary
homology statements were subsequently tested with par-
simonious cladistic approach. The median brain neurons
(brain neurons 1, Fig. 14), connected to the lateral nerve
cords and second dorso-anterior commissure, were re-
constructed in our analysis as an apomorphy of
Bursovaginoidea. Further analyses in rotifers are needed
to address, whether the similarly positioned and related
perikarya found in bdelloid rotifers have truly evolved
i ndependen t l y ( a s sugge s t ed by t h e p r e s en t
reconstruction; C18, Fig. 13b).

The latero-median double pair of neurons (brain
neurons 2, Fig. 14) present in most bursovaginoids
and related to the first dorso-anterior commissure is
most likely homologous to the similarly related single
pair found in filospermoids. Such a pair of SLIR
perikarya connected to the dorso-anterior commissure
is also known from Micrognathozoa (Bekkouche and

Worsaae 2016) and bdelloid rotifers (Leasi et al.
2009), and may represent an ancestral gnathiferan trait.

The remaining two groups of SLIR brain neurons (brain
neurons 3 and 4, Fig. 14) found in all examined
Bursovaginoidea occupy more variable positions and connec-
tions, and for testing their homology, further data are needed
(e.g., TEM sections, gene expression).

Brain commissures

Staining against tubulin revealed the presence of two
commissural bundles (dorso-anterior and ventro-posteri-
or) in the neuropil of all examined Gnathostomulida.
The former contains up to three SLIR neurites (or
neurite bundles), including the first dorso-anterior one,
which may correspond to the dorsal SLIR commissure
of Micrognathozoa and Rotifera (Kotikova et al. 2005,
Hochberg 2006, Leasi et al. 2009, Bekkouche and
Worsaae 2016). The ventro-posterior commissure shows
SLI reactivity as well and is involved in the formation
of a SLIR ring-shaped loop within the ventral part of
the neuropil, a structure representing an apomorphy of
Gnathostomulida (C22, Fig. 13b, Table 4).

Posterior shift of brain position in Gnathostomulida

In the examined Bursovaginoidea, the brain occupies almost
the entire rostrum, which agrees with TEM studies of
Rastrognathia macrostoma (Kristensen and Nørrevang
1977) and Gnathostomula paradoxa (Lammert 1986) as well
as the CLSM study ofG. peregrina (Müller and Sterrer 2004)
and resembles conditions in Micrognathozoa (Bekkouche and
Worsaae 2016). In filospermoids, the central neuropil and the
two lateral lobes occupy a relatively smaller area in the
posterior half of the rostrum, a finding consistent with TEM
results of Pterognathia meixneri (Lammert 1986). The
anterior rostrum is instead traversed by the longitudinal
rostral nerves extending from the brain, some of which
connect to the epidermal sensory structures. This anterior
part is frequently damaged or lost in living animals,
especially in Haplognathia simplex and Haplognathia
gubbarnorum, which indicates that the brain may have
shifted posteriorly over evolutionary time for protection. A
similar posteriorly shifted brain with nerves extending
anteriorly through an elongated rostrum seems to be a
convergent adaptation found in several interstitial taxa such
as the annelid Lobatocerebrum (Kerbl et al. 2015),
rhodopomorph Mollusca (Brenzinger et al. 2013), and
catenulid Platyhelminthes (Reuter et al. 1995), putatively
protecting the brain from predation or mechanical stress
among the sand grains.
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Nerve cords

Assessing homology of the longitudinal nerve cords
in Gnathostomulida and Gnathifera

Our character reconstruction shows that a single pair of lateral
nerve cords (as present in Filospermoidea) represents the
plesiomorphic condition in Gnathostomulida, whereas the
dorso-lateral and ventro-lateral cords are bursovagionoid
apomorphic accompaniments (C2 and C5, Fig. 13b).
However, it is difficult to assess whether the latter evolved
by splitting (and thus present paralogues) or independent ad-
dition, since no congruent pattern in other organ systems ex-
ists to support any of these scenarios.Moreover, the homology
assessment of the ventro-lateral cords is complicated by our
finding of a midventral cord resembling the half midventral
nerve described by Müller and Sterrer (2004) for
Gnathostomula peregrina. This cord is likely homologous
across the entire phylum, based on its position and relation
to other structures (especially ciliary gut receptors; see below)
and is found to represent an apomorphy of Gnathostomulida
(C4, Fig. 13b).

A lateral position of the main ventral cords is also found in
other Gnathifera (Kotikova 1998, Kristensen and Funch 2000,
Kotikova et al. 2005, Hochberg 2007, Leasi et al. 2009,
Bekkouche and Worsaae 2016) and may represent the
plesiomorphic position in Gnathostomulida as well as in other
major spiralian clades such as Gastrotricha (Rothe and
Schmidt-Rhaesa 2009, Rothe et al. 2011, Schmidt-Rhaesa
and Rothe 2016), Nemertea (Beckers and van Döhren 2016),
Platyhelminthes (Moraczewski et al. 1977, Hejnol and Lowe
2015), and several annelids, e.g., Diurodrilus and Osedax
(Worsaae and Rouse 2008, 2010, Worsaae et al. 2016).

However, whether a single pair of ventral cords as pro-
posed by, e.g., Hejnol and Lowe (2015) or multiple cords

represents the ancestral state of Spiralia is still debatable, since
the presence and homology of additional ventral neurite bun-
dles are often difficult to assess (e.g., Bekkouche andWorsaae
2016). For example, Micrognathozoa possesses a pair of less
prominent paramedian nerves in addition to the main lateral
cords, which originate at their postpharyngeal commissure
and terminate before the posterior commissure (Bekkouche
and Worsaae 2016). Their anterior half occupies a similar
position to the midventral cord of Gnathostomulida, which
also originates as paired, paramedian nerves close to the
postpharyngeal commissure. However, more evidence is
needed to support their putative homology.

Two ganglionated commissures in the ancestor
of Gnathostomulida

According to our reconstruction of the evolution of the ner-
vous system, the most recent ancestor of Gnathostomulida
possessed an anterior postpharyngeal commissure and a pos-
terior trunk commissure, connecting the main nerve cords.
The anterior commissure represents a gnathiferan ancestral
trait (C6, Table 4) and was, according to the character recon-
struction, initially associated with the postpharyngeal ganglia,
subsequently lost in Scleroperalia (C14, Fig. 13b). The poste-
rior commissure is related to two small ganglia or cell clusters
and may represent an ancestral spiralian trait (C7, Table 4)
with comparable structures present in, e.g., chaetonotid
gastrotrichs (Rothe et al. 2011, Schmidt-Rhaesa and Rothe
2016).

The tail of gnathostomulids might be homologous to the foot
of rotifers

Similarities in the adhesive function and neural arrangement
in the most posterior part of the body suggest that the tail of
Gnathostomulida is, at least to some extent, homologous to
the foot of Rotifera. Pedal nerves in the foot of rotifers origi-
nate, similar to the ventral tail nerves of gnathostomulids,
from the ganglia or cell clusters associated with the posterior
commissure (Kotikova 1998, Kotikova et al. 2005, Hochberg
2007, Leasi et al. 2009) and our analysis reconstructed these
nerves as present at the root of the tree, secondarily lost in
Micrognathozoa and some Scleroperalia (C12, Fig. 13b).
Contrarily, we found the dorsal tail nerves to have evolved
later and represent an apomorphy of Bursovaginoidea (C11,
Fig. 13b), and the commissure connecting the ventral tail
nerves, proposed by Lammert (1986) as a common trait in
Gnathostomulia, evolved independently in Haplognathia
filum and Austrognatharia medusifera (C13, Fig. 13b). To
assess whether the adhesive posterior organs in Rotifera and
Gnathostomulida are homologous, further detailed, compara-
tive studies are warranted.

�Fig. 11 Schematic drawings of the nervous system in Haplognathia
gubbarnorum (a–d) and H. filum (e and f) as inferred from serotonin-
l ike immunoreactivity (a , b) and tyrosinated tubulin-l ike
immunoreactivity (c–f) and CLSM. a and c Head and pharyngeal
regions, dorsal structures. b and d Head and pharyngeal regions, ventral
structures. e Rostrum and pharyngeal region, projection of both dorsal
and ventral structures, dorsal view. f Posterior region. Abbreviations: asn
accessory subpharyngeal neurite bundle; bg buccal ganglion; bn buccal
nerve; cgr ciliary gut receptor; cpr ciliary pharyngeal receptor; dac dorso-
anterior commissure; dln dorso-lateral rostral nerve; dn dorso-lateral
neurite bundle; drn dorsal rostral nerve; lc lateral nerve cord; lp lateral
perikaryon; lrn lateral rostral nerve; mn median neurite bundle; mvc
midventral nerve cord; np neuropil; pb pharyngeal bulb; pbn posterior
brain nerve; pbp posterior brain perikarya; pc posterior commissure; pcl
buccal ciliation; pcr pompom ciliary receptor; pdp paired dorsal
perikarya; pg posterior ganglion; ppc postpharyngeal commissure; ppg
postpharyngeal ganglion; r rostrum; rac rostral anterior cells; rn rostral
nerve; so spiral organ; spn subpharyngeal neurite bundle; tc tail
commissure; vac ventro-anterior commissure; vn ventro-lateral neurite
bundle; vpc ventro-posterior commissure; vrn ventral rostral nerve
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The buccal ganglion—a Gnathifera synapomorphy?

A stomatogastric nervous system was pinpointed in all ex-
amined Gnathostomulida and consists of a buccal ganglion
(not to be confused with the subesophageal ganglion pres-
ent in, e.g., Annelida) and paired buccal nerves along the
pharynx. Contrary to the result of TEM sections of Herlyn
and Ehlers (1997), we found clear evidences for the pres-
ence of a buccal ganglion also in Gnathostomula paradoxa,
confirming TEM findings of Lammert (1986). In most of
the examined species, the buccal nerves were traceable only
along the posterior half of the pharyngeal bulb, but in
Haplognathia filum and G. paradoxa, the connection with
the central nervous system was visualized with antibodies
directed against synapsin 1 (e.g., Figs. 4j and 12i). In ac-
cordance to the findings of Kristensen and Nørrevang
(1977), the nerves originate directly from the ventro-
posterior part of the neuropil, not from the lateral nerve
cords, as suggested on the drawings of Lammert (1986).
The architecture of the stomatogastric nervous system in
gnathostomulids seems to be quite uniform with only small
details varying from species to species, including ganglion-
ic shape ( t r i lobed in f i lospermoids , ovo id in
bursovaginoids), number of cells (20–40), and presence of
pharyngeal ciliary receptors (see below).

In Rotifera, the structure corresponding to the buccal gan-
glion is named a mastax ganglion. In older literature, this is
described as connecting directly to the brain (e.g., Hyman
1951), which was confirmed with CLSM studies by
Hochberg (2007). However, an alternative connection to the
lateral nerve cords was revealed with FLI reactivity in
Notommata copeus (Hochberg 2007) and with SLI reactivity
in Asplanchna herrickii De Guerne 1888 (Kotikova et al.
2005). In Micrognathozoa, a so-called pharyngeal ganglion
represents the homologue organ of the buccal ganglion and
was recently described in detail with CLSM (Bekkouche and
Worsaae 2016). In addition, a pair of buccal nerves running
along the pharynx was detected with TEM (Kristensen and
Funch 2000), yet their relation to the central nervous system
remains unknown. Therefore, it is difficult to reconstruct the
ancestral neural connection of the gnathiferan stomatogastric
nervous system, but the presence of the buccal ganglion is a
synapomorphy of the group, most probably linked to the pres-
ence of the gnathiferan jaw apparatus. In this context, it will be
interesting to test whether the buccal ganglion and nerves are
present in the jawless gnathostomulids of the genus
Agnathiella and, if present, how they may differ from the
ground pattern.

Interestingly, the arrangement of the stomatogastric ner-
vous system in Gnathostomulida is to some extent similar to
the stomatogastric nervous system of Chaetognatha, which
also possesses an unpaired subesophageal ganglion connected
directly to the brain by a pair of longitudinal nerves involved

in jaw movement (e.g., Rieger et al. 2010). Since the phylo-
genetic position of Chaetognatha is still unresolved, it is dif-
ficult to say if such similarity results from convergence or
homology, yet a close relationship between Gnathifera and
Chaetognatha has been proposed by Littlewood et al. (1998)
and as one of several topologies in Kocot et al. (2016), though
most recent molecular studies suggest that Chaetognatha rep-
resents a sister group to Spiralia (e.g., Dunn et al. 2008,
Philippe et al. 2011).

Homology of rostral ciliary receptors

Spiral organs

Our results confirmed the findings of Kristensen and
Nørrevang (1977) and Lammert (1984), that internal ciliated
receptors, spiral organs, are present across Gnathostomulida,
and were here confirmed to represent one of the apomorphies
of the phylum (C32, Fig. 13b, Table 4). The image of the spiral
organs obtained with CLSM (e.g., Fig. 4a) seems to present a
receptor cell containing a single coiled cilium instead of
multiciliated cell as stated by Kristensen and Nørrevang
(1977) and is hereby in favor of Lammert’s (1984) interpreta-
tion. It is further supported by the estimated length of the
cilium building each organ in Gnathostomula paradoxa
(diameter*number of coils*π ≈ 30 μm), which is in the range
of the length of external ciliation. The spiral organs, regardless
of their number, were always present only in the rostrum, even

�Fig. 12 Z-projections of the nervous system of Haplognathia
gubbarnorum (a–c, g, and j) and H. filum (d–f, h, and i) visualized
with CLSM. Serotonin-like immunoreactivity in white (a) and red (d),
tyrosinated tubulin-like immunoreactivity in yellow, FMRF-amid-like
immunoreactivity in magenta, synapsin 1-like immunoreactivity in
green. Head and pharyngeal regions, anterior to the left (a–c, g–j). a, g,
and i Projection of both dorsal and ventral structures, dorsal view. b
Dorsal nervous structures, dorsal view. c Ventral nervous structures,
dorsal view. d Posterior region, anterior to the left. e Rostrum and
pharyngeal regions, dorsal structures, ventral view, anterior to the top. f
Rostrum and pharyngeal regions, ventral structures, ventral view, anterior
to the top. h and jHead and pharyngeal region, lateral view, anterior to the
left, dorsal to the top. Abbreviations: alp anterio-lateral cluster of
perikarya; asn accessory subpharyngeal neurite bundle; bg buccal
ganglion; bn buccal nerve; cgr ciliary gut receptor; dac dorso-anterior
commissure; dcp dorso-lateral cluster of perikarya; dln dorso-lateral
rostral nerve; dln dorso-lateral rostral nerve; dn dorso-lateral neurite
bundle; dpp dorsal pharyngeal perikarya; drn dorsal rostral nerve; lbn
lateral brain nerve; lc lateral nerve cord; lp lateral perikaryon; lrn lateral
rostral nerve; mdn middorsal neurite bundle; mn median nerve; mvc
midventral nerve cord; np neuropil; pbn posterior brain nerve; pbp
posterior brain perikarya; pc posterior commissure; pcr pompom ciliary
receptor; pdp paired dorsal perikarya; pg posterior ganglion; ppc
postpharyngeal commissure; ppg postpharyngeal ganglion; rac rostral
anterior cells; rn rostral nerve; sgn stomatogastric nerve; so spiral
organ; spn subpharyngeal neurite bundle; tc tail commissure; vcp
ventro-lateral cluster of perikarya; vn ventro-lateral neurite bundle; vpc
ventro-posterior commissure; vpp ventral peripheral perikaryon; vrn
ventral rostral nerve
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in Rastrognathia macrostoma, where they were originally de-
scribed as positioned lateral to the mouth slit (Kristensen and
Nørrevang 1977). Interestingly, Filospermoidea exhibits
apomorphic asymmetrical arrangement of their three spiral
organs (C33 Fig. 13b, Table 4).

Sensoria

Although presence of compound cirri is considered as a
bursovaginoid apomorphy (Sterrer 1972, Sørensen et al.
2006, Sterrer and Sørensen 2015; C39–42, Fig. 13b,
Table 4), the rostral anterior cells ofHaplognathia filum show
strong tubulin-like immunoreactivity in the cell membrane
and have insunk cell nuclei, similar to epidermal cells forming
compound cirri (compare s2–4, Fig. 3g, h and rac, Fig. 12e).
The homology between these two structures seems likely,
however, more details on their ultrastructure and development
are needed to test such hypothesis. Additionally, short nerves
innervating compound cirri in Bursovaginoidea are possibly
homologous to the rostral nerves of Filospermoidea since they
share similar position and immunoreactivity patterns.

New ciliary structures related to the digestive system

Buccal ciliation

We found two types of ciliated cells in the buccal cavity of
various Gnathostomulida: ciliary pharyngeal receptors, relat-
ed with the buccal ganglion, and buccal ciliated cells in the
walls of the buccal cavity.

Filospermoids possess only a single median receptor,
whereas in bursovaginoids two pairs of bilaterally distributed
ciliated cells are present. A receptive function of these cilia is
proposed, because they are too limited to act in the food pas-
sage and are connected to the buccal ganglion. Their position
and connection to the buccal ganglion resembles those of the
ciliary receptors found in the posterior part of the pharynx in
Micrognathozoa (Bekkouche andWorsaae 2016) and Rotifera
(e.g., Clément and Wurdak 1991); hence, the presence of
paired ciliated pharyngeal receptors is here reconstructed to
be an apomorphy of Gnathifera (C26, C27, Table 4). The
unpaired pharyngeal ciliary receptor in Haplognathia
gubbarnorum and Haplognathia simplex is an autapomorphy
either of Filospermoidea or of some Haplognathiidae at least
(C27, Fig. 13b, Table 4); a clarification awaits examination of
the Pterognathiidae.

Buccal ciliated cells are situated along the buccal nerves (in
Haplognathia and Austrognathia) or distributed more ran-
domly in the lateral and dorsal walls of the buccal cavity (in
Gnathostomula). These cells are positioned similarly to struc-
tures Lammert (1986) described as glandular cells with cilia,
based on TEM.

It is received wisdom that Gnathostomulida possesses a
non-ciliated pharyngeal epithelium (e.g., Sterrer and
Sørensen 2015), based on the ultrastructural study of Herlyn
and Ehlers (1997) on Gnathostomula paradoxa. This is
contradicted by our finding of pharyngeal ciliary receptors
and possibly as well by TEM studies of Herlyn and Ehlers
(1997). In their Fig. 3, which is a cross section through the
posterior part of the pharynx, at least three cilia are evident
between the beginning of the esophagus and what is called
myoepitheliocytes. Position, number, and direction of these
cilia correspond to the pharyngeal ciliary receptors revealed
in the present study.

Ciliary gut receptors

Interestingly, so far, the alimentary tract of Gnathostomulida
was considered as non-ciliated (Sterrer and Sørensen 2015);
however, we observed few (2–7) medially located mono-
ciliated cells on the ventral side of the gut in most of the
examined species. We propose a receptive function of these
cells since they are too limited in length, density, and number
to be motile cilia contributing to the food passage.
Furthermore, inG. paradoxa, Austrognathia microconulifera,
and Haplognathia spp., some of these cells connect with the
midventral nerve cord and may hence correspond to the two
FLIR cells observed along the midventral nerve of
Gnathostomula peregrina by Müller and Sterrer (2004).

Gnathostomulida do not possess a true anus (Sterrer and
Sørensen 2015, but see Knauss 1979), so these receptors
might sense how filled the gut is, in order to prevent clogging
of the digestive tract or to trigger formation of temporal anus.

Comparison with other Gnathifera indicates that gut recep-
tors are apomorphic for Gnathostomulida (C35, Fig. 13b,
Table 4). Micrognathozoa are considered to possess a gener-
ally non-ciliated gut (Kristensen and Funch 2000), and struc-
tures resembling gut receptors have not been observed with
tubulin immunoreactivity and CLSM (Bekkouche and
Worsaae 2016). The rotifers, on the other hand, possess a fully

�Fig. 13 Phylogenetic relationships and character evolution in
Gnathostomulida. a Strict consensus of nine most parsimonious trees
based on the neuroanatomical characters. b One of the most
parsimonious trees based on the neuroanatomical characters, supporting
monophyly of Filospermoidea, with optimization of the morphological
characters. Black bars correspond to the unique apomorphies, black and
white bars correspond to unique apomorphies with subsequent reversals,
grey bars correspond to convergences, white bars correspond to
reversals. Each bar corresponds to the character indicated by a number.
Black contour of the bar represents character state transition from B0^ to
B1,^ whereas green contour represents transition from B1^ to B0.^
Parsimony-ambiguous characters optimized with ACCTRAN are
indicated in blue while the ones optimized with DELTRAN are
indicated in red. ? indicates equivocal optimization of the character (see
Table 4). Due to inapplicable states, C11, dependent on C5, was
optimized at the root of the tree but is a shared character of
Bursovaginoidea and is shown here as apomorphy of this clade
(marked with an asterisk)
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ciliated gut (Fontaneto and De Smet 2015) but structures sim-
ilar to the gut receptors of Gnathostomulida are unknown.
Albeit, most of the CLSM studies in digestive tracks of
Rotifera were focused on musculature (e.g., Sørensen et al.
2003b, Wilts et al. 2009, Leasi et al. 2010, Wilts et al.
2012), whereas tubulin immunoreactivity was not examined.

Phylogenetic analysis

The strict consensus tree based on neural characters (Fig. 13a)
did not support the monophyly of the otherwise well-
supported Filospermoidea, however, it supported the mono-
phyly of scleroperalians and the position of Rastrognathia as
sister group to the mesognathariid species as found in com-
bined analyses of molecular and morphological data
(Sørensen et al. 2006).

The higher similarity of our neurophylogenetic results with
those of molecular and combined analyses (Sørensen et al.
2006) rather than with morphological analyses (e.g.,
Sørensen 2002, Sørensen et al. 2006) might indicate that the

Table 4 Neuroanatomical apomorphies for chosen clades as inferred
from character optimization on phylogenetic tree

Clade Characters

Gnathiferaa 6, 7, 14, 26, 27, 28
Gnathostomulida 1, 4, 10, 22, -28, 30, 32, 34, 35, 36
Filospermoideab -2c, 33
Bursovaginoidea 2c, 5, 11, 16, 18, 19, 37, 39, 40, 41, 42
Scleroperalia -14, 15, 20, 24, 25
Conophoralia 21, 38, 43
L. longicollis + R. macrostoma 3, -4, -6, 43
H. gubbarnorum + H. simplex -7, 23, -27

- before character number indicates character loss
a Characters reconstructed based on the assumption that Neodasys
chaetonotoideus represents plesiomorphic conditions when compared to
Gnathifera
b Filospermoidea were recovered only in some of the most parsimonious
trees
c The character either was present in the common ancestor of all
Gnathostomulida and lost in Filospermoidea or represents an apomorphy
of Bursovaginoidea, the parsimony reconstruction failed to resolve this
ambiguity

Fig. 14 Proposed homology of dorsal and ventral serotonin-like immunoreactive structures in the anterior part of the body of examined species of
Gnathostomulida. Numbers of morphological characters referring to the particular structures are provided in brackets
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evolution of the nervous system is relatively conservative and
preserves more homologies, in comparison to other anatomi-
cal systems. Especially the jaw and basal plate characters
might be more prone to homoplasy and either should not be
used for phylogenetic reconstruction or primary homology
statements on these character need critical revision.

Conclusion

Summarizing, nervous systems in Gnathostomulida are more
diverse and complex than previously assumed, especially with
respect to the number of longitudinal nerve bundles, which
vary from three to seven. Our study confirmed most of the
previous findings on the nervous system of Gnathostomulida
and gave information on novel structures described here for
the first time, i.e., postpharyngeal ganglia, midventral nerve
cord, posterior ganglia (cell clusters), and ciliary pharyngeal
and gut receptors. Some of these correspond to structures al-
ready known from other Gnathifera.

Our phylogenetic analyses not only allowed testing homol-
ogy statements but also showed that in Gnathostomulida, neu-
roanatomy contains a phylogenetic signal congruent with mo-
lecular data, supporting monophyly of Bursovaginoidea,
Conophoralia, and Scleroperalia.

In the future, further research on neuroanatomy of some
gnathostomulids, particularly Pterognathiidae and
Agnathiella, are needed to address some of the problems
highlighted in our study, whereas ultrastructural and develop-
mental studies might test some of the tentatively proposed
homologies of Filospermoidea and Bursovaginoidea.
Regarding phylogenetic position of Gnathifera, reconstruction
of plesiomorphic neuroanatomical condi t ions in
Gnathostomulida, and further Gnathifera, might turn out to
be crucial for understanding the evolution of the nervous sys-
tem in Spiralia and even all Bilateria.
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