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(Fig. 24F). The third pair of scales is located laterally and pos-
teriorly in relation to the first and second pairs, i.e. at the furca
appendages. The scales of the third pair are similar in shape to
the scales of the second pair but are slightly smaller.

Halichaetoderma aureum sp. nov.

(Figs 26A, B, 27A-H, 28A-E; Supporting Information,
Table S15)

ZooBank  registration: ~ urn:Isid:zoobank.org:act:70C22347-
0AS53-4236-BDC0-7A443FBS34E9.

Morphological diagnosis: Body stocky and about 105 pm long.
Head narrower than trunk and separated from it by a distinct
neck constriction. Cephalion clearly demarcated, epipleurae and
hypopleurae marked in head outline. Ocellar granules absent.
Mouth ventroterminal, without cuticular teeth. Pharynx with
reinforcements. Intestine straight, with marked anterior section.
Scales partially overlapping, distributed in 20 longitudinal
dorsal alternating columns, 30 scales per central column. Four
types of keeled scales on dorsal and lateral body sides: (i) head
scales elongated oval, (ii) neck and trunk scales oblong with
truncated posterior end, (iii) dorsolateral trunk scales roughly
hexagonal with rounded edges, and (iv) lateral scales broadly
tongue-shaped. Ventral interciliary field scales narrowly oblong
and keeled. Furca base short, furcal indentation U-shaped, adhe-
sive tubes long and almost straight. Upper-furcal region dorsally
covered with oblong, anteriorly bluntly acute, and posteriorly
truncated scales. Upper-furcal region ventrally covered with a
pair of big, keeled, claviform, and posteriorly truncated scales.

Molecular diagnosis: 18S rRNA gene: 121 G, 130 T, 132 A, 298
C,483 G,492 T, 496 C,498 A, 499 C, 504 C, 508 C, 546 A, 592
T, 688 T, 740 C, 800 T, 825 G, 861 C, 871 C, 1064 A, 1068 A,
1069 T, 1210 G, 1263 C, 1318 C, 1321 G, 1325 G, 1328 T, 1330
A, 1361 T, 1362 T, 1374 A, 1383 A, 1384 A, 1506 T, 1528 G,
1559 C, 1580 G, 1626 T. 28S rRNA gene: 325 G, 444 A, S13 T,
527G, 532 T, 570 T, 628 A, 631 C, 656 T, 688 A, 695 T, 697 A,
722 A,777 A, 808 G,810 T, 811 G. COI (codon ordinal numbers
are followed by the corresponding span of nucleotide positions
in parentheses): 47 (139-141) GCA, 65 (193-195) TIA, 75
(223-225) GGC, 96 (286-288) ATT, 97 (289-291) ATT, 126
(376-378) GGT, 139 (415-417) ATT. Reference molecules are
shown in Supporting Information, Figs S5, S11. All diagnostic
molecular autapomorphies are marked by arrows.

Type locality: Zlaté Piesky Lake, municipal recreation area,
Ruzinov, Bratislava, Podunajskd rovina plain, 48°11°17.1"N,
17°1124.3"E.

Material examined: The holotype (adult) was destroyed during
DNA extraction. Two paratypes (adults, CU-FNS-14-02-20/
PA-1and CU-FNS-17-02-20/PA-2) are shown in Figure 28A-E.
Photomicrographs of paratypes are available at the Department
of Zoology, Comenius University in Bratislava at https://fns.
uniba.sk/en/gastrotricha/.

Type material: ADNA sample of the holotype specimen ZPvs 21
has been deposited in the Natural History Museum, Vajanského
nabrezie 2, 810 06 Bratislava, Slovakia (ID Collection Code
01427589).
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Gene sequences: The nuclear 18S and ITS1-5.8S-ITS2-28S
rDNA sequences, as well as the mitochondrial COI sequence
of the holotype specimen ZPvs 21, have been deposited in
GenBank under the following accession numbers: 0Q358145,
0Q358134, and 0Q354337, respectively.

Etymology: The Latin adjective aure-us, -a, -um (m, f, n) (golden)
refers to the type locality, Zlaté piesky (Arénae aureae, golden
sands), as well as to the golden appearance of the intestine con-
tent caused by ingested algae.

Description: Habitus. Halichaetoderma aureum is about 105 ym
long and has a stocky tenpin-shaped body. The head—neck tran-
sition is well marked. The trunk is bulbous and wider than the
head, gradually dilating from about U27 to US6, where it reaches
its maximum width. Then it gradually tapers towards U80, where
the furca base starts to form. Dorsal sensory bristles were not ob-
served. The furcal indentation is U-shaped. The furca branches
are set apart and bear well-developed, relatively long (8.5-10.7
um), and almost parallel adhesive tubes (Figs 26A, B, 27H).

Head

The head is five-lobed. The cephalion is conspicuous, extends
from Ul to U3, and is about 9.4 ym long, with a free posterior
(dorsal) edge (Figs 26A, B, 27H, 28C). The epipleurae and
hypopleurae are situated approximately at U3-U6 and U7-
Ul1, respectively. The hypopleurae are more developed than
the epipleurae. Two pairs of cephalic ciliary tufts emerge lat-
erally between the cephalion and the epipleurae edge (c. U3),
as well as between the epi- and the hypopleurae edge (c. U6)
(Figs 26A, B, 28B). Ocellar granules are absent. The mouth
ring is oval, approximately 5.5 pym in the largest diameter, and
located ventroterminally at U1-U4 (Figs 26B, 27H, 28C).
Cuticular teeth are not present. The hypostomium was not
observed.

Internal morphology

The pharynx extends from c. U3 to U28, is 33 um long and
6.5-11.6 ym wide, and has anteriorly placed reinforcements. It
has two weakly marked anterior and posterior dilatations. The
posterior dilatations are wider than the anterior ones (Figs 26B,
27H, 28A, C). The pharynx smoothly continues through the
pharyngeal—intestinal junction to the differentiated anterior
section (U29-U32) of the intestine, which extends from U33 to
U87 (Figs 27H, 28A). Paired adhesive glands (c. U85-U92) are
placed right behind the terminal part of the intestine, forming a
short dichotomy at the subtle furca base.

Scales

Almost the entire body is covered by partially overlapping scales
that adhere to the basal cuticle layer along most or all of their
perimeter. All scales are keeled. Scales are distributed in 20 lon-
gitudinal dorsal alternating columns, with usually 30 scales in the
central column. Central dorsal longitudinal rows of scales begin
at the level of the posterior edge of the cephalion (c. U3). They
run almost along the whole body length till U94 (Fig. 26A).
Ventrolateral rows commence at U10 and terminate at the furca
base at c. U93. There are about four to five ventrolateral rows of
scales on each body side (Fig. 26B).
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Figure 26. Halichaetoderma aureum sp. nov. A, dorsal overview showing the keel pattern. B, ventral overview showing the keel and ciliary
pattern. The body is about 105 pm long and has a stocky tenpin-shaped silhouette. The head is five-lobed. The head-neck transition is well-
marked. The trunk is bulbous and wider than the head, gradually dilating from about U27 to US6, where it reaches its maximum width. Then
it gradually tapers towards U80, where the furca base starts to form. Almost the entire body is covered by keeled scales that are distributed in
20 longitudinal dorsal alternating columns, with usually 30 scales in the central column. Central dorsal longitudinal rows of scales begin at the
level of the posterior edge of the cephalion. They run almost along the whole body length till U94. Ventrolateral rows commence at U10 and
terminate at the furca base. There are about four to five ventrolateral rows of scales on each body side. ceph, cephalion; epi, epipleurae; hyp,

hypopleurae. Scale bar = 30 ym.
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central scales

Figure 27. Halichaetoderma aureum sp. nov. A, head dorsal scales are narrowly oblong. B, C, trunk dorsal and lateral scales are broadly tongue-
shaped with a truncated posterior end. D, trunk dorsolateral scales are roughly hexagonal with rounded edges. E, interciliary field scales are
narrowly oblong. F, upper-furcal dorsal scales are oblong with a bluntly acute anterior end and a truncated posterior end. G, upper-furcal
ventral scales are relatively big, claviform, and posteriorly truncated. H, internal morphology. ceph, cephalion; das, differentiated anterior

section of intestine; int, intestine; m, mouth; ph, pharynx.

The head carries elongated, considerably narrow scales
(2.84-3.60 x 1.01-1.63 pm) from c. U3 up to U23 (Figs 27A,
28B). The neck and the trunk bear oblong, posteriorly truncated
scales that increase in size in a posterior direction (neck: 3.32—
4.63 x 1.49-1.68 pum, trunk: 4.30-5.50 x 2.00-2.89 um) (Fig.
27B). Dorsolateral sides of the trunk carry roughly hexagonal
scales with rounded edges (Figs 27D, 28E), which start at the
edge of the cephalion and continue till c. U94. Trunk lateral rows
consist of broadly tongue-shaped scales with a truncated pos-
terior end (Fig. 27C). The furca base (U90) is dorsally covered
with a pair of big (4.6-4.9 x 1.4-1.7 um), oblong, anteriorly
bluntly acute and posteriorly truncated scales (Fig. 27F).

Ventral ciliary bands and ventral interciliary field

Ventral ciliary bands commence at U7 and continue to U85. The
interciliary field bears only one type of scales that are very nar-
rowly oblong, keeled, and 3.05-3.42 x 0.91-1.14 ymin size. They
form up to six longitudinal and regularly arranged rows (Figs 26B,
27E, 28D). The central part of the upper-furcal region is ventrally
covered with a pair of big (5.41-6.58 x 2.28-3.14 pm), keeled,
claviform, and posteriorly truncated scales (Fig. 27G).

Halichaetoderma hexagonale sp. nov.

(Figs 29A, B, 30A-1, 31A-E; Supporting Information,
Table S16)

ZooBank  registration: — urn:lsid:zoobank.org:act:FCB4169B-
BDCE-4184-A44C-A048C871786A.

Morphological diagnosis: Body stocky and about 120 ym long.
Head narrower than trunk and separated from it by a distinct
neck constriction. Cephalion clearly demarcated, epipleurae and
hypopleurae marked in head outline. Ocellar granules absent.
Mouth ventroterminal, without cuticular teeth. Pharynx with
reinforcements. Intestine straight, with marked anterior section.
Scales partially overlapping, distributed in 23 longitudinal dorsal
alternating columns, 36 scales per central column. Four types of
keeled scales on dorsal and lateral body sides: (i) head scales nar-
rowly oblong and posteriorly truncated, (ii) head dorsolateral,
neck, and upper-trunk scales oblong, (iii) trunk dorsal scales
hexagonal with more or less rounded edges, and (iv) lateral pos-
terior trunk scales oblong with a truncated posterior end. Ventral
interciliary field scales narrowly oblong and keeled. Furca base
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Figure 28. Halichaetoderma aureum sp. nov. A, optical section showing the internal morphology. The pharynx extends from c. U3 to U28, is
33 pm long and 6.5-11.6 ym wide, and smoothly continues through the pharyngeal-intestinal junction to the differentiated anterior section
(U29-U32) of the intestine, which extends from U33 to U87. Note the golden appearance of the intestine content caused by ingested algae.
B, surface view showing the head narrowly oblong scales. C, optical section of the head, showing the pharynx and the cephalion with a free
posterior edge. The pharynx has two dilatations, the posterior dilatation is wider than the anterior one. D, interciliary field scales are narrowly
oblong and keeled. Note that the interciliary field scales are regularly arranged, forming up to six longitudinal rows. E, dorsal trunk scales are
oblong with a truncated posterior end. ceph, cephalion; int, intestine; m, mouth; ph, pharynx; sc, sensoric cilia. Scale bars = S ym (D), 10 pm
(B,E),20 um (A, C).
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Figure 30. Halichaetoderma hexagonale sp. nov. A, head dorsal scales are narrowly oblong with a posterior truncated end. B, C, head
dorsolateral, neck and upper-trunk dorsal scales are oblong to narrowly oblong. D, trunk dorsal scales are hexagonal with more or less rounded
edges. E, F, trunk dorsal posterior central scale and furca lateral scales are oblong. G, interciliary field scales are narrowly oblong and keeled. H,
trunk dorsolateral posterior scales are oblong with a truncated posterior end. I, furca base dorsal scale is very broadly cordiform.

Supporting Information, Figs S6, S12. All diagnostic molecular
autapomorphies are marked by arrows.

Type locality: Vajspetersky potok creek, Raca, Bratislava,
Podunajskd rovina plain, Slovakia, 48°12'12.8"N, 17°07°46.9"E.

Material examined: The holotype (adult, hologenophore,
CU-ENS-25-02-20/HO) is shown in Figure 31A-E.
Photomicrographs of the holotype are available at the
Department of Zoology, Comenius University in Bratislava at
https://fns.uniba.sk/en/gastrotricha/.

Type material: A DNA sample of the holotype specimen VP 27
has been deposited in the Natural History Museum, Vajanského
nabrezie 2, 810 06 Bratislava, Slovakia (ID Collection Code
01427583).

Gene sequences: The nuclear 18S and ITS1-5.8S-ITS2-28S
rDNA sequences, as well as the mitochondrial COI sequence
of the holotype specimen VP 27, have been deposited in
GenBank under the following accession numbers: OQ358146,
0Q358135, and OQ354338, respectively.

Etymology: Composite of the Greek numeral hex (£, six), the
thematic vowel -a-, and the Latinised adjective gonal-is, -is, -¢ (m,

f, n) (gonial, angled), referring to the hexagonal scales covering
the main portion of the trunk region.

Description: Habitus. Halichaetoderma hexagonale is about 120
pm long and has a stocky, tenpin-shaped body. The head—-neck
transition is well-marked. The trunk is bulbous and wider than
the head, gradually dilating from about U30 to U60, where it
reaches its maximum width. Then it gradually tapers towards
U8S, where the furca base starts to form. Dorsal sensory bris-
tles were not observed. The furcal indentation is very narrowly
V-shaped. The furca appendages are set apart and bear well-
developed, 12 pm long, and almost straight adhesive tubes
(Fig. 29A, B).

Head

The head is five-lobed. The cephalion is conspicuous, extends
from U1 to U3, and is 11 pym long, with a free posterior (dorsal)
edge (Fig. 29A, B, 31A). The epipleurae are situated at c. U3~
U9 and are about 6.49-7.03 x 5.59-6.23 ym in size, while the
hypopleurae are at ¢. U6-Ul1 and approximately 5.14-8.84
pm long. Two pairs of cephalic ciliary tufts emerge laterally be-
tween the cephalion and the epipleurae edge (c. U3), as well
as between the epi- and the hypopleurae edge (c. U6) (Figs
29A, B, 31D). Ocellar granules are absent. The mouth ring is
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Figure 31. Halichaetoderma hexagonale sp. nov. A, detail showing the pharynx reinforcements. Note the well-developed cephalion with a free
posterior edge. B, ventrolateral view of the head, showing the mouth and the narrowly oblong scales with a posterior truncated end. The mouth
ring is oval, approximately 6.3 ym in the largest diameter, and located ventroterminally at U1-U3. C, trunk dorsal scales are hexagonal with
more or less rounded edges. They are keeled, partially overlap, and adhere to the basal cuticle layer along most or all of their perimeter. This
dominant scale type covers the main trunk portion from approximately U3$ till almost U87. D, dorsal view of the head, showing the epipleurae
and the narrowly oblong scales with a posterior truncated end. E, dorsal view of the posterior trunk region, showing hexagonal scales and a big
very broadly cordiform scale (arrowhead). ceph, cephalion; epi, epipleurae; m, mouth; phr, pharynx reinforcements. Scale bars = S um (E), 10
um (A, C, D), 15 um (B).
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oval, approximately 6.3 ym in the largest diameter, and located
ventroterminally at U1-U3 (Figs 29B, 31B). Cuticular teeth are
not present. The hypostomium was not observed.

Internal morphology

The pharynx extends from c. U3 to U28, is 34 um long and 7.7-
12.1 pym wide. It has two weakly marked anterior and posterior
dilatations. The posterior dilatations are wider than the anterior
ones. There is a pair of anterior pharyngeal reinforcements,
which are visible only at higher magnifications (Fig. 31A). The
pharynx smoothly continues through the pharyngeal—intestinal
junction to the differentiated anterior section (U29-U32) of
the intestine, which extends from U33 to U87. Paired adhesive
glands (c. U85-U92) are placed right behind the terminal part
of the intestine, forming a short dichotomy at the subtle furca
base.

Scales

Almost the entire body is covered by partially overlapping scales
that adhere to the basal cuticle layer along most or all of their
perimeter. All scales are keeled. Scales are distributed in 23 lon-
gitudinal dorsal alternating columns, with usually 36 scales in the
central column. Central dorsal longitudinal rows of scales begin
at the level of the posterior edge of the cephalion (c. U3). They
run almost along the whole body length till U94. Ventrolateral
rows commence at U10 and terminate at the furca appendages at
¢. U93. There are about seven to eight ventrolateral rows of scales
on each body side (Fig. 29A, B).

The head carries small (2.30-4.49 x 1.44-1.71 pm), nar-
rowly oblong, and posteriorly truncated scales, which com-
mence dorsally at c. U3 and extend up to U23 (Figs. 30A,
31D). The dorsolateral head region as well as the neck and
upper-trunk bear small (2.86-3.15 x 1.27-1.56 ym) and ob-
long scales (Figs. 30B, C, 31B). The main trunk portion is
covered dorsally with hexagonal scales with slightly rounded
edges, which start at c. U35 and continue till c. U87 (Figs. 30D,
31C). Posterior dorsolateral trunk region (from c. U88) carries
very narrowly oblong (2.54-4.60 x 1.48-1.56 ym) scales with
a truncated posterior end (Fig. 30H). These scales are arranged
in several transversal rows, each with three or four scales on the
right and left body sides. The transition between the central
posteriormost trunk section and the furca base (c. U92) bears
relatively small (2.92 x 1.85 pm) and oval scales (Fig. 30E).
The furca base is dorsally covered with a pair of big (5.21-
5.34 x 3.64-3.84 ym) and very broadly cordiform scales (Figs
301, 31E). Central and lateral parts of the furca base as well
as the furca appendages carry both dorsally and ventrally oval
scales, resembling those on the central posteriormost trunk re-
gion (Fig. 30F).

Ventral ciliary bands and ventral interciliary field

Ventral ciliary bands commence at U7 and continue to US8S.
The interciliary field bears only one type of scales, which are
very narrowly oblong, keeled, and 2.90-3.88 x 1.25-1.79 ym in
size (Fig. 30G). They form up to seven longitudinal alternating
rows. There is a pair of big oblong terminal scales of the ventral
interciliary field. These scales are located centrally at U86-U90
(Fig. 29B).

DISCUSSION

The two new Heterolepidoderma species

Heterolepidoderma kolickae sp. nov. is outstanding among con-
geners in having spined, three-lobed scales on the head and
neck, as well as spined, narrowly lanceolate scales on the lat-
eral body sides. Interestingly, spined scales are also a property
of He. acidophilum Kanneby et al,, 2012, He. mariae Garraffoni
and Melchior, 2015, He. multiseriatum Balsamo, 1978, and He.
ocellatum (Me&nikow, 1865). In these four species, spines are
a short posterior elongation of keels of oblong scales and their
distribution is species-specific. Spined scales are restricted to
a single transversal row in the mid-portion of the trunk in He.
acidophilum (Kanneby et al. 2012). With regard to He. mariae,
spines are confined to the posterior dorsal oblong scales and
the interciliary field scales (Garraffoni and Melchior 2015).
Finally, very short spines are formed on the dorsal scales in He.
multiseriatum and He. ocellatum (Balsamo 1978, Kisielewski
1981, Schwank 1990, Kanneby 2011). Besides the different
shape of the head scales, He. kolickae can be further distinguished
from the four above-mentioned species by having smaller ob-
long trunk scales (2.4-3.0 x 1.2-1.3 pym in He. kolickae vs.
6.0-8.0 x 2.5-3.0 pym in He. acidophilum, 4.0-6.0 ym x 1.5-2.0
pm in He. mariae, 3.6-4.9 x 1.6 pym in He. multistriatum, and
5.0-6.0 x 2.0-3.0 ym in He. ocellatum). For further details, see
Supporting Information, Table S17. According to the present
phylogenetic analyses (Fig. S), He. kolickae is most closely re-
lated to Ch. (Ch.) oculifer Kisielewski, 1981 and Ch. (Ch.) gelidus
Kolicka, 2017. All three species share a five-lobed head covered
by spined, three-lobed scales. Moreover, He. kolickae and Ch.
(Ch.) oculifer exhibit ocellar granules situated posterior to the
epipleurae edge, while He. kolickae and Ch. (Ch.) gelidus share
three pairs of sensory bristles (Kisielewski 1981, Schwank 1990,
Kolicka 2017). Nevertheless, He. kolickae conspicuously differs
from both Chaetonotus species by having keeled oblong scales
on the dorsal side of the trunk, as typical of Heterolepidoderma
species.

Following the identification key to the freshwater species
of the genus Heterolepidoderma (Garraffoni and Melchior
2015), He. striatum sp. nov. most resembles He. kossinense
Preobrajenskaja, 1926. Both species share a five-lobed head, a
comparatively big cephalion, and narrowly oblong scales in the
trunk region. However, He. striatum could be separated from He.
kossinense by the presence (vs. absence) of the hypostomium,
multiple pairs (vs. absent) of pharynx reinforcements, and
multi-keeled (vs. one-keeled) scales covering the dorsal side of
the furca base. These peculiar scales represent a morphological
autapomorphy of He. striatum, reliably differentiating it from
all congeners. For further details and comparison with other
morphologically similar species, see Supporting Information,
Table S18.

The new Halichaetoderma species

The four new Halichaetoderma species could be separated from
each other by (i) the shape of the dominant type of dorsal trunk
scales, (ii) the number of dorsal longitudinal columns of scales,
(iii) the number of scales in the central dorsal column, and (iv)
the organization of the anterior region of the ventral ciliary rows
(Table 4). All four species are also genetically highly distinct
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and can be well separated by both the primary and secondary
structure of rRNA molecules (Figs 1, 2D, E, 4; Supporting
Information, Figs $4-S6, S10-S12). Nonetheless, these four
species need to be compared also with similar Heterolepidoderma
species, because they morphologically conform to the diagnosis
of the genus Heterolepidoderma and multiple Heterolepidoderma
species lack molecular information, which is needed for reli-
able generic classification of Heterolepidoderma-like species (see
below). Following the identification key to the freshwater species
of the genus Heterolepidoderma (Garraffoni and Melchior 2015),
Ha. fluviatile sp. nov., Ha. aureum sp. nov., and Ha. hexagonale
sp. nov. morphologically most resemble He. joermungandri
Kanneby, 2011. They can be, however, distinguished by the dis-
tinctness of the epipleurae and by the shape of the head, neck,
and trunk scales (Table 4). Whether He. joermungandri should
be transferred to the genus Halichaetoderma needs to await mo-
lecular analyses.

Halichaetoderma rivale sp. nov. is outstanding among con-
geners in having hydrofoil scales with a well-developed lamellar
expansion. According to the identification key of Garraffoni
and Melchior (2015), Ha. rivale is most similar to He. jureiense
Kisielewski, 1991 and He. lamellatum Balsamo and Fregni, 199S.
Indeed, these three species carry a row of hydrofoil scales along
the outer side of each ciliary band and display a single pair of
cuticular reinforcements in the pharynx. Nevertheless, they can
be well differentiated by (i) the number of head lobes and ciliary
tufts, (ii) the number of longitudinal dorsal columns of scales,
and (iii) the number of scales in the central dorsal column. The
most important features enabling their unambiguous identifi-
cation are summarized in Table 4. Due to the lack of molecular
information on He. jureiense and He. lamellatum, it cannot be ex-
cluded that they belong to the genus Halichaetoderma.

Non-monophyly of the genus Heterolepidoderma

The genus Heterolepidoderma was defined rather broadly by
Schwank (1990): (i) the body ranges from slender to stocky
tenpin-shaped, (ii) the head is three- or five-lobed and the ceph-
alic pleurae are indistinctly or well developed, reaching even the
underside of the head in some species, (iii) ocellar granules are
present or absent, (iv) the hypostomium is present or absent, (v)
the pharynx is with or without reinforcements, (vi) the furca is
very short or elongated and adhesive tubes are simple or cleaved,
(vii) there are none or up to six sensory bristles on the dorsal
side, (viii) scales are keeled, oval to polygonal, and densely ar-
ranged (i.e. adjacent on all sides or overlapping) forming an
armour around almost the entire body, (ix) spines could be pre-
sent in some species and they are in a form of a short posterior
elongation of keels, (x) the two ventral ciliary bands are anteri-
orly broadened and almost connected, or the intermediate field
is filled with cilia, (xi) the interciliary field is naked or covered
with oval scales that could be keeled, (xii) often two terminal
ventral scales are present. Kisielewski (1997) added a further
teature specific to Heterolepidoderma: the number of longitu-
dinal columns of scales is distinctly higher than the number of
scales in a single longitudinal column.

The two new species conform to this diagnosis and hence
could be formally affiliated with the genus Heterolepidoderma.
They also cluster in the same clade as He. ocellatum, the type

species of Heterolepidoderma. However, also two Chaetonotus
species [i.e. Ch. (Ch.) gelidus and Ch. (Ch.) oculifer] and their
relatives, as well as two Ichthydium species (ie. I squamigerum
and Ichthydium sp. GA_S.2) are placed in this clade with strong
statistical support (Fig. S). Although these Chaetonotus and
Ichthydium species do not fit into the aforementioned diag-
nosis, likelihood-based tree topology tests firmly exclude all
evolutionary scenarios in which they are removed from the
Heterolepidoderma s.l. clade (Table 3). By contrast, the inclusion
of Heterolepidoderma sp. 3 (TK 164) in the Heterolepidoderma s.1.
clade is firmly rejected, as its grouping with Ch. (Ch.) daphnes
and its relatives, as well as with Aspidiophorus ophiodermus, re-
ceived a statistically significantly higher likelihood score (Table
3; Fig. 6). The non-monophyly of Heterolepidoderma is further
deepened by the fact that the four Heterolepidoderma-like spe-
cies, which meet the above-mentioned diagnosis perfectly, form
arobust cluster with Halichaetonotus. Nonetheless, the polyphyly
of Heterolepidoderma was recognized already by Kanneby et al.
(2013).

The present SIMMAP analyses and D-statistics explain the
morphological heterogeneity of the Heterolepidoderma s.1. clade
in the multi-gene trees (e.g. Kanneby et al. 2013, Kolicka et al.
2020, Rataj Krizanov4 and Vda¢ny 2022; Figs S, 6). The main
reasons include unrecognized plesiomorphies and homoplasies,
as well as the correlation among the scale morphology, the par-
ticular number of keels, and spines during the chaetonotid phyl-
ogeny. Itisimportant to mention that natural groups of organisms
can be founded only on apomorphic characters (either morpho-
logical or molecular). Although plesiomorphies are homologies,
they do not have the power to support hypotheses about phylo-
genetic kinships because they have already been used to show
common ancestry relationships at the level where they first ap-
peared (Wigele 2005, Wiley and Lieberman 2011). The present
stochastic mapping suggests a parallel evolution of oblong scales,
as three-lobed scales most likely belonged to the ground pattern
of the CDN s.s. clade (Fig. 7). This is thus the plesiomorphic
condition also for the Heterolepidoderma s.I. clade and was main-
tained in Ch. (Ch.) gelidus, Ch. (Ch.) oculifer, their relatives, and,
most importantly, on the head of He. kolickae. Interestingly, the
remaining dorsal scales of the latter species are oblong as typ-
ical of Heterolepidoderma. This chimeric morphology makes
He. kolickae a missing link connecting these Chaetonotus-like
species with other members of the Heterolepidoderma s.l. clade.
Since scales were reduced or lost multiple times convergently
during the chaetonotid phylogeny (e.g. in Arenotus, Ichthydium,
or Kijanebalola), it cannot be excluded that I squamigerum and
Ichthydium sp. (GA_S.2) evolved from a Heterolepidoderma-like
progenitor by scale reduction. Spines belonged to the ground
pattern of the CDN s.s. clade and were lost multiple times in-
dependently as well (Fig. 8). As the loss of spines is a homo-
plastic feature, it cannot be used per se to support or exclude
phylogenetic relatedness. Finally, dorsal scales bearing a single
keel are an old plesiomorphy of the CDN clade (Fig. 10), as al-
ready suggested by Kolicka ef al. (2020). To summarize, keeled
scales represent a plesiomorphic condition, spineless oval scales
evolved multiple times independently, and scales were reduced
or lost also several times convergently. Due to the lack of ‘good’
apomorphies, the genus Heterolepidoderma became a collective
group of phenotypically more or less similar species. Possibly,
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with the growing number of species and detailed morphological
data, the Heterolepidoderma s.l. clade could be split into multiple
genera to better reconcile morphology and molecules.

The new genus Halichaetoderma

Although  Halichaetoderma  species appear as ‘typical’
Heterolepidodermaspecies, theyformafullystatisticallysupported
monophylum with marine members of the genus Halichaetonotus
in the multi-gene phylogenies, instead of grouping with fresh-
water representatives of the genus Heterolepidoderma (Fig. S).
Since this is an unexpected result from a morphological point
of view, maximum likelihood estimates of the evolutionary tree
topologies from DNA sequence data were evaluated with the ap-
proximately unbiased, the weighted Shimodaira—Hasegawa, and
the weighted Kishino—Hasegawa tests, as well as with the RELL
method. When Halichaetoderma was forced to cluster with
Heterolepidoderma or the Heterolepidoderma s.l. clade instead of
Halichaetonotus, the likelihood dropped by as much as 1407.04
or 465.86 units at the logarithmic scale. Such a huge difference
from the unconstrained tree was recognized as statistically signifi-
cant at the most strict level by all tests (Table 3). Consequently,
the possibility of a closer kinship of Halichaetoderma to any
Heterolepidoderma species or the Heterolepidoderma s.l. clade
than to Halichaetonotus could be firmly excluded given the 188,
28S, and COI sequence data. Moreover, Halichaetoderma has a
unique molecular signature (represented by a combination of
five nucleotide synapomorphies in 18S, six synapomorphies in
28S, and one synapomorphic codon in COI; Figs 1, 4) that un-
ambiguously separates it from all other analysed chaetonotids
(including all Heterolepidoderma species). From the phylogen-
etic point of view, the four Heterolepidoderma-like species cannot
be assigned to the genus Heterolepidoderma. They also cannot be
affiliated with Halichaetonotus, as this genus is characterized by
having (i) much larger scales, (ii) a lower number of longitu-
dinal rows of scales, (iii) higher and lamella-like keels, (iv) both
keeled and spined scales on the dorsal surface and spined or fo-
liaceous scales on the ventrolateral body sides, and by (v) the
marine habitat (Remane 1936, Schrom 1972, Todaro 2022b).
Since molecular data very robustly refute the affiliation of the
four Heterolepidoderma-like species to Heterolepidoderma and
morphological data reject their affiliation to Halichaetonotus, a
new genus, Halichaetoderma, has been proposed for them in the
present study.

Although  statistical ~support for monophylies of
Halichaetonotus and Halichaetoderma varied in phylogenetic
analyses (Fig. §), each genus could be unambiguously defined
by a combination of multiple nucleotide characters scattered
across the three molecular markers studied. Thus, the molecular
synapomorphies of Halichaetoderma are as follows (numbering
is according to the reference molecules of the type species, Ha.
fluviatile): 18S rRNA gene: 649 T, 681 T, 684 A, 1263 C, 1492
A; 28S rRNA gene: 564 C, 804 C, 922 C, 950 C, 951 A, 952
G; and COI: 23rd codon (67-69) TTA. As concerns the genus
Halichaetonotus, there are even more diagnostic molecular char-
acters supporting its monophyly (numbering is according to
the trimmed alignments): 18S rRNA gene: 579 A, 612 T, 1442
A; 285 rRNA gene: 132 A, 242 T, 427 T, 429 G, 490 T, 500 T,
515 C, 524 A, 544 C, 546 A, 547 C, 557 G, 677 T, 684 T, 966
C, 1005 C, 1006 A; and COI: 103rd codon (307-309) ATT. To
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summarize, both genera could be unambiguously separated not
only morphologically and ecologically (see above) but also mo-
lecularly.

The phylogenetic significance of the Heterolepidoderma-
like appearance of Halichaetoderma was also questioned by
the present SIMMARP reconstruction of ancestral states of cu-
ticular characters and the D-statistics (see above). Scales very
likely became oblong convergently in the Halichaetoderma
+ Halichaetonotus clade and some members of the
Heterolepidoderma s.I. clade (Fig. 7). Likewise, spines were
lost also convergently in both clades, as spined scales be-
longed to the ground pattern of the progenitor of the CDN
clade (Fig. 8). These two features are thus most likely mor-
phological homoplasies that tend to evolve in a linked
manner during the chaetonotid phylogeny according to
the D-statistics (Supporting Information, Table $9). On
the other hand, the absence of the lateral denticle (Fig. 9)
and the presence of scales with just one keel (Fig. 10) are
plesiomorphic conditions of the last common ancestor of the
CDN s.s. clade. As mentioned above, homoplasies (oblong
scales without spines) and plesiomorphies (keeled scales and
the lack of lateral denticle) cannot be used to support a close
relationship between Halichaetoderma and Heterolepidoderma
species. A transfer of multiple Heterolepidoderma species with
one pair of pharynx reinforcements and two rows of hydro-
foil scales (such as He. joermungandri, He. jureiense, and He.
lamellatum) to Halichaetoderma cannot, therefore, be ex-
cluded. Nevertheless, molecular data are needed to address
this Heterolepidoderma-Halichaetoderma riddle appropriately.

SUPPLEMENTARY DATA

Supplementary data is available at Zoological Journal of the
Linnean Society Journal online.

Table S1. List of taxa with GenBank accession numbers of
188, 28S and COI sequences included in phylogenetic analyses.

Table S2. Coding of five cuticular characters of chaetonotid
gastrotrichs used in ancestral state reconstructions.

Table S3. Results of the likelihood ratio test of nested models
for transition rates of scale morphologies in chaetonotid gastro-
trichs.

Table S4. Results of the likelihood ratio test of nested models
for transition rates of the number of keels in chaetonotid gastro-
trichs.

Table S5. Results of the likelihood ratio test of nested models for
transition rates of spine morphologies in chaetonotid gastrotrichs.

Table S6. Results of the likelihood ratio test of nested models
for transition rates of the presence/absence of a lateral denticle
in chaetonotid gastrotrichs.

Table $7. Numbers of CBCs in ITS2 molecules of five gastro-
trich species.

Table $8. D-values of evolutionary state-by-state associations
of scale morphologies with the number of keels during the evo-
lution of chaetonotid gastrotrichs.

Table S9. D-values of evolutionary state-by-state associ-
ations of scale morphologies with spines during the evolution of
chaetonotid gastrotrichs.

Table S$10. Morphometric characterization of Heterolep-
idoderma kolickae sp. nov.
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Table S11. Morphometric characterization of Heterolepid-
oderma striatum sp. nov.

Table S12. Morphometric characterization of Heterolepid-
oderma macrops.

Table S13. Morphometric characterization of Halichaeto-
derma fluviatile sp. nov.

Table S14. Morphometric characterization of Halichaeto-
derma rivale sp. nov.

Table S15. Morphometric characterization of Halichaetod-
erma aureum sp. nov.

Table S16. Morphometric characterization of Halichaeto-
derma hexagonale sp. nov.

Table §17. Comparison of Heterolepidoderma kolickae sp. nov.
with most similar congeners.

Table S18. Comparison of Heterolepidoderma striatum sp.
nov. with most similar congeners.

Figure S1. Secondary structure of the 18S rRNA molecule of
Heterolepidoderma kolickae sp. nov.

Figure S2. Secondary structure of the 18S rRNA molecule of
Heterolepidoderma striatum sp. nov.

Figure S3. Secondary structure of the 18S rRNA molecule of
Heterolepidoderma macrops.

Figure S4. Secondary structure of the 18S rRNA molecule of
Halichaetoderma rivale sp. nov.

Figure SS. Secondary structure of the 18S rRNA molecule of
Halichaetoderma aureum sp. nov.

Figure S6. Secondary structure of the 18S rRNA molecule of
Halichaetoderma hexagonale sp. nov.

Figure S7. Secondary structure of the 5.8S rRNA molecule
and a part of the 28S rRNA molecule of Heterolepidoderma
kolickae sp. nov.

Figure S8. Secondary structure of the 5.8S rRNA molecule
and a part of the 28S rRNA molecule of Heterolepidoderma stri-
atum sp. nov.

Figure S9. Secondary structure of the 5.8S rRNA molecule
and a part of the 28S rRNA molecule of Heterolepidoderma
macrops.

Figure S10. Secondary structure of the 5.85 rRNA molecule
and a part of the 28S rRNA molecule of Halichaetoderma rivale
sp. nov.

Figure S11. Secondary structure of the 5.8S rRNA molecule
and a part of the 28S rRNA molecule of Halichaetoderma aureum
sp. nov.

Figure S12. Secondary structure of the 5.8S rRNA mol-
ecule and a part of the 285 rRNA molecule of Halichaetoderma
hexagonale sp. nov.
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