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Abstract. We isolated a relatively unknown haptorian ciliate, Trachelophyllum brachypharynx, in brackish water from the mouth of the
Taehwa River, South Korea. The morphology of this isolate was studied using in vivo observation and protargol impregnation, and its evo-
lutionary history was revealed by phylogenetic analysis of the 18S rRNA gene. The main features of 7. brachypharynx include (i) a very
narrowly fusiform and slightly contractile body about 380 x 40 um in size; (ii) two ellipsoidal macronuclear nodules typically connected
by a fine strand; (iii) a single terminal contractile vacuole; (iv) filiform extrusomes that are typically 30 um long; (v) an average of 24 cili-
ary rows, with two of them anteriorly differentiated into an isostichad dikinetidal dorsal brush; and (vi) hat-shaped lepidosomes. Based on
the 18S rRNA gene phylogeny, 7. brachypharynx clustered together with Trachelophyllum sp. within the order Spathidiida. Furthermore,
phylogenetic trees and networks indicate some members from the genera Enchelyodon and Spathidium as the nearest relatives of trachelo-
phyllids. Therefore, based on the present molecular and comparative-morphological analyses, we suggested a hypothesis explaining how
trachelophyllids may have evolved from a spathidiid-like ancestor via an enchelyodonid-like stage.
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INTRODUCTION belong to this taxonomically difficult group (Vda¢ny
et al. 2011, 2012, 2014; Vd’a¢ny and Foissner 2013).
However, trachelophyllids morphologically deviate
from other spathidiids in that (i) their body is covered
by a mucilaginous layer of complex organic epicorti-
cal scales, called lepidosomes; (ii) their oral ciliature
is in an enchelyodonid pattern in that the anterior end
of somatic kineties is not curved in oral region; and
(iii) the first two brush rows are dikinetidal while the
third row is monokinetidal throughout (Foissner 1994,
Address for correspondence: Mann Kyoon Shin, Department of Bi- 2005; Foissner et al. 1999, 2002). On the contrary, in
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The order Spathidiida Foissner & Foissner, 1988
is a diverse assemblage of holotrichously ciliated
haptorians that are typically characterized with bursi-
form to spatulate bodies, a three-rowed dorsal brush,
and anteriorly curved ciliary rows (Foissner and Xu
2007). Recent molecular studies have indicated that
trachelophyllids and several “traditional” haptorids
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curve rightward forming a spathidiid pattern, and
(iii) all three brush rows should be made of dikinetids
with only the third row continuing as a monokinetidal
tail (Foissner and Xu 2007).

The general body organization of all trachelophyl-
lids is very similar at first glance, but modern inves-
tigations have shown lepidosome morphologies to be
highly diverse and hence taxonomically important.
Based on the shape and number of lepidosome types,
six trachelophyllid genera are recognized (Foissner
1994, 2005; Foissner et al. 2002): Bilamellophrya
Foissner et al., 2002; Epitholiolus Foissner et al., 2002;
Luporinophrys Foissner, 2005; Sleighophrys Foissner,
2005; Spetazoon Foissner, 1994; and Trachelophyllum
Claparede & Lachmann, 1859.

Trachelophyllids prefer terrestrial and semiterres-
trial habitats (Kahl 1930; Foissner 1984, 1994, 2005;
Foissner et al. 2002), but some have also been found in
freshwater (Foissner et al. 1995, 1999) and one species,
Trachelophyllum brachypharynx Levander, 1894, was
reported from saltwater (e.g., Levander 1894, 1901;
Coats and Clamp 2009; Telesh et al. 2009). We found
a population of this species in brackish water from the
mouth of the Tachwa River opening into the East Sea
near the town of Ulsan, South Korea. Since its origi-
nal description 120 years ago, this species has not been
studied using modern alpha-taxonomic and molecular
methods. Moreover, our molecular and comparative-
morphological phylogenetic analyses provide an expla-
nation how the special trachelophyllid cytoarchitecture
may have evolved from a spathidiid-like ancestor via
an enchelyodonid-like stage.

MATERIALS AND METHODS

Material collecting, processing, and taxonomic
methods

Samples containing 7. brachypharynx were collected on Jan-
uary 23, 2014 from the mouth of the Tachwa River opening into
the East Sea near the town of Ulsan, South Korea (129°16'58"E
35°33'9"N). The samples were taken about 1.0 m off shore and con-
sisted of about 0.5 liter of brackish water (8%o salinity) and some
underlying substratum. The collected material was immediately
transported to the laboratory where a raw culture was established
in a Petri dish with a diameter of 87 mm. No wheat grains or prey
organisms were added into the culture. After about one week, a few
T. brachypharynx specimens appeared in the culture but then disap-
peared after about seven days.

Living specimens were observed under an optical microscope
Axio Imager Al (Carl Zeiss, Oberkochen, Germany) at low (50—

400 x) and high (1,000 x; immersion) magnifications using bright
field and differential interference contrast optics. Ciliary pattern
and nuclear apparatus were revealed by the protargol impregnation
method according to Wilbert (1975), and were studied under the
optical microscope at high magnification. Measurements of living
specimens were performed at magnifications of 40—1,000 x, while
those on impregnated specimens were carried out at a magnification
of 1,000 x. Images were captured using a CCD camera (Axio Cam
MRec; Carl Zeiss) and were adjusted using Adobe Photoshop CSS5.
Drawings are based on the micrographs of free-swimming and pro-
targol-impregnated specimens. Terminology follows that described
in Foissner and Xu (2007) and Foissner (2005).

Molecular methods

One or several T brachypharynx specimens were picked from
the raw Petri dish culture, washed several times to remove contami-
nants, and transferred into an 1.5 ml microtube with a minimum
volume of sterile water. The other five samples were prepared as
described above to test the quality and reliability of the obtained
sequences. All samples were processed separately for DNA extrac-
tion, PCR amplification and sequencing.

The RED Extract-N-Amp Tissue PCR Kit (Sigma, St. Louis,
MO, USA) was used to extract genomic DNA following the manu-
facturer’s instruction, except for reducing the reaction volume to
one tenth for single-cell samples and to one fifth for multiple-cell
samples. The 18S rRNA gene of 7. brachypharynx was amplified
using the TaKaRa ExTaq DNA polymerase Kit (TaKaRa Bio-
medicals, Otsu, Japan) and the eukaryotic universal forward EukA
(5’-AAC CTG GTT GAT CCT GCC AG-3’) and reverse EukB
(5’-CAC TTG GAC GTC TTC CTA GT-3’) primers (Medlin et al.
1988). PCR cycling conditions followed the protocol described in
Chen and Song (2001). After PCR, amplified DNA was confirmed
by electrophoresis on 1.2% agarose gels. Consequently, PCR prod-
ucts were directly used for sequencing (ABI 3730 automatic se-
quencer; Macrogen Inc., Seoul, Korea). No polymorphisms were
found among 7. brachypharynx sequences.

Phylogenetic methods

To reveal the phylogenetic position of 7. brachypharynx, an
alignment containing 18S rRNA gene sequences of 69 litostoma-
tean taxa was constructed using MAFFT ver. 7.0 with the Q-INS-I
strategy (Katoh and Toh 2008). The alignment was refined accord-
ing to the column scores calculated in G-blocks ver. 0.91b (Cas-
tresana 2000; Talavera and Castresana 2007). GTR + I (= 0.5960)
+ I' (= 0.4870) was the best fit evolutionary substitution model
found for the alignment using jModelTest ver. 2.0.1 under the
Akaike Information Criterion (Guindon and Gascuel 2003; Posada
2008). Bayesian inference was carried out under this model using
the computer program MrBayes ver. 3.2.1 (Ronquist and Huelsen-
beck 2003), which was run with four MCMC chains (one cold and
three heated) for 5,000,000 generations with a sample frequency
of 100 generations. The first 25% of sampled trees were discard-
ed as burn-in. The remaining trees were used to construct a 50%
majority-rule consensus tree and to calculate branch lengths and
posterior probabilities (PP). Maximum likelihood (ML) analyses
were carried out using PhyML ver. 3.0 (Guindon et al. 2010) under
the GTR + I + I' model and with 1,000 nonparametric bootstrap
replicates.



We tested four alternative evolutionary scenarios opposite to
the topology in the best unconstrained tree (Table 1). Unconstrained
and constrained trees were built in PAUP* ver. 4.0b (Swofford
2003), using the ML criterion, the GTR + I + I" evolutionary model
selected by jModelTest, a heuristic search with TBR branch swap-
ping, and 10 random sequence addition replicates. Log likelihoods
of constrained trees were statistically compared to that of the best
unconstrained tree, using the approximately unbiased, weighted
Shimodaira-Hasegawa and weighted Kishino-Hasegawa tests using
CONSEL ver. 0.1j (Shimodaira and Hasegawa 2001; Shimodaira
2002, 2008). A p-value < 0.05 was chosen to reject the null hypothe-
sis that the log likelihoods of the constrained and best unconstrained
trees were not significantly different.

To visualize all possible phylogenetic trajectories that could be
inferred from the 18S rRNA gene alignment, a phylogenetic net-
work was calculated using the NeighborNet algorithm with uncor-
rected distances. The reliability of the network was assessed with
1,000 bootstrap replicates generated in SplitsTree ver. 4 (Huson
1998; Huson and Bryant 2006).

RESULTS

Trachelophyllum brachypharynx Levander, 1894

1894  Trachelophyllum brachypharynx — Levander,
Acta Soc. Fauna Flora fenn. 12: 66, Taf. III,
Fig. 1 [reproduced here as Fig. 35] (original
description).

Trachelophyllum brachypharynx Levander,
1894 — Kahl, Tierwelt Dtl. 18: 115, Fig. S. 104,
5 [reproduced here as Fig. 36] (revision).

1930
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Improved diagnosis (Korean population): Size
about 380 x 40 um in vivo, slightly contractile. Shape
very narrowly fusiform, with a slightly to distinctly
narrowed neck, gradually merging into a broadened
trunk. Two ellipsoidal macronuclear nodules usually
connected by a fine strand, with two to three broadly
ellipsoidal micronuclei close to or attached to macro-
nuclear nodules. Contractile vacuole terminal and com-
paratively small. Extrusomes filiform, slightly curved
and with pointed ends, 30 um long in vivo. On aver-
age, 24 ciliary rows, two anteriorly differentiated into
an isostichad dikinetidal dorsal brush: row 1 composed
of 40 dikinetids on average, row 2 of 33 dikinetids on
average. Lepidosomes hat-shaped and about 4 x 3.7 pm
in vivo.

Typelocality: Levander (1894) discovered T brachy-
pharynx in brackish water from the Finnish shore.

Voucher material: Three slides with protargol-
impregnated Korean specimens have been deposited in
the Natural Institute of Biological Resources (NIBR),
Incheon, South Korea with the following registration
numbers NIBRPR0000105674. The relevant specimens
are marked with ink circles on the backside of the slides.

Gene sequence: The 18S rRNA gene sequence of
the Korean population has been deposited in GenBank
with the accession number KJ680555. The sequence is
1543 nucleotides long and has a GC content of 43.1%.

Etymology: Not given in the original description.
The name is a composite of the Greek prefix brachy-

Table 1. Log likelihoods and p-values of AU (approximately unbiased), WSH (weighted Shimodaira-Hasegawa), and WKH (weighted
Kishino-Hasegawa) tests for tree comparisons considering different topological scenarios. Significant differences (p-value < 0.05) between

the best unconstrained and constrained topologies are in bold.

Topology Log likelihood A(-InL)* AU WSH WKH Conclusion
(-InL)

Best maximum likelihood tree (unconstrained) 10823.3288 - 0.788 0.957 0.733 -

Monophyly of spathidiids with enchelyodonid-like oral ciliary pattern 10848.0276 24.70 0.012 0.051 0.019 Rejected

(Enchelyodon JF263446 + Lagynophrya acuminata + Trachelophyllum sp.

+ T brachypharynx)

Monophyly of Enchelyodon and spathidiids with enchelyodonid-like oral 11051.8316 228.50 2e-08 0.000 0.000 Rejected

ciliary pattern (Enchelyodon spp. + L. acuminata + Trachelophyllum sp.

+ T brachypharynx)

Monophyly of haptorids and spathidiids with enchelyodonid-like oral 10873.3366 50.01 5e—05 0.004 0.001 Rejected

ciliary pattern (Enchelyodon spp. + Fuscheria spp. + L. acuminata + Tra-

chelophyllum sp. + T. brachypharynx)

Monophyly of trachelophyllids and Spathidium sp. JF263451 (Trachelo- 10827.7315 4.40 0.283 0.558 0.267 Not

phyllum sp. + T. brachypharynx + Spathidium sp. JF263451)° rejected

2 Difference between log likelihoods of constrained and best (unconstrained) tree.

® This relationship was indicated by the phylogenetic network analyses.
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(Bpoyv-; short) and the Latin noun pharynx, referring
to the short cytopharynx of the species. Because the
species epithet stands in apposition to the generic name
[Article 11.9.1.2 of ICZN (1999)], its ending need not
agree in gender with the generic name with which it is
combined and must not be changed to agree in gender
with the generic name [Article 34.2.1 of ICZN (1999)].

Description of Korean population: Size in vivo
about 330445 x 35-45 pm, usually near 380 x 40 um;
morphometric data from protargol-impregnated speci-

mens indicate shrinkage of body length by about 12%
and inflation of body width by about 20% (Table 2).
Body flexible, up to 2:1 flattened dorsoventrally, and
slightly contractile especially in neck region; both con-
traction and extension occur slowly, thus exact body
shape and size difficult to determine. Shape very nar-
rowly fusiform both in vivo and after protargol impreg-
nation, but prepared specimens appear stouter on av-
erage due to length shrinkage and width inflation (see
above), i.e., body length:width ratio 9.7:1 in vivo while

Table 2. Morphometric data on the Korean population of Trachelophyllum brachypharynx. CV — coefficient of variation (%), I — in vivo,
M — median, Max — maximum, Mean — arithmetic mean, Min — minimum, MT — method, n — number of individuals investigated, P — pro-

targol impregnation, SD — standard deviation, SE — standard error of arithmetic mean.

Characteristics MT Mean M SD SE CvV Min Max n
Body, length (um) I 383.8 375.6 38.0 14.4 9.9 329.9 444.6 7
P 3322 3345 45.8 8.4 13.8 246.4 426.0 30
Body, width (pm) I 39.7 39.3 3.9 1.5 9.8 354 453 7
P 41.8 40.2 10.0 1.8 239 26.6 66.3 30
Body, length:width ratio I 9.7 10.0 1.0 0.4 10.6 7.6 10.7 7
P 8.3 83 2.0 0.4 23.7 4.1 14.1 30
Oral bulge, height (um) P 7.0 7.2 1.8 0.4 25.7 42 10.7 20
Oral bulge, diameter (pm) P 7.8 7.5 1.5 0.3 18.6 54 11.0 23
Anterior body end to macronucleus, distance (um) P 143.4 149.8 33.1 6.8 23.1 74.0 233.6 24
Nuclear figure, length (um) P 111.4 105.1 19.1 3.9 17.1 71.5 145.2 24
Anterior macronuclear nodule, length (um) I 343 35.8 5.8 24 17.0 27.4 42.8 6
P 48.3 46.8 9.5 1.7 19.6 25.8 71.2 32
Anterior macronuclear nodule, width (um) 1 16.7 16.9 1.5 0.6 8.9 14.5 18.5 6
P 24.8 23.7 5.9 1.0 23.8 12.5 40.2 32
Posterior macronuclear nodule, length (um) 1 31.1 323 4.5 1.8 14.4 24.7 36.1 6
P 46.1 44.4 10.3 1.8 22.3 25.1 83.1 32
Posterior macronuclear nodule, width (um) 1 17.5 18.3 2.4 1.0 13.9 13.4 19.7 6
P 243 23.8 5.5 1.0 22.6 13.1 40.1 32
Macronuclear nodules, distance in between (um) P 111.4 105.1 19.1 3.9 17.1 71.5 145.2 24
Macronuclear nodules, number P 2.0 2.0 0.0 0.0 0.0 2.0 2.0 32
Micronuclei, length (um) P 42 4.0 0.8 0.2 19.0 3.0 5.8 16
Micronuclei, width (um) P 2.8 2.8 0.5 0.1 19.5 1.9 3.5 16
Micronuclei, number P 1.6 2.0 0.6 0.2 38.1 1.0 3.0 16
Somatic kineties, number P 23.6 24.0 1.7 0.6 7.3 20.0 25.0 7
Kinetids in a ventral kinety, number P 122.0 119.0 16.7 9.6 13.7 107.0 140.0 3
Circumoral kinety to last dikinetid of brush row 1, dis- P 94.8 94.9 15.8 4.6 16.7 72.5 124.0 12
tance (um)
Circumoral kinety to last dikinetid of brush row 2, dis- P 79.3 80.4 11.0 32 13.8 63.0 97.7 12
tance (um)
Dorsal brush 1, number of dikinetids P 39.6 40.0 1.9 0.6 4.7 36.0 42.0 11
Dorsal brush 2, number of dikinetids 32.5 33.0 1.6 0.5 4.8 30.0 35.0 11
Dikinetidal brush rows, number?® 2.0 2.0 0.0 0.0 0.0 2.0 2.0 12

* One malformed specimen had three dikinetidal brush rows.



8.3:1 after protargol impregnation. Anterior end rather
conspicuous due to pin-shaped to conical oral bulge
and slightly broadened neck region below it, forming
a head-like structure (Figs 2—4, 22, 24). Neck distinctly
narrowed and usually slightly curved in extended speci-
mens, while more or less inconspicuous in contracted
ones; gradually merges into broadened trunk. Posterior
body end typically narrowly rounded, sometimes point-
ed (Figs 1, 5, 13-21, 27, 29, 30).

Nuclear apparatus in middle trunk region; typically
composed of two macronuclear nodules and several mi-
cronuclei. Macronuclear nodules broadly to narrowly
ellipsoidal, on average ellipsoidal, with a length width
ratio of 1.3-3.6:1, with an average near 2:1 both in vivo
and after protargol impregnation; size about 32 x 17 um
in vivo, while 48 % 25 pm after impregnation; usually
distinctly apart and connected by a fine strand, very
rarely abutting (in one out of 30 specimens analyzed).
Nucleoli numerous, small to medium-sized, rounded to
narrowly ellipsoidal, evenly distributed over macronu-
clear nodules, well recognizable after protargol impreg-
nation. Two to three micronuclei attached to macronu-
clear nodules at varying positions, rarely slightly distant
from them, broadly ellipsoidal, i.e., approximately 4 X
3 um in size after protargol impregnation (Table 2; Figs
1, 5, 14-20, 26-28, 30).

Contractile vacuole in rear end, comparatively small
with respect to body size, i.e., about 14 um across dur-
ing diastole; sometimes a defecation vacuole near by
(Figs 1, 13-17, 19, 20, 27, 29, 30). Extrusomes about
30 x 0.7 um long in vivo, filiform with pointed and
slightly curved ends, attached to oral bulge and scat-
tered throughout cytoplasm, usually heavily impreg-
nated with the protargol method used, rarely with small
darker granules in weakly impregnated specimens (Figs
5,8,9, 11, 22, 23, 25). Cortex about 1 um thick and
flexible, without granules, covered by mucilaginous
layer difficult to recognize in vivo and almost indistin-
guishable in protargol preparations; lepidosomes hat-
shaped and about 4 x 3.7 um in size (Figs 10, 29), no
other lepidosome types were recognized due to the lack
of SEM observations. Cytoplasm colourless, usually
turbid, packed with lipid droplets about 1-10 um in di-
ameter (Figs 21, 27, 28). The organism glides slowly on
the surface of microscope slide and swims by rotation
about the main body axis.

Cilia about 13 um long in vivo; arranged in an av-
erage of 24 meridional, equidistantly spaced rows;
anterior end of somatic kineties not curved in oral re-
gion and thus forming an enchelyodonid pattern; some

Phylogeny of Trachelophyllum brachypharynx 127

rows shortened anteriorly or posteriorly (Table 2;
Fig. 5). Dorsal brush three-rowed and isostichad, i.e.,
row length difference < 30%. Brush rows 1 and 2 diki-
netidal; about 95 um and 80 pm long, respectively, after
protargol impregnation; composed of an average of 40
and 33 dikinetids, respectively; dikinetids more densely
spaced in anterior brush portion than in posterior por-
tion; associated with 5 um long, slightly inflated bristles
becoming rod-like in protargol preparations. Brush row
3 monokinetidal throughout, bearing about 1 pm long
stumps; with a short anterior dikinetidal tail in a single
malformed specimen (Table 2; Figs 6, 7, 12, 31, 32).

Oral bulge rather conspicuous because distinctly set
off from body proper; pin-shaped in extended speci-
mens, while conical in contracted cells; not covered by
lepidosomes (Figs 24, 11, 21, 22, 24, 27, 28, 30). Pha-
ryngeal basket not recognizable in vivo and in protargol
preparations. Circumoral kinety at base of oral bulge,
composed of comparatively widely spaced, more or
less oblique dikinetids situated on top of somatic ciliary
rows (Figs 6, 7, 25, 32).

Molecular phylogeny of T brachypharynx

In the Bayesian tree, 7. brachypharynx was placed
within the paraphyletic order Spathidiida; however,
the statistical support for this placement was insignifi-
cant (0.51 PP; Fig. 33). This node was not recognized
in the ML analyses that showed the order Spathidiida
as polyphyletic. On the other hand, monophyly of the
order Spathidiida was sustained by relatively long
parallel edges and 69% bootstrap support (BS) in the
phylogenetic network. In both Bayesian and ML analy-
ses, T. brachypharynx clustered with Trachelophyllum
sp. with strong statistical support (1.00 PP, 98% ML).
Likewise, these two taxa formed a fully supported
(100% BS), comparatively long split in the network
analyses. Tree-building methods consistently indicated
a sister relationship between the trachelophyllids and
Enchelyodon sp. JF263446, but with very poor statisti-
cal support (0.89 PP, 36% ML). Phylogenetic network
analyses suggested Spathidium sp. JF263451 as a near-
est relative of the trachelophyllids; however, this was
with a bootstrap support of only 34%. A cluster of tra-
chelophyllids, Enchelyodon sp. JF263446, and Spathi-
dium sp. JF263451 received a bootstrap support of 51%
in the NeighborNet graph.

A monophyletic origin of the spathidiids with an
enchelyodonid oral ciliary pattern (i.e., ciliary rows
extend meridionally throughout and thus do not curve
anteriorly) was rejected by the AU and WKH topology
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Figs 1-20. Trachelophyllum brachypharynx, Korean specimens in vivo (1-4, 8, 10-16) and after protargol impregnation (5-7, 9, 17-20).
1 — ventral view of a representative specimen; 2—4 — the pin-shaped oral bulge becomes conical in contracted specimens; 5 — ventral view
of the ciliary pattern and nuclear apparatus of a typical specimen; 6, 7 — dorsal view of the ciliary pattern in the anterior body portion of
anormal (6) and abnormal (7) specimen. Typically, only brush row 1 and 2 are composed of dikinetids, while brush row 3 is monokinetidal
throughout. In the abnormal specimen, brush row 3 also commences with a dikinetidal part but the brush is deformed (asterisk); 8, 9 — ex-
trusomes are about 30 um long in vivo and are filiform with pointed and slightly curved ends (8). When weakly impregnated, they display
some small darker granules; 10 — lepidosomes are hat-shaped and about 4 x 3.7 um in size; 11 — detail of the anterior body portion show-
ing the conical oral bulge, the long filiform extrusomes, and the hat-shaped lepidosomes; 12 — the dorsal brush consists of three-rows. The
first two rows are dikinetidal and bear 5 um long, slightly inflated bristles, while the third row is monokinetidal and associated with 1 um
long stumps; 13-20 — variability in body shape and size as well as nuclear apparatus. Drawn to scale. B1-3 — dorsal brush row 1-3, CK —
circumoral kinety, CV — contractile vacuole, E — extrusomes, F — fiber, L — lepidosomes, MA — macronuclear nodules, MI — micronucleus,
OB - oral bulge, SC — somatic cilia. Scale bars: 50 um (6, 7) and 100 um (1, 5, 13-20).
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Figs 21-32. Trachelophyllum brachypharynx, Korean specimens in vivo (21-24, 27-29) and after protargol impregnation (25, 26, 30-32).
21,27, 28, 30 — overview showing the narrowly fusiform body, the nuclear apparatus composed of two macronuclear nodules, and the turbid
cytoplasm packed with many small granules and some lipid droplets; 22, 24, 25 — detail of the anterior body end showing the pin-shaped to
conical oral bulge studded with extrusomes; 23 — extrusomes are about 30 um long in vivo and are filiform with pointed and slightly curved
ends; 26 — the nuclear apparatus is typically composed of two ellipsoidal macronuclear nodules that are distinctly separate and connected by
a fine strand. The arrowhead denotes an ellipsoidal micronucleus; 29 — detail of the rear body end showing the single posterior contractile
vacuole and hat-shaped lepidosomes (arrowhead) forming a mucilaginous layer around the cell; 31 — dorsal view of the ciliary pattern in
the anterior body portion of a typical specimen. The dorsal brush is composed of two isostichad dikinetidal rows and a single monokinetidal
row; 32 — dorsal view of the ciliary pattern in the anterior body portion of a malformed specimen whose brush row 3 also commences with
a dikinetidal part (arrowheads) similar to the first two brush rows. B1-3 — dorsal brush row 1-3, CK — circumoral kinety, CV — contractile
vacuole, E — extrusomes, F — fiber, FM — fecal mass, MA — macronuclear nodules, OB — oral bulge, SK — somatic kinety. Scale bars: 10 um
(29), 30 um (22, 26, 31, 32), 50 um (24, 25), and 100 um (21, 27, 28, 30).
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Fig. 33. Bayesian inference (BI) tree inferred from 1476 nucleotide characters of 69 litostomatean taxa under the GTR + I (= 0.5960) + T"
(= 0.4870) evolutionary substitution model. Results from maximum likelihood (ML) bootstrap analysis are mapped onto the Bayesian phy-
logenetic tree. A dash indicates a mismatch in the branching pattern. The scale bar indicates three substitutions per 100 nucleotide positions.
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Fig. 34. Phylogenetic network inferred from 1,476 nucleotide characters of 69 litostomatean taxa, using the NeighborNet algorithm and the
uncorrected distances. Numbers along the edges indicate bootstrap support values coming from 1,000 replicates. Only bootstraps > 50% and
relevant to this study are shown. The scale bar indicates three substitutions per one thousand nucleotide positions.
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tests (p < 0.05), but not by the WSH test (p = 0.051;
Table 1). A monophyletic origin of spathidiids and hap-
torids with this pattern was statistically firmly excluded
by all tree topology tests (p < 0.001). This indicates
that the enchelyodonid cytoarchitecture evolved inde-
pendently between the haptorids and spathidiids. Fur-
ther, this ciliary organization very likely formed at least
two times convergently within the spathidiids, once in
the Enchelyodon-trachelophyllid lineage and a second
time in the genus Lagynophrya. On the other hand,
a sister relationship of the trachelophyllids and Spathi-
dium sp. JF263451, as indicated in the phylogenetic
networks, was not rejected by any statistical test (p >
0.05). This corroborates a relatively close phylogenetic
relationship between the spathidiids sensu stricto and
trachelophyllids.

DISCUSSION

Comparison of Korean population with original de-
scription

Levander’s (1894) original description of Trachelo-
phyllum brachypharynx is rather incomplete and con-
fusing. Specifically, the nuclear apparatus was described
as follows: “Three (two?) big, globular, homogenously
appearing macronuclei in the mid-body”. Concerning
the contractile vacuole pattern, Levander (1894) wrote:
“In the rear end of the body, there is a big, contractile
vacuole that empties through a postero-terminal open-
ing. [ saw a bright big vacuole in the depicted specimen
also at the transition between neck and body, but am
not sure whether it was contractile as well”. The length
and shape of the extrusomes were not provided, but
they were depicted as comparatively long and fine rods.
Likewise, the mucilaginous cell cover was not reported
(Figs 35 and 36) and no redescription of this species is
available. Under these circumstances, it is not possible
to unambiguously identify any population as 7. brachy-
pharynx. In spite of this, the Korean population de-
scribed here matches Levander’s (1894) specimens in
body shape and size (330445 pm vs. 350400 um) as
well as in body flattening. Moreover, both populations
were found in salt water: Levander (1894) discovered
T. brachypharynx at the Finnish Gulf coast near the
town of Helsinki while we found it in brackish water
from the mouth of the Tachwa River as it opens into the
East Sea, near the surrounding town of Ulsan, South
Korea. Since this is the only trachelophyllid species

Fig. 35. Original drawing of Trachelophyllum brachypharynx,
length 350400 pm (from Levander 1894). Fig. 36. Redrawing of
T. brachypharynx, length 400 um (from Kahl 1930).

reported from brackish and marine environments (e.g.,
Coats and Clamp 2009; Levander 1894, 1901; Telesh et
al. 2009) and the body shape and size matches, we con-
sidered the Korean population to be conspecific with
T. brachypharynx. Since 18S rRNA gene sequence is
available for the Korean population, its conspecificity
with 7. brachypharynx can be also tested in the future
by comparison with sequences from other saltwater
populations, especially with those from the Finnish
coast. To avoid nomenclatural and taxonomical prob-
lems, we decided to not designate the Korean popula-
tion as the neotype of this species.

Generic home and comparison with similar species

Generic classification of trachelophyllids is based on
the shape of lepidosomes (Foissner 1994, 2005; Foiss-
ner et al. 2002). The Korean population of 7. brachypha-
rynx exhibited hat-shaped lepidosomes whose presence
is the key feature of the genus Sleighophrys (Foissner
2005). Unfortunately, there was not enough material to
conduct SEM investigations on lepidosomes of the Ko-
rean 7. brachypharynx population. Therefore, we can-



Phylogeny of Trachelophyllum brachypharynx 133

Fig. 37. Hypothesis for the morphological evolution of trachelophyllids from a Spathidium-like ancestor via an Enchelyodon-like stage.
Arrowheads mark the monokinetidal tail of brush row 3. B3 — dorsal brush row 3, CK — circumoral kinety, OB — oral bulge.

not exclude that there are also other lepidosome types
scattered between the hat-shaped type. Further research
might very likely show that 7. brachypharynx belongs
to the genus Sleighophrys. But due to the lack of de-
tailed SEM observations on lepidosomes, we prefer to
not make any new combinations and maintain the origi-
nal affiliation of brachypharynx with Trachelophyllum.
Besides T. brachypharynx, there are only two tra-
chelophyllids with hat-shaped extrusomes, viz., Tra-
chelophyllum sigmoides Kahl, 1926 and S. pustulata
Foissner, 2005. While the lepidosomes of 7. sigmoides
were not described by Kahl (1926, 1930), Foissner
(2005) noted that they are “mushroom-shaped and about
3.5 um in size”. The less studied 7. sigmoides resem-
bles T. brachypharynx in body size (250—400 um vs.
330-445 pm), the nuclear and contractile vacuole ap-
paratus (two separated macronuclear nodules each with
a micronucleus and a single terminal vacuole) as well as
in the extrusome pattern (one type of long filiform ext-
rusomes). However, both species can be differentiated
by body shape. Specifically, 7. sigmoides is asymmet-
ric with the anterior body portion distinctly curved to
one side, causing the other to become sigmoidal (Kahl
1926, 1930). On the other hand, T brachypharynx does
not assume such a pattern and has an ordinary trachelo-
phyllid shape (Levander 1894; present study). Further,
T. sigmoides lives in saprobe puddles while 7. brachy-
pharynx resides in brackish and marine habitats.

Sleighophrys pustulata is distinguished from 7. bra-
chypharynx by a smaller body (160—230 um vs. 330—
445 pm), a lower number of ciliary rows (11-13 vs.
20-25), and a different extrusome pattern. Namely,
S. pustulata exhibits two extrusome shape and size
types: type I is acicular and 12—16 um long, while type
II is rod-shaped and only 2.5 um long (Foissner 2005).
On the other hand, T brachypharynx displays only one
type of about 30 um long filiform extrusomes. Interest-
ingly, S. pustulata was found in a slightly saline (4%o)
sample that was taken from small flat depressions in the
surroundings of the Flamingo lakes in Venezuela and
consisted of dry cyanobacterial and algal crust, mud
with plant litter, and loamy soil (Foissner 2005). On
the other hand, 7. brachypharynx is a true inhabitant
of brackish and marine habitats (e.g., Coats and Clamp
2009; Levander 1894, 1901; Telesh et al. 2009; present
study).

Phylogeny of trachelophyllids

Recent molecular studies have indicated that tra-
chelophyllids belong to the order Spathidiida, a taxo-
nomically and phylogenetically difficult assemblage of
free-living litostomateans (Vd’aény et al. 2011, 2012,
2014; Vd’aény and Foissner 2013). However, about 20
years ago, Grain (1994) classified trachelophyllids at
the suborder level within the Spathidiida. Foissner et al.
(2002) followed and supported Grain’s classification by
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distinct similarities in the spathidiid and trachelophyl-
lid oral and somatic ciliary pattern, especially in the
structure of the dorsal brush and its monokinetidal tail
associated with row 3. Later, Foissner (2005) suggested
a relationship between trachelophyllids and lacrymari-
ids because bifurcated nematodesmata were found in
Luporinophrys micelae Foissner, 2005. However, bi-
furcated nematodesmata occur also in other haptorians,
for instance, in the acropisthinids (Lipscomb and Ri-
ordan 1990; Foissner 2005), which also cluster within
the Spathidiida in molecular phylogenies (Vdacny et
al. 2011, 2012, 2014). Nevertheless, the structure and
origin of nematodesmata are not appropriate features
to determine haptorian phylogenetic relationships be-
cause of their highly homoplastic nature (Vd’acny et
al. 2011). On the other hand, dorsal brush features are
more appropriate for these purposes, as recently docu-
mented by Kwon et al. (2014).

Trachelophyllids represent a distinct lineage within
the Spathidiida as they significantly deviate from typical
spathidiids in that (i) their body is contractile, fusiform,
and covered by a mucilaginous layer of complex organic
epicortical scales; (ii) their oral ciliature is in an enche-
lyodonid pattern, whereby the anterior end of the somat-
ic kineties is not curved in the oral region; and (iii) only
the first two brush rows are dikinetidal while the third
row is monokinetidal throughout (Foissner 1994, 2005;
Foissner et al. 1999, 2002). On the other hand, typical
spathidiids (i) lack lepidosomes; (ii) their oral ciliature
forms a spathidiid pattern in that the anterior end of the
ciliary rows is curved rightward; and (iii) all three brush
rows are made of dikinetids, with only the third row con-
tinuing as a monokinetidal tail (Foissner and Xu 2007).
These discrepancies between trachelophyllid and spath-
idiid morphologies can be reconciled in the light of the
present phylogenetic analyses that indicate members of
the genera Spathidium and Enchelyodon as the nearest
relatives of trachelophyllids. Specifically, phylogenetic
trees consistently showed a sister relationship between
Enchelyodon sp. JF263446 and trachelophyllids (Fig.
33), while phylogenetic networks suggested Spathidium
sp. JF263451 as the nearest relative of trachelophyllids
(Fig. 34). Based on these facts and looking at the mor-
phology of Spathidium, Enchelyodon, and Trachelo-
phyllum, we hypothesize that the spathidiid oral ciliary
pattern transformed into an enchelyodonid pattern by
meridionalization of the anterior end of somatic ciliary
rows. However, the dorsal brush remained unchanged at
this stage, meaning all three brush rows were dikinetidal
and row 3 continued posteriorly with a monokinetidal

tail (Vd’acny and Foissner 2013). This morphological
grade was virtually maintained in Enchelyodon. In the
next evolutionary step, (i) the body became covered by
epicortical scales; (ii) the oral apparatus miniaturized,
which resulted in the formation of a conical oral bulge;
and (iii) the dikinetidal part of brush row 3 was lost,
leaving only the monokinetidal tail (Fig. 37). However,
we found a single malformed specimen whose brush
row 3 began with a short dikinetidal portion (Figs 7
and 32). We consider this morphological deviation to
be reminiscent of the Enchelyodon-like stage present in
the evolutionary history of trachelophyllids, providing
strong evidence corroborating our hypothesis. However,
the matter is complex because according to the molecu-
lar and combined morphological-molecular phylogenies
as well as the statistical tree topology tests, the Enche-
lyodon-like body organization evolved convergently
several times within the subclass Haptoria (Vd’a¢ny and
Foissner 2013; present study); once in the order Hap-
torida and at least two times independently in the order
Spathidiida, viz., in the Enchelyodon-Trachelophyllum
lineage and in the genus Lagynophrya. However, the
available molecular data from trachelophyllids clearly
show that their peculiar morphology originated only
once within the order Spathidiida.
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