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bstract

In a study on ciliate diversity, we discovered the new hypotrich species, Gonostomum  jangbogoensis  n. sp., in freshwater from
erra Nova Bay, Victoria Land, southeast Antarctica. We describe its morphology and morphogenesis using standard methods,
nd the SSU rRNA gene phylogeny is provided as well. Morphology of Gonostomum  jangbogoensis  n. sp. is characterized as
ollows: slender to elongated body shape; grayish under low magnification; cortical granules present; 32–41 adoral membranelles;

 enlarged frontal cirri; 1 buccal cirrus; 2 frontoterminal cirri; 3 or 4 frontoventral cirral pairs, 2 pretransverse cirri, 6–7 transverse
irri; 13–19 left and 18–26 right marginal cirri; 17–23 paroral kinetids; 3 dorsal kineties; 3 caudal cirri; 2 macronuclear nodules
ith 1–3 micronuclei. The morphogenesis of the new species confirms that it has at least seven frontal-ventral-transverse cirral

nlagen, which is also reported in Gonostomum  sp. 1 sensu Shin from Korea. Even though these two populations occur very far
rom each other, the morphometric data prove that this character state, the seven cirral anlagen, is a stable feature across these
opulations and might be an apomorphy. The phylogenetic analyses show that the genus Gonostomum  is non-monophyletic and

hat the new species is a sister to G.  bromelicola.

 2020 Elsevier GmbH. All rights reserved.

eywords:  Ciliophora; Gonostomatidae; Ontogenesis; SSU rRNA gene; Taxonomy
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Victoria Land is one of the largest ice-free regions in con-

inental Antarctica, covering the area from Darwin Glacier to
ape Adare at a latitudinal gradient of 8◦. The Transantarctic
ountains, low-elevation coastal areas, and desert environ-
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ents can be all found in this region (Kim et al. 2015).
any lakes, ponds, and streams in Antarctica lie between the

ongitudes of 150 ◦E and 150 ◦W; however, crustacean zoo-
lankton and common aquatic taxa are conspicuously absent
here due to the extreme environment in these aquatic ecosys-
ems. Antarctic water bodies are thus inhabited by a small
umber of species of microscopic life-forms (Vincent and

ames 1996).

Ciliates are globally distributed in a variety of habitats
uch as soil, freshwater, and seawater and are one of the most

http://www.sciencedirect.com/science/journal/09324739
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pecies-rich groups within protists (Lynn 2008; Russell et al.
016). Ciliates are widely used as bioindicators, with a rel-
tively prompt response based on their delicate membranes
nd fast growth (e.g., Berger and Foissner 2003; Foissner
t al. 1991; Jiang et al. 2011, 2013; Xu et al. 2014).

The genus Gonostomum  Sterki, 1878 is characterized by
n adoral zone in Gonostomum  pattern, three bipolar dorsal
ineties, and the presence of caudal cirri (Berger 2011). It is
he type genus of the Gonostomatidae Small and Lynn, 1985
nd comprises 17 species including two invalid species: 1) G.
ffine (Stein, 1859) Sterki, 1878, type species; 2) G.  strenuum
Engelmann, 1862) Sterki, 1878; 3) G.  algicola  Gellért, 1942;
) G.  kuehnelti  Foissner, 1987; 5) G.  namibiense  Foissner
t al., 2002; 6) G.  albicarpathicum  Vd’ačný and Tirjaková,
006; 7) G.  singhii  Kamra et al., 2008; 8) G.  paronense  Bharti
t al., 2015, invalid species according to ICZN (2012, Article
.5.3); 9) G.  bromelicola  Foissner, 2016; 10) G.  fratercu-
us Foissner, 2016; 11) G.  halophilum  Foissner, 2016; 12)
. lajacola  Foissner, 2016; 13) G.  multinucleatum  Foissner,
016; 14) G.  salinarum  Foissner, 2016; 15) G.  caudatulum
oissner and Heber in Foissner, 2016; 16) G.  sinicum  Lu
t al., 2017; and 17) Gonostomum  sp. 1 sensu Shin (1994).
f these species, G.  affine  and G.  kuehnelti  were recorded

n Antarctica (Berger 2011; Foissner 1998). Further, among
hese species, Gonostomum  sp. 1 sensu Shin (1994) is deemed
o have a seventh frontal-ventral-transverse cirral anlage that
s not observed in the type species (Berger 2011). Phyloge-
etic analyses show that Gonostomum  affine  + G.  strenuum

 G.  bromelicola  + G.  jangbogoensis  + G.  sinicum  cluster
ith Paragonostomoides  xianicum  and Cotterillia  bromeli-

ola based on small subunit ribosomal DNA sequence and
ence the genus Gonostomum  is non-monophyletic (Lu et al.
017; Wang et al. 2017).

In this study, we report a new freshwater Gonosto-
um, G.  jangbogoensis  n. sp., collected from Terra Nova
ay, Victoria Land, southeast Antarctica based on live
bservations, protargol-preparations, and SSU rRNA gene
equencing.

aterial and methods

ample collection and identification

The sample was collected from a freshwater pond near the
ang Bogo Station (74◦37′58.76′′S, 164◦13′35.84′′W), Terra
ova Bay, Victoria Land, southeast Antarctica, in February
014. Water and sediment samples were collected under the
ce surface of the pond. The sediment of the pond was com-
osed of small stones and sand. The sample was transferred
o the laboratory of the Jang Bogo Station on Terra Nova Bay.
t was stored at 4 ◦C during the 4-month transport by a ship

◦
nd was cultured at 4 C after arriving at the Korea Polar
esearch Institute (KOPRI), Incheon, South Korea. All mor-
hological and molecular analyses were based on specimens
rom non-clonal raw cultures.

f
2
(
(
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Live specimens were observed under a light microscope
Zeiss Axio Imager 2; Carl Zeiss, Oberkochen, Germany) at
0× to 1000×  magnification and a stereo microscope (Leica
205 C; Leica Microsystems, Wetzlar, Germany). Protar-

ol impregnation was performed according to “Procedure
” described by Foissner (2014). The protargol was syn-

hesized according to Pan et al. (2013). Drawings of live
pecimens were based on free-hand sketches and photomi-
rographs, while those from protargol-prepared individuals
ere made with a drawing device using Illustrator (Adobe,
an Jose, CA, USA). Counts and measurements on protargol-

mpregnated specimens were performed at 400×  and 1000×
agnification using an image analyzer (AxioVision SE64
el. 4.9.1; Carl Zeiss). General terminology is according to
erger (2011).

SU rRNA gene sequencing

A single specimen of the new species was washed sev-
ral times with distilled water to remove any contaminants
i.e., eukaryotes). Genomic DNA was extracted using a RED-
xtract-N-Amp Tissue PCR Kit (Sigma, St. Louis, MO,
SA) following the manufacturer’s instructions. The con-
itions for PCR were as follows: initial denaturation at 94 ◦C
or 3 min; 40 cycles of denaturation at 95 ◦C for 15 s, anneal-
ng at 58 ◦C for 30 s, and extension at 72 ◦C for 4 min; and a
nal extension step at 72 ◦C for 7 min. The almost complete
mall subunit ribosomal RNA (SSU rRNA) gene was ampli-
ed using two primers: slightly modified New EukA (5′-CTG
TT GAT YCT GCC AGT-3′) and LSU rev3 (5′-GCA TAG
TC ACC ATC TTT CG-3′) (Sonnenberg et al. 2007). The
CR product was purified using a QIAquick PCR Purifica-

ion Kit (Qiagen, Hilden, Germany). Two internal primers
ere used for sequencing: 18S + 810 (5′-GCC GGA ATA
AT TAG CAT GG-3′) and 18S-300 (5′-CAT GGT AGT
CA ATA CAC TAC-3′) (Jung et al. 2011). DNA sequenc-

ng was performed using an ABI 3700 sequencer (Applied
iosystems, Foster City, CA, USA).

hylogenetic analyses

To analyze the phylogenetic position of Gonostomum  jang-
ogoensis  n. sp., the SSU rRNA gene sequences of 56 species
ere used. The oligotrichs Strombidium  styliferum  and S.

ulcatum were selected as the outgroup. GenBank accession
umbers follow the species names in the phylogenetic tree
Fig. 5).

The sequences were aligned using Clustal X 1.81
Jeanmougin et al. 1998) and were manually trimmed at
oth ends using BioEdit 7.1.11 (Hall 1999). The alignment
as further visually checked. A best-fit substitution model
or the phylogenetic analyses was chosen using jModelTest
.1.7 (Darriba et al. 2012). The model GTR + I (0.6810) + G
0.5470) was selected under the Akaike information criterion
AIC). The Bayesian inference (BI) tree was generated by
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Fig.  1.  A–F. Gonostomum  jangbogoensis  n. sp. in life (A, B) and after protargol preparation (C, D). A:  Ventral view of a representative
specimen. B:  Dorsal view showing contractile vacuole (arrow). C:  Cortical granules, 2.0–2.5 ×  0.5–0.7 �m in size. D:  Dorsal view showing
distribution of cortical granules. E,  F:  Ciliature of ventral and dorsal side and nuclear apparatus of holotype. AZM, adoral zone of membranelles;
C M, end
f le; Mi
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C, caudal cirri; CV, contractile vacuole; DK1–3, dorsal kineties; E
rontoventral cirri; LMR, left marginal row; Ma, macronucleus nodu
TC, pretransverse cirri; TC, transverse cirri. Scale bars: 100 �m.

rBayes 3.2.5 (Ronquist et al. 2012) using the Markov Chain
onte Carlo (MCMC) simulation for 1,000,000 generations,
ith a burn-in of 300,000. The maximum likelihood (ML)

nalysis was conducted using PhyML version 3.1 (Guindon
t al. 2010) with the GTR + I + G evolutionary model and
000 bootstrap replicates.
For interpretation of bootstrap values, the methodology of

d’ačný and Rajter (2015) was followed: ≥95, high support;
1–94, moderate support; 50–70, low support; and <50, no
upport (Hillis and Bull 1993). Bayesian posterior probability
alues were considered in the following manner: <0.95 as
ow; ≥0.95 as high (Alfaro et al. 2003).

The best (i.e. unconstrained) tree and the topologically
onstrained trees were inferred in PAUP*v4.0b10 (Swofford
003), using ML criterion and a heuristic search with SPR
ranch swapping and 10 random sequence addition repli-
ates. The log likelihoods of the best and constrained ML
rees under the best-fit model were calculated with the “lset”
ommand in PAUP*. The following topologies were statis-

ically tested: Monophyly of gonostomatids (Gonostomum
pp. + Cotterillia  + Paragonostomoides), monophyly of
ll Gonostomum  spp., and monophyly of all Gonostomum

B
l
m

oral membrane; FC, frontal cirri; FTC, frontoterminal cirri; FVC,
, micronucleus; RMR, right marginal row; PM, paroral membrane;

pp. except for G.  namibiense  and G.  paronense. Hasegawa
opological tests (as implemented in the CONSEL package
Shimodaira and Hasegawa 2001)) were used to test statistical
ignificance of the topological constraint.

ooBank registration

ZooBank registration number of present work
see Recommendation 8A of ICZN 2012):
rn:lsid:zoobank.org:pub:565D3142-3C8E-4D68-931C-
270BCB5D277.

esults

Gonostomatidae Small and Lynn, 1985
Gonostomum  Sterki, 1878
Gonostomum  jangbogoensisn. sp.

Diagnosis:  Body size in vivo 95–135 ×  40–55 �m.

ody elliptical, flexible but not contractile; grayish under
ow magnification. Cortical granules rod-shaped, colorless. 2
acronuclear nodules, 1–3 micronuclei. 32–41 adoral mem-
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Fig.  2.  A–K. Gonostomum  jangbogoensis  n. sp., photomicrographs in life (differential interference contrast). A,  B:  Dorsal views. C,  D:
Ventral view of a wide and a slender specimen. E:  Left lateral view. F:  Ventral view of a slightly squeezed specimen showing macronuclear
nodules and dorsal cilia. G:  Dorsal view showing caudal cirri. H:  Specimen with two pretransverse and seven transverse cirri. I:  Dorsal
v embra
v  memb
�

b
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d
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t
s
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t
n

iew showing cortical granules. J:  Paroral membrane. K:  Paroral m
acuole; DB, dorsal bristles; Ma, macronucleus nodule; PM, paroral
m.

ranelles, 3 frontal cirri, 1 buccal cirrus, 2 frontoterminal
irri, 3 or 4 frontoventral cirral pairs, 2 pretransverse cirri, 6
r 7 transverse cirri, 13–19 left and 18–26 right marginal cirri.
aroral composed of 17–23 widely spaced monokinetids. 3
orsal kineties, 3 caudal cirri.

Type locality:  Pond near Jang Bogo Station, Terra Nova
ay, Victoria Land, southeast Antarctica (74◦37′58.76′′S,
64◦13′35.84′′W).

Type  material:  The slide (ACNS000202) containing

he holotype specimen (Fig. 1E, F) and three paratype
lides (ACNS000201, ACNS000203, ACNS000204) with

B
=
l

ne and buccal lip. BL, buccal lip; CC, caudal cirri; CV, contractile
rane; PTC, pretransverse cirri; TC, transverse cirri. Scale bars: 100

rotargol-impregnated specimens are deposited in the Korean
olar Research Institute, South Korea. Relevant specimens
re marked with circles on the bottom of the slides.

Etymology:  The species-group name “jangbogoensis” is
erived from the name of the Korean Antarctic Research Sta-
ion, Jang Bogo Station, because the species was discovered
ear this station.
Description  (Figs. 1A–F, 2 A–K, 3 A–H, 4 A–E, Table 1):
ody size in vivo approximately 95–135 ×  40–55 �m (n
 7), on average 97 × 33 �m in protargol preparations;

ength:width ratio 3:1 on average (Table 1). Body outline
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Fig.  3.  A–H. Photomicrographs of Gonostomum  jangbogoensis  n. sp. after protargol preparation. A,  B:  Ventral and dorsal view of holotype.
C:  Ventral view of early divider. D:  Dorsal view of late divider, showing macronuclear nodules and micronuclei. E,  F:  Ventral and dorsal
view of a middle divider, showing the seven anlagen and dorsal kineties. G,  H:  Ventral and dorsal view of a late divider. AZM, adoral zone of
m eties; F
I  row; M
P inal row

e
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t
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embranelles; BC, buccal cirrus; CC, caudal cirri; DK1–3, dorsal kin
–VII, frontoventral transverse anlagen I–VII; LMR, left marginal
M, paroral membrane; PTC, pretransverse cirri; RMR, right marg

lliptical in vivo, both ends slightly narrowed. Body flex-
ble, but not distinctly contractile, dorsoventrally flattened
Figs. 1A, B, E, F, 2 A–F, 3 A, B). Nuclear apparatus in central

ody portion, usually somewhat left of midline, composed of
wo ellipsoidal (8–22 ×  5–12 �m in protargol preparations)

acronuclear nodules and 1–3 micronuclei; in specimens
ith one micronucleus, never in-between the nodules. Con-

n
×
l
d

C, frontal cirri; FTC, frontoterminal cirri; FVC, frontoventral cirri;
a, macronucleus nodule; Mi, micronuclei; OP, oral primordium;
; TC, transverse cirri. Scale bars: 100 �m.

ractile vacuole posterior to buccal vertex, approximately 20
m in diameter at end of diastole, no distinct collecting canals

ecognizable (Figs. 1B, 2 B). Cytoplasm grayish at low mag-

ification. Cortical granules rod-shaped, colorless, 2.0–2.5

 0.5–0.7 �m (Figs. 1C, D, 2 I). Locomotion without pecu-
iarities, usually moderately fast creeping on bottom of Petri
ish.
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ig.  4.  A–E. Morphogenesis of Gonostomum  jangbogoensis  n. sp. 

nd dorsal view of a middle divider. D,  E:  Ventral and dorsal view of
ransverse anlagen I–VII; Ma, macronucleus nodule; Mi, micronuc

Oral apparatus in Gonostomum  pattern (Berger 2011).
doral zone terminates at 52% of body length on average in
rotargol preparations, composed of 32–41, on average 37,
embranelles; base of largest membranelles 6.2 �m wide on

verage, cilia of membranelles up to 20 �m long. Endoral
ommences at level of buccal cirrus, composed of densely
paced monokinetids (Figs. 1A, B, E, 2 C, D, I, J, 3 A). Par-
ral composed of 17–23 monokinetids, cilia 10–14 �m long.
haryngeal fibers ordinary.
Frontal, transverse and caudal cirri approximately 20 �m

ong in vivo; remaining cirri about 15 �m long (Figs. 1A, 2 C,
, G, H, 3 A). Three frontal cirri slightly enlarged, two fron-

oterminal cirri at anterior end of right marginal row; buccal
irrus slightly anterior to level of distal end of endoral mem-
rane (Figs. 1A, E, 2 I, J, 3 A). Usually three frontoventral
irral pairs slightly right of or in cell midline; cirrus III/2
lightly more anteriorly than posterior frontoterminal cirrus.
osteriormost frontoventral cirrus about at level of rear end
f paroral. Six or seven transverse cirri arranged in hook-
haped pattern, rightmost transverse cirrus displaced slightly
nteriorly; two pretransverse cirri form oblique pseudorow
ear transverse cirri. Right marginal row commences dorso-
aterally at level of posterior frontoterminal cirrus, composed
f 18–26, on average 21, cirri. Left marginal row begins left of
roximal portion of adoral zone, composed of 13–19, on aver-
ge 16, cirri; both marginal rows never connected posteriorly
Figs. 1A, E, 2 H, 3 A, Table 1).

Three bipolar dorsal kineties, bristles approximately 5 �m
ong in vivo; dorsal kinety 1 distinctly shortened anteriorly;
hree caudal cirri (Figs. 1F, 2 F, 3 B, Table 1).

Ontogenesis  of  Gonostomum  jangbogoensis  n.  sp.: The

ormation of the oral primordium begins with apokinetal pro-
iferation of basal bodies below the buccal vertex (Figs. 3C, 4
). The differentiation of adoral membranelles commences

e
+
j

otargol preparation. A:  Ventral view of early divider. B,  C:  Ventral
ivider. CC, caudal cirri; DK1–3, dorsal kineties; I–VII, frontoventral
, oral primordium. Scale bars: 100 �m.

n the anterior portion of the oral primordium and proceeds
osteriadly while the anlage for the undulating membranes
orms a longitudinal dikinetidal line of basal bodies to the
ight of the differentiating adoral zone (Figs. 3E, 4 B). The
arental adoral membranelles are retained (Figs. 3E, 4 B, D).
Seven cirral streaks (= frontal-ventral-transverse cirral

nlagen) are formed in both the proter and the opisthe;
owever, it is unclear whether these streaks originate from
o-called primary primordia (Figs. 3E, 4 B). A single out of
1 individuals has seven transverse cirri; a divider with eight
treaks was not found.

The development of marginal rows and dorsal kineties pro-
eeds as in congeners: the anlagen form within the parental
tructures of marginal rows, and dorsal kineties originate by
ntrakinetal proliferation of basal bodies, that is, two anla-
en develop from each parental row. Each dorsal kinety will
roduce one caudal cirrus in the late stage of cell division.
arental structures are very likely resorbed (Figs. 3E–H, 4
–E). Based on the available dividers, it remains uncer-

ain whether or not the two macronuclear nodules fuse into
 single mass. In the late dividers, the micronuclei and
acronuclear segments begin to divide (Figs. 3D, 4 E).
Phylogenetic analyses  of  Gonostomum  jangbogoensis  n.

p.: The SSU rRNA gene sequence of Gonostomum  jangbo-
oensis (GenBank accession number: MK860908) is 1346
p in length, with a GC-content of 45.3%.

The present phylogeny of gonostomatids is far from robust,
s indicated by the generally low support values. All Gonos-
omum species, except for G.  namibiense  and G.  paronense,
luster together in a heterogenous clade, containing also
otterillia and Paragonostomoides. Gonostomum  namibi-

nse and G.  paronense  branch before the Gonostomum  spp.

 Paragonostomoides  + Cotterillia  cluster. Gonostomum
angbogoensis n. sp. groups with G.  bromelicola  but this
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Table  1.  Morphometric data on protargol-impregnated specimens of Gonostomum  jangbogoensis  n. sp.

Characteristic Mean SD SE CV Min M Max N

Length, body 97.7 7.2 1.7 7.4 84.2 97.6 115.8 19
Width, body 33.1 4.8 1.1 14.6 26.3 33.5 45.7 19
Ratio, body length: width 3.0 0.3 0.1 11.0 2.2 3.0 3.4 19
Length, adoral zone 51.5 3.8 0.9 7.4 44.1 51.0 57.4 19
Percentage, adoral zone length: body length 52.8 3.4 0.8 6.4 47.1 52.6 59.0 19
Length, largest membranelles 5.0 0.7 0.2 14.5 3.2 5.0 6.2 19
Distance, anterior body end to RMR 13.5 4.1 0.9 30.4 7.2 12.8 22.5 19
Distance, anterior body end to PM 26.5 2.8 0.7 10.8 20.4 26.9 31.8 19
Distance, anterior body end to EM 31.1 4.2 1.0 13.6 24.9 31.1 41.3 19
Distance, anterior body end to BC 26.3 2.4 0.6 9.3 21.9 26.4 30.4 19
Distance, anterior body end to Ma 28.9 10.2 2.3 35.4 17.2 26.1 57.0 19
Distance, posterior body end to TC 15.4 4.0 0.9 25.6 7.7 15.0 23.1 19
Distance, anterior body end to RMR 3.4 1.3 0.3 38.7 1.0 3.1 6.0 19
Distance, anterior body end to LMR 2.3 1.2 0.3 50.5 1.0 2.0 5.1 19
Length, anterior Ma 14.4 3.5 0.8 24.4 8.7 13.6 22.0 19
Width, anterior Ma 8.3 1.5 0.4 18.7 5.8 8.1 11.4 19
Number, macronuclear nodules 1.9 0.3 0.1 16.6 1.0 2.0 2.0 19
Length, micronuclei 2.3 0.4 0.1 16.3 1.9 2.2 3.0 8
Width, micronuclei 2.1 0.3 0.1 12.4 1.8 2.1 2.5 8
Micronucleus, number 1.5 0.8 0.3 50.4 1.0 1.0 3.0 8
Adoral membranelles, number 37.3 2.6 0.6 6.9 32.0 37.0 41.0 19
Frontal cirri, number 3.0 0.0 0.0 0.0 3.0 3.0 3.0 19
Frontoterminal cirri, number 2.0 0.0 0.0 0.0 2.0 2.0 2.0 19
Buccal cirrus, number 1.0 0.0 0.0 0.0 1.0 1.0 1.0 19
Frontoventral cirral pairs, number 3.2 0.4 0.1 13.1 3.0 3.0 4.0 19
Pretransverse cirri, number 2.0 0.0 0.0 0.0 2.0 2.0 2.0 19
Transverse cirri, number 6.1 0.2 0.1 3.8 6.0 6.0 7.0 19
Left marginal cirri, number 16.1 1.4 0.3 8.9 13.0 16.0 19.0 19
Right marginal cirri, number 21.7 1.8 0.4 8.4 18.0 21.0 26.0 19
Caudal cirri, number 3.0 0.0 0.0 0.0 3.0 3.0 3.0 19
Paroral kinetids, number 19.1 1.8 0.4 9.5 17.0 19.0 23.0 19
Dorsal kineties, number 3.0 0.0 0.0 0.0 3.0 3.0 3.0 19
Dorsal kinety 1, number of bristles 32.5 2.1 0.5 6.3 29.0 32.0 37.0 19
Dorsal kinety 2, number of bristles 27.7 2.5 0.6 9.0 23.0 27.0 32.0 19
Dorsal kinety 3, number of bristles 31.1 2.6 0.6 8.3 26.0 31.0 35.0 19
Dorsal bristles, total number 91.1 6.2 1.4 6.8 79 91 101 19

CV–coefficient of variation (%); M-median; Max–maximum; Mean-arithmetic mean; Min–minimum; N–number of specimens investigated; SD–standard
deviation; SE–standard error of arithmetic mean.
BC, buccal cirrus; EM, endoral membrane; LMR, left marginal row; Ma, macronuclear nodules; PM, paroral membrane; RMR, right marginal row; TC,
transverse cirri.

b
a
(

g
C
3
e
r

D

C

h
duction). Considering its elliptical body, two macronuclear
nodules, cortical granules and more than 17 paroral kinetids,
Gonostomum jangbogoensis  n. sp. should be compared with
ranching had low support in the BI analyses (posterior prob-
bility = 0.6) and the ML analyses (bootstrap value <50%)
Fig. 5).

Additionally, we tested three scenarios, 1) monophyly of
onostomatids (Gonostomum  spp. + Paragonostomoides  +
otterillia); 2) monophyly of all Gonostomum  species; and
) monophyly of all Gonostomum  spp., except for G.  namibi-
nse and G.  paronense.  The first and last scenarios were not
ejected (Table 3).
iscussion

omparison with similar species

So far, seventeen species, including two invalid species,
ave been assigned to the genus Gonostomum  (see intro-



8 K.-M. Park, J.-H. Jung, J.-H. Kim et al. / European Journal of Protistology 73 (2020) 125669

Fig.  5.  Phylogenetic tree based on SSU rRNA gene sequences showing the position of G.  jangbogoensis  as determined by the Bayesian
i  probab
o ashes d
p

G
G
j
f
t
a
G
m
v
2

b
1

l
b
p
k
t
(
0
b

t

nference (BI) and Maximum Likelihood (ML) methods. Posterior
n nodes (for interpretation of values, see Material and Methods). D
hylogenies.

onostomum  sp. 1 sensu Shin (1994), G.  bromelicola, and
. fraterculus  (Table 2). As shown in the ontogenesis, G.

angbogoensis  can be easily separated by the additional
rontal-ventral-transverse cirral anlage due to the forma-
ion of one (sometimes two) extra anlage(n) which forms

 transverse cirrus and two frontoventral cirri (see below).
onostomum fraterculus  differs from G.  jangbogoensis  n. sp.
ainly in the number of pretransverse and transverse cirri (7

s. 8 or 9), and in their habitats (soil vs. freshwater) (Foissner
016).

Gonostomum  bromelicola  can be separated from G.  jang-

ogoensis n. sp. by the number of left marginal cirri (9–13 vs.
3–19), the number of paroral kinetids (11–17 vs. 17–23), the

p
h

ility values for the BI and bootstrap values for the ML are shown
enote bootstrap values <50% or different topologies in BI and ML

ength of paroral cilia (15–20 �m vs. 10–14 �m), the num-
er of frontoventral cirral pairs (2 vs. 3 or 4), the number of
retransverse and transverse cirri (7 vs. 8 or 9), the dorsal
inety 2 (distinct break/irregularities vs. ordinary course), by
he size and arrangement of the rod-shaped cortical granules
3.0–4.0 ×  1.0 �m, scattered and in short rows vs. 2.0–2.5 ×
.5–0.7 �m, irregularly distributed) and the habitat (tanks of
romeliads vs. freshwater) (Foissner 2016).

Gonostomum  sp. 1 described by Shin (1994) can be dis-
inguished from G.  jangbogoensis  n. sp. by the number of

retransverse and transverse cirri (6 or 7 vs. 8 or 9), and
abitat (soil vs. freshwater).
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Table  2.  Comparison of morphological features in Gonostomum  jangbogoensis  n. sp. with closely related species.

Characteristic G.  sp. 1 G.  bromelicola  G.  fraterculus  G.  jangbogoensis  n.
sp.

Body length (stained), �m 87–155 75–95 77–116 84–116
Cortical granules (shape and

size)
Not mentioned Present

(rod-shaped,
3.0–4.0 ×  1 �m)

Possibly present
(colourless,
inconspicuous)

Present
(rod-shaped,
2.0–2.5 ×  0.5–0.7
�m)

Adoral membranelles,
number

32–43 34–43 31–43 32–41

Frontal cirri, number 3 3 3 3
Frontoterminal cirri, number 2 2 2 2
Right marginal cirri, number 16–29 15–22 17–30 18–26
Left marginal cirri, number 12–20 9–13 12–21 13–19
Pretransverse and transverse

cirri, number
6 or 7 7 7 8 or 9

Frontoventral cirral pair,
number

3a 2 2 3 or 4b

Dorsal kineties, number 3 3 3 3
Paroral kinetids, number 19–33 11–17 17–28 17–23
Caudal cirri, number 2 or 3 2 or 3 3 3
Habitat Soil In tanks of

bromeliads
Soil Freshwater

Data source Shin (1994) Foissner (2016) Foissner (2016) Present study

aShin (1994) reported 8 or 9 (usually 9) frontoventral cirri including the cirrus III/2 and 2 frontoterminal cirri.
bCirrus III/2 not included.

Table  3.  Tree topology tests with log likelihoods and p-values from approximately unbiased (AU), weighted Shimodaira-Hasegawa (WSH),
and weighted Kishino-Hasegawa (WKH) tests on phylogenetic trees.

Topology Log likelihood Difference to best tree AU (p) WSH (p) WKH (p) Conclusion

Monophyly of gonostomatids
(Gonostomum  spp. +
Cotterillia  +
Paragonostomoides)

−5761.728 0.000 0.883 0.939 0.863 Not rejected

Monophyly of all Gonostomum
spp.

−5782.065 20.337 0.003 0.029 0.017 Rejected

Monophyly of all Gonostomum −5770.768 9.040 0.137 0.228 0.137 Not rejected
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spp. except for G.  namibiense
and G.  paronense

Gonostomum  namibiense  has also rod-shaped cortical
ranules. It differs from G.  jangbogoensis  n. sp. mainly in
he shape of the posterior body portion (tail-like vs. rounded),
he size of the rod-shaped cortical granules (1.0 ×  0.3 �m
s. 2.0–2.5 ×  0.5–0.7 �m), the number of paroral kinetids
5–18 vs. 17–23) and transverse cirri (0–5 vs. 6–7) (Foissner
t al. 2002).

Both species of the genus Apogonostomum  Foissner, 2016,
. pantanalense  Foissner, 2016 and A. vleiacola  Foissner,
016, have rod-shaped cortical granules. Apogonostomum
antanalense  differs from G.  jangbogoensis  n. sp. by the size
f rod-shaped cortical granules (6.0 × 1.0 �m vs. 2.0–2.5 ×

.5–0.7 �m), the shape of the posterior body portion (tail-
ike vs. rounded), and the caudal cirri (absent vs. present)
Foissner 2016).

m
w
m
e

Apogonostomum  vleiacola  is similar to G.  jangbogoensis
. sp. with respect to the size of the rod-shaped cortical gran-
les. However, Apogonostomum  vleiacola  can be separated
rom G.  jangbogoensis  by caudal cirri (absent vs. present),
hape of the posterior body end (tail-like vs. rounded), and the
umber of adoral membranelles (44–64 vs. 32–41) (Foissner
016).

orphogenetic comparison

Since some stages of G.  jangbogoensis  n. sp. of early to

iddle dividers were not available, we could not determine
hether (1) anlage I develops separately and (2) the two
acronuclear nodules fuse into a single mass. Morphogen-

sis has been reported for six Gonostomum  species so far:
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.  affine, G.  algicola, G.  kuehnelti, G.  strenuum, G.  sinicum,
nd G.  singhii  (Berger 1999, 2011; Eigner 1999; Lu et al.
017).

Considering the morphogenesis of these six species, the
orm is six cirral anlagen. However, G.  jangbogoensis  n. sp.
as at least one additional anlage, that is, seven or eight cirral
nlagen in specimens which form seven transverse cirri. Even
hough we identified seven anlagen in dividers, our inter-
hasic specimens suggest that some individuals have eight
nlagen because they had one additional frontoventral cirral
air and/or transverse cirrus. In the G.  affine  complex, two
pecimens of Eigner’s population (1999, Table 1, p. 36) have
n anlage VII (in proter and/or opisthe). Gonostomum  sp. 1 of
hin (1994) usually has two more frontal-ventral-transverse
FVT) cirri than a typical 18 FVT-cirri hypotrich, that is,
t displays seven anlagen. According to Berger (2011), the
xtra cirri obviously result from one additional anlage. The
opulations collected from Korea (Shin 1994) and Antarc-
ica (this study) prove that this character state (one additional
irral anlage) is stable across the populations though they are
ocated very far away from each other.

hylogenetic analyses

According to our phylogenetic analyses based on the SSU
RNA gene (Fig. 5), the Gonostomum  species sequenced to
ate have emerged from a node of soft polytomy, which also
omprises Cotterillia  bromelicola, Paragonostomoides  xian-
cum, and a cluster composed of some other Gonostomum
pecies. The monophyly of gonostomatids is highly sup-
orted by BI and ML trees (BI/ML, 1.00/95) except for G.
amibiense  and G.  paronense.  The monophyly of all gonos-
omatids was not rejected based by the tree topology test.
owever, the branch of G.  namibiense  and G.  paronense
as separated from the major cluster of other gonostomatid

pecies but with poor statistical support. According to Lu
t al. (2017), both G.  namibiense  and G.  paronense  belong to
pogonostomum, due to their tailed bodies and frontoventral
irral pairs extending from the mid-body to the buccal vertex
r to transverse cirri (Bharti et al. 2015). Gonostomum  jang-
ogoensis  n. sp. is closely related to G.  bromelicola  in our
hylogenetic tree but they clearly differ in that G.  bromelicola
as a fragmented dorsal kinety 2 (Foissner 2016).
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