
Morphology and Molecular Phylogeny of Trimyema koreanum n. sp., a Ciliate
from the Hypersaline Water of a Solar Saltern

BYUNG CHEOL CHO,a JONG SOO PARK,a,1 KUIDONG XUb and JOONG KI CHOIc

aSchool of Earth and Environmental Sciences, Seoul National University, Seoul 151-742, Korea, and
bInstitute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China, and

cDepartment of Oceanography, Inha University, Incheon 402-751, Korea

ABSTRACT. A new ciliate, Trimyema koreanum n. sp., isolated from hypersaline water (salinity of 293%) from a solar saltern in Korea,
was investigated using live observation, protargol impregnation, and gene sequencing. Trimyema koreanum is about 30 � 13 mm in vivo,
has usually 23 longitudinal ciliary rows forming two distinct ciliary girdles visible both in vivo and in protargol impregnation. A third
indistinct ciliary girdle as well as a girdle of mucocysts is distinguishable only in impregnated cells. We suggest T. koreanum as a new
species, differing from the most similar species, T. marinum, by the presence of two distinct ciliary girdles (T. marinum usually has six
ciliary girdles clearly visible in living cells and three anterior spirals that encircle the cell completely). Although the number of known 18S
rRNA sequences in the genus Trimyema was limited, the Trimyema group including T. koreanum forms a strong clade. The phylogenetic
position confirms that the isolate belongs to the genus Trimyema and is different from previously sequenced species. Trimyema koreanum
is able to consume both prokaryotes and small eukaryotes (specifically, the alga Dunaliella sp.).
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FOR a long time, ciliates have been found in various hypersa-
line environments (Post et al. 1983; Ruinen 1938; Volcani

1944). In high-salinity (4250% salinity) waters, it is estimated
that about 30 species including unidentified species have been re-
ported (Hauer and Rogerson 2005). Numbers of ciliate species
tend to decrease from around 10 species in habitats between 100
and 200% salinity to one or two species at the highest salinities
(300%) (Hauer and Rogerson 2005). This suggests that finding a
novel ciliate species is uncommon in high-salinity waters. In a
Western Australian hypersaline lagoon, diverse ciliates like Rho-
palophrya salina, Condylostoma sp., Blepharisma halophila, Eu-
plotes sp., Palmarella salina, and Cilophrya utahensis were
observed in high salinities (Post et al. 1983). However, a rigor-
ous taxonomic identification of the various species was not pos-
sible due to a paucity of individuals of single species and an
inability to culture them. Further, ciliates observed in hypersaline
lagoons were often thought of as euryhaline representatives of
marine forms that have adapted to high salinity (Post et al. 1983).
Overall, information on the taxonomic and physiological charac-
teristics of hypersaline ciliates remains extremely limited.

In our recent search for protozoa living in hypersaline waters,
we investigated a solar saltern that harbored extremely halophilic
heterotrophic nanoflagellates (Park, Cho, and Simpson 2006a;
Park et al. 2007). During the investigation, a new ciliate that
seems to be extremely halophilic was fortuitously isolated in one
of our cultures. We here report on its morphological characteris-
tics and 18S rRNA gene sequence, and describe it as a new spe-
cies, Trimyema koreanum n. sp.

MATERIALS AND METHODS

Isolation of Trimyema koreanum n. sp. and environmental
factors. Trimyema koreanum n. sp. was isolated from high-sa-
linity water (293% salinity) collected in June 2001 from multi-
pond systems near the town of Seosin (3710903600N, 12614004400E)
on the west coast of Korea (Park et al. 2006b). Salinity in the solar
saltern was measured by diluting saltern waters with distilled wa-
ter to fall within the scale of a Temperature/Conductivity/Salinity
Instrument (YSI 30, YSI, Yellow springs,OH). The in situ tem-

perature at the time of sampling was 28 1C and prokaryotic abun-
dance was 1 � 108 cells ml� 1.

Cultivation, live observation, and silver impregnation. One
liter of high-salinity water in a 2-L polycarbonate bottle was
amended with autoclaved barley grains in June 2001 and kept in
continuous darkness at 30 1C. A high diversity of heterotrophic
eukaryotes (i.e. heterotrophic nanoflagellates, ciliates, amoebae,
and unknown cysts) was found in this crude culture after 2-yr
cultivation. Trimyema koreanum n. sp. was the only ciliate species
observed in the culture, presumably due to long-term enrichment.

Live ciliates were isolated directly from the culture with a mi-
cropipette and observed in vivo under a compound microscope
equipped with differential interference contrast. A subsample of
T. koreanum was fixed with 5% (v/v) formalin (final concentra-
tion) for 20 min at room temperature. The fixed cells were con-
centrated by centrifugation (2,000 g, 1 min) and subsequently
washed with tap water 3 times. Then, the cells were used for pro-
targol and the ‘‘wet’’ silver (i.e. silver nitrate method of Chatton-
Lwoff) impregnation (Foissner 1991; Foissner, Berger, and
Schaumburg 1999). Counts and measurements on impregnated
specimens were performed at a magnification of 1,000X. In vivo
measurements were conducted at magnifications of 100–1,000X.
Drawings of live cells were based on free-hand sketches as well as
micrographs; those of impregnated specimens were made with the
help of a drawing device. Terminology is mainly according to
Baumgartner, Stetter, and Foissner (2002).

Optimal temperature and salinity for growth of Trimyema
koreanum. To determine the optimal growth temperature of T.
koreanum, changes of the ciliate abundance were monitored for
21 days in the dark. Cultures (50 ml; 250% salinity) were incu-
bated at temperatures ranging from 20 1C to 50 1C at intervals of
5 1C. In a culture flask, media was consisted of fresh FAHS me-
dium (0.2-mm filtered and autoclaved high-salinity waters) sup-
plemented with two autoclaved barley grains. Before temperature
experiment, FAHS medium was adapted to each temperature for
1 h. Incubation bottles were inoculated with an actively growing
culture, and then incubated. The growth rates of T. koreanum at
each temperature were calculated during exponential growth. To
determine the ciliate density, 2-ml aliquots were removed from
the bottle and fixed with 5% alkaline Lugol’s solution. All ciliate
cells in 1-ml Sedgwick-Rafter counting chambers were enumer-
ated at 600X magnification under light microscopy.

The effect of salinity on the growth of the ciliate was monitored
for 10 days in the dark at an optimal growth temperature of 40 1C.
The growth medium used was artificial seawater (AS medium,
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325 � 0.7% salinity; 283.2 g NaCl, 7.7 g KCl, 54.4 g MgCl2 �
6H2O, 59.4 g MgSO4 � 7H2O, 1.3 g CaCl2 � 2H2O) supplemented
with heat-killed bacteria (Idiomarina seosinensis, Choi and Cho
2005) and Dunaliella sp., and various salinity seawater media were
prepared by serial dilution with double-distilled water. AS media
(50 ml) of varying salinities were inoculated with actively growing
ciliate, and then incubated at 40 1C. The prey were resuspended in
the corresponding salinity AS medium to avoid salinity change. At
2 to 3-day intervals, heat-killed bacteria (4.7–5.0 � 108 cells ml� 1)
and Dunaliella sp. (1.8–2.6 � 104 cells ml� 1) were added to over-
come prey limitation. The growth rates of the ciliate in various
salinity AS medium were determined as the above.

To test if the isolate ingested Dunaliella sp. in 250% salinity
water, live Dunaliella sp. isolated from the same solar saltern was
added to the crude culture in 250% salinity water. After 30 min of
incubation at room temperature in the dark, the samples were
fixed with 1% (v/v) glutaraldehyde (final concentration). DAPI-
stained T. koreanum was collected on 0.8-mm black polycarbonate
filters (25 mm in diam.) under a vacuum not exceeding
100 mmHg. The ciliates were observed at 1,000X magnification
with UV or blue excitation using an epifluorescence microscope.
Digital images were captured with a CoolSNAP-Pro digital cam-
era (Media Cybernetics, Bethesda, MD) controlled by Image Pro
Plus software (Media Cybernetics). Images were further pro-
cessed for display using Image Pro Plus software.

Nucleic acid preparation, PCR, denaturing gradient gel
electrophoresis (DGGE), cloning, and sequencing. For nucleic
acid extraction, 30 ml of the crude culture at 293% salinity were
harvested by centrifugation for 10 min at 2,300 g. After discarding
the supernatant liquid, the pellet was resuspended in 567 ml of TE
buffer (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) by repeated pipet-
ting. Nucleic acids were extracted and purified using CTAB (hex-
adecyltrimethyl ammonium bromide) and organic extractions as
described by Ausubel et al. (1999). Amplification of the 18S
rRNA genes from the nucleic acid extracts was performed using
polymerase chain reaction (PCR) protocols with eukaryote-spe-
cific primers Euk1A and Euk516r-GC (Dı́ez et al. 2001). One-
hundred microliters of PCR reaction contained deoxynucleoside
triphosphates at a concentration of 0.2 mM, purified nucleic acid
(50 ng), each primer at a concentration of 0.3 mM, 1 � Taq DNA
polymerase buffer (75 mM Tris-HCl [pH 9.0], 2 mM MgCl2,
50 mM KCl, 20 mM (NH4)2SO4), and 2.5 U of Taq DNA poly-
merase (Biotools, Madrid, Spain). PCR amplification of eukaryotic
18S rRNA genes was conducted according to the following cycle
parameters: an initial denaturation step (5 min, 94 1C), was followed
by 35 cycles consisting of a denaturation step (30 s, 94 1C), anneal-
ing (45 s, 56 1C), and extension step (3 min, 72 1C), and a final 10-
min extension step at 72 1C at the end. Amplified rRNA gene prod-
ucts were purified using a PCR purification kit (Bioneer, Daejeon,
Korea) according to the manufacturer’s instructions.

Because other eukaryotes (i.e. flagellates, amoebae, and
unknown cysts) were present in our crude culture, we performed
DGGE (CBS Scientific Company, Del Mar, CA) sequencing
(about 550 bp, Dı́ez et al. 2001) to design an 18S rDNA forward
primer specific to the ciliate. Approximately 600 ng of purified
PCR products from the enrichment sample were loaded to lanes in
the polyacrylamide gel (6%). DGGE was performed for 16 h at
100 V in a vertical 30–65% denaturant gel gradient. All DNA
fragments in the polyacrylamide gel were eluted, cloned, and se-
quenced. Among the sequenced fragments, we found an 18S
rRNA gene partial sequence (554 bp) closely related to Trimyema
minutum by a BLASTN search. All the primers used to obtain a
longer amplicon of the phylotype were designed by Primer3 soft-
ware (Rozen and Skaletsky 2000) and were tested for specificity
with a BLASTN search. They were excluded if any matches in-
dicated potential unwanted PCR amplification. The specific

primer of the phylotype studied here, HC258, has the sequence
50-CTGATCGGAGCAAGACAA-30. PCR-amplification of the
18S rRNA gene of the ciliate with HC258 and the universal
primer ‘‘EukB’’ (Medlin et al. 1988) was conducted as described
in standard PCR protocols. For readers, a single-cell isolation us-
ing a glass micropipette is a useful technique for analysis of 18S
rRNA gene sequences as described by Stoeck, Foissner, and Lynn
(2007). The size of the amplicon was about 1,500 bp. Purified
PCR products were ligated into the prepared vector (pCR 2.1)
supplied with a TA cloning kit (Invitrogen, Carlsbad, CA) by
following the manufacturer’s protocols. Plasmid DNA from pu-
tative positive colonies was harvested using a Bioneer plasmid
purification kit (Bioneer, Daejeon, Korea). The sequencing was
performed with an Applied Biosystems automatic sequencer (ABI
3730xl) at Macrogen Corp. (Seoul, Korea). The 18S rRNA gene
sequence from the ciliate has been deposited in GenBank under
the Accession number EF028638.

Phylogenetic analysis. For phylogenetic analysis, 18S rRNA
gene sequences from 36 ciliates were aligned using Clustal X
(Thompson et al. 1997), and improved by eyes. A total of 1,377
unambiguously aligned sites were retained for phylogenetic anal-
ysis. This alignment is available on request.

Phylogenetic trees were inferred by maximum likelihood (Fel-
senstein 1981) using PAUP� 4b10 (Swofford 1998) and by Bayes-
ian analysis using MrBAYES 3.0 (Huelsenbeck and Ronquist
2001). The general-time reversible1g1I model was selected us-
ing Modeltest version 3.04 (Posada and Crandall 1998). The pa-
rameter values for the likelihood analysis were estimated from a
neighbor-joining test tree using PAUP�. For each maximum like-
lihood analysis, the best tree was found using 20 random additions
and tree bisection-reconstruction, and a 200-replicate bootstrap
analysis was performed. The general-time reversible1g1I model
was also used for the Bayesian analysis. Four simultaneous Mark-
ov chain Monte Carlo chains were run for 1,000,000 generations
and sampled every 500 generations (burnin 200,000 generations).
We also constructed a dataset including several taxa and environ-
mental sequences in the class Plagiopylea with a larger homolo-
gous portion (1,490 sites) of the 18S rRNA gene sequences. The
HKY (Hasegawa, Kishino, and Yano)1g model was selected us-
ing Modeltest version 3.04. The maximum likelihood and Bayes-
ian analyses were performed using the same procedures
mentioned above, except for the selected model.

Anaerobic growth test. Trimyema koreanum grew without
special care to keep it in anaerobic condition. However, we found
that T. koreanum assigned to other laboratories often failed to
grow presumably due to growth in aerobic condition. Using the
same stock culture as a source for inocula, four anaerobic tests
were sequentially done 4 times within 5 mo. To test if T. korea-
num grows anaerobically, changes of the ciliate abundance in du-
plicate bottles were monitored for 15 days in the dark. Cultures
(50 ml; 200% salinity) in duplicate were incubated at 38 1C. In
each culture bottle, media was consisted of artificial seawater
(200% salinity; 183.5 g NaCl, 3.8 g KCl, 13.5 g MgCl2 � 6H2O,
1.7 g MgSO4 � 7H2O, 0.7 g CaCl2 � 2H2O per double-distilled wa-
ter of 1 L) supplemented with heat-killed bacteria (Idiomarina
seosinensis). In the last test, heat-killed cryptophyte was addition-
ally added. Incubation bottles were inoculated with an actively
growing culture, and resazurin (1 mg/L) was added as redox in-
dicator. The medium was flushed with N2 for 30 min (1 L N2/min).
Oxygen was reduced with 0.5 g/L Na2S � 9H2O whereby the re-
sazurin was decolored. Two-milliliter aliquots were removed by
syringe periodically from the bottle with a silicon cap and fixed
with 1% (v/v) glutaraldehyde. Immediately, heat-killed preys
were added to the culture and culture bottles were incubated in
anaerobic chamber. All ciliate cells were collected on 0.8-mm
polycarbonate filters (25 mm diam.) in duplicate from each bottle
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under a vacuum not exceeding 100 mmHg and stained with DAPI.
Cells were enumerated at the magnification of 400X under UV
excitation using an epifluorescence microscopy. Simultaneously,
two bottles were incubated identically without adding
Na2S � 9H2O and flushing the medium with N2. Cell numbers at
the beginning of the tests ranged from 550 to 2,500 cells ml� 1.

RESULTS

Morphology of Trimyema koreanum n. sp. All observations
are from enrichment cultures as described above. The body size in
vivo is 25–35 � 10–18 mm, usually near 30 � 13 mm (n 5 12); in
protargol impregnation the mean size decreases to about
24 � 12 mm, corresponding to shrinkage of about 20% (Table
1). Shape varies from ellipsoidal to narrowly ellipsoidal, with the
anterior end bluntly pointed and posterior end rounded (Fig. 1–3,
12–18); in protargol-impregnated cells the posterior end is occa-
sionally very slightly pointed, likely due to a preparation artifact
(Fig. 5, 8, 22) and laterally flattened up to 2:1. The globular mac-
ronucleus may be found near each end of the cell, but is usually in
the middle third of the body; micronucleus is attached to macro-
nucleus, is very faintly impregnated with protargol, and is thus
recognizable only in a few cells (Fig. 1–5, 8, 19–24). Neither
contractile vacuole nor excretory pore was recognizable. The
cytopyge is in the center of the posterior pole, slightly dorsa1 of
caudal cilium. Mucocysts are difficult to distinguish in vivo, but
are very distinct in protargol preparations, where they are heavily
stained, and about the same size as kinetosomes. The mucocysts
are loosely distributed in the posterior half of the body, and con-
sistently form an oblique row between the anterior two ciliary
girdles (Fig. 6–9, 20, 21, 23). The cytoplasm is colorless, contains
numerous lipid droplets up to 2 mm across, and food vacuoles

3–4mm in diam. with rod-shaped bacteria (Fig. 1–3, 12–18). This
ciliate swims rather slowly by rotation about its main body axis at
a speed of ca 30 mm s� 1.

The somatic cilia are ca 10 mm long in vivo, are arranged in an
average of 23 longitudinal rows. They form two distinct oblique
ciliary girdles (G1, G2), visible both in vivo and in protargol
preparations (Fig. 6, 7, 17, 23), which are composed of 22 and 23
kinetids, respectively. There is an indistinct girdle 3 (G3), difficult
to discern in vivo but distinguishable in many impregnated cells.
The exact girdle number is often difficult to determine because of
the interspaced mucocysts and the fact that the kinetids are loosely
arranged and frequently off-line, especially on the ventral side of
body (Table 1 and Fig. 1, 4–11, 17, 19–21, 23). All somatic ciliary
girdles originate from the anterior right of the oral cavity and ex-
tend posteriorly to the second third of the body, forming a full
turn; G1 and G3 are equidistant from G2 (Fig. 6–9). Invariably a
girdle of mucocysts lies between G1 and G2, and is mixed with
one to several ciliated kinetids: impregnated mucocysts slightly
smaller than kinetosomes (Fig. 6, 7, 9, 20, 21, 23). In properly
protargol-impregnated specimens, ciliary girdle kinetids are com-
posed of two granules appearing as a dikinetid (Fig. 21), but only
the posterior granule is ciliated, the anterior one is likely a para-
somal sac. The so-called epaulet, which is rather distinct in all
properly impregnated and oriented specimens, is composed of five
or six rows of narrowly spaced, unciliated kinetids in a triangular
area to the right of oral cavity (Fig. 5, 23, 24).

Posterior to the ciliary girdles, there are a few sporadic cilia
mixed with some mucocysts; cilia are mostly distributed in ven-
tral–right body portion, leaving a non-ciliated area on the dorsal
left region. Mucocysts are usually intensively impregnated with
protargol and can be easily mistaken for basal bodies, as described
above, making details of the ciliary pattern difficult to determine
in postoral region (Fig. 6–9, 20). A flexible and motile caudal
cilium is inserted near the pole center, and shows a tendency to
bend dorsad; about 26-mm (n 5 12) long in vivo, it is near equal to
the body length (Fig. 1–5, 7, 8, 15, 17, 18).

The oral apparatus is near the apical end on the ventral side.
The conspicuous, elliptic oral opening leads to a deep oral cavity
approaching the dorsal side of cell. It appears as a bright pocket
at magnifications of 200–400X (Fig. 1–3, 12–15). The right oral
wall is convex and rather distinct in vivo, but inconspicuous in
protargol-impregnated cells. The left wall bears an oral kinety in
a question-mark-like pattern. The oral kinety contains 16 dikinet-
ids; each bears only one cilium with cilia in anterior dikinetids
about 10mm long, decreasing posteriorly to about 5 mm; no ciliary
tuft was recognizable (Fig. 1, 3–8, 19, 20). The anterior right end
of the oral kinety continues as several monokinetids, posterior to
which are three adoral dikinetids (Fig. 6, 8, 10, 11). Usually two,
occasionally three granules, which appear as kinetosomes but bear
no cilia, occur near the posterior right end of the oral kinety
(Fig. 4–6, 8, 10, 11, 22). Cytopharyngeal fibers are distinct in
protargol preparations, and extend about one-third of the body
length posteriorly (Fig. 4, 6, 8, 10, 19). A silverline system was
poorly impregnated with the ‘‘wet’’ silver nitrate method, but still
showed the pattern of mainly longitudinal silverlines with few
cross-connectives between the longitudinal silverlines (Fig. 25).

Molecular sequencing. The 18S rRNA gene sequence of the
ciliate amplified was 1,517m long. The closely related sequences
found by a BLASTN search of the GenBank database were of the
genus Trimyema. The 18S rRNA gene sequence of our isolate in-
dicated a close relationship with T. minutum (97.1% similarity)
and T. compressum (97.5% similarity), whereas its similarities
with Plagiopyla frontata and Plagiopyla nasuta were 94.1% and
93.9%, respectively (Fig. 26). Further, Lechriopyla mystax and
Epalxella antiquorum in the class Plagiopylea had similarity of
94.0% and 90.5% with our isolate, respectively (Fig. 26).

Table 1. Morphometric data on Trimyema koreanum

Characteristicsa Mean Median SD SE CV Min Max n

Body, length 23.8 24.0 1.6 0.4 6.9 21.0 27.0 19
Body, width 12.4 12.0 1.1 0.2 8.6 9.0 14.0 19
Body length:width, ratio 1.9 1.9 0.3 0.1 15.7 1.6 3.0 19
Oral field, length 7.1 7.0 0.5 0.1 7.4 6.0 8.0 19
Cytopharyngeal basket,

length
8.9 9.0 1.0 0.2 11.8 7.0 11.0 19

End of last ciliary girdle
to posterior body, distance

9.1 9.0 1.4 0.4 15.9 6.0 11.0 14

Anterior body end to
macronucleus, distance

10.6 11.0 3.1 0.7 29.6 4.0 16.0 19

Macronucleus, across 6.4 6.0 0.7 0.2 10.8 5.0 8.0 19
Macronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 19
Micronucleus, across 2.3 2.0 0.6 0.2 25.7 1.5 3.0 8
Micronucleus, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 8
Oral ciliary rows, number 2.0 2.0 0.0 0.0 0.0 2.0 2.0 19
Dikinetids in oral ciliary

rows, number
15.7 16.0 1.1 0.3 7.0 13.0 17.0 19

Longitudinal somatic
ciliary rows, number

23.3 23.0 1.1 0.3 4.8 21.0 25.0 19

First somatic ciliary girdle,
number of kinetids

21.7 22.0 1.1 0.4 5.1 20.0 23.0 7

Second somatic ciliary
girdle, number of kinetids

22.7 23.0 1.0 0.4 4.2 21.0 24.0 7

Adoral brush dikinetids,
number

3.0 3.0 0.3 0.0 0.0 3.0 3.0 11

Caudal cilium, number 1.0 1.0 0.0 0.0 0.0 1.0 1.0 19

aData based on mounted, protargol-impregnated (Foissner’s method),
and randomly selected specimens from raw culture. Measurements in mm.
CV, coefficient of variation in %; Max, maximum; Min, minimum; n,
number of individuals investigated; SD, standard deviation; SE, standard
error of arithmetic mean.
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In the Bayesian phylogenetic tree (Fig. 26), our isolate was
placed within the class Plagiopylea with a high bootstrap support
of 100% (maximum likelihood, ML) and a posterior probability of
1, and formed a clade with other members of the genus Trimyema
with high bootstrap support (ML: 100%) and a posterior proba-

bility of 1. T. koreanum was basal to the Trimyema group with
fairly strong statistical support (Fig. 26).

Our isolate still formed a clade with the other Trimyema
and eight environmental sequences closely related to Trimyema
(Edgcomb et al. 2002; Stoeck et al. 2007), with a high bootstrap

Fig. 1–11. Trimyema koreanum n. sp. from life (1–3) and after protargol impregnation (4–11). Arrowheads denote the two or three unciliated gran-
ules right of the oral dikinetids. Dotted lines mark the course of the longitudinal rows in the somatic ciliary girdles: (1) Ventral view of a representative
specimen; (2, 3) Ventral view showing body variations. (4, 5) Lateral and ventral view of two specimens. The so-called epaulet is rather distinct in all
properly impregnated and oriented specimens, composed of five or six rows of narrowly spaced, unciliated kinetids in a triangular zone; (6, 7) Ventral and
dorsal view of holotype specimen. The species has usually two distinct ciliary girdles visible in vivo, while a third ciliary girdle as well as a girdle of
mucocysts is frequently recognizable in protargol-impregnated specimens; (8, 9) Dorsal and ventral view of same specimen to show the infraciliature and
nuclear apparatus; (10, 11) Ventral and top view of two specimens. CC, caudal cilium; CYP, cytopharyngeal fibers; DK, adoral dikinetids; E, epaulet;
F, fibers; G1–3, somatic ciliary girdles; M, mucocysts; MA, macronucleus; MG, mucocyst girdle; MI, micronucleus; OC, oral cavity; OK, oral kinety.
Scale bar 5 15 mm (Fig. 4–11 drawn to scale).
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support of 100% and a posterior probability of 1 (Fig. 27). The
other environmental sequences formed a clade with the genera
Plagiopyla and Lechriopyla with a high bootstrap support of
100% and a posterior probability of 1 (Fig. 27), as in previous
report (Stoeck et al. 2007).

Feeding experiment and autecology of Trimyema korea-
num. It was observed that the ciliate ingested live Dunaliella
sp. isolated from high-salinity water (Fig. 28). After addition of
live autotrophic alga Dunaliella to the crude culture, the ciliate
showed chlorophyll autofluorescence inside the cells (Fig. 28),
and then the autofluorescence disappeared inside the cells. This
observation suggested that the ciliate fed on the alga Dunaliella
and digested it as well.

Trimyema koreanum grew from 30–45 1C with an optimal tem-
perature of 40 1C (Fig. 29A). No growth was observed at 50 1C,
but cultures grown at 50 1C for 1 day could gain growth again

when transferred to 40 1C. However, cultures exposed to 55 1C
could not regain growth when transferred to 40 1C (data not
shown). At 20–25 1C, neither growth nor death was observed.
Trimyema koreanum grew from 150% to 300% salinity with an
apparent optimal salinity of 225% (Fig. 29B). Trimyema korea-
num died off always within 3–4 days when kept in oxic condition.
However, results in anaerobic bottles varied: in the first two an-
aerobic tests T. koreanum grew, but in the other two tests cells
died off (data not shown).

DISCUSSION

Generic assignment and comparison with related species.
Trimyema koreanum n. sp. obviously belongs to the genus
Trimyema Lackey, 1925, which is characterized by the follow-
ing features: (1) the presence of a prominent caudal cilium,

Fig. 12–18. Trimyema koreanum n. sp. from life: (12–15) Different focal layers of two specimens in ventral view. The cells are full of food vacuoles
containing prey bacteria and numerous small lipid droplets; (16, 18) Optical section of two specimens; (17) Dorsal view of a specimen showing the two
distinct somatic ciliary girdles. A third girdle is difficult to discern in vivo and indistinct in some protargol-impregnated cells because the cilia are very
loosely arranged and often out of line. B, prey bacteria; CC, caudal cilium; FV, food vacuoles; G1, 2, somatic ciliary girdles; LD, lipid droplets; MA,
macronucleus; OC, oral cavity. Scale bar 5 15 mm.
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(2) a cytostome near the apical end of the cell, (3) somatic kineties
in longitudinal rows forming several oblique ciliary girdles, and
(4) a semicircular structuring of the oral ciliature (Augustin,
Foissner, and Adam 1987; Baumgartner et al. 2002; Nerad et al.
1995). In addition, molecular phylogenetic analysis strongly
groups our strain with other species in the genus Trimyema. Eight
species were included in the genus Trimyema based on the revi-
sion of Augustin et al. (1987). Later, Nerad et al. (1995) reported a
new species namely T. shoalsia. Trimyema koreanum n. sp. is the
10th member of the genus, a ciliate found from a solar saltern
(293%) on the coast of the Yellow Sea.

Among the members of Trimyema, our new isolate closely re-
sembles T. marinum (Kahl, 1931), a species recently reinvesti-
gated by Esteban and Finlay (2004). However, T. marinum has
usually six ciliated spirals (5 ciliary girdles) clearly visible on the

left-ventral side of the cell and the three anterior spirals encircle
the cell completely, as depicted by Esteban and Finlay (2004). In
contrast, only two distinct ciliary girdles are visible in vivo on the
dorsal and ventral sides of T. koreanum. A third indistinct girdle
may be recognizable in a number of protargol-impregnated spec-
imens, but is difficult to discern in vivo on both dorsal and ventral
sides of the cell, because the kinetids are relatively few, are in-
terspaced with mucocysts, and are loosely arranged. Furthermore,
T. koreanum has a rather distinct epaulet composed of five or six
rows of narrowly spaced kinetids forming a triangular zone. In
contrast, the epaulet is difficult to discern in T. marinum where
there are only two rows of seven basal bodies each associated with
a kinetosomal fiber in the same area (Esteban and Finlay 2004).

In vivo, T. marinum is distinctly slender with the ratio of
body length to width about 4:1, compared with about 2:1 in

Fig. 19–25. Trimyema koreanum n. sp. after protargol (19–20) and ‘‘wet’’ silver (25) impregnation. Arrowhead marks the unciliated granules right of
oral dikinetids: (19, 20) Ventral and ventral-left view of two specimens. Note the dikinetidal pattern of the oral kinety; (21) Dorsal view showing the
mucocyst and the somatic ciliary girdles. The somatic kinetids each are composed of two granules, but only the posterior granule is ciliated; the anterior
one is likely a parasomal sac; (22–24) Ventral (22) and dorsal (23, 24) views of three specimens. There are invariably three adoral dikinetids underneath
the anterior end of oral kinety. The so-called epaulet is located at a triangular area right of the oral cavity and composed of five or six rows of narrowly
spaced and unciliated kinetids; (25) Ventral view showing the silverline system. CYP, cytopharyngeal fibers; DK, adoral dikinetids; E, epaulet; G1–3,
somatic ciliary girdles; M, mucocysts; MA, macronucleus; MG, mucocyst girdle; OK, oral kinety. Scale bar 5 10 mm (drawn to scale).
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T. koreanum n. sp. (Augustin et al. 1987; Esteban and Finlay
2004). Furthermore, T. koreanum differs from T. marinum also by
its conspicuous, pocket-like or elliptic oral opening (vs. triangu-
lar) and the distinctly longer caudal cilium in vivo (about 26 vs.
12–13 mm). Both Kahl (1931, 1933) and Esteban and Finlay
(2004) described a contractile vacuole below the cell equator of
T. marinum, while no contractile vacuole was observed in our new
species, although the existence of this organelle cannot be ex-
cluded for such a halophilic ciliate. Trimyema koreanum swell
cells but resume normal cell shape in ca 60 min when transferred
step by step from 200% to 30% (data not shown). However, our
attempts to adapt it to salinity o100% failed. In contrast,
T. marinum have been found only in ordinary salt water and Este-
ban and Finlay (2004) reported it occurred only in saline water of
15–37% (principal inorganic ions) and was not found in hyper-
saline water around 91%.

Trimyema koreanum n. sp. resembles T. minutum (Kahl 1931),
T. kahli Tucolesco, 1962, and T. pleurispirale Borror, 1972 to
some extent. However, both T. minutum and T. pleurispirale have
no cilia posterior to the ciliary girdles (vs. T. koreanum has some
sporadic cilia) and lacks a mucocyst girdle between the ciliary

girdles 1 and 2 (Baumgartner et al. 2002; Borror 1972; Kahl
1931). In addition, T. pleurispirale has at least four ciliary girdles
(vs. T. koreanum probably has three) and two isolated tufts of ap-
proximately five cilia each at the anterior-most pole of body (vs.
ciliary tufts are absent in T. koreanum) (Borror 1972). Trimyema
kahli is inverse S-shaped with pointed ends, whereas T. koreanum
is elongately ellipsoidal. Furthermore, both Tucolesco (1962) and
Esteban and Finlay (2003) indicated that the ciliary girdles of
T. kahli extend to the posterior pole, whereas in T. koreanum
the ciliary girdles are restricted only to the anterior two-thirds
of body, the rest of which has a distinct unciliated area, espe-
cially in the dorsal left region. Trimyema koreanum n. sp. differs
from all other known species by the presence of the two distinct
ciliary girdles and the girdle of mucocysts between the two cili-
ary girdles. All these differences and variations suggest that our
isolate represents a new species, whose diagnosis is proposed
as follows.

Class Plagiopylea Small & Lynn, 1985
Order Plagiopylida Small & Lynn, 1985
Family Trimyemidae Kahl, 1926

Fig. 26–27. A phylogenetic tree inferred by Bayesian inference from comparisons of the 18S rRNA gene sequences using the general-time revers-
ible1g1I model with eight categories of substitution rates (a5 0.6098, proportion of invariable sites 5 0.2020, � lnL 5 12,053.1309). Bootstrap sup-
port values (450%) from maximum likelihood analysis (ML; 200 replicates) and Bayesian posterior probablilities (PP) are depicted on the branch as
ML/PP. Accession numbers of each taxon are presented in parentheses. Relative similarities (%) of the 18S rRNA gene sequences between Trimyema
koreanum n. sp. and related taxa belonging to the class Plagiopylea are shown in parentheses. �bootstrap value o50%. 27. A phylogenetic tree inferred
by Bayesian inference showing the phylogenetic positions of 18S rRNA gene sequences from T. koreanum and environmental sequences in the class
Plagiopylea only using HKY (i.e. Hasegawa, Kishino, and Yano)1g model with invariable sites and eight rate categories (a5 0.2066, proportion of
invariable sites 5 0, Ti/Tv 5 1.3889, � lnL 5 4,384.3213). Bootstrap support values (450%) from maximum likelihood analysis (ML; 200 replicates)
and Bayesian posterior probablilities (PP) are depicted on the branch as ML/PP. Accession numbers of each phylotypes are presented in parentheses.
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Genus Trimyema Lackey, 1925
Trimyema koreanum n. sp.

Diagnosis. Size about 30 � 13 mm in vivo; elongate ellipsoi-
dal. On average 23 longitudi
nal somatic ciliary rows, forming two distinct oblique ciliary gir-
dles visible both in vivo and in protargol impregnation; a third
indistinct girdle distinguishable only in impregnated cells and
composed of loosely arranged kinetids mixed with mucocysts; a
few sporadic cilia occur posterior to the girdles. Invariably a gir-
dle of mucocysts often mixed with one to several kinetids between
anterior two ciliary girdles. Oral ciliature in a question-mark-like
pattern, composed of about 16 dikinetids; two or three unciliated
granules at right end of oral kinety; three adoral dikinetids pos-
terior to the anterior right end of oral ciliature.

Type locality. A solar saltern near the town of Seosin
(3710903600N, 12614004400E), Korea.

Type material. One holotype slide (No. KOR-200106-01) and
one paratype slide (No. KOR-200106-02) each with protargol-
impregnated specimens and two paratype slides (No. KOR-
200106-03, 04) with wet silver-impregnated specimens are de-

posited in the Marine Biological Museum, the Chinese Academy
of Sciences, Qingdao. All (holotype and paratype) specimens
illustrated (including the holotype and paratype specimens) were
individually marked by a black-ink circle on the cover glass.

Etymology. Named after the country where the ciliate was
discovered.

Phylogenetic and evolutionary implications. To date, only
three 18S rRNA gene sequences of the known species (i.e.
T. compressum, T. minutum, and Trimyema sp.) of the genus
Trimyema have been reported. In the phylogenetic tree, T. korea-
num belongs to the genus Trimyema and is different from previ-
ously sequenced species. T. koreanum n. sp. is a basal taxon
within the genus Trimyema, and the genera Trimyema and Plagi-
opyla showed a strong sister relationship. Trimyema has previ-
ously been proposed to be a prostome (Serrano, Martı́n-Gozález,
and Fernández-Galiano 1988) and an oligohymenophoran (Nerad
et al. 1995). Recently, Baumgartner et al. (2002) demonstrated
that Trimyema is placed in the class Plagiopylea, which has a close

Fig. 28. Epifluorescence micrographs of fixed Trimyema koreanum n.
sp. containing ingested Dunaliella sp. (top): DAPI-stained T. koreanum
visualized under UV filter set, (bottom): The same T. koreanum cell vi-
sualized under a blue filter set, showing chlorophyll autofluorescence.
There are four ingested Dunaliella sp. in the ciliate. Scale bar 5 10 mm.

Fig. 29. Effects of temperature and salinity on growth rates of Trim-
yema koreanum: (A) The growth responses of T. koreanum to a range of
temperatures from 20 1C to 50 1C at 250% salinity. (B) The growth re-
sponses of T. koreanum to a range of salinities from 150% to 300% sa-
linity at 40 1C.
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relationship with the class Prostomatea based on the 18S rRNA
phylogenetic tree. Our phylogenetic tree shows that the class
Plagiopylea including T. koreanum is an unequivocally mono-
phyletic group and closely related to the classes Oligohymenoph-
orea and Prostomatea.

The class Plagiopylaea is known to be ‘‘riboclass’’ in the ciliate
group, implying that the class is established in terms of 18S rRNA
gene sequences (Lynn 2004). Numerous environmental sequences
closely related to the class Plagiopylea were retrieved from var-
ious anoxic environments (i.e. sediment and fjord, Behnke et al.
2006; Edgcomb et al. 2002; Stoeck and Epstein 2003, Takishita
et al. 2007; Zuendorf et al. 2006). Intriguingly, the eight environ-
mental sequences from the anoxic Guaymas deep-sea basin (Edg-
comb et al. 2002) were closely related to the genus Trimyema
(Stoeck et al. 2007). Possibly, the eight environmental sequences
may be different Trimyema species from sequenced Trimyema
species including T. koreanum. Recently, two taxa ‘‘Epalxella
antiquorum’’ and ‘‘Lechriopyla mystax’’ were assigned to the
class Plagiopylea, and they were anaerobic ciliates and had endo-
symbiotic methanogen (Stoeck et al. 2007).

Both Plagiopyla and Trimyema were also known to be anaer-
obic ciliates and had hydrogenase activity (Baumgartner et al.
2002; Goosen et al. 1990; Massana and Pedrós-Alió 1994; Zwart
et al. 1988). Our anaerobic tests indicated that T. koreanum is
aerotolerant for a short time (e.g. o1 day). The contrasting results
between the first two anaerobic tests and the last two could be due
to lack of growth factors in the stock culture during continued
cultivation (Wagener and Pfennig 1987). Embley et al. (1995)
proposed that Plagiopyla and Trimymea descended from a com-
mon ancestor with hydrogenosomes, based on their close evolu-
tionary affinity. Currently, the existence of hydrogenosome of
T. koreanum is still unknown, but it is likely given the apparent
inability of this new species to grow in fully aerobic condition.
Ultrastructural analysis is needed to determine if hydrogenosomes
are present in T. koreanum.

Ecological implications. Interestingly, our preliminary data
indicated that T. koreanum could grow in a range of 150–300%
and 30–45 1C, and T. koreanum was again isolated from a hyper-
saline pond (170%) in the same area (unpubl. data), suggesting
that T. koreanum is possibly extremely halophilic. When T. ko-
reanum was directly transferred from 200% to 30% salinity sea-
water, cells burst. When T. koreanum was gradually transferred
from 200% in a few steps (with a couple of hours of adaptation to
lowered salinity in each step) to 30% salinity seawater, cells sur-
vived o2 days (data not shown), probably due to low salt and
aerobic conditions. It seems that natural seawater is not a pre-
ferred habitat for T. koreanum.

Pedrós-Alió et al. (2000) proposed that the grazing food
chain at 250% salinity is simplified: phytoplankton (Dunaliella)
! zooplankton (Artemia). Above 300% salinity, there was biolog-
ically mediated carbon flux only between prokaryotes and one pri-
mary producer (e.g Dunaliella, Pedrós-Alió et al. 2000). However,
heterotrophic flagellates ‘‘Colpodella’’ were known to graze on Dun-
aliella at 4250% salinity (Simpson and Patterson 1996). More re-
cently, Park et al. (2003) demonstrated that heterotrophic
nanoflagellates actively grazed on prokaryotes in high-salinity wa-
ters. Trimyema koreanum n. sp. is obviously an omnivore grazing not
only on prokaryotes, as evident from the contents of food vacuoles
with numerous bacteria, but also on Dunaliella sp., as evidenced by
the grazing experiment. As such, food webs in high-salinity waters in
the studied saltern could be more complex than previously proposed.

ACKNOWLEDGMENTS

We thank Prof. Dr. W. Foissner for teaching one of us (B. C. C.)
silver impregnation techniques and for discussion on interpreting

the infraciliature. We also thank Prof. Alastair G. B. Simpson for
valuable corrections of the manuscript. We thank Mr. Zhang G. I.
for his assistance in the laboratory. This study was in part sup-
ported by the Brain Korea (BK) 21 project of the Korean govern-
ment to B. C. C., and the National Science Foundation of China
(No. 40576072) and the ‘‘100 Talents Project’’ of Chinese Acad-
emy of Sciences to K. XU. J. S. P. is supported by the Korea Re-
search Foundation Grant funded by the Korean Government
(MOEHRD, No. KRF-2007-357-C00119) and NSERC Grant
298366-04 (A. G. B. Simpson). Computational resources were
funded by the ‘‘Prokaryotic Genome Evolution and Diversity’’
Genome Atlantic/Genome Canada large-scale project.

LITERATURE CITED

Augustin, H., Foissner, W. & Adam, H. 1987. Revision of the genera
Acineria, Trimyema and Trochiliopsis (Protozoa, Ciliophora). Bull. Br.
Mus. Nat. Hist. (Zool.), 52:197–224.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
Smith, J. A. & Struhl, K. 1999. Current Protocols in Molecular Biology.
Wiley, New York.

Baumgartner, M., Stetter, K. O. & Foissner, W. 2002. Morphological,
small subunit rRNA, and physiological characterization of Trimyema
minutum (Kahl, 1931), an anaerobic ciliate from submarine hydrother-
mal vents growing from 28 1C to 52 1C. J. Eukaryot. Microbiol.,
49:227–238.

Behnke, A., Bunge, J., Barger, K., Breiner, H-W., Alla, V. & Stoeck, T.
2006. Microeukaryote community patterns along an O2/H2S gradient
in a supersulfidic anoxic fjord (Framvaren, Norway). Appl. Environ.
Microbiol., 72:3626–3636.

Borror, A. C. 1972. Tidal marsh ciliates (Protozoa): morphology, ecology,
systematics. Acta Protozool., 10:29–71.

Choi, D. H. & Cho, B. C. 2005. Idiomarina seosinensis sp. nov., isolated
from hypersaline water of a solar saltern in Korea. Int. J. Syst. Evol.
Microbiol., 55:379–383.
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