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ABSTRACT

The genus Tetrahymena (Ciliophora, Oligohymenophorea) probably represents

the best studied ciliate genus. At present, more than forty species have been

described. All are colorless, i.e. they do not harbor symbiotic algae, and as aer-

obes they need at least microaerobic habitats. Here, we present the morpho-

logical and molecular description of the first green representative,

Tetrahymena utriculariae n. sp., living in symbiosis with endosymbiotic algae

identified as Micractinium sp. (Chlorophyta). The full life cycle of the ciliate

species is documented, including trophonts and theronts, conjugating cells,

resting cysts and dividers. This species has been discovered in an exotic habi-

tat, namely in traps of the carnivorous aquatic plant Utricularia reflexa (originat-

ing from Okavango Delta, Botswana). Green ciliates live as commensals of the

plant in this anoxic habitat. Ciliates are bacterivorous, however, symbiosis with

algae is needed to satisfy cell metabolism but also to gain oxygen from sym-

bionts. When ciliates are cultivated outside their natural habitat under aerobic

conditions and fed with saturating bacterial food, they gradually become

aposymbiotic. Based on phylogenetic analyses of 18S rRNA and mitochondrial

cox1 genes T. utriculariae forms a sister group to Tetrahymena thermophila.

THE genus Tetrahymena (Ciliophora, Oligohymenophorea)

includes probably the best and most intensively studied

ciliate species at present (Collins 2012; Kher et al. 2011;

Plattner et al. 2009). A quick literature search (August

2016) in the Web Of ScienceTM Core Collection remark-

ably reflects the extensive research activities. Using the

term “Tetrahymena” in the online search field “Topic”

resulted in ~10,330 hits. This value even exceeds search

results obtained for the ciliate genus Paramecium

(~5,940 hits). In contrast with nearly all other ciliates,

some Tetrahymena species can be grown as pure osmo-

trophs in axenic cultures (Cassidy-Hanley 2012), i.e. with-

out accompanying bacteria. This aspect also contributes

to the wide use of Tetrahymena strains as model organ-

isms (Collins 2012).

In nature these primarily bacterivorous ciliates can be

found in all freshwater habitats, with a clear preference

for the benthic zone (Doerder and Brunk 2012). Neverthe-

less, a few Tetrahymena species were described to be

facultative or obligate parasites (e.g. of insects; Jerome

et al. 1996), whereas others are even histophagous

(Str€uder-Kypke et al. 2001). At present, more than 40 spe-

cies within the genus were described (Lynn and Doerder

2012; Quintela-Alonso et al. 2013), i.e. ciliates got a spe-

cies name although the precision and extent of species

descriptions varied. On the one hand, a few species have

been characterized in detail based on morphological fea-

tures in combination with molecular marker genes (e.g.

Quintela-Alonso et al. 2013). On the other hand, several

species were named solely on the basis of molecular or
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biochemical methods but adequate descriptions of their

morphological characteristics and life cycles are still miss-

ing (e.g. Tetrahymena farahensis which was described

based on sequences by Zahid et al. 2014). However, this

is an ambivalent aspect, as a “pure morphology based dis-

crimination” of several known Tetrahymena species

seems to be impossible (Lynn and Doerder 2012). Thus,

nowadays combinations of classical approaches with

molecular phylogenetic analyses are needed, based not

only on 18S rRNA but mainly on the mitochondrial cyto-

chrome c oxidase subunit 1 (cox1) genes (Chantangsi

et al. 2007; Kher et al. 2011).

Nevertheless, all currently described Tetrahymena spe-

cies from natural habitats have two characteristics in com-

mon: (i) No natural species was reported to harbor

symbiotic algae, as it is known for several representatives

of various freshwater genera (Coleps, Euplotes, Parame-

cium, Stokesia – to name just a few examples). (ii) All

Tetrahymena species are aerobic ciliates and thus live in

oxygenated habitats, although ciliates seem to prefer and

tolerate microaerobic zones (Doerder and Brunk 2012).

Here, we present the “first” green Tetrahymena spe-

cies, i.e. the ciliate harbors symbiotic green algae. Ciliates

were discovered in a real exotic habitat—they live as sym-

bionts in traps of the aquatic carnivorous plant Utricularia

reflexa (Lentibulariaceae, Lamiales). The green Tetrahy-

mena form a central element of the microbial food web in

the anoxic trap fluid. For a detailed description of the aute-

cology of this Tetrahymena species we refer to our

accompanying manuscript by �Simek et al. (2016). Here,

we give a detailed morphological and molecular characteri-

zation of the ciliate including its life cycle, resulting in the

description of the new species Tetrahymena utriculariae n.

sp. Ciliates were isolated and maintained as green but

also as aposymbiotic cultures outside their natural habitat.

Finally we investigated if algal symbionts were “typical”

endosymbionts (in terms of taxonomic affiliation)

described for ciliate hosts.

MATERIALS AND METHODS

Trap fluids and cultivation of ciliates and algae

The aquatic plant U. reflexa Oliv. originates from the Oka-

vango Delta, Botswana and is cultivated at the Institute of

Botany CAS (T�rebo�n, Czech Republic) since the year 2005.

Whole plant shoots were transferred in 1-liter aquaria to

the University of Zurich (Switzerland) in the years 2014

and 2015. For a detailed description of the plant itself and

its cultivation conditions we refer to Adamec (2012, 2015)

and �Simek et al. (2016).

To gain living ciliates, single traps were cut from the

shoot and transferred into a small drop (300 ll) of 0.2 lm
pre-filtered mineral water (Volvic, France). The trap wall

was opened with two dissecting needles to release cili-

ates in the surrounding water. Most stages of the com-

plex life cycle could be already observed after the opening

of traps. In vivo observations were done with a Zeiss Axio

Imager M1 (Zeiss, Jena, Germany) at magnifications of

100–1,600X with bright-field, phase and interference con-

trast. Photomicrographs were taken with a Canon EOS

1000D controlled by the software AxioVision (Zeiss). Sin-

gle green ciliates were collected with a sterilized glass pip-

ette. For the cultivation of ciliates we tried both, to create

clonal isolates and cultures originating from several individ-

uals. First, ciliates were transferred in 96 microwell plates

(each well containing 200 ll of pre-filtered Volvic). Plates

were kept at aerobic conditions at 18 °C, and at a 12 h

day (10 lmol/m2/s)/12 h night cycle. Half of the wells

were amended with each 50 ll of a mixed bacterial sus-

pension growing on wheat grains. In case of obvious

growth of ciliates in wells, cells were transferred into Tis-

sue Culture Flasks 25 cm2 (TPP�; Techno Plastic Products

AG, Switzerland), filled with 50 ml of pre-filtered Volvic (ei-

ther enriched with bacteria or not). Cultures of green cili-

ates could be maintained in a freshwater medium WC

(Guillard and Lorenzen 1972) and Volvic (1:1) mixture for

several months. Nevertheless, several ciliate isolates kept

under aerobic conditions with over-saturating bacterial

food gradually lost their algal symbionts (during several

weeks) – even when cultures were grown at a 12 h day/

12 h night cycle. Here, ciliates switched toward complete

heterotrophy, feeding exclusively on bacteria.

For the isolation of algal symbionts, single green ciliates

were gently squeezed in a small drop (20 ll) of 0.2 lm
pre-filtered Volvic with a dissecting needle until cell rup-

ture happened and algal symbionts were released. Several

algal cells were collected with a sterilized ultrafine glass

capillary and transferred into 96 microwell plates. Each

well contained 200 ll of freshwater medium WC. When

successful growth was observed, algae were transferred

to Tissue Culture Flasks 25 cm2 (TPP�), filled with 30 ml

of freshwater medium WC.

Silver impregnations

For the quantification of algal symbionts per ciliate we

applied the quantitative protargol staining (QPS) method

(Skibbe 1994 with modifications after Pfister et al.

1999). This method allowed for the collection of a high

number of ciliates for silver impregnation. Samples were

fixed with Bouin’s solution (picric acid, formaldehyde,

and acetic acid) adjusting a final concentration of 5%

(vol/vol, Pfister et al. 1999). Subsamples (100–300 ll)
were filtered on 0.8 lm pore-size cellulose nitrate filters

(with counting grid; Sartorius) and silver impregnation

with protargol was conducted according to the protocols

mentioned above.

For analyses of ciliary patterns and measurements of

morphometric parameters we used the protargol impreg-

nation “Procedure A” after Foissner (2014). Silverline pat-

terns were characterized after the dry silver nitrate

staining procedure (Foissner 2014). Fixed specimens were

observed with the microscopic equipment described

above. Measurements of morphometric parameters

(Table 1) derived from a green clonal culture and were

done with the image analysis software Lucia (Laboratory

Imaging, Prague).
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DNA extraction and sequencing

DNA from a clonal aposymbiotic T. utriculariae culture was

extracted with the DNeasy Blood and Tissue kit (Qiagen,

Vento, the Netherlands). The aposymbiotic culture origi-

nated from a symbiont bearing clonal culture (basis for mor-

phometric measurements) which was kept under aerobic

conditions with over-saturating bacterial food. Subse-

quently, the partial cox1 gene was amplified using Plat-

inum� PCR Super Mix High Fidelity (Invitrogen), the forward

primer COI-FW 50-ATGTGAGTTGATTTTATAGAGCAGA-30

(Chantangsi et al. 2007) and the reverse primer FolB 50-TA
AACTTCAGGGTGACCAAAAAATCA-30 (Folmer et al. 1994).

The PCR reaction was performed under the following

conditions: initial denaturation at 94 °C for 180 s, five

cycles of 94 °C for 30 s, 45 °C for 60 s, 68 °C for 75 s

and 35 cycles of 94 °C for 30 s, 55 °C for 60 s, 68 °C
for 75 s, and final extension at 68 °C for 600 s (modified

from Str€uder-Kypke and Lynn 2010). GenEluteTM PCR

Clean-Up Kit (Sigma, St. Louis, MO) served as tool for

the purification of the PCR products, which were subse-

quently sequenced with the same primers and ABI Big-

Dye chemistry on an ABI 3130x Genetic Analyzer

(Applied Biosystems, Waltham, MA).

The amplification of the 18S rRNA gene of T. utricular-

iae was done with GoTaq� Green Master Mix (Promega,

Madison, WI) and the primer pair EK82f 50-GAAACTGC
GAATGGCTC-30 (Auinger et al. 2008)/EUK239r 50-TGATCC
TTCYGCAGGTTCAC-30 (Moon-van der Staay et al. 2001).

The conditions for the PCR were as follows: denaturation

at 94 °C for 300 s, 30 cycles of 94 °C for 15 s, 50 °C for

60 s, 72 °C for 180 s and a final extension of 300 s at

72 °C. PCR products were purified and sequenced as

described above.

In order to sequence the ribosomal genes (18S rRNA

gene, ITS1, 5.8S rRNA gene and ITS2) of the algal sym-

biont, DNA was extracted with the DNeasy Blood and Tis-

sue kit (Qiagen) from a pure culture. PCR reactions were

Table 1. Morphometric parameters of living trophonts and theronts, and protargol impregnated trophonts of the green ciliate species Tetrahy-

mena utriculariae n. sp.isolated from Utricularia reflexa

Symbiont bearing green ciliates Average M SD SE CV Min Max n

Body, length – living trophonts (lm) 36.7 36.7 4.0 0.7 11.0 30.0 45.3 31

Body, width – living trophonts (lm) 27.4 27.7 2.1 0.4 7.8 21.8 30.1 31

Body, volume – living trophonts (lm3) 14,543 14,766 2,985 536 21.0 7,988 20,214 31

Body, length – living theronts (lm) 49.8 49.1 5.8 1.3 11.5 41.0 59.0 20

Body, width – living theronts (lm) 20.1 19.8 2.3 0.5 11.2 17.2 25.4 20

Number of algal symbionts per ciliate 52.0 49.5 15.7 2.5 30.1 26.0 89.0 40

Size of living algal symbionts (lm) 5.9 5.8 0.6 0.1 11.1 4.8 7.3 31

Body, length – protargol impregnated trophonts (lm) 32.6 33.7 4.4 0.9 13.6 22.9 38.2 25

Body, width – protargol impregnated trophonts (lm) 19.7 19.6 2.0 0.4 10.3 14.6 23.3 25

Anterior body end to buccal cavity, distance (lm) 3.7 3.6 0.9 0.2 24.5 2.2 5.7 25

Anterior body end to macronucleus, distance (lm) 11.1 10.9 2.3 0.5 20.3 5.7 16.8 25

Anterior body end to excretory pore, distance (lm) 26.5 26.6 3.7 1.4 13.8 20.1 32.0 7

Macronucleus, length (lm) 9.6 9.5 1.7 0.3 17.9 6.5 13.6 25

Macronucleus, width (lm) 8.4 8.2 1.5 0.3 18.4 5.2 12.8 25

Micronucleus, length (lm) 4.3 4.4 0.5 0.1 11.7 3.2 5.4 25

Micronucleus, width (lm) 3.1 3.2 0.4 0.1 13.8 2.2 3.9 25

Buccal cavity, length (lm) 6.9 6.9 1.0 0.2 14.1 5.1 8.3 25

Buccal cavity, width (lm) 3.9 3.8 0.8 0.2 19.8 2.4 5.4 25

Adoral membranelle number 1, length (lm) 3.4 3.4 0.4 0.1 13.2 2.5 4.2 25

Adoral membranelle number 2, length (lm) 3.4 3.4 0.5 0.1 13.5 2.7 4.4 25

Adoral membranelle number 3, length (lm) 1.8 1.8 0.3 0.1 15.5 1.2 2.3 25

Excretory pores, number 1.3 1.0 0.5 0.2 38.0 1.0 2.0 7

Somatic kineties, number 23.0 23.0 0.9 0.2 3.9 21.0 25.0 25

Postoral kineties, number 2.0 2.0 0.0 0.0 0.0 2.0 2.0 25

Kinetids in a dorsal kinety, number 36.5 36.0 4.7 0.9 13.0 30.0 46.0 25

Aposymbiotic ciliates

Body, length – living trophonts (lm) 40.5 41.0 5.1 0.9 12.6 26.2 48.1 31

Body, width – living trophonts (lm) 24.2 24.1 1.9 0.3 7.9 19.5 27.8 31

Body, volume – living trophonts (lm3) 12,649 13,157 3,131 562 25 5,186 17,858 31

Body, length – living theronts (lm) 51.1 51.8 3.2 0.6 6.3 43.9 56.0 26

Body, width – living theronts (lm) 16.5 16.3 2.0 0.4 12.2 12.7 21.0 26

CV, coefficient of variation in %; M, median; Max, maximum; Min, minimum; n, number of measured specimens; SD, one standard deviation;

SE; standard error of average.

Algal symbionts were identified as Micractinium sp. Data based, if not mentioned otherwise, on mounted, protargol impregnated trophonts from

a green clonal culture. In addition morphometric parameters of living trophonts and theronts of an aposymbiotic culture are listed.
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run using GoTaq� Green Master Mix (Promega) and the

following primer pairs: EUK238f 50-ACCTGGTTGATCCTGC
CAG-30/EUK239r (Moon-van der Staay et al. 2001) and

INT-4F 50-TGGTGAAGTGTTCGGATTGG-30/HLR3R 50-TCCC
AAACAACCCGACTCT-30 (Hoshina et al. 2005) under the

previously described conditions. The generated amplicons

were purified and sequenced as described above. All

sequences were deposited in GenBank with the accession

numbers (LT605001 – LT605003).

Phylogenetic analysis

Two phylogenetic trees for T. utriculariae n. sp. (18S rRNA

and cox1 genes) and one for the algal symbiont (18S rRNA

gene combined with ITS2) were calculated with different

tools. The online aligner SINA (Pruesse et al. 2012) and the

software package ARB (Ludwig et al. 2004) were used for

the alignment and manual curation of the 18S rRNA genes

(1,613 positions). Only sequences of Tetrahymena spp. (52

isolates) which had additionally available cox1 sequences

were included in the analysis (see Table S1). Sequences

from the genus Ichthyophthirius (KJ690571 and U17354)

were used as outgroup. The RAxML algorithm (Stamatakis

et al. 2008) served as tool for the calculation of a boot-

strapped (1,000 iterations) maximum likelihood (ML) tree

using the GTR (General Time Reversible) model with Γ dis-

tribution for rate heterogeneity among sites. Posterior prob-

abilities (four chains; 100,000 generations) from Bayesian

interference (BI) obtained with the ExaBayes software

package (©The Exelixis Lab) were added to the ML tree

where topologies of the trees generated by the two differ-

ent methods were congruent. Finally, branches with low

bootstrap support (< 50%) were collapsed.

The phylogenetic analysis of the cox1 sequences was

built based on the alignment by Quintela-Alonso et al.

(2013). The alignment was supplemented and calculated

again with all newly available sequences of Tetrahymena

cox1 genes from GenBank using the freely available soft-

ware Unipro UGENE 1.23. Short sequences (≤ 634 nt)

together with duplicates (identical sequences with two

accession numbers) were deleted (Table S1) and the align-

ment was manually corrected. In total, it compromised

188 sequences (987 positions) of Tetrahymena isolates

along with seven sequences of Ichthyophthirius multifiliis

as outgroup. For the phylogenetic analysis we applied the

neighbor-joining algorithm with an interior-branch-test

(Dopazo 1994; Li 1989; Nei et al. 1985; Rzhetsky and Nei

1992), implemented in the program MEGA v7.014

(Tamura et al. 2011), using the Jukes Cantor distance

model with 1,000 replicates and pairwise deletion (Quin-

tela-Alonso et al. 2013). As previously described, the inte-

rior branch test is highly appropriate in cases where the

tree topology is predefined (Sitnikova 1996). Finally, the

phylogenetic distance was calculated by using the pair-

wise distance, also supplied by MEGA.

The phylogenetic analysis of the algal symbiont (Chloro-

phyta, Trebouxiophyceae, Chlorellaceae) was done based

on the concatenated 18S rRNA gene sequence (without

introns) and the ITS2 sequence (2,219 positions). Primary

sequence information combined with their individual sec-

ondary structures increases the accuracy and robustness

of the resulting phylogenetic tree (reviewed in Wolf et al.

(2014)). Thus, the state of the art methodology recently

described by Heeg and Wolf (2015) was applied for the

phylogenetic reconstruction of Chlorellaceae including the

algal symbiont of T. utriculariae. From this publication we

also extracted the 60 sequences (concatenated 18S rRNA

gene and ITS2) with individual secondary structures (see

file S1 of the supporting information in Heeg and Wolf

(2015)). First, the secondary structures had to be added to

the gene sequences of the algal symbiont. The RNA struc-

ture was taken from Actinastrum hantzschii FM205841

(99.76% sequence similarity) and the secondary structure

of its ITS2 was predicted by homology modeling using a

relevant template (Selig et al. 2008). Subsequently, a

“xfasta file” (sequence-structure information of the con-

catenated 18S rRNA gene + ITS2) of the algal symbiont

was generated and added to the 60 extracted Chlorel-

laceae sequences (with Chloroidium ellipsoideum

FM946015 and Chlorella saccharophila FM946000 as out-

group). The software 4SALE v1.7 (Seibel et al. 2008) was

subsequently used for a global multiple sequence align-

ment with simultaneous consideration of the primary

sequence and the secondary structure. Using this align-

ment a ML tree was calculated with “phagorn” (Schliep

2011) which is implemented in R (R Core Team 2014).

We used the R script available from the 4SALE homepage

at http://4sale.bioapps.biozentrum.uni-wuerzburg.de. Finally,

a BI tree was calculated as described above using the

alignment generated with 4SALE. In case of congruent

topologies of both trees, posterior probabilities were

added to the ML tree.

RESULTS

Description of Tetrahymena utriculariae n. sp

Sizes of living symbiont bearing trophonts (Table 1) are

36.7 9 27.4 lm (n = 31), resulting in an average cell

volume of 14,543 lm3. Measurements on protargol-

impregnated ciliates show a shrinkage of fixed and stained

specimens (Table 1). Ovate ciliate cells (trophonts) are nei-

ther very flexible nor contractile. The globular macronu-

cleus of protargol-impregnated specimens (9.6 9 8.4 lm)

is in the central or slightly posterior position (Fig. 1B, 2B).

The micronucleus (4.3 9 3.1 lm) is positioned at the

macronucleus (Fig. 1B, 2C), sometimes difficult to see

in vivo but clearly recognizable after staining with DNA

specific dyes (e.g. DAPI) or after protargol impregnation.

The oral apparatus is typical for the genus Tetrahymena. It

consists of one undulating membrane on the right side of

the buccal cavity and three oral membranelles on the left

(Fig. 1A and Table 1). The buccal cavity has a size of

6.9 9 3.9 lm on average in portargol-impregnated speci-

mens (Table 1). The contractile vacuole is slightly subter-

minal and has in most cases one and occasionally two

excretory pores in dorsal position (Fig. 1B). Trophonts

have on average 23 somatic kineties including two
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postoral kineties (Fig. 1A, B and Table 1). The silverline

pattern (Fig. 1C,E) is of type 2, i.e. it shows primary

meridians connecting the kinetids and secondary meridi-

ans (for further explanation of silverline patterns we refer

to Quintela-Alonso et al. 2013). Trophonts harbor on aver-

age 52 algal symbionts (average diameter and standard

deviation of living algae = 5.9 � 0.6 lm) uniformly dis-

tributed within the ciliate cell (Fig. 2 and Table 1).

Tetrahymena utriculariae shows a “Tetrahymena pyri-

formis – like” life cycle (Fig. 2, 3). The real dominant life

stage in trap fluids are green trophonts. Besides tro-

phonts, conjugating individuals, dividers, and occasionally

resting cysts could be observed. In stressed clonal cul-

tures we could induce the formation of theronts. These

elongated, spindle-shaped cells (49.8 9 20.1 lm; Table 1)

show a higher swimming speed than gliding trophonts.

Theronts have one clearly recognizable (in vivo) elongated

caudal cilium (Fig. 2H) which is not observed for

trophonts.

The cultivation of green ciliates under aerobic conditions

and sufficient bacterial food particles resulted occasionally

in a loss of algal symbionts. We could even generate algal

free, aposymbiotic ciliate cultures. Sizes of living aposymbi-

otic trophonts are 40.5 9 24.2 lm (n = 31), resulting in an

average cell volume of 12,649 lm3 (Table 1). These

aposymbiotic isolates can be maintained for several

months, however, only by regular feeding with new bacte-

rial food sources. We observed all life stages documented

for the green counterparts also for the aposymbiotic cells

(Fig. 2, 3), except conjugating cells. However, aposymbiotic

ciliates can be re-infected by the addition of the isolated

algal symbiont within several weeks (�Simek et al. 2016).

Notably, colorless ciliates were never observed in trap

fluids.

Figure 1 Tetrahymena utriculariae n. sp. after protargol impregnation (A, B, D), after “dry” silver nitrate impregnation (C, E), and from life (F–I).

(A, B) Ciliary pattern of ventral and dorsal side of a trophont. (C) Silverline pattern of ventral side of a trophont. (D) Photomicrograph of a protargol

stained green trophont, ventral view. (E) Photomicrograph of a “dry” silver nitrate impregnated green trophont, ventral view. (F) Right lateral view

of a living green trophont. (G–I) Shape of a typical theront (G), lateral (H) and ventral (I) view of a typical trophont. ep, excretory pore; m1–m3, ado-

ral membranelles; ma, macronucleus; mi, micronucleus; pa, paroral membrane; pm, primary silverline meridian; sm, secondary silverline meridian.
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Figure 2 Photomicrographs of living green and aposymbiotic Tetrahymena utriculariae n. sp. (A) An aposymbiotic and a green trophont.

(B, C) Green trophonts. (D) Late, aposymbiotic divider. (E, F) Aposymbiotic trophonts. (G) Conjugation pair of green ciliates. (H) Aposymbiotic ther-

ont. (I) Resting cyst. (J) A green cyst was dissected under microscopic control. (K) The isolated algal symbiont Micractinium sp. cc, caudal cilium;

cv, contractile vacuole; ma, macronucleus; mi, micronucleus. Scale bars = 10 lm.
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Molecular identity and phylogenetic analysis of
Tetrahymena utriculariae

The partial 18S rRNA gene sequence of T. utriculariae

(1,643 unambiguous nucleotides, GC content 43.21%)

was deposited under the accession number LT605001 at

GenBank. The next hit at public databases for the 18S

rRNA gene was Tetrahymena malaccensis (M26360) with

a similarity of 99.76%. The sequence of the partial cox1

gene (985 unambiguous nucleotides) was deposited under

the accession number LT605002 at GenBank. The highest

similarity (90.26%) was found with a cox1 sequence of

T. thermophila (GU439297).

As the phylogenetic analysis of the 18S rRNA gene alone

(Fig. S1) was not sufficient, the cox1 gene was used to

determine the phylogenetic position of T. utriculariae (Fig. 4).

In total 188 sequences were implemented in the analysis

(Table S1), which showed a highly similar topology as previ-

ously published analyses (Chantangsi et al. 2007; Kher et al.

2011; Quintela-Alonso et al. 2013). The new species nested

with medium support on a separate branch between the

T. thermophila cluster (Fig. 4), containing 28 highly similar

sequences, one sequence of T. malaccensis, one sequence

of T. farahensis and a cluster of 10 sequences from a new

Tetrahymena species, yet unnamed (Kher et al. 2011). The

difference of the new species compared to its probably next

relative, T. thermophila, was 9.74%, while the distance to

T. malaccensis (EF070291) was 11.37%.

Habitat and ecology of Tetrahymena utriculariae

Tetrahymena utriculariae numerically dominates the

eukaryotic community of commensals/mutual partners in

traps of U. reflexa, reaching abundances of up to 50,000

cells per milliliter of trap fluid (�Simek et al. 2016). Green

T. utriculariae inside traps are bacterivorous, with individ-

ual ingestion rates ranging from 260 to 340 bacteria/cili-

ate/h. Due to the high numbers of ciliates inside trap

fluids, their total grazing rates lead to a fast bacterial turn-

over (�Simek et al. 2016).

The biogeography of U. reflexa is not confined to Bots-

wana but the plant is endemic to Africa. We checked

numerous feeding traps of seven other Utricularia species

(U. australis, U. bremii, U. aurea, U. inflata, U. purpurea,

U. stygia, and U. vulgaris) for the occurrence of T. utricular-

iae, however, at present we have to state that this ciliate

species could be only found in U. reflexa (for further details

see �Simek et al. 2016).

Molecular identity and phylogenetic analysis of the
algal symbiont

The sequence of the algal symbiont, spanning almost the

entire 18S rRNA gene, the ITS1, the 5.8S rRNA gene, the

Figure 3 Observed stages within life cycles of green (left) and

aposymbiotic (right) Tetrahymena utriculariae n. sp. Observed transfor-

mations are indicated by black arrows. Possible, but not observed trans-

formations are shown by dashed gray arrows. a, throphont; b, theront;

c, conjugation pair; d, cell dividers; e, enlarged trophont before cell divi-

sion; f, resting cyst. Modified from Lynn and Doerder (2012).

Figure 4 Phylogenetic analysis of 189 Tetrahymena isolates including

T. utriculariae n. sp. (bold). A neighbor-joining tree was generated with

an interior-branch test based on cox1 gene sequences. Ichthyophthirius

multifiliis was used as outgroup. Accession numbers for sequences

inside collapsed cluster are listed in Table S1. Numbers at the branches

represent bootstrap values. Scale bar: number of substitutions per site.
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ITS2 and the partial 28S rRNA gene (2,681 nt), was depos-

ited under the accession number LT605003 at GenBank.

The next hit at public databases was Micractinium sp.

ehime (JX889639) with a sequence similarity of 98.5%. In

the recent publication from Heeg and Wolf (2015) a

detailed phylogenetic analysis of taxa belonging to the

Chlorellaceae (sensu stricto + species name available) was

conducted. Sequence-structure analysis of the 18S rRNA

genes and the ITS2 genes alone was compared with the

phylogenetic reconstruction using both of these genes in

combination. The authors assumed to have more accuracy

using the concatenated data set. For reasonable compar-

ison, we thus followed their approach and included the

same taxa and merely added the sequence of the algal

symbiont (Fig. 5). According to our phylogenetic analysis,

the algal symbiont clustered with high bootstrap support

inside the Micractinium spp. cluster, basal to M. pusillum

(FM205875), M. belenophorum (FM205879 and

FM205880), and A. hantzschii (FM205841, FM205884).

This was also true for the BI tree but the algal symbiont

directly clustered with M. pusillum making up the sister

group to the two M. belenophorum and the two

A. hantzschii sequences (no posterior probabilities for the

respective branches). The relative great distance and the

separated positioning prevented us from affiliating the

algal symbiont to a described species. It rather represents

a novel species in the genus Micractinium.

DISCUSSION

Morphological comparison with congeners

A morphological comparison of T. utriculariae with closely

related congeners (T. farahensis, T. malaccensis, T. ther-

mophila) is difficult as the first two species were estab-

lished without clear morphological descriptions (Table 2).

We had to exclude the phylotype Tetrahymena n. sp.

presented by Kher et al. (2011) from the comparison as

it was only characterized by cox1 gene sequences with-

out defining a type strain (see Table S1 for further

details).

The most striking difference within the congeners con-

cerns the presence/absence of symbiotic algae in natural

ciliate populations. Only T. utriculariae harbors endosym-

bionts, although this character may be lost under defined

culture conditions (aerobic cultivation with dense bacterial

food organisms). Tetrahymena utriculariae can form cysts,

which was observed neither for T. thermophila nor for

T. malaccensis (Table 2). All three species have at least in

natural populations a micronucleus. The morphological

comparison of T. utriculariae with the closest relative,

T. thermophila (Collins 2012), shows some slight differ-

ences: T. utriculariae has on average 23 kineties (range

21–25), whereas T. thermophila has on average 17–21 kin-

eties (range 15–25). The average number of kinetids in a

kinety are 36.5 and 30 for T. utriculariae and T. ther-

mophila, respectively. Tetrahymena utriculariae has usually

one excretory pore (range one to two), whereas T. ther-

mophila has on average two (range 1–3). A clear

difference is obvious from the sizes of living trophonts.

Even the aposymbiotic trophonts of T. utriculariae (on

average 40.5 9 24.2 lm) are by 10 lm smaller than typi-

cal specimens of T. thermophila (on average 50 9 30 lm;

Collins 2012).

Morphological comparison with similar species

Tetrahymena is a young genus-group name (Furgason

1940) and its type species, T. pyriformis (T. geleii is con-

sidered as a synonym; Aescht 2001), was classified in

various other genera, e.g. Glaucoma, Leucophrys, and

Sathrophilus (Foissner et al. 1994). Thus, we did a litera-

ture search for species showing similarities to T. utricu-

lariae in the genus Tetrahymena and the mentioned

genera.

Dujardin (1838) described a green species, Glaucoma

viridis, which might have some similarities to T. utricular-

iae. In June 1837, the author discovered a mass develop-

ment of G. viridis in an old wine barrel, containing tartar

(dried rest of the wine) and rainwater. Obviously, quality

of the one month old water was not the best anymore

as the author spoke about ‘l’eau s’�etait putr�efi�ee’, mean-

ing moldy water (Dujardin 1841). Glaucoma viridis had a

size of 30–50 lm and a buccal cavity which seemed to

be typical for the genus Glaucoma (see figure G4 on

Plate 15 in Dujardin 1838 and figure 9 on Plate 8 in

Dujardin 1841). Nevertheless, the buccal cavity spanned

over at least one-third of the total cell length. This mor-

phological feature allows the differentiation between

G. viridis and T. utriculariae. According to Dujardin (1841),

G. viridis contained several green “large” vacuoles which

had “twelve to thirteen nodules”. However, the author

did not describe if these green vacuoles were ingested

or symbiotic algal cells (likewise it is not obvious from

the original drawings mentioned above). Unfortunately,

there seems to be no other record of this species after

the description by

Dujardin (1838, 1841).

Within the genus Sathrophilus we found one species

similar to T. utriculariae. Sathrophilus chlorophagus (Kahl

1931) Corliss, 1960 has a similar size and shape (see fig-

ure 60, panel 33 in Kahl 1931). Free living specimens har-

bored often small green algae but were occasionally

colorless. Cells had one elongated caudal cilium, conspicu-

ous long cilia and a large buccal cavity which spanned

over one-third of the total cell length. The latter two mor-

phological features allow the differentiation between

S. chlorophagus and T. utriculariae. Sathrophilus chloroph-

agus was abundant in a pond during winter but the exact

type locality was not defined. Again, we could not find

new records of this species after the description by Kahl

(1931).

Another green ciliate with a similar shape as T. utricular-

iae was described by Penard (1922) as Ophryoglena viridis

(see figure 146 in Penard 1922). Nevertheless, the ciliature

of the buccal cavity, the high number of postoral kineties

and the larger size of O. viridis (80 9 54 lm) allow a clear

differentiation between the two species.
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Figure 5 Maximum likelihood (ML) tree with posterior probabilities from Bayesian interference (BI) based on the concatenated ITS2 + 18S rRNA

gene sequence-structure of 61 chlorellacean isolates. Chloroidium saccharophilum and Chloroidium ellipsoideum were used as outgroup. The algal

symbiont (bold) affiliated with the Micractinium cluster. Numbers at the branches represent ML bootstrap value/BI posterior probabilities. Scale

bar: number of substitutions per site.
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Phylogenetic analysis and relation to other
Tetrahymena species

The cox1 gene is considered the most reliable DNA bar-

code to discriminate among different Tetrahymena spe-

cies, as it is improving the resolution of most clades

within the phylogenetic analysis, compared to the 18S and

28S rRNA gene (Chantangsi et al. 2007; Lynn and Str€uder-
Kypke 2006; Simon et al. 2008). When comparing phylo-

genetic analyses of 18S rRNA (Fig. S1) and cox1 (Fig. 4)

genes, a similar topology in general, with few exceptions,

is recovered, indicating a monophyletic character of the

genus Tetrahymena.

In our analysis of the Tetrahymena cox1 dataset we

recovered a topology supporting previous studies (Kher

et al. 2011; Lynn and Doerder 2012; Quintela-Alonso et al.

2013). The application of the interior-branch-test, which is

suitable for a given topology, increased the reliability and

hence the bootstrap support within the tree (Quintela-

Alonso et al. 2013; Sitnikova 1996). Analyzing the genetic

distance of the cox1 gene compared to other species,

revealed a high distance of 9.74%. The intraspecific differ-

ence found regarding the cox1 gene was described previ-

ously to range from 0% to 3.5%, with T. thermophila

having the largest intraspecific range (Doerder 2014).

Based on the high genetic distance, the ecological/physio-

logical characteristics, and the habitat specificity (�Simek

et al. 2016) we describe the strain from T�rebo�n (Czech

Republic) as a new species, T. utriculariae n. sp.

Phylogenetic analysis of the algal symbiont
(Chlorophyta, Trebouxiophyceae, Chlorellaceae)

Surprisingly, the addition of only one taxon, the algal sym-

biont of T. utriculariae, to the selected sequences of Heeg

and Wolf (2015) changed the topology of the phylogenetic

tree remarkably (compare our Fig. 5 with fig. 7 in Heeg

and Wolf (2015)). Whereas the structure inside the Para-

chlorella-clade could be reproduced, there were structural

changes inside the Chlorella-clade. Most conspicuous was

the difference between the topologies concerning the

Micractinium spp. isolates to which the algal symbiont

clustered. In contrast with the polyphyly of this genus in

the 18S rRNA + ITS2 gene tree from Heeg and Wolf

(2015), in our tree all Micractinium spp. made up a mono-

phyletic cluster including only two additional sequences

from A. hantzschii. In contrast with this discrepancy

regarding the two trees based on the concatenated data

set, the phylogenetic ITS2 tree (Heeg and Wolf 2015) also

revealed the monophyly of Micractinium spp. It would be

tempting to claim the algal symbiont to be the missing link

connecting the two parts of the Micractinium spp. cluster

in the 18S rRNA + ITS2 gene tree. But since the impor-

tance of taxon sampling was reported earlier and also

pointed out by Heeg and Wolf (2015), it should probably

rather be treated as an extreme example illustrating the

impact of taxon sampling on phylogenetic analysis.

Symbiosis with the alga Micractinium sp

Mutualistic symbioses between freshwater ciliates and

green algae (often affiliated with Chlorophyta) can be

found in various genera (e.g. Askenasia, Coleps, Euplotes,

Halteria, Paramecium, Stokesia, Vorticella, etc. – for an

overview see Foissner et al. (1999)). In nearly all cases,

we find within the same genus both, “obligate” green and

colorless species. The best studied symbiosis with algae

concerns the species Paramecium bursaria. It is a real

mutual relationship, whereby both partners profit from

each other (see Fujishima and Kodama (2014) and

Table 2. Brief characterization of Tetrahymena species related to Tetrahymena utriculariae n. sp. according to the cox1 gene phylogeny

Habitat

Algal

endo-

symbionts Cysts Mating

Micronucleus

present (+)/

absent (�)

Cox1 gene

GenBank

accession

number

18S rDNA

GenBank

accession

number References

Tetrahymena

utriculariae

n. sp.

Traps of the aquatic plant

Utricularia reflexaa
Yesb Yes Conjugation + LT605002 LT605001 This study

Tetrahymena

farahensis

Wastewater treatment

plant, Pakistan

No Nd Nd Nd HG710169 HE820726 Zahid et al. (2014)

Tetrahymena

malaccensis

Swamp, K. Rantau

Abang, Malaysia

No No Conjugation + EF070291 M26360 Simon et al. (1985)

Tetrahymena

thermophila

Woods Hole, USAc No No Conjugation +/� EF070310 M10932 Nanney and

McCoy (1976)

Nd, not determined.

A detailed morphological comparison with the closest congener, T. thermophila, is given in the text. Table modified from Lynn and Doerder

(2012).
aA detailed discussion of the type locality is given in the text.
bSymbiont bearing cultivated specimens may lose their symbionts when kept under aerobic conditions and dense bacterial food organisms. Nev-

ertheless, we never found aposymbiotic cells in the natural habitat of T. utriculariae, i.e. in the traps of Utricularia reflexa.
cStrain B derived from a cross between wild strains WH-6 and WH-14.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2017, 64, 322–335 331

Pitsch et al. A Green Tetrahymena with Symbiotic Algae

http://www.ncbi.nlm.nih.gov/nuccore/LT605002
http://www.ncbi.nlm.nih.gov/nuccore/LT605001
http://www.ncbi.nlm.nih.gov/nuccore/HG710169
http://www.ncbi.nlm.nih.gov/nuccore/HE820726
http://www.ncbi.nlm.nih.gov/nuccore/EF070291
http://www.ncbi.nlm.nih.gov/nuccore/M26360
http://www.ncbi.nlm.nih.gov/nuccore/EF070310
http://www.ncbi.nlm.nih.gov/nuccore/M10932


references therein). However, it was also shown, that cili-

ates can lose their symbionts due to experimental manipu-

lations, e.g. cultivation in complete darkness with

sufficient bacterial food. Nearly all algal symbionts can live

outside the hosts as free cells, thus they can be success-

fully cultivated in monocultures (Pr€oschold et al. 2011). A

reinfection of aposymbiotic P. bursaria (Summerer et al.

2007) but also of other ciliate species with isolated algal

strains is possible within a few days to weeks (see also

fig. 4 in �Simek et al. 2016).

All these aspects are also valid for T. utriculariae and its

symbiont Micractinium sp., thus it seems to be a well-

established ciliate algae symbiosis. However, one might

speculate about the origin of this symbiosis. In principle,

there are two ways how algae are taken up by ciliate

hosts: (i) by incidental ingestion or (ii) by repetitive phago-

cytosis of algae as positively selected food source

(Fujishima and Kodama 2014). As most Tetrahymena spe-

cies are rather bacterivorous, an incidental incorporation of

algal cells seems more likely. In case of T. utriculariae we

suppose that the lack of oxygen in traps (Adamec 2007)

was the major selective force driving the evolution of this

ciliate alga symbiosis. Notably, caught metazoan prey first

dies in traps of U. reflexa due to anoxic conditions and not

primarily due to enzymatic lysis (Adamec 2007). All

Tetrahymena species are aerobes, as they don’t have ade-

quate organelles, i.e. hydrogenosomes which are found in

anaerobic ciliates. Thus, the symbiosis with oxygen pro-

ducing algae is the prerequisite for T. utriculariae to sur-

vive in this habitat. That algal symbionts can indeed

supply their ciliate hosts with oxygen was already demon-

strated for Paramecium bursaria (Reisser 1980) and natural

ciliate assemblages (Finlay et al. 1996).

Bacterial uptake rates of T. utriculariae (�Simek et al.

2016) may point to a second role of algal symbionts. Indi-

vidual bacterial ingestion rates were low in comparison to

other similar sized bacterivorous ciliate species and thus

not allowing for the assumed rapid ciliate growth in trap

fluid. Probably algal symbionts do also support T. utricular-

iae with diverse metabolites, however, we have no proof

yet for this assumption.

Interestingly, Nakajima et al. (2009, 2013) could induce

the uptake of a green alga (Micractinium sp. ehime) as

symbiont by T. thermophila in a five year long-term

co-cultivation microcosm, with Escherichia coli as bacterial

food source. It seemed that even a more cooperative algal

phenotype evolved after five years of co-cultivation which

allowed the ciliate ancestor a longer lifespan in experimen-

tal tests (Germond et al. 2013). However, ciliates were

permanently confronted with an extraordinary high number

of algae (5*106 algal cells/ml) during co-cultivation (Naka-

jima et al. 2009), which does not reflect natural circum-

stances. In contrast, numbers of Micractinium sp. in trap

fluids of U. reflexa were always below the limit of detec-

tion and also abundances reported for freshwater systems

are much lower. However, it is remarkable that the

Micractinium sp. strain used in their experiment was

found to be next hit in public databases to the algal sym-

biont of T. utriculariae. In combination with the close

relatedness of the hosts, this opens up speculations about

an ancient origin of the symbiosis between T. thermophila

and Micractinium sp. Most probably prerequisites for the

seemingly “de novo” established symbiosis reported by

Nakajima et al. (2009, 2013)), have been acquired already

during a former coexistence. In other words ancestors of

the symbiotic partners might have lived together and

established the symbiotic interaction already in former

times.

Habitat specificity of Tetrahymena utriculariae

Its natural environment, fluids inside traps of U. reflexa, is

a harsh habitat, characterized by (i) very low, often anoxic

conditions (Adamec 2007), (ii) low pH values (average 5.1),

but (iii) extremely high concentrations of dissolved nutri-

ents (Sirov�a et al. 2009). We checked numerous feeding

traps of seven other Utricularia species, but detected

T. utriculariae only in two U. reflexa populations form

Botswana and Zambia (see also �Simek et al. 2016). It is

important to note that U. reflexa is endemic to Africa. The

here studied aquatic plants have been collected in the

Okavango Delta (Botswana) and are cultivated at the Insti-

tute of Botany CAS (T�rebo�n, Czech Republic) since 2005.

Thus, we have to debate whether T. utriculariae invaded

plants during cultivation in the culture collection, or ciliates

were transported together with U. reflexa inside the feed-

ing traps at that time. The aquaria with U. reflexa are not

covered, thus, it cannot be excluded that T. utriculariae

has been introduced from the Czech nature, e.g. also with

zooplankton used for plant feeding. However, several

arguments supply the second thesis that this ciliate spe-

cies was transferred together with U. reflexa from Africa

to Europe: (i) T. utriculariae has been found neither in

other native Czech Utricularia species nor in species of

the same genus which have been co-cultivated for several

months together with U. reflexa (for further details see
�Simek et al. 2016). (ii) Green ciliates were discovered in

cultivated U. reflexa already in August 2009 (see fig. 2A in

Płachno et al. 2012) but ciliates were miss-identified as

Paramecium bursaria. The anterior position of the cytos-

tome and cell shapes, documented in fig. 2A of Płachno

et al. (2012), definitely speak for the first photographic evi-

dence of T. utriculariae. We have observed this ciliate spe-

cies for the first time in the year 2014 in the Czech

Republic, when we inspected fresh trap fluids of U. re-

flexa. (iii) All autecological data about T. utriculariae indi-

cate that ciliates are not only commensals but probably

have a mutualistic relationship with U. reflexa, forming a

complex symbiosis (�Simek et al. 2016). Ciliates are pro-

tected inside the traps from predators and supported with

bacterial food and probably saturating dissolved nutrients.

On the other hand, ciliates are efficient and, moreover,

the only regulators of the bacterial standing stock inside

traps. It is very unlikely, that this relationship developed

within a few years during the period when U. reflexa was

cultivated in T�rebo�n (Czech Republic). (iv) T. utriculariae

seems to be not a cosmopolitan species. Regarding the

extensive research activities on Tetrahymena and related
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genera, the peculiar green species would have been

noticed by morphologists or recently, its sequence would

have appeared in sequencing data. Both evidences were

not provided until now (but see also our comparison with

similar species records above).

In summary, arguments prevail which speak for an

endemic, very specialized ciliate species. Concerning the

type locality we mention that U. reflexa plants were col-

lected from the Okavango Swamp north from Maun in

Botswana. However, our type material of T. utriculariae

was isolated from U. reflexa specimens cultivated in the

aquatic plant collection of the Institute of Botany CAS,

Section of Plant Ecology in T�rebo�n (Czech Republic). To

get a final proof that T. utriculariae is indeed a common

symbiont of African U. reflexa plants it will be worth to

conduct an expedition to the Okavango Delta in the near

future.

TAXONOMIC SUMMARY

Class Oligohymenophorea de Puytorac et al., 1974

Order Tetrahymenida Faur�e-Fremiet in Corliss, 1956

Family Tetrahymenidae Corliss, 1952

Genus Tetrahymena Furgason, 1940

Tetrahymena utriculariae n. sp.

Diagnosis. Green ciliates with symbiotic algae of the

genus Micractinium (Chlorophyta, Chlorellaceae). Size of

living ovate trophonts 36.7 9 27.4 lm on average. Ther-

onts (49.8 9 20.1 lm) ellipsoidal. On average 52 algae per

ciliate cell. One globular macronucleus. One globular

micronucleus. Contractile vacuole subterminal. On average

23 somatic kineties including two postoral ones. Cytos-

tome typical for the genus. Life cycle includes trophonts,

theronts, conjugating cells, dividing cells and occasionally

resting cysts. Theronts with one elongated caudal cilium.

Aposymbiotic specimens (without algal symbionts) with

same life cycle, except conjugating cells (not observed up

to now).

Type material. The slide with the protargol-impregnated

symbiont bearing holotype and several paratypes as well

as a paratype slide with “dry” silver-nitrate impregnated

symbiont bearing and aposymbiotic ciliates have been

deposited in the Biology Centre of the Museum of Natural

History in Upper Austria, Linz, under the accession num-

bers 2016/116 and 2016/117, respectively. Relevant speci-

mens have been marked by black circles on the coverslip.

In addition, one paratype QPS (quantitative protargol stain-

ing) slide with several symbiont bearing specimens has

been also deposited (accession number 2016/118).

Type habitat. Inside carnivorous traps of the submerged

aquatic plants Utricularia reflexa.

Type locality. Okavango Swamp north from Maun in

Botswana (for some uncertainties see discussion). Utricu-

laria reflexa specimens, from which the type material of

T. utriculariae was isolated, are cultivated in the aquatic

plant collection of the Institute of Botany CAS, Section of

Plant Ecology, 379 82 T�rebo�n, Czech Republic.

Etymology. The species-group name utriculariae refers to

the aquatic plant Utricularia reflexa. Utriculariae is the

genitive of Utricularia and means that the described cili-

ates are closely associated with these plants. Up to now,

the ciliate species was only detected in the carnivorous

traps of

U. reflexa.

Gene sequence. The GenBank accession numbers for the

partial 18S rRNA and cox1 gene sequences of the ciliate

are LT605001 and LT605002 respectively. The GenBank

accession number for the partial 18S rRNA gene, the

ITS1, the 5.8S rRNA gene, the ITS2 and the partial 28S

rRNA gene of the symbiotic algae (Micractinium sp.) is

LT605003.

ACKNOWLEDGMENTS

This study was supported by the Swiss National Science

Foundation (310030E-160603/1) awarded to Thomas

Posch and the Grant of the Czech Science Foundation

(13-00243S) awarded to Karel �Simek. Additional support

provided the grant of the Faculty of Science, University of

South Bohemia (GAJU 04-145/2013/P). The study was

also partly supported (to Lubom�ır Adamec) by the Long-

term research developmental project (RVO 67985939).

We also thank Bettina Eugster and Estelle Bruni for their

excellent laboratory assistance. Finally, we thank two

anonymous reviewers for their valuable comments on the

first version of the article.

LITERATURE CITED

Adamec, L. 2007. Oxygen concentrations inside the traps of the

carnivorous plants Utricularia and Genlisea (Lentibulariaceae).

Ann. Bot., 100:849–856.
Adamec, L. 2012. Firing and resetting characteristics of carnivo-

rous Utricularia reflexa traps: physiological or only physical

regulation of trap triggering? Phyton (Horn, Austria), 52:281–
290.

Adamec, L. 2015. Regulation of the investment in carnivory in

three aquatic Utricularia species: CO2 or prey availability? Phy-

ton (Horn, Austria), 55:131–148.
Aescht, E. 2001. Catalogue of the generic names of ciliates (Pro-

tozoa, Ciliophora). Denisia, 1:1–350.

Auinger, B. M., Pfandl, K. & Boenigk, J. 2008. Improved method-

ology for identification of protists and microalgae from plankton

samples preserved in lugol’s iodine solution: combining micro-

scopic analysis with single-cell PCR. Appl. Environ. Microbiol.,

74:2505–2510.
Cassidy-Hanley, D. M. 2012. Tetrahymena in the laboratory: strain

resources, methods for culture, maintenance, and storage.

Methods Cell Biol., 109:239–276.
Chantangsi, C., Lynn, D. H., Brandl, M. T., Cole, J. C., Netrick, N.

& Ikonomi, P. 2007. Barcoding ciliates: a comprehensive study

of 75 isolates of the genus Tetrahymena. Int. J. Syst. Evol.

Microbiol., 57:2412–2425.
Collins, K. 2012. Tetrahymena thermophila. Methods in cell biol-

ogy, Vol 109. Academic Press, Amsterdam. 452 p.

Doerder, F. P. 2014. Abandoning sex: multiple origins of

asexuality in the ciliate Tetrahymena. BMC Evol. Biol.,

14:112–125.
Doerder, F. P. & Brunk, C. 2012. Natural populations and inbred

strains of Tetrahymena. Methods Cell Biol., 109:277–300.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2017, 64, 322–335 333

Pitsch et al. A Green Tetrahymena with Symbiotic Algae

http://www.ncbi.nlm.nih.gov/nuccore/LT605001
http://www.ncbi.nlm.nih.gov/nuccore/LT605002
http://www.ncbi.nlm.nih.gov/nuccore/LT605003


Dopazo, J. 1994. Estimating errors and confidence intervals for

branch lengths in phylogenetic trees by a bootstrap approach.

J. Mol. Evol., 38:300–304.
Dujardin, F. 1838. M�emoires sur l’organisation des Infusoires.

Ann. Sci. Nat. Zool. (S�er. 2), 10:230–315.
Dujardin, F. 1841. Histoire naturelle des zoophytes. Infusoires,

comprenant la physiologie et la classification de ces animaux,

et la mani�ere de les �etudier �a l’aide du microscope. Libraire

Encyclop�edique de Roret, Paris. 648p.

Finlay, B. J., Maberly, S. C. & Esteban, G. F. 1996. Spectacular

abundance of ciliates in anoxic pond water: contribution of sym-

biont photosynthesis to host respiratory oxygen requirements.

FEMS Microbiol. Ecol., 20:229–235.
Foissner, W. 2014. An update of ‘basic light and scanning elec-

tron microscopic methods for taxonomic studies of ciliated pro-

tozoa’. Int. J. Syst. Evol. Microbiol., 64:271–292.
Foissner, W., Berger, H. & Kohmann, F. 1994. Taxonomische und

€okologische Revision der Ciliaten des Saprobiensystems. Band III:

Hymenostomata, Prostomatida, Nassulida. Informationsberichte

des Bayer. Landesamtes f€urWasserwirtschaft. Issue 1/94.

Foissner, W., Berger, H. & Schaumburg, J. 1999. Identification

and ecology of limnetic plankton ciliates. Bavarian State Office

for Water Management, Issue 3/99.

Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. 1994.

DNA primers for amplification of mitochondrial cytochrome c

oxidase subunit I from diverse metazoan invertebrates. Mol.

Mar. Biol. Biotechnol., 33:294–299.
Fujishima, M. & Kodama, Y. 2014. Insights into the Paramecium-

Holospora and Paramecium-Chlorella symbioses. In: Hausmann,

K. & Radek, R. (ed.), Cilia and flagella. Ciliates and flagellates.

Ultrastructure and cell biology, function and systematics, sym-

biosis and biodiversity. Schweizerbart’sche Verlagsbuchhand-

lung, Stuttgart. p. 203–227.
Furgason, W. H. 1940. The significant cytostomal pattern of the

“Glaucoma-Colpidium group” and a proposed new genus and

species, Tetrahymena geleii. Arch. Protistenkd., 94:224–266.
Germond, A., Kunihiro, T., Inouhe, M. & Nakajima, T. 2013. Physi-

ological changes of a green alga (Micractinium sp.) involved in

an early-stage of association with Tetrahymena thermophila dur-

ing 5-year microcosm culture. Biosystems, 114:164–171.
Guillard, R. R. L. & Lorenzen, C. J. 1972. Yellow-green algae with

chlorophyllide c. J. Phycol., 8:10–14.
Heeg, J. S. & Wolf, M. 2015. ITS2 and 18S rDNA sequence-struc-

ture phylogeny of Chlorella and allies (Chlorophyta, Trebouxio-

phyceae, Chlorellaceae). Plant Gene, 4:20–28.
Hoshina, R., Kato, Y., Kamako, S. & Imamura, N. 2005. Genetic

evidence of “American” and “European” type symbiotic algae

of Paramecium bursaria Ehrenberg. Plant Biol., 7:526–532.
Jerome, C. A., Lynn, D. H. & Simon, E. M. 1996. Description of

Tetrahymena empidokyrea n.sp., a new species in the Tetrahy-

mena pyriformis sibling species complex (Ciliophora, Oligohy-

menophorea), and an assessment of its phylogenetic position

using small-subunit rRNA sequences. Can. J. Zool., 74:1898–
1906.

Kahl, A. 1931. Urtiere oder Protozoa I: Wimpertiere oder Ciliata

(Infusoria) 2. Holotricha ausser den im 1. Teil behandelten Pros-

tomata. Tierwelt Dtl., 21:181–398.
Kher, C. P., Doerder, F. P., Cooper, J., Ikonomi, P., Achilles-Day,

U., K€upper, F. C. & Lynn, D. H. 2011. Barcoding Tetrahymena:

discriminating species and identifying unknowns using the

cytochrome c oxidase subunit 1 (cox-1) barcode. Protist,

162:2–13.
Li, W. H. 1989. A statistical test of phylogenies estimated from

sequence data. Mol. Biol. Evol., 6:424–435.

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yad-

hukumar, Buchner, A., Lai, T., Steppi, S., Jobb, G., F€orster, W.,

Brettske, I., Gerber, S., Ginhart, A. W., Gross, O., Grumann, S.,

Hermann, S., Jost, R., K€onig, A., Liss, T., L€ußmann, R., May,

M., Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A.,

Stuckmann, N., Vilbig, A., Lenke, M., Ludwig, T., Bode, A. &

Schleifer, K. H. 2004. ARB: a software environment for

sequence data. Nucl. Acid Res., 32:1363–1371.
Lynn, D. H. & Doerder, F. P. 2012. The life and times of Tetrahy-

mena. Methods Cell Biol., 109:9–27.
Lynn, D. H. & Str€uder-Kypke, M. C. 2006. Species of Tetrahy-

mena identical by small subunit rRNA gene sequences are dis-

criminated by mitochondrial cytochrome c oxidase I gene

sequences. J. Eukaryot. Microbiol., 53:385–387.
Moon-van der Staay, S. Y., De Wachter, R. & Vaulot, D. 2001.

Oceanic 18S rDNA sequences from picoplankton reveal unsus-

pected eukaryotic diversity. Nature, 409:607–610.
Nakajima, T., Matsubara, T., Ohta, Y. & Miyake, D. 2013. Exploita-

tion or cooperation? Evolution of a host (ciliate)-benefiting alga

in a long-term experimental microcosm culture. Biosystems,

113:127–139.
Nakajima, T., Sano, A. & Matsuoka, H. 2009. Auto-/heterotrophic

endosymbiosis evolves in a mature stage of ecosystem devel-

opment in a microcosm composed of an alga, a bacterium and

a ciliate. Biosystems, 96:127–135.
Nanney, D. L. & McCoy, J. W. 1976. Characterization of the spe-

cies of the Tetrahymena pyriformis complex. Trans. Am.

Microsc. Soc., 95:664–682.
Nei, M., Stephens, J. C. & Saitou, N. 1985. Methods for comput-

ing the standard errors of branching points in an evolutionary

tree and their application to molecular data from humans and

apes. Mol. Biol. Evol., 2:66–85.
Penard, E. 1922. �Etudes sur les infusoires d’eau douce. Georg &

Cie, Gen�eve. 331p.
Pfister, G., Sonntag, B. & Posch, T. 1999. Comparison of a direct

live count and an improved quantitative protargol stain (QPS) in

determining abundance and cell volumes of pelagic freshwater

protozoa. Aquat. Microb. Ecol., 18:95–103.
Płachno, B. J., Łukaszek, M., Wołowski, K., Adamec, L. & Stolar-

czyk, P. 2012. Aging of Utricularia traps and variability of

microorganisms associated with that microhabitat. Aquat. Bot.,

97:44–48.
Plattner, H., Sehring, I. M., Schilde, C. & Ladenburger, E.-M.

2009. Pharmacology of ciliated protozoa – drug (in)sensitivity

and experimental drug (ab)use. Int. Rev. Cell Mol. Biol.,

273:163–218.
Pr€oschold, T., Darienko, T., Silva, P. C., Reisser, W. & Krienitz, L.

2011. The systematics of Zoochlorella revisited employing an

integrative approach. Environ. Microbiol., 13:350–364.
Pruesse, E., Peplies, J. & Gl€ockner, F. O. 2012. SINA: accurate

high-throughput multiple sequence alignment of ribosomal RNA

genes. Bioinformatics, 28:1823–1829.
Quintela-Alonso, P., Nitsche, F., Wylezich, C., Arndt, H. &

Foissner, W. 2013. A new Tetrahymena (Ciliophora,

Oligohymenophorea) from groundwater of Cape Town, South

Africa. J. Eukaryot. Microbiol., 60:235–246.
Reisser, W. 1980. The metabolic interactions between Parame-

cium bursaria Ehrbg. and Chlorella spec. in the Paramecium

bursaria-symbiosis. Arch. Microbiol., 125:291–293.
Rzhetsky, A. & Nei, M. 1992. A simple method for estimating

and testing minimum-evolution trees. Mol. Biol. Evol., 9:945–
967.

Schliep, K. P. 2011. Phangorn: phylogenetic analysis in R. Bioin-

formatics, 27:592–593.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2017, 64, 322–335334

A Green Tetrahymena with Symbiotic Algae Pitsch et al.



Seibel, P. N., M€uller, T., Dandekar, T. & Wolf, M. 2008. Synchronous

visual analysis and editing of RNA sequence and secondary struc-

ture alignments using 4SALE. BMC Res. Notes, 1:1–7.
Selig, C., Wolf, M., M€uller, T., Dandekar, T. & Schultz, J. 2008.

The ITS2 Database II: homology modelling RNA structure for

molecular systematics. Nucl. Acid Res., 36:D377–D380.
�Simek, K., Pitsch, G., Salcher, M. M., Sirov�a, D., Shabarov�a, T.,

Adamec, L. & Posch, T. (2016). Ecological traits of the algae-

bearing Tetrahymena utriculariae (Ciliophora) from traps of the

aquatic carnivorous plant Utricularia reflexa. J. Eukaryot. Micro-

biol. DOI: 10.1111/jeu.12368.

Simon, E., Meyer, B. & Preparata, R. 1985. New wild Tetrahy-

mena from Southeast Asia, China, and North America, including

T. malaccensis, T. asiatica, T. nanneyi, T. caudata, and T. silvana

n. spp. J. Protozool., 32:183–189.
Simon, E. M., Nanney, D. L. & Doerder, F. P. 2008. The “Tetrahy-

mena pyriformis” complex of cryptic species. Biodivers. Con-

serv., 17:365–380.
Sirov�a, D., Borovec, J., �Cern�a, B., Rejm�ankov�a, E., Adamec, L. &

Vrba, J. 2009. Microbial community development in the traps of

aquatic Utricularia species. Aquat. Bot., 90:129–136.
Sitnikova, T. 1996. Bootstrap method for interior-branch test for

phylogenetic trees. Mol. Biol. Evol., 13:605–611.
Skibbe, O. 1994. An improved quantitative protargol stain for

ciliates and other planktonic protists. Arch. Hydrobiol.,

130:339–347.
Stamatakis, A., Hoover, P. & Rougemont, J. 2008. A rapid boot-

strap algorithm for the RAxML web servers. Syst. Biol.,

57:758–771.
Str€uder-Kypke, M. C. & Lynn, D. H. 2010. Comparative analysis of

the mitochondrial cytochrome c oxidase subunit I (COI) gene in

ciliates (Alveolata, Ciliophora) and evaluation of its suitability as

a biodiversity marker. Syst. Biodivers., 8:131–148.

Str€uder-Kypke, M. C., Wright, A.-D., Jerome, C. & Lynn, D. H.

2001. Parallel evolution of histophagy in ciliates of the genus

Tetrahymena. BMC Evol. Biol., 1:5.

Summerer, M., Sonntag, B. & Sommaruga, R. 2007. An experi-

mental test of the symbiosis specificity between the ciliate

Paramecium bursaria and strains of the unicellular green alga

Chlorella. Environ. Microbiol., 9:2117–2122.
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M. &

Kumar, S. 2011. MEGA5: molecular evolutionary genetics analy-

sis using maximum likelihood, evolutionary distance, and maxi-

mum parsimony methods. Mol. Biol. Evol., 28:2731–2739.
Wolf, M., Koetschan, C. & M€uller, T. 2014. ITS2, 18S, 16S or any

other RNA – simply aligning sequences and their individual sec-

ondary structures simultaneously by an automatic approach.

Gene, 546:145–149.
Zahid, M. T., Shakoori, F. R., Zulifqar, S., Jahan, N. & Shakoori, A. R.

2014. A new ciliate species, Tetrahymena farahensis, isolated

from the industrial wastewater and its phylogenetic relationship

with other members of the genus Tetrahymena. Pak. J. Zool.,

46:1433–1445.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in

the supporting information tab for this article:

Figure S1. Maximum likelihood (ML) tree with posterior

probabilities from Bayesian interference (BI) based on the

18S rRNA gene sequences of 52 Tetrahymena and two

Ichthyophthirius isolates as outgroup.

Table S1. Species of Tetrahymena and Ichthyophthirius

used for cox1 and 18S rRNA gene analyses.

© 2016 The Author(s) Journal of Eukaryotic Microbiology © 2016 International Society of Protistologists

Journal of Eukaryotic Microbiology 2017, 64, 322–335 335

Pitsch et al. A Green Tetrahymena with Symbiotic Algae

http://dx.doi.org/10.1111/jeu.12368

