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The SPFH protein superfamily is assumed to occur universally in eukaryotes, but information from protozoa is scarce. In the 
Paramecium genome, we found only Stomatins, 20 paralogs grouped in 8 families, STOI to STOB. According to cDNA analysis, 
all are expressed, and molecular modeling shows the typical SPFH domain structure for all subgroups. For further analysis we 
used family-specific sequences for fluorescence and immunogold labeling, gene silencing, and functional tests. With all family 
members tested, we found a patchy localization at/near the cell surface and on vesicles. The Sto I p and St04p families are also 
associated with the contractile vacuole complex. St04p also makes puncta on some food vacuoles and is abundant on vesicles 
recycling from the release site of spent food vacuoles to the site of nascent food vacuole formation. Silencing of the STO I family 
reduces mechanosensitivity (ciliary reversal upon touching an obstacle), thus suggesting relevance for positioning of mechano
sensitive channels in the plasmalemma. Silencing of ST04 members increases pulsation frequency of the contractile vacuole 
complex and reduces phagocytotic activity of Paramecium cells. In summary, Stolp and St04p members seem to be involved in 
positioning specific superficial and intracellular micro domain-based membrane components whose functions may depend on 
mechanosensatioll (extracellular stimuli and internal osmotic pressure). 

tomatin is a member of the SPFH (~tomatin-Erohibitin-.Elo
tillin/Reggie-bacterial HfiC/K) superfamily, with orthologs in 

bacteria (1), nematodes (2), and mammals (3), where this protein 
was first detected (4). Like all SPFH proteins, Stomatin contains 
an extended SPFH domain, also called the Prohibitin or Stoma tin 
domain, of considerable conservation (5). SPFH proteins, includ
ing Stomatin (5-9), generally can undergo homo- or heterooli
gomerization and become attached to the cytosolic side of the 
plasma membrane and membranes of intracellular vesicles. This 
includes proteins for perception of signals, such as mechanical 
and osmotic forces in structurally and functionally defined mi 
crodomains (l0-13). Palmitoylation may playa role in membrane 
attachment (10, 13), but insertion into the cytoplasmic part of the 
lipid bilayer by a hook-like structure formed by an amino-termi
nal hydrophobic stretch is also assumed (10). Such microdomains 
are one aspect of so-called rafts currently discussed (14). 

We first looked for sequences of the SPFH families in the Para me
cium tetraurelia database (ParameciumDB; http://parameciwn.cgm 
.cnrs-gif.fr). The SPFH superfamily members are of a molecular 
size of - 30 to 50 kDa; for instance, Stoma tin is usually 31 kDa, 
and some Stomatin-like proteins (Sto-LPs) can be > 40 kDa in size 
(15). The most prominent subfamily, called Reggie because it is 
upregulated during neuronal regeneration (for a review, see ref
erence 11), is also called Flotillin beca use it floats in the detergent
resistant membrane (DRM) fraction during ultracentrifugation 
(16). In situ they form microdomains of - 100 nm, according to 
correlated light and electron microscopy (LM and EM) analysis 
(17, 18). While the term DRM is merely operational, we prefer the 
term microdomain, particularly since Reggie/Flotillin-based pro
tein assemblies are understood as signaling platforms (19) and as 
a basis for ongoing membrane recycling and membrane su rface 
control (J 1, 12,20). Our present data suggest that, in the ciliate 
Paramecium, Stomatin is involved in such processes. 

Prohibitin serves to structure the inner membrane of mito-

chondria (21), as has also been shown for some Sto-LPs (22). 
Stomatins are established regulators of mechanosensitive ion 
channels. A seminal observation was the dependency of touch 
sensation in Caenorhabditis eLegans on MEC-2 (2), which is very 
similar to human erythrocyte membrane band 7.2 (4). In C. el
egans, MEC-2 transmits mechanical stimuli by interaction with 
both the mechanosensitive channel protein Degenerin and micro
tubules (2). Homologous channels, also linked to a Stomatin or
tholog and to the cytoskeleton, have been found in mammals (3, 
23, 24) . Thus, Stomatins and Sto-LPs appear to be universally 
distributed (8, 9, 25), and mechanosensation via microdomain 
protein assemblies may be one of the essential functions of Sto
matin (13). 

While this exemplifies the broad distribution of Stomatin and 
Sto-LPs, knowledge about SPFH proteins in general and ofStom
atins in particular in protozoa is remarkably scarce, even though 
mechanosensation is one of the basic capabilities of unicellular 
organisms, including ciliates (26). For instance, in the ciliated pro
tozoan Paramecium, electrophysiology has allowed in-depth in
sight into mechanoperception (27-29). 

To identify SPFH proteins in Paramecium, we looked for se
quence homologies in the databases of many organisms (l0, 13, 
25, 30). Our search, concentrating on Stomatin domain se
quences, has profited from the P. tetraureLia database (Parame-
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ciumDB), which recently became available (31). (Note that in cil
iates, Stomatin must not be confused with the kairomone 
"Stomatin. ") We thus could retrieve partial sequences of Stoma tin 
genes, but other members of the SPFH superfamily could not be 
found even after extensive search. 

Functionally and structurally, Paramecium cells have several 
advantages specifically for analyzing Stomatins. They have a 
highly regular structure, which facilitates localization at the LM 
and EM level (32-34). They also possess well-established intracel
lular trafficking pathways (35). [n mammalian cells, SPFH pro
teins playa crucial role in vesicle trafficking, based not only on 
Reggie/Flotiliin (11,20) but also on Stomatin. In essence, we ex
pected Stomatins at defined places of the Paramecium cell, because 
they may occur specifically at si tes with mechanosensi tivity and at 
sites participating in vesicle recycling based on the following basic 
background information. 

First, Paramecium can change its swimming behavior in a 
mechanosensitive way, as summarized by Machemer (27-29) and 
specified in more detail below in Discussion. They reverse the 
ci liary beat direction (ciliary reversal) when hitting an obstacle 
during helical forward swimming (avoidance reaction) (29) . Sec
ond, a Paramecium cell possesses two contractile vacuole com
plexes (eVes) composed of a membrane labyrinth (spongiome), 
radial canals, and a vacuole. eves expel an excess of water by 
exocytosis in periodic intervals (36) when the tensile forces on the 
contract ile vacuole membrane reach a certain level (37). Third, in 
Paramecium, structural and functional changes of phago(lyso) 
somes (food vacuoles) during transit through the cell (cyclosis) 
are quite evident (35) and may also require adjustment of the 
osmotic tension of the organelle, as shown with mammalian mac
rophages (38). Fourth, several avenues of membrane recycling are 
known, the most obvious being shuttling between the pr.eformed 
site of spent phagosome release (cytoproct) and the site of nascent 
phagosome formation (cytopharynx) at the bottom of the cytos
tome (35). 

In the present work, we cloned the Paramecium Stoma tin 
(STO) genes and determined their expression and their domai n 
structure, including molecular modeling. We also prepared anti
bodies (Abs) for LM and EM immunolocalization. Functional 
tests included gene silencing by homology-dependent posttran
scriptional downregulation by feed ing an appropriate Escherichia 
coli strain transfected with portions of the respective genes (39). 
This was complemented by behavioral tests, i.e., ci liary beat anal
ysis and probing of the pulsation of the eve and of phagocytosis 
performance. We thus envisaged the effects on mechanosensation 
by the organell es where we cou ld localize Stomatins. 

In P. tetraurelia, we found 3 fami ly clusters of Stoma tins (STO 1 
to ST03, ST04 to ST06, and ST07 to STOB), with a total of 20 
members. This expansion is due to several whole-genome dupli
cations (31) that have generated paralogs of high similarity, lead
ing to gene families (40). We have prepared Abs against sequences 
which may be reasonably assumed to recognize several fam ily 
members, because the antigenic peptide selected has sequence 
identity (Stolp family) or similarity (St04p and St08p fami ly) to 
more than one family member. Simi larly, genomic sequences used 
for posttranscriptional gene silenci ng by feeding transformed bac
teria wi ll , in most cases, silence some but not all family paralogs 
(including ohnologs) when they possess > 85% nucleotide iden
tity (39), thus restr icting the possibility of completely si lencing 
individual Stoma tin families. 
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LM and EM immunostaining labeled small domains near the 
cell surface, parts of the eve, some vesicles around phagosomes 
(food vacuoles), and small int racellular vesicles, notably recycli ng 
vesicles dedicated to phagosome formation. Accordingly, silenc
ing affected functions of these organelles, including rnechanosen
sitive responses of the cell, contractile vacuole activity, and phago
some activity. 

MATERIALS AND METHODS 
Cell cultures. The wild-type strain of P. tetraurelia used was strain 7S, 
which is derived from stock strain SIS. Cells were grown at 25°C in a 
medium of dried lettuce monoxenically inoculated with Enterobacter 
aerogenes as a food organism and supplemented with sitosterol. The ND7 
mutant was used as a negative control. For further details, see Kissmehl et 
al. (41) and Ladenburger et al. (42). 

Genomic analysis. The Paramecill m genome database (http: 
IIparamecium.cgm.cnrs-gifJr) (31, 40) was searched with SPFH protein 
homologues from different species using BLASTP and BLASTN. Positive 
hits were further analyzed by performing forward and reverse BLAST 
searches at the NCB! database. Conserved motif searching was performed 
usi ng the BLAST Conserved Domain Database (CDD) (43). 

RT-PCR. Reverse transcription-PCR (RT-PCR) was performed essen
tially as described previously (42) to determine the positions of introns in 
expressed sequences. In brief, total RNA was isolated from log-phase cul
tures of strain 7S according to the TRIzol protocol (Life Technologies, 
Carlsbad, CAl . RT -PCR was performed in a programmable T3 thermo
cycler (Biometra, Gattingen, Germany) using a standard oligo(dT) 
primer and PowerScript reverse transcriptase (Clontech Laboratories, 
Mountain View, CAl for first -strand synthesis. The subsequent PCR was 
performed with primers specific for the respective ohnologs under the 
fo llowing conditions: denaturation step (95°C for 30 s), annealing step 
(55°C for 60 s), and elongation step (72°C for 60 s), for a total of3S cycles. 
A final elongation step of 10 min was added. PCR products were cloned 
into the plasmid pCR2.J by using the TOPO-TA cloning kit (Invitrogen, 
Karlsruhe, Germany) according to the manufacturer's suggestions. 
Primer sequences used for RT-PCR are li sted in Table SI in the supple
mental material. 

Gene silencing. Gene silencing by feeding was performed as described 
by Galvani and Sperling (39). In brief, complete cDNA sequences of Sto
matin genes were cloned into the vector pPD-X using the HindI! and Xhol 
rest ri ction enzyme sites. Positive clones were transfected into E. coli 
HTl l5 cells and plated onto LB agar plates containing tetracycline (5 
!-,-glml) and ampicillin (50 !-,-glml). Cultures were grown to an optical 
density at 600 nm of - 0.4 and induccd with isopropyl-B-D-thiogalacto
pyranoside (IPTG; 125 !-,-glml). After a 4-h induction at 37°C, the bacteria 
were pelleted and resuspended in lettuce medium plus 125 !-,-glml IPTG 
and ampici llin (50 !-,-glmJ) to a fina l optical density of 0.25. Single starved 
Paramecillm cells were transferred into 100 !-,-I of feedi ng solution and 
incubated overnight in a humid chamber. The next morning, single cell s 
were transferred into fresh feed ing solution. The Paramecillm cells wcre 
tested on the following 2 days (72 and 96 h after treatment). Effic iency of 
the si lencing method was routinely controlled by silencing ND7, a gene 
rc levant for exocytosis, which ca n be easi ly tested (42). In addition, si
lenced cells, after immunostaining with anti- tubulin and anti-Stomatin 
Abs, were scanned and quantitatively evaluated. 

Antibody production. Abs against subgroup-specific peptides were 
produced by Biotrend (Kaln, Germany) according to their standard pro
tocols. The peptide sequences used were the following: Sto I a,b,c, Cys-Ala
Pro-Arg-Tyr-Pro-Arg-Glu-Glu-Leu-Pro-Glu-Asn-Gln-Glu; St04b, Cys
Val -Gln-Asp-Ser-lie-Glu-Ala-Tyr-Lcu-Asp-Lys-Ser-Thr-Glu; and StoSb, 
Cys-Gln-[Ie-Ser-Glu-Th 1'- Leu-Lys-GI u -G I n -Ser-Lys-Lys-Arg-Va l. 

Peptides were conjugated to kcyholc limpet hemocyani n prior to im
munization and affinity purificd with the peptides used for immuniza
tion. 



Immunoblotting. Paramecium cells were prepared essentially as de
scribed before (42). In brief, cells were lysed with lysis buffer and proteins 
were separated under reducing conditions in SDS-PAGE. The proteins 
were blotted onto nitrocellulose membranes according to standard pro
cedures and blocked with 1% bovine serum albumin (BSA) in TBST (lO 
mM Tris, 150 mM NaCl, 0.02% Tween 20 at room temperature). The 
blots were incubated with primary Abs against human Stomatin (Santa 
Cruz Biotechnology) for I h at room temperature (dilution, 1:1,000) and 
incubated with the respective peroxidase-conjugated secondary Ab for I h 
at room temperature. For testing of the antisera, blots were blocked with 
3% BSA in phosphate-buffered saline (PBS), 0.05% Tween 20 for 1 h. 
Affinity-purified sera were diluted 1:1,000 in 1% PBS, 0.05% Tween 20 
and applied overnight at 4°C. Secondary Ab (goat anti-rabbit horseradish 
peroxidase [HRPj) was diluted l : lO,OOO and applied for I h at room 
temperature. Detection was performed with the SuperSignal chemilumi
nescence kit (Pierce, Rockford, IL). 

Immunofluorescence localization. For immunolight microscopy, 
cells were prepared basically as described previously (42) and exposed to 
affinity-purified rabbit anti-Stomatin Abs (diluted 1:100) and Cy3- or 
Alexa-488-conjugated goat anti-rabbit Abs (diluted 1:1,000 in PBS plus 
1% BSA). For detection of a polyclonal goat anti-human Stomatin Ab 
(clone M14; Santa Cruz B{otechnology, Santa Cruz, CAl, diluted 1:400, 
we applied Cy3- or Alexa 488-conjugated donkey anti -goat Abs, diluted 
I: I ,000 in PBS, plus 1% BSA. For better identification of surface struc
tures, cells were also double stained with anti-ct-tubulin Abs (clone 
DMIA; Sigma, Ta\lfkirchen, Germany). Secondary Abs for the detection 
of anti-ct -tubulin-Ab were Alexa 488-conjugated goat anti-mouse IgG 
(Life Technologies, Darmstadt, Germany) and Cy5-conjugated goat anti
mouse IgG (Jackson Immuno Research, Hamburg, Germany). 

Samples were analyzed either by conventional LM or by confocal laser
scanning microscopy (LSM) . Images acquired with LSM 5lO software 
were processed with Photoshop software (Adobe Systems, San Jose, CAl. 

For quantification of silencing efficiency, the fluorescence intensity of 
representative membrane regions (10 by 3 fLm; sagittal sections) of 5 
representative cells per group were determined using the LSM image 
browser (Zeiss, G6ttingen, Germany), and the background intensity was 
subtracted. 

Immunogold electron microscopy. The immunogold EM method 
used was as indicated by Ladenburger and Plattner (44). Briefly, poly
clonal Abs were detected by a protein A -gold conjugate, 5 nm in diameter, 
on cells fixed with formaldehyde (8%) and glutaraldehyde (0.1 %) after LR 
Gold embedding and UV polymerization at - 35°C. 

Functional tests. Mechanosensory reactions have been tested with 
cells suspended in Dryl's solution (2 mM sodium citrate, I mM Na2HPO." 
I mM NaH2PO,,, and 1.5 mM CaCI2, adjpsted to pH 6.9). They were 
transferred onto a silicon plate with engraved channels of a diameter of80 
fLm. These plates were manufactured by the mechanical workshop of the 
Max Planck Institute, Tubingen, Germany, and are normally used to 
study axon guidance with isolated neurons (45). When these were par
tially filled with a cell suspension and covered with a coverslip, cells could 
not turn sideways. Cells were observed for I min, and backward/forward 
movements as well as the frequency of rotations were counted when they 
approached the only obstacle, i, e., the meniscus. The depolarization reac
tion was tested independently by transferring high K+ medium to single 
cells (20 mM KCl in the presence of 1 mM CaCI2 ) . 

For functional tests of phagocytosis, cells were exposed for 10 min to 
Indian ink in a solution of 1:30 in Dryl's solution and fixed immediately 
with 8% formaldehyde (freshly depolymerized from para formaldehyde 
[PFAj) in PBS to stop the phagocytic process and count the number of 
newly formed food vacuoles by light microscopy. 

Endocytosis via coated pits was tested as indicated by Ramoino et al. 
(46). Briefly, phagocytosis was inhibited by trifluoperazine (2.5 fLg/ml; 
Sigma-Aldrich, St. Louis, MO), and internalization of endocytic vesicles 
from the cell surface was followed with wheat germ agglutinin labeled with 

AlexaFluo-488 (Sigma-Aldrich, St. Louis, MO) for fluores cence analysis 
in a Zeiss Axiovert lOOTV. 

Phylogenetic analysis. All sequences were aligned using the ClustalW 
algorithm. Phylogenetic trees were constructed (neighbor hood-joining 
algorithm as well as Gonnet and PAM matrices) using the fo llowing pro
grams: DAMBE (47) and MEGA (48). 

Hydropathy analysis and molecular modeling. Hydropathy plots 
were constructed using the algorithm of Kyte and Doolittle (49) and the 
GREASE program (http://fasta.bioch.virginia,edu/fasta_www2/fasta 
_www.cgi?rm = miscl). 

Molecular modeling was performed using the Swiss model server at 
http:// swissmodel.expasy. org/workspacel index. ph p, 

RESULTS 
Identification and characterization of Stoma tins in Parame
cium. As is characteristic ofSPFH superfamily members (I, 10,25, 
30), the SPFH domain (i.e., Stomatin domain) clearly occurs in 
the sequences of Stomatin paralogs identified in ParameciumDB 
(Fig. 1). Careful analysis of the p, tetraurelia genome, based on 
CDD analysis (43) and on primers presented in Table SI in the 
supplemental material, revealed 20 putative proteins containing 
an SPFH domain (cd02106) . Phylogenetic analysis revealed that 
all of them belong to the family of Stomatin prote ins (Fig. 2), 
which is corroborated by the fact that their SPFH domain is most 
closely related to the Stomatin-like SPFH domain subfamily 
(cd03403; E values of < 10- 54

; E values for the Prohibitin -like 
SPFH domain smart00244 were > 10- 34

), Figure I and Fig. SI in 
the supplemental material briefly characterize the genes we can 
assign to Stomatin in P. tetraurelia, namely, STOl a to STOld, 
ST02a to ST02e, ST03a and ST03b, ST04a to ST04c, STOSa to 
STOSc, ST06, ST07, STOSa, and STOSb, including 7 pairs with 
closely related ohnologs, as frequently occurs in these cells due to 
a rather recent whole-genome duplication (31, 40). Dichotomy is 
particularly evident with ST02b and ST02c, ST03a and ST03b, 
ST04a and ST04b, STOSa and STOSb, STOSc and STOSd, and 
STOSa and STOSb (Fig. 2), 

Some of the families are related not only by the recent whole
genome duplication but also by the intermediate whole-genome 
duplication (e.g., the STOS family is the result of two successive 
whole-genome duplications with no gene loss, as is the ST04 fam 
ily, with one loss) . This close relationship is reflected by the con
siderable similarity of the primary protein structure of the SPFH 
domain of these ohnolog pairs, from 88.6% (St03ap-St03bp) to 
98.5% (St04ap-St04bp) (see Table S2 in the supplemental mate
rial) . Only 6 Sto forms are singletons. Two of the singletons 
(Stolcp and St04cp) are very similar to a pair (Stolap-Stolbp and 
St04ap-St04bp, respectively). Considering criteria based on suffi
cient difference of the isoforms, we may have to deal with 8 to 10 
structurally and possibly functionally diversified Stoma tin protein 
isoforms in a Paramecium cell. 

According to RT-PCR analysis (data not shown), all 20 mem
bers seem to be expressed. Sequencing revealed 2 annotation er
rors in the database: in STOSa and ST06, automatic annotation 
seems to have misplaced exon-intron boundaries, resulting in un
usually large introns (see Fig. SIB in the supplemental material). 

The apparent strong expansion of the Stomatin family and the 
reduction of other SPFH families seems to be a common feature of 
ciliates, as the close relative Tetrahymena thermophila as well as the 
more distant Ichthyophthirius multifiliis also show this feature, al
beit to a lesser degree: there are 20 Stomatins in p, tetraurelia and 
7 Stomatin, 2 Prohibitin, and 2 Reggie/Flotillin genes in T, ther-
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FIG 1 Domain structure of P. tetmure/ia Stoma tins. Schematic presentation of P. tetmure/ia Stomatin domain architecture and those of various mammalian SPFH 
proteins. SPFH and SCP-2 domains, hydrophobic domains (called a transmembrane domain by some), and EA repeats (absent from P. tel7'aure/ia Sto [PtStol) are 
indicated. Sequences used are the following: GSPATPOOOJ3742001 (PtStolap) , GSPATP0001848S001 (PtStolbp), GSPATP00027276001 (PtStolcp) , 
GSPATP00034033001 (PtStoldp), GSPATP000246 14001 (PtSto2ap), GSPATOOOlO097001 (PtSto2bp), GSPATP00004121001 (PtSto2cp) , GSPATPOOOI8907001 
(PtSto3ap), GSPA TP0002443 700 1 (PtSto3bp), GSPATP0003074700 I (PtSto4ap), GSPA TP0002 1 74600 J (PtSto4bp), GSPATP0002627200 J (PtSto4cp), 
GSPATP0003332S001 (PtStoSap), GSPATP00022S7800 J (PtStoSbp), GSPATPOO01242600 J (PtStoScp), GSPATP0001634300 J (PtSto5dp), GSPATPOOOlSl55001 
(PtSto6p), GSPATP00020490001 (PtSto7p), GSPATP00020414001 (PtSto8ap), GSPATP00023643001 (PtSto8bp), AAHI0703.J (Homo sapiens Stom [HsStomJ), 
AAH37074.J (MilS mus" .t!us SLP-l [MII/SLP- JI) , NP_075720.1 (MmSLP-2), NP_002625.J (HsProh) , AAD40J92. J (HsFlot- l ), and NP_663477 (MmErlinl). All 
Pamrr/eciulJ'l sequence accession numbers are from Paral1/ecilll'/lDB (http://param eciwn.cgm.cnrs-gif.fr/page/index) . 

mophila and I. Multifiliis (note that these organisms, in contrast to 
Paramecium, do contain Reggie/Flotillin genes). The aberrant 
length of several T. thermophila Stomatin genes, e.g., T. thermo
phila SPFH-2 (TtSPFH -2) (see Fig. 51 C in the supplementalma
terial), might be an annotation artifact, as these sequences were 
not experimentally verified. It may be identified as a Stoma tin, just 
like TtSPFH- l and TtSPFH-3 to TtSPFH-7, whereas TtSPFH -8 
and TtSPFH-9 present themselves as Prohibitin genes and 
TtSPFH-lO and TtSPFH- 11 as Reggie/Floti llin genes in our anal
ysi s. 

Other unicellular eu.karyotes, like Toxoplasma (I Stoma tin, I 
unusually large Stomatin, and 1 Prohibitin gene) or Trypanosoma 
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(2 Prohibitin, 1 Stomatin, and 2 unusually large "Stomatin" 
genes) do not show this Stoma tin expansion. Monosiga (1 Stoma
tin, 2 Prohibitin, I Erlin, and 2 Reggie/Flotillin genes) and 
Trichoplax (2 Stomatin, 1 Stomatin-LP, I Prohibitin, 3 Reggie/ 
Flotillin, and I Erlin gene) almost show the full diversity of SPFH 
proteins that can be seen in mammals (e.g., in mouse there is I 
Stomatin, 3 Stoma tin-like protein, 2 Erlin, 2 Reggie/Flotillin, and 
2 Prohibitin genes) . This is in line with the recent finding that 
many genes playa role during evolution only until multicellularity 
(50). Most members of th e SPFH superfa mily have been impli
cated in the formation of m embrane microdomains, which may 
recruit multiprotein complexes for signaling (10 , 19) and traffick-
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FIG 2 Phylogenetic tree of Stomatins. Protein sequences were aligned by the ClustalW method, and the tree was constructed using the Gonnet matrix and the 
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ing (I I, 12, 20). Thus, SPFH proteins have acquired increased 
importance during evolution, and Stomatin appears as an early 
type which is absent only from yeast (51). 

How do Paramecium Stomatins compare to mammalian Sto
matins? In brief, mammalian Stomatins are characterized by a 
stretch of highly charged, hydrophilic amino acids at their very N 
terminus (amino acids faa] I to 24), followed by a hydrophobic 
sequence of29 aa that most likely is associated with the membrane 
(52). In P. tetraurelia Stomatins, however, the charged hydrophilic 
N terminus can be identified only in members of the 51'01 to 
51'06 families, whereas the hydrophobic region is consistently 
present only in the 51'04 to 51'06 families and a few members of 
other families (5T01d, 5T03a, and 5T03b). With Stomatins in 
higher eukaryotes, a small , hydrophobic sequence at the C termi
nus (aa 264 to 272) has been shown to be crucial for oligomeriza
tion (52). These features can also be identified in Stomatin of C. 
eiegal1s (see Fig. S2 in the supplemental material). No direct ho
molog of the hydrophobic oligomerization sequence at the car
boxy terminus could be identified in Paramecium, although other, 
short hydrophobic stretches at roughly corresponding regions 
were present in the 51'04 to 51'06 family members as well as in 
most members of the 51'01 to 51'03 families (see Fig. S2). In 
addition, mammalian Stomatin has been shown to be palmitoy
lated at Cys-29 and, to a lesser degree, at Cys-86 (7). In other SPFH 
proteins, like the Reggie/Flotillin proteins, these lipid modifica
tions have been shown to be crucial for membrane attachment 
(53). When analyzing the P. tetraurelia Stomatins for the presence 
of hypothetical palmitoylation sites, only the 51'04 to 51'06 fam 
ily and most members of the 51'01 family (Stolap, Stolbp, and 
Stolcp) consistently show these recognition sites and interestingly 
also do contain a hydrophobic region. Exceptions are Sto 1 dp, 
St03ap, and St03b, which contain a hydrophobic domain but no 
recognizable palmitoylation site. No hypothetical myristoylation 
sites could be detected. 

We performed molecular modeling of the SPFH core domain 
of the Stolap, St04ap, and St08bp genes using the structure of the 
SPFH domain of the PHI51 I gene of Pyrococcus horikoshii (54) as 
the template. All Stomatin families thus could be modeled (Fig. 3). 
As the similarity between the Paramecium Stoma tins and the tem
plate was lower than that of murine Stomatin (31.3% for Stolap, 
33.1% for St04ap, 35.1% for St08bp, and 47.3% for murine Sto
matin), the resulting z scores (a measure for model accuracy) of 
the models ofStolap (- 3.46) and Stp4ap (-2.72) also were lower 
than that of murine Stoma tin (- 2.26). Surprisingly, the z score of 
the St08bp model was higher (-2.07). 

All models revealed the typical a/[3 -fold domain that has al
ready been described for the PHI51 1 and PH0470 genes of P. 
horikoshii and for the murine Flotillin-2/Reggie-1 gene (5). This 
a/[3-fold domain consists of 2 large and 2 small alpha helices (at 
positions 154 to 159,. 164 to 181 , 186 to 188, and 192 to 205 for 
Sto lap; 117 to 122, 127 to 144, 149 to l SI, and ISS to 172 
for St04ap; and 81 to 86, 91 to 108, 113 to I IS, and 119 to 132 for 
St08bp) and 4 antiparallel beta strands (at positions 124 to 128, 
131 to 135, 139 to 152, and 211 to 223 for Stolap; 87 to 91, 94 to 98, 
102 to liS, and 174 to 186 for St04ap; and 51 to 55, 58 to 62, 66 to 
79, and 138 to 150 for St08bp). C terminal to this core domain is a 
predicted a-helical coiled-coi l domain necessary for oligomeriza
tion (5, 55). Such predicted coiled-coil domains are present at the 
respective positions in all three fam ily clusters (although some 

534 

o 

FIG 3 Molecular modeling of P. letraure/ia Stomatin . The SP FH domain of 
the only H. sapiens Stoma tin (A) and representative members of each Stomatin 
family cluster of P. tetmure/ia (B to D) were modeled with the SPFH domain of 
P. horikoshii (54) as a template. Although all family cluster members 
(PtStolap, z score = -3.46 lBJ; PtSt04ap, z score = -2.72 [C]; PtSt08bp, z 
score = -2.07 [Dj) could be modeled with a z score comparable to that of 
human Stomatin (z score = -2.26 [Aj), subgroup 3 differed insofar as the 
homology region was slightly smaller, resulting in a smaller model region . 

members of cluster I, like Sto1dp and St03ap, seem to be trun
cated at their C terminus and, therefore, lack this feature). 

Localization of Stomatins. The peptides used for Ab produc
tion are highlighted in the full protein sequence presented in Fig. 
S3 in the supplemental material. Sequences used for Ab produc
tion from Stolap are shared by the three family members la, Ib, 
and l c. With St04p, isoform 4c deviates by one and isoform 4a by 
two amino acids. With St08p, subtype 8a differs by two residues 
from St08bp. Any other paralogs differ by > 3 residues. Therefore, 
the Abs produced against Stolp will recognize Stoia, -b, and -c, 
those against St04ap may also recognize St04cp and possibly 
St04ap, and those against St08bp may also bind to St08ap. West
ern blotting with the sera revealed bands in the range of 34 kDa 
(see Fig. S4D,l ane 1, Stolap, 1 bp, lcp) and 38 kDa (lane 3, St08ap, 
bp) for the monomers and several bands in the range of 60 to 70 
kDa, which most likely represent homo- and/or heterodimers. 
Interestingly, no monomers could be detected with the anti
St04ap, -St04bp, -St04cp serum (see Fig. S4D, lane 2). 

Results obtained from immunofluorescence and EM analysis 
are presented in Fig. 4 to 7 and are summarized in Table 1. In 
Parameciu m, we clearly find a punctate localization of all family 
members investigated on the somatic (nonciliary) cell membrane 
over its entire extension, but no anterior-posterior gradient was 
recognized. Compared to other regions of the somatic membrane, 
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FIG 4 Immunofluorescence staining using Abs against peptides derived from Stolp, St04p, and St08p. Cells were fixed and permeabilized to achieve optimal 
conditions for the immunoreaction as indicated in Materials and Methods. Cells then were labeled by affinity-purified Abs against peptides specific for the 
different Stomatin families, recognizingStola,b,cp (A), St04a,b,c (B), and St08a,bp (C, red), r·espectively, as explained in the text. Counterstaining was performed 
with a mouse monoclonal anti -a-tubulin Ab (clone DMIA; green; Sigma) and with the secondary Abs specified in Materials and Methods. Note the patchy 
arrangement of Stoma tin at the cell surface outside cilia (column a) with stronger staining in the region of the oral cavity (column b), as well as the occurrence 
of some Stomatin in granular form inside cells (column c). The contractile vacuole complex (column c) as well as the porus (column d) are stained only by Abs 
against Stola,b,cp and St04a,b,cp, whereas anti-St04a,b,cp stains some only phagocytic vacuoles (column e). fv, food vacuole. Scale bars, 10 fLm. 

all three families consistently show a somewhat stronger staining 
in the region of the oral cavity, which is known as a region with 
intense vesicle trafficking (35). 

Cilia were not labeled with any of the Abs applied. Many 
puncta, presumably small vesicles, throughout the cell were la
beled with all Abs. St04p and, to a lesser extent, Stolp are associ
ated with proximal parts (radial canals) of the contractile vacuole 
system, whereas its preformed site for exocytosis, the porus, fre
quently showed staining for both families. Staining of the cyto
proct and of vesicles associated with the postoral fiber system is 
restricted to the St04p family. The latter are bundles of microtu
buies connecting the cytoproct with the cytostome, where new 
phagosomes are formed (35). Most striking was the dotted label
ing of some of the food vacuoles selectively with anti-St04p Abs. 

Immunofluorescence staining was also controlled with preim
mune sera, with negative results. We also applied Abs against hu
man Stomatin as an established Stomatin reference. This also re
sulted in punctate staining at the cell boundary and inside cells. In 
Western blots, bands of comparable molecular sizes were stained 
(see Fig. S4 in the supplemental material) . We found no mito
chondrial labeling, in agreement with EM analyses (data not 
shown). From sequence and three-dimensional (3D) analysis we 
are confident that we have identified only genuine Stomatins in 
Paramecium. We made no lipid extractions (see Introduction), 
because this may not be a correlate to microdomains seen in situ, 
since Stomatins are partially independent ofDRMs (7, 55). 

Immunogold EM analysis, as presented in Fig. 6 and 7, are 
compatible with the LM data. The background was negligible and 

practically absent from sections incubated under identical condi
tions with the protein A-gold conjugate only. We regularly made 
the following observations. Abs against Stolp (Fig. 6A and B), 
St04p (Fig. 7B), and St08p (Fig. 7D) label microdomains ~O.l to 
~O.5 fLm in size at the cell membrane; the size observed depends 
on the local orientation of the section. Figure 5E documents label
ing of cortical vesicles which cannot be functionally defined. In no 
case were cilia labeled (Fig. 6D and B). Also in agreement with 
fluorescence labeling, with anti-St04p Abs we see gold labeling of 
parts of the CVC, e.g., in regions adjacent to the radial canals 
(Fig. 7A) and on the contractile vacuole membrane (data now 
shown). Both of these structures are reported to be mechanosen
sitive to pressure even after isolation from the cell (56). In addi
tion, we see some labeling of the food vacuole membrane and of 
adjacent vesicles (Fig. 7E). Although EM-gold analysis has much 
lower sensitivity, as is generally known, the higher resolution re
flects the LM situation shown in Fig. 5. 

Two most unexpected results from immunogold EM analysis 
are the following. (i) The membranes of some parasomal sacs are 
stained for Stolp (Fig. 6C), whereas the occurrence oflarger mi
crodomains on the cell surface obscures discrimination of such 
details at the LM level. (ii) Unexpectedly, Stolp- and St04p-Ia
beled micro domains were also present on the membrane of alve
olar sacs, specifically on the side facing the interior of the cell 
(Fig. 6D and 7C). 

Functional analyses. As SPFH family members have been im
plicated in mechanoperception in C. elegans (2) and, more re
cently, in mammalian neurons (23 , 24), we investigated mecha-
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FIG 5 Immunofluorescence staining of vesicles along postoral fibers and at cytoproct. Fixed and permeabilized cells were labeled by affinity-purified Abs against 
peptides specific for St04a,b,cp (red) and counterstained with a mouse monoclonal anti-tubulin Ab (clone DMIA; green; Sigma). (A) Note the patchy staining 
at or close to some phagocytic vacuoles. Occasionally, vesicles at or close to the postoral fibers were stained by Abs against subfamily 4 (B), as were vesicles at the 
cytoproct (C, D, and E; 3 consecutive confocal sections are shown). For further details, see the text. Scale bars, 10 !-Lm. 

nosensation by transferring Paramecium cells silenced for the 
respective subfamily members into small, partially medium-filled 
silicone channels with a diameter of 80 nm and observed their 
behavior when they reached the meniscus. This is perceived as a 
mechanical obstacle. As the cells are 100 f.Lm long and, thus, can 
not turn around, untreated or mock-silenced cells show a ciliary 
reversal reaction when reaching the menisclls, followed by a short 
period of reverse swimming and rapid longitudinal rotations until 
another ci liary reversal occurs and the cells again swim forward 
until they reach the meniscus again. Interestingly, cells silenced for 
theSTOl family show a reduced number of ciliary reversals as well 
as slowed-down backward rotation series compared to control 
cells (Fig. 8). Some silenced ceUs stayed immobile at the meniscus, 
whereas all control cells performed ci liary reversal. Due to high 
similarity of the gene sequences of STOla to those of STOlb 
(88%) and STOle (86%), all of these ohnologs can be assllmed to 
be silenced. Nonsilenced cells and aliquots mock silenced with the 
empty vector showed normal swimming behavior in this narrow 
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channel only partly filled with medium. According to Fig. 8B, 
backward-forward movements per min, when hitting the menis
cus, are considerably different in normal and silenced cells (28.0 ::!:: 
2.6 and 20.4 ::!:: 1.97, respectively; P = 0.027), as are cell rotations 
(2.77 ::!:: 0.38 and 1.00 ::!:: 0.35, respectively; P = 0.002) . This re
duced mechanosensitivity was not due to defects in depolariza
tion, as the depolarization reactions of silenced cells (depolariza
tion by adding high K+ medium) were indistinguishable from 
those of control cells (data not shown). 

An example of the extent of Stomatin si lencing achieved with 
the feeding of transformed bacteria (see Materials and Methods) is 
presented in Fig. S5 in the supplemental material, where tubulin 
staining is fully maintained, whereas Stomatin staining is reduced. 
Cosilencing of different genes has been reported only with genes 
of > 85% nucleotide identity (39). Although most ohnologs show 
higher levels of identity (e.g., STOla and STOI b, 88%; STOIa and 
STO Ic, 86%), some are slightly below 85% identity (e.g., ST04a 
and ST04b, 82%) but have internal stretches with higher identity 
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FIG 6 lmmunogold EM analysis using Abs against Stola,b,cp. Label occurs as a small patch (microdomain) on a cross-sectioned cell membrane (cm, 
arrowhead) (A) and is more extended on a tangential section (encircled) close to underlying alveolar sacs (as) (B). (C) Outlines of a clathrin-coated parasomal 
sac (ps) are labeled. (D) Gold label on the membranes of two subcortical CaH stores (as) but not on a cilia (ci) . (E) Label is diffusely associated with a population 
of small vesicles which, as seen from the neighboring of alveolar sacs, are located below the cell surface. For further details, see Materials and Methods. Scale bars, 
0.1 \Lm. 

which would theoretically allow silencing. In pilot experiments we 
also checked the silencing efficiency by quantitative fluorescent 
measurements of stained membrane regions in silenced and 
mock-silenced cells (see Fig. S5) . These measurements resulted in 
a reduction of fluorescence intensity from 77.8 to 16.6 relative 
units after silencing of STO I a. reflecting a silencing efficiency of 
about 80%. Whether the remaining 20% reflect incomplete silenc
ing of all ohnologs detected by the Ab (STOIa. STOIb. and 
STOle) or whether one of the family members was not silenced at 
all remains open. A positive control of silencing efficiency was the 

silencing of the exocytosis-relevant ND7 gene. which also rou
tinely showed a similar degree of silencing by the method applied. 
i.e .• feeding of transformed bacteria (42) . 

Other processes where mechanosensation is involved include 
the pumping process of the contractile vacuole complex. We de
tennined separately the frequency of the anterior and of the pos
terior contractile vacuoles. respectively. in cells silenced for the 
different subfamily members. As seen in Fig. 9A. contraction fre
quency of the anterior contractile vacuole. but not the posterior 
contractile vacuole. is decreased in cells silenced for St04a.b.c 
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FIG 7 Immunogold EM analysis usinganti-St04p (A to e and E) and anti-St08p (D) Abs. (A) Gold label is scattered in the eve between the membrane labyrinth 
of the smooth spongiome (ss) close to the radial canals (rc) but not in the decorated spongiome (ds). With both Abs, labeling in microdomains occurs close to 
the cell membrane, (B to D) Label close to or at alveolar sacs (as) is particularly evident where cells are cut tangentially. Note the absence oflabel on a cilium (ei). 
(E) Label is enriched on a population of small vesicles close to the food vacuole and on the vacuole membrane itself. For further details, see Materials and 
Methods, Scale bars, O. I f.Lm, 

compared to control cells, which exhibit an - 75% higher activity. 
This correlates with the different sensitivity of the two CVCs to 
CaN -mobilizing second messengers (57). 

Furthermore, as we could see a strong St04a,b,c staining of 
vesicles at or close to the phagocytic vacuoles, we also investigated 
phagocytosis in silenced cells. Figure 9B clearly shows a significant 
decrease of phagocytic vacuole formation by - 20% in cells si
lenced for ST04a, ST04b, and ST04e compared to control cells. 

Since we detected immunogold staining on parasomal sacs, 
where constitutive endocytosis via coated pits takes place, we also 
invest igated the uptake of wheat germ agglutinin-Alexa 488 in 
cells silenced for STOia, STOib, and STOic and in control cells. 
However, no difference could be detected (data not shown). 
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TABLE 1 Summary of the subcellu lar distribution of PtSto subfami lies 

Loca tion 

Cell surface 
Oral cavity 
eve 
Food vacuoles 
CytoprOCI and 

recycl ing 
ves icles 

Presence" of: 

Sto lp 

" I 
:!: 
I-- I I I (including pores) 

Sto4p 

II 
:!: 
..!.. (including pores) 
+ + (only some) 
-I I I I 

Sto8p 

~I 1 

:!: 

" Fi xed and permeabilized samples were labeled either by affinity-purified Abs against 
peptides specific for Sto la,b,ep (Sto lp), SI04a,b,cp (S t04p), or St08a,bp (S t08p) . - , No 
staining; ++ , most inlcnsesta ining; ::!:: , variable results. 
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FIG 8 Ci liary reversal upon meeting an obstacle is impaired in cells silenced for STOla. The entire eDNA sequence was used for silencing by feeding, as outlined 
in Materials and Methods. Due to high similarity of the gene sequences ofSTOla to those ofSTOlb (88%) andSTOlc (86%), all of these ohnologs can be assumed 
to be silenced (see the text). Silenced cells and al iquots mock silenced with the empty vector were observed when swimming through a narrow channel only partly 
filled with medium. Backward-forward movements per min, when hitting the meniscus, were counted (28.0 ± 2.6 for silenced cells and 20.4 ± 1.97 for 
mock-silenced cells; P = 0.027) (A), as were cell rotations (2.77 ± 0.38 for silenced cells and 1.00 ± 0.35 for mock-si lenced cells; P = 0.002) (B). Both values are 
reduced significantly in silenced cells. Values are from Student's I test, and deviations are given as means ± SEM. N indicates the number of cells analyzed. 

DISCUSSION 

Since SPFH proteins in general and Stomatin in particular are 
widely expressed across species, from bacteria to humans (9, la, 
13,25,51), they were expected to exist in ciliated protozoa as well. 
In fact, we now can show, for the first time, the existence of Sto
matins in P. tetraurelia and suggest their functional involvement 
in mechanosensation. Thus, we also expected that SPFH-based 
microdomains would occur in these cells as a defined variation of 
a more general concept (14). No other SPFH proteins were de
tected. 
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mean 56.5 43.3 42.0 39.0 
SEM 6.2 2.5 2.6 2.3 
N 11 9 16 10 

p=0.023 

Basic characteristics of Paramecium Stomatins. Based on 
ParameciumDB mining, SPFH sequences have been identified 
which all can be attributed to Stoma tin. Stomatins all contain a 
rather conservative Stomatin domain but have no EA (or similar) 
repeats in the carboxy-terminal half, as occur in Reggie/Flotillin 
genes (58). This is also the case with Stomatins of Paramecium 
(Fig. 1; also see Fig. S3 in the supplemental material). 3D structure 
modeling revealed considerable similarity of most family mem 
bers to prokaryotic and mammalian Stomatin (Fig. 3). The SPFH 
core domain is considered relevant for membrane attachment, 
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FIG 9 Increase in pumping frequency and of phagocytosis in cells si lenced for ST04a. The entire eDNA sequence was used for silencing by feeding, as outlined 
in Materials and Methods. Due to the high similarity of the gene sequence of ST04a to that of ST04c (89%). this ohnolog may also be silenced, whereas the 
probabi lit y is lower for ST04b (82%). Si lenced cells and aliquots mock silenced with the empty vector were ana lyzed. (A) The pumping frequency of the an terio r 
and posterior contractile vacuoles was analyzed. A significant increase in pumping velocity of the anterior, but not of the posterior, contractile vacuole in cells 
silenced for St04a,b ,cp was observed; the control value is - 75% higher than that after silencing. (B) Silenced and mock-silenced cells were exposed to Indian ink 
for 10 min and rued immed iately thereafter. Si lenced ceLls contained a sign ificant ly lower number of food vacuoles (phagol lysolsomes) than controls. The 
stat istica l evaluation is depicted in Fig. 8. 
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whereas the coiled-coil domains are important for oligomeriza
tion (5, 59); in addition, a small domain close to the C terminus 
may be important for oligomerization (52). Stomatin paralogs 
analyzed so far match several of these criteria (e.g., structure of the 
SPFH core domain and predicted coiled-coil domain, with the 
exception of the small hydrophobic sequence at the C terminus, 
which is lacking). This correlates with the formation of microdo
mains near the Paramecium cell surface, as evidenced at the LM 
(Fig. 4 and 5) and EM levels (Fig. 6 and 7). Thus, P. tetraurelia 
Stomatins might exert a microdomain scaffolding function, as 
shown for Reggie/Flotillin proteins (11, 12, 19, 60) and envisaged 
for mammalian Stomatin (61). 

How Stoma tin members are attached to membranes remains 
undetermined. For other organisms, preferred assumptions are 
partial insertion in the lipid bilayer by a hook-like hydrophobic 
stretch and a palmitoylation site, both in the amino-terminal part 
(10). As described above, we found such a clear hydrophobic 
stretch in only a few isoforms. Also, any fatty acylation remains 
open, as does the relevance of any kind of oligomerization, since 
these parameters have not been tested yet. Nevertheless, we see 
that Stoma tin isoforms seem to be arranged in microdomains. 
Their sizes seen in immuno-EM are quite variable, but this is 
known to depend on the accessibility of the epitopes on the surface 
of ultrathin sections. The size ranges between 0.1 and 1 !-lm. (Con
sider that coalescence from smaller areas is also known to occur 
with, e.g., Reggie/Flotillin [62].) 

Stomatin in lower eukaryotes. Information on SPFH proteins 
in protozoa is very scarce, mostly anecdotal, and not concise. Even 
for Dictyostelium discoideum, a generally well-studied protozoan 
(unrelated to Paramecium), knowledge about Stomatin is re
stricted. A search with a mammalian Reggie/Flotillin sequence in 
Dictyostelium reveals a homolog most closely related to mamma
lian Stomatin (63) . Alternatively, the vacuole-bound protein 
vacuolin was described as being more closely related to Reggiel 
Flotillin (59). In the parasitic flagellate Leishmania, Stomatin-like 
proteins (Sto-LPs) have been found, but functional evidence is 
scarce (64). The species closest to Paramecium endowed with a 
Stomatin ortholog is the malaria parasite, Plasmodium falciparum, 
which, together with ciliates, belongs to the phylum Alveolata. In 
Plasmodium this protein is exported to form micro domains in the 
membrane of the parasitophorous vacuole (65) and, thus, again 
gives little insight into the function specifically within the proto
zoan cell. In conclusion, protozoa belong the kingdom with the 
least information about SPFH proteins in general and about Sto
matin in particular. 

Topological and functional correlation of Stomatins on the 
cell surface. After finding Stomatin-related sequences in Parame
ciumDB, we started our analysis by assuming that Stomatin-re
lated effects would be easily amenable to detailed analysis in this 
unicellular organism because of some specific properties. These 
cells are capable of clear-cut behavioral responses, as documented 
by a plethora of electrophysiological research. They possess a 
highly regular structural design and established vesicle-trafficking 
avenues. Thus, it is possible to pinpoint different functions, par
ticularly in conjunction with gene silencing. However, we have to 
consider the number of rather similar paralogs/ohnologs, partic
ularly those retained from the last whole-genome duplication 
(40). The Abs designed against specific subfamily members may 
bind to additional paralogs. Also, from silencing of selected sub
family members, one cannot expect total inhibition effects, since 
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close similarity may allow for some complementation by nonsi
lenced paralogs. 

Irrespective of such restrictions, we found that a differential 
localization of Stoma tin family members and silencing specifically 
affected the organelles to which the respective Stoma tin subfami
lies have been localized. This includes membranes with estab
lished or presumed mechanosensitivity. Aquaporins also occur in 
ParameciumDB and, thus, could mediate osmotic e quilibration. 
However, the precise type of mechanosensitive channels in Para
mecium remains to be specified on a molecular level. Different 
Stomatins may associate with different channels. 

Electrophysiology has established that mechanose nsitive Ca2 + 
influx channels are enriched in the anterior somatic (nonciliary) 

. membrane (66) and, thus, are activated upon collision with an 
obstacle or experimentally by touching of the ante r ior end (67, 
68). The depolarizing receptor potential generated by Ca2+ influx 
and K+ efflux triggers an action potential by activation of voltage
gated/depolarization-dependent Ca2+ influx channels located ex
clusively in the ciliary membrane (66, 69), as revie wed by Ma
chemer (27-29). 

STO 1 silencing clearly reduces the ciliary reversal response to 
mechanical stimulation when a cell hits an obstacle, e.g., the me
niscus of a small droplet in which it swims (Fig. 8). Instead of 
performing ciliary reversal accompanied by ongoing rotations, 
STOl-silenced cells may just stop or perform a significantly 
weaker reaction. In separate experiments, we showed by chemical 
depolarization that signal transduction for ciliary reversal is un
impaired. From this we suggest that the small patches ofStol p on 
the cell membrane serve the same purpose as the Stomatin or
tholog and Sto-LPs, U nc-1 and U nc-24, in C. elegans, Le., assem
bly of mechanosensitive channels in microdomains. This now ap
pears to be an old principle maintained in evolution. In mouse 
sensory neurons, Sto-LP3 (or SLP3), a homolog to C. elegans 
MEC-2 (3), in connection with the acid-sensitive ion channel 
(ASIC), serves mechanoperception (70). In human primary sen
sory neurons, it has also been shown that downregulation ofSto
matin does not affect electrical activity (23). Similarly, we find that 
chemical depolarization can induce normal ciliary reversal reac
tions in Paramecium after Stomatin downregulation (data not 
shown). 

In Paramecium, many small cytoplasmic vesicles are fluores
cently stained with Abs against the different Stomatin families, but 
their nature is not fully clear. In pilot experiments we have ex
cluded lipid bodies and mitochondria (data not shown) which, in 
higher eukaryotes, may harbor SPFH-type proteins (10). Associ
ation of Stoma tin with endosomes and lysosomes could not be 
selectively ascertained. This is interesting considering the associa
tion of St04p with clathrin-coated pits (below) and of Stomatin 
with lysosomes isolated by Triton WR1339 accumulation from 
mammalian cells (71 ). (Note, however, that such lysosomes con
tain a substantial amount of residual autophagic components 
[72]). EM-gold analysis reveals label on some cortical vesicles and 
around some food vacuoles, possibly with acidic compartments, 
thus indicating involvement of Stoma tin in vesicle trafficking. 
Specifically, St04p is clearly associated with vesicles recycling from 
the cytoproct to the cytopharynx, where new food vacuoles form. 
Overall, this suggests that Stoma tin is engaged in delivery of spe
cific membrane cargo to certain sites of the cell, just as was found 
with Reggie/Flotillin in mammalian cells (11), including neurons 
( 12). 



Unexpected labeling. Among the larger organelles stained 
with anti-Stomatin Abs are some which are subject to osmotic 
tension, as outlined above. A novelty is the association of Sto 1 p 
and St04p with the membrane of subplasmalemmal .Ca2+ stores, 
the alveolar sacs (Fig. 6 and 7) whose biogenesis occurs by selective 
vesicle flow (73) . Some less-understood trafficking phenomena 
are known to be regulated by Stomatin (7, 74) . As alveolar sacs 
look very different in the EM, compact and flat or swollen, de
pending on the osmotic conditions during fixation, they may also 
be engaged in osmotic regulation, an aspect to be settled by further 
work. 

Particularly unexpected is the labeling of clathrin-coated pits 
(parasomal sacs), the regularly arranged sites of constantly ongo
ing endocytosis, by anti-St04p Abs (Fig. 6C). This is in clear con
trast to what we found for Reggie/Flotillin in mammalian cells 
(18). Remarkably, these sites also contain one type from of a fam 
ily of primeval types of Ca2+ channels recently identified (44). It is 
known from mammalian cells that cation channels serve cell vol
ume regulation (75). In addition, in Paramecium the CYC con
tributes to cell volume regulation depending on osmotic condi
tions (76). The context of these phenomena remains to be 
established. 

Since the mechanosensitive channels that normally underlay 
the ciliary reversal reaction in Paramecium are anteriorly en
riched, with a gradient fading toward the middle of the cell (66), 
one would expect that Sto 1 p would display the same arrangement, 
but this is not the case. This contradiction may be resolved if one 
assumes, in analogy to Reggie/Flotillin in mammalian cells (11, 
12), a general involvement of Stomatin in the dynamically con
trolled delivery, local positioning, and internalization of different 
membrane proteins (receptors, ion channels, etc.) to and from the 
cell membrane, respectively. It may well be that in Paramecium, 
hyperpolarization-sensitive channels, which have the opposite 
distribution pattern (69), would also be delivered to the cell sur
face in a similar pathway. Altogether, Stomatin-based membrane 
cargo delivery could also be the explanation for the occurrence of 
Stomatin labeling on many intracellular, including cortical, vesi
cles. 

Stomatin has been localized to the basis of flagella of Chlamy
domonas reinhardtii (77) and to the entire length of cilia of airway 
epithelia (78). Functional genomic analysis of C. elegans also in
dicates Stomatin as a ciliary component (79). The implication of 
this wide coincidence is regulation of beat activity by Stoma tin. In 
contrast, in Paramecium we find no Stoma tin associated with cilia, 
in agreement with the localization of mechanosensitive channels 
on the extraciliary cell membrane (66,69), where we exclusively 
detect Stomatin microdomains. 

Possible function of Stomatin in the contractile vacuole 
complex. Water is sequestered by the CVC by the osmotic gradi
ent generated by an electrogenic proton pump (H + -ATPase), 
which is located in the terminal branches (decorated spongiome) 
of the organelle (80, 81) and is involved in osmolyte exchange 
(82). This complex organelle is a most important regulator of cell 
volume in the course of osmotic stress (76). Within the organelle 
the mechanical stress rises during diastole, which finally induces 
exocytosis of contents and collapse of the vacuole and 'of the am
pullae (which connect the vacuole with the radial canals emanat
ing from the vacuole) during systole (36). Labeling with Abs 
against Stol p and/or St04p is concentrated precisely at these stra
tegic sites, including the radial canals. These and the vacuole all are 

mechanosensitive. In fact, isolated CVC fragments can undergo 
periodic expansion and collapse (56) which clearly requires a 
mechanosensor in the CYC membrane. In Chlamydomonas, type 
TRP5 mechanosensitive channels are associated with the CYC 
(77). Interestingly, only the anterior, but not the posterior, con
tractile vacuole in a cell is sensitive to Stomatin silencing (Fig. 9). 
Remarkably, such a difference is also found in the sensitivity to 
Ca2+ -mobilizing metabolites (57). The CYC porus (exocytosis 
site) is also labeled with Abs against Stol p (Fig. 4Ad) and, though 
less intensely, St04p (Fig. 4Bd) , as well as with Abs against specific 
Ca2+ channels recently identified (44). All this suggests a method 
of Stomatin-mediated mechanosensitive Ca2+ mobilization for 
CYC discharge. With isolated CYCs, internal tension does not 
suffice to induce fluid expulsion, since this requires a porus for 
exocytotic membrane fusion (56). 

Topological and functional correlation of Stoma tins on food 
vacuoles. In Paramecium, phagosomes also fuse with lysosomes 
(35), which themselves are also osmotically sensitive in mamma
lian cells (83) . In higher eukaryotic systems the osmotic sensitivity 
of components of the endolysosomal system (83, 84), including 
phagosomes (38), is well known. Moreover, association of Reg
gie2/Flotillini with macrophage phagosome membranes has been 
reported (85). Stomatin may serve as a scaffold for the assembly of 
unknown mechanosensors in this case, and actin coating may 
serve to protect the organelle membrane. In fact, mechanical stress 
as an inducer of local actin polymerization is well established, at 
least for the cell surface (86, 87), and actin covers ph ago somes in 
Paramecium (88). 

Other aspects of association with the cytoskeleton. The Sto
matin homolog MEC-2 of C. elegans is reported to be associated 
with micro tubules (89, 90), whereas for mammalian Stomatin, 
band 7.2, a connection to actin filaments is reported (7, 91). In 
Aspergillus, StoA associated with microtubules contributes to ves
icle delivery for polar growth (92). Both Stomatin (93) and actin 
(94,95) are established components around mammalian phago
somes. Association with actin recalls strict coincidence with Reg-' 
gie/Flotillin in mammalian neuronal and epithelial cells, as shown 
by double immunogold EM analysis (96). The divergent reports 
on interaction with either one of the two cytoskeletal elements 
may not really be contradictory, as both usually interact with each 
other (97) . 

Although interaction with cytoskeletal elements may represent 
a general principle for SPFH protein function, it is unknown 
whether this association would be direct or indirect. Nevertheless, 
interaction with any of the two cytoskeletal elements should be 
warranted for Paramecium Stomatin forms. Concerning Stoma tin 
associated with the cell surface (Fig. 6 and 7), we know that the 
subplasmalemmal space, though very narrow, contains actin ' (41). 
This is also true of the surface of some stages of the food vacuoles 
(88), in agreement with their decoration by Stomatin in the cur
rent paper, although we do not yet know whether this occurs in 
equivalent cyclosis stages. Of particular interest would be any cor
relation with acidification which starts a short time after pinch-off 
(35) . The question arises from the association ofSto-LP3 (SLP3) 
with the ASIC for mechanoperception in mouse sensory neurons 
(70). 

On the CYC, none of the numerous actin isoforms could be 
detected (88), but the organelle is known to be supported by mi
crotubules over its entire extension (36). Interestingly, previous 
work found that acetylation of a-tubulin stabi lizes microtubules 
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in C. elegans, and this increases mechanosensation (98). The au
thors noted that the responsible a-tubulin acyltransferase also oc
curs in Paramecium . This would comply with the old observation 
that in Paramecium, Abs against acetylated a-tubulin recognize 
microtubule subpopulations around the oral cavity and over the 
entire extension of the CYC (99). To sum up, in agreement with 
work with metazoans, cytoskeletal elements are available in the 
Paramecium cell at the sites where we localized Stomatin forms 
and where silencing has affected function . 

Conclusions. In Paramecium, Stomatins are involved in 
mechinoperception, including not"only the ciliary reversal reac
tion (in the absence of Stomatin in cilia) but also probably the 
osmoregulatory (CYC) and the phago(lyso)somal system. Locally 
the isoforms from different Stomatin families may in part overlap, 
though there are preferences in the localization and function, as 
summarized in Table 1. In particular, St04p contributes to recy
cling between spent and nascent phagosomes. Apart from this, 
many questions arise from our present work, not only concerning 
the mode of oligomerization (homo- and/or heteromeric) but 
also membrane attachment and intracellular pathways. Beyond 
that, some sites of Stoma tin localization are without precedent for 
SPFH proteins, such as their occurrence on cortical Ca2+ stores 
and clathrin-coated pits in the cell membrane. 
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