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 25 

Summary 26 

Flagella of some pathogens or marine microbes are sheathed by an apparent extension of the 27 

outer cell membrane. Although flagellar sheath has been reported for almost 60 years, little is 28 

known about its function and the mechanism of its assembly. Recently, we have observed a 29 

novel type of sheath that encloses a flagellar bundle, instead of a single flagellum, in a marine 30 

magnetotactic bacterium MO-1. Here, we reported isolation and characterization of the sheath 31 

which can be described as a six-start, right-handed helical tubular structure with a diameter of 32 

about 100 nm, and a pitch of helix of about 260 nm. By proteomic, microscopic and immuno-33 

labelling analyses, we showed that the sheath of MO-1 consists of glycoprotein with an apparent 34 

molecular mass >350 kDa. This protein, named sheath associated protein (Sap), shows homology 35 

with bacterial adhesins and eukaryotic calcium-dependent adherent proteins (cadherin). Most 36 

importantly, we showed that calcium ions mediate the assembly of the tubular-shaped sheath and 37 

disintegration of the sheath was deleterious for smooth-swimming of MO-1 cells. The 38 

disintegrated sheath was efficiently reconstituted in vitro by adding calcium ions. Altogether, 39 

these results demonstrate a novel bacterial Ca
2+

-dependent surface architecture, which is 40 

essential for bacterial swimming.  41 
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 42 

Introduction 43 

Flagella provide bacteria with a highly efficient means of locomotion and also play a central role 44 

in adhesion, biofilm formation, and host invasion (McCarter, 2001; Terashima et al., 2008). The 45 

flagella are powered by reversible rotary motors embedded in the cell membrane. Beside the 46 

function of locomotion they also act as a protein export-assembly apparatus (Macnab, 2003). 47 

Tens of thousands copies of a single flagellin protein or of several closely related flagellins are 48 

self-assembled to form a hollow concentric double-tubular structures, called simple or complex 49 

flagellum, respectively. Flagellins and other exported substrates diffuse down the narrow channel 50 

in the growing filament structure and assembly at the distal ends. Recently, it has been shown 51 

that glycosylation of flagellins is an important component of numerous flagellar systems in both 52 

archaea and bacteria (Logan, 2006). The glycosylation plays either an integral role in assembly 53 

or for a number of pathogenic bacteria a role in virulence.  54 

The number and organization of bacterial flagella vary from species to species. The most 55 

extensively studied are polar and peritrichous flagella. Interestingly, the polar flagella are 56 

surrounded by sheaths in several bacteria including marine Vibrio species (Furuno et al., 2000; 57 

McCarter, 2001), Vibrio cholera (Fuerst and Perry, 1988; Hranitzky et al., 1980), Bdellovibrio 58 

bacteriovorus (Thomashow and Rittenberg, 1985), Pseudomonas stizolobii (Fuerst and Hayward, 59 

1969), Helicobacter pylori (Geis et al., 1993; Luke and Penn, 1995; O'Toole et al., 1995), and 60 

Azospirillum brasilense (Burygin et al., 2007). Each sheath encloses one flagellar filament. How 61 

a sheathed flagellum rotates has not been elucidated, and little is known about the composition, 62 

formation, or function
 
of flagellar sheaths. Evidence from these organisms

 
suggests that the 63 

sheath contains both lipopolysaccharide and
 
proteins with molecular weight ranging from 18 to 64 
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61 kDa (Furuno et al., 2000; Hranitzky et al., 1980; Jones et al., 1997). The sheath protein HpaA 65 

of H. pylori has been localized in the cytoplasm
 
(O'Toole et al., 1995) or on the flagellar sheath 66 

(Jones et al., 1997). The mechanism of its secretion and assembly remains unknown. The 67 

procedure of sheath formation is suggested to be independent of filament polymerization, since 68 

empty flagellar sheaths have been observed as tubule projections originating
 
from the cell surface 69 

(Allen and Baumann, 1971). Moreover, the sheath in Vibrio parahaemolyticus seems to act
 
on 70 

retaining flagellin monomers and allowing subunit assembly (McCarter, 1995). Despite the 71 

extensive microscopic and molecular studies, the requirement of the sheath for bacterial motility 72 

has not been reported. 73 

Recently, we reported a peculiar architecture of the flagellar apparatus of marine magnetotactic 74 

bacteria MO-1 (Lefèvre et al., 2009). Magnetotactic bacteria (MTB) consist of a heterogeneous 75 

group of gram negative bacteria that synthesize intracellular crystals of magnetic iron oxide 76 

and/or iron sulfide minerals (Bazylinski and Frankel, 2004). These membrane-bounded crystals, 77 

called magnetosomes, align forming an intracellular magnetic dipole moment and allow the 78 

bacteria to orient and migrate along geomagnetic field lines. This behavior, called magneto-79 

aerotaxis, increases the efficiency of cells to find and maintain at a preferred position at the oxic-80 

anoxic transition zone (OATZ) (Bazylinski and Frankel, 2004). Like most magnetotactic coccoid 81 

cells studied, MO-1 cells are bilophotrichously flagellated, having two flagellar bundles on one 82 

hemisphere of the cells (Lefèvre et al., 2009). We have reported for the first time that these 83 

flagellar bundles are enclosed within sheaths. In this study, we identified the major sheath 84 

associated protein (Sap) as a large glycosylated polypeptide. Most importantly, we showed that 85 

calcium ions play an essential role in the assembly of tubular-shaped sheath, and that the sheath 86 

is required for smooth swimming of MO-1 cells. 87 
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Results  88 

Biochemical characterization of MO-1 surface appendages  89 

To investigate their biochemical composition, surface appendages of MO-1 were detached from 90 

cell by shearing and centrifugation. The final fractions named C2 contained flagella, sheaths and 91 

membrane vesicles as revealed by transmission electron microscopy (TEM) analysis (Fig. 1A). 92 

In the C2 fraction, sheaths were separated from the flagella, indicating a loose connection 93 

between the internal core of flagella bundle and external sheath. Although detached from the 94 

flagella bundle, the sheath remained as nanotube, but broken into shorter fragments due to the 95 

shearing. Image analysis suggests that the sheath can be described as a six-start (composed of six 96 

protofilaments), right-handed helical tubular structure with a diameter of about 100 nm, and a 97 

pitch of helix of about 260 nm (Fig. 1, panels C to E).  98 

The protein composition of the C2 fraction was analyzed by SDS-PAGE and Coomassie Blue 99 

staining. The C2 fraction was apparently composed of 7 polypeptide bands (IN and M1 to M6, 100 

Fig. 1F, lane 2). IN was located in the stacking gel and not further studied. Periodic acid Schiff 101 

staining showed that M1, M2, M5 and M6 were glycoproteins (Fig. 1F, lane 2s). In addition, 102 

Azur blue staining revealed a polyanionic nature of the glycans on these polypeptides 103 

(Supporting Information, Fig. S1). N-terminal sequencing and ion-trap MS-MS mass 104 

spectroscopy analyses revealed that the polypeptides M4, M5 and M6 were homologous to 105 

flagellin proteins from various bacteria, including the closely related Candidatus Magnetococcus 106 

marinus strain MC-1 (Schubbe et al., 2009). Intriguingly, MC-1 genome contains 15 flagellin 107 

encoding genes and the predicted flagellins exhibit similar molecular sizes and pI values 108 

(Schubbe et al., 2009). It is likely that the genome of MO-1 contains multiple copies of 109 

flagellins. Recently, it has been reported that inactivation of the flagellin gene flaA in 110 
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Magnetospirillum gryphiswaldense results in nonmagnetotactic mutants lacking flagellar 111 

filaments (Schultheiss et al., 2004). The N-terminus of the polypeptide M3 was homologous to 112 

the hypothetical protein Mmc1_3749 of Cand. M. marinus MC-1 (Schubbe et al., 2009). The N-113 

terminal sequence of M2 (PTITASNLT) did not possess 100% sequence identity with any 114 

protein in the NCBI database. The identity of this polypeptide remains to be determined. 115 

The polypeptide M1 particularly drew our attention. Autolysis of C2 fractions at 37 °C for 4 days 116 

led to the concomitant disappearance of M1 polypeptide and the sheaths (Fig. 1B, Fig. 1F, lane 3 117 

compared to lane 2), whereas the other five polypeptides and flagella and vesicles remained 118 

intact. To further analyze the relationship between the M1 protein and the sheath structure, we 119 

excised the polypeptide band of M1 and used it to raise polyclonal antibodies. Immunoblot 120 

analyses confirmed the specificity of the polyclonal antibody obtained; only M1 was detected in 121 

the crude extracts or the C2 fractions of MO-1 by this antiserum (Fig. 2, inset panel). Using anti-122 

M1 antibody-based immuno-gold staining, we found that the gold-particles specifically localized 123 

on the sheath (Fig. 2). These results strongly suggest that the M1 protein is a component of the 124 

sheath. 125 

To identify the M1 polypeptide, protein samples in the M1 band were digested with trypsin and 126 

then analyzed by Microflex MALDI-ToF, ESI-Q-ToF and nLC-ESI-MS/MS mass spectrometry. 127 

Searching in the MO-1 genomic contig database unambiguously identified M1 as product of a 128 

gene encompassing 10068 bp (accession HM015774) and encoding 3356 amino acids with a 129 

predicated molecular weight of 344502.6 Da and a pI of 3.29 (see Supporting Information, Fig 130 

S2). In addition, the N-terminal sequence (AATPTATD) of M1 perfectly matched with the 131 

residues 226 to 233 of the gene product, suggesting a posttranslational processing of the 132 

precursor. We designate the gene as sap for its product sheath-associated protein.  133 
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BlastP searching in NCBI database revealed that Sap is homologous primarily with outer 134 

membrane adhesin like proteins from various bacteria, and the most closely related is that from 135 

Cand. M. marinus strain MC-1 (42% identity with putative outer membrane adhesin like protein, 136 

accession YP_865069.1). COGnitor analysis showed that Sap contains three segments belonging 137 

to the cluster of orthologous group of large exoproteins involved in heme utilization or adhesion 138 

(COG3210) and three segments belonging to COG5292 (autotransporter adhesion). InterProScan 139 

analysis showed that C-terminus of Sap possesses one Cadherin_2 domain (IPR002126, at 140 

position 2257-2331) and one Cadherin-like domain (IPR015919, at position 2441-2535). 141 

Cadherins represent a major superfamily of transmembrane glycoproteins that mediate calcium-142 

dependent cell-cell adhesion in both vertebrates and invertebrates (Takeichi, 1991). Canonical 143 

cadherins have an extracellular domain in the N-terminal part of the molecule, which typically is 144 

composed of five cadherin repeats. Proteins are designated as members of the broadly defined 145 

cadherin family if they have one or more cadherin repeats. As it contains 2 predicated cadherin 146 

repeats, Sap can be considered as a novel member of the cadherin family. 147 

Calcium-ions are crucial for the sheath structure 148 

As implied in the name, cadherins (for calcium-dependent adherent proteins) require calcium 149 

ions for assembly of protein domains and subunit into highly organized functional structures. 150 

Calcium ions bind to specific residues (Asp, Asn, Glu and Gln) in cadherin repeats to ensure its 151 

proper folding and to confer rigidity upon the extracellular domain. Therefore, calcium ions are 152 

essential for cadherin adhesive function and for protection against protease digestion (Takeichi, 153 

1991). The Sap protein of MO-1 contains cadherin-repeat-domains and is rich in residues Asp 154 

(12.7%), Asn (5.8%) and Glu (5.2%). Hence, we sought to assess the involvement of calcium 155 

ions in establishing the structure of the sheaths.  156 
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The solutions used in C2 fractions preparation appeared to be important for the sheath structure. 157 

The synthetic seawater seemed to have beneficial effect on the stability of the sheath. Addition of 158 

divalent ion chelators led to the disappearance of the sheaths from the C2 fractions, whereas the 159 

flagella and vesicles remained intact (Fig. 3A). Interestingly, the chelate treatment did not 160 

modify protein patterns of the C2 fractions on SDS-PAGE gels (data not shown). These results 161 

suggest that chelators disintegrate the structure of the sheaths, implying a crucial role of calcium 162 

ions for the structure. 163 

To corroborate this hypothesis, we assessed the possibility to reconstitute the sheaths from 164 

disintegrated components. The citrate-treated sheath-free C2 fractions were incubated with 165 

addition of CaCl2 or MgCl2, or both. As shown in Fig. 3, only calcium ions allowed 166 

reconstitution of the sheath structure. The same results were obtained when the sheaths were 167 

disintegrated with EGTA (ethylene glycol tetraacetic acid chelating specifically calcium ions) 168 

(see Supporting Information, Fig S3) or EDTA (ethylene diamine tetraacetic acid). Therefore, 169 

calcium ions seem to specifically mediate the reconstitution of the sheath structure.  170 

Requirement of the flagellar sheath for the smooth swimming of MO-1 cells 171 

Although it has been over sixty years since the first report of flagellar sheath, its function in 172 

bacterial motility remain undemonstrated. The disintegration of the flagellar sheath by citrate 173 

provides an effective means to analyze sheath function. Figure 4 shows a typical TEM image of 174 

MO-1 cell after treatment with sodium citrate, flagella are dispersed resulting from disintegration 175 

of sheath (Fig. 4A2 versus 4A1). The extent of disintegration augmented with increased 176 

concentration of citrate and prolonged incubation time. The impact of citrate treatment on cell 177 

motility was analyzed using dark field optical microscopy. Typically, MO-1 cells exhibit two 178 

patterns of motility; forward smooth-swimming and circumgyrating. Whereas smooth-swimming 179 
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bacteria exhibited a helical trajectory (Fig. 4B, ‘s’ symbol), circumgyrating cells appeared as 180 

bright spots, or rosette (Fig. 4B, ‘c’ symbols and inset) when observed at high amplification. The 181 

circumgyrating swimming might result from either disordered flagellar rotation or adhesion of 182 

flagella to the slides. Non motile bacteria also appeared as spots, generally sharper and smaller 183 

than the circumgyrating cells (Fig. 4B). We quantified the helical trajectories and the spots using 184 

Image J software. Without citrate treatment, about half of MO-1 cells (43.3±7.9%, average ± 185 

standard deviation, n=618 cells analyzed) swam smoothly with swimming velocity of 126 ± 10 186 

µm s
-1

. The percentage and the velocity of smooth swimming bacteria decreased in direct 187 

proportion with the increase of citrate concentration (Fig. 4C1 and 4C2, respectively). When 188 

sodium citrate was added at 50 mM, less than 1% cells swam smoothly with velocity of 49 ± 11 189 

µm s
-1

 (n=312). Moreover, addition of magnesium or calcium ions relieved the deleterious effect 190 

of citrate on bacterial motility (Fig. 4D). Under these conditions, the sheath structure remained 191 

intact. Statistic analysis confirms that harmful effect of citrate on the smooth swimming is 192 

significant compared to the untreated cells or cells protected by divalent ions (Table 1). Together 193 

these results reveal that the sheath of the flagellar bundle is crucial for the smooth swimming of 194 

MO-1 cells. 195 

 196 

Discussion 197 

Since the first observation in Vibrio metchnikovii in 1947 (Van Iterson, 1947), single flagellar 198 

sheath that cover only one polar flagellum has been reported for several bacterial species. 199 

Microscopic studies together with immunolabeling analyses revealed that the single flagellum 200 

sheath is a continuation of the cell wall (Burygin et al., 2007; Fuerst and Perry, 1988; Glauert, 201 

1968). Interestingly, Hranitzky et al. have reported that although the sheath protein was detected 202 
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on the flagellum as well as on the outer membrane of the V. cholera cells, antibody specific for 203 

lipopolysaccharide labeled the cell but not the sheathed flagellum (Hranitzky et al., 1980). 204 

Therefore, they proposed that the sheath is not a simple extension of the outer membrane. In this 205 

study, immuno-fluorescence analysis revealed that Sap also locate on the surface of the MO-1 206 

cells (Supporting information, Fig S4). However, immune-gold labeled only sheath disconnected 207 

from the cells or the isolated sheath, but not the cell surface (data not shown). The discrepancy of 208 

the results might be due to the difference between the two immune-detection procedures used. 209 

Fluorescein is a small molecule with a mass of about 332 Dalton (<1 nm). In contrast the gold 210 

particle has a big size of about 7 nm. Therefore, fluorescein marker has a better accessibility than 211 

gold particles. In addition, MO-1 cells are rich in phosphor and lipid granules, which 212 

considerably reduced the contrast between cells and the gold particles and made the observation 213 

difficult. It is unknown how the Sap protein is secreted to the cellular surface and how they 214 

assemble at precise position to form the sheath. N-terminal sequencing revealed that the first 225 215 

residues are absent from the mature Sap, implying a processing of the precursor during Sap 216 

secretion. As the potentially processed segment does not carry any known protein targeting 217 

signal sequence, a novel protein targeting and secretion mechanism might be involved in sheath 218 

assembly.  219 

Calcium ions impact nearly every aspect of cellular life. Ca
2+

-binding triggers changes in protein 220 

shape and charge, participates in a variety of cellular processes in both eukaryotic and 221 

prokaryotic organisms (Clapham, 2007; Dominguez, 2004). Eukaryotic extracellular matrix hosts 222 

a large variety of Ca
2+

-binding proteins (Maurer et al., 1996). For example, human fibrillin-1 is a 223 

350 kDa calcium binding glycoprotein, which assembles to form 10-12 nm microfibrils in 224 

extracellular matrix (Handford, 2000). MO-1 Sap protein shares similarity with fibrillin-1 in that 225 
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both are exported large glycoproteins and assemble into higher order structures in a calcium ion-226 

dependent manner. To our knowledge, the MO-1 sheath is the only known bacterial extracellular 227 

calcium dependent architecture assembled from glycoprotein. Sequence similarity between Sap 228 

and cadherins would suggest that calcium ions bind to residues Asp, Asn, Glu and Gln rather 229 

than directly to glycans of Sap as that occurs in cadherins. Autolysis or treatment of flagella with 230 

hydrochloric acid or urea resulted in loss of the sheaths of V. metchnikovii and P. stizolobii 231 

flagella (Follett and Gordon, 1963; Fuerst and Hayward, 1969), implying a fragile structure of 232 

the single flagellum sheath. Here we showed that removing calcium ions by chelators 233 

disintegrates the MO-1 sheaths. It is unknown whether the assembly of the single flagellum 234 

sheath is mediated by the calcium ions and if the same mechanism is involved in the assembly of 235 

both single flagellum and multiple flagella sheath. 236 

Once thought to be restricted to eukaryotes, glycosylation is now being increasingly reported in 237 

prokaryotes (Spiro, 2002). Examples of bacterial glycoproteins include, among others, the 238 

flagellins of Pseudomonas aeruginosa (Takeuchi et al., 2003) and Campylobacter spp. (Doig et 239 

al., 1996), the type IV pili of P. aeruginosa (Castric, 1995) and Neisseria meningitides (Power et 240 

al., 2003), the Fap1 fimbrial adhesin of Streptococcus parasanguinis (Stephenson et al., 2002), 241 

the high-molecular-weight protein (HmwA) of Haemophilus influenzae (Grass et al., 2003), and 242 

the autotransporter protein Ag43 of Escherichia coli (Sherlock et al., 2006). It is evident that 243 

glycosylation plays a vital role in pathogenicity and host invasion (Szymanski and Wren, 2005). 244 

Interestingly, impairment of flagellin glycosylation in Pseudomonas syringae pv. tabaci 245 

decreases bacterial swimming activity in a highly viscous medium and affects polymorphic 246 

transitions and the bundle formation of peritrichous flagella (Taguchi et al., 2008). It has been 247 

proposed that glycosylation stabilizes the filament structure and lubricates the rotation of the 248 
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bundle. Lubricant function of glycoproteins in human body has been demonstrate (Hills, 2000). 249 

In this study we found that both the major sheath protein Sap and flagellins are glycosylated. 250 

Considering that seven flagella rotate within the sheath, probably at very high frequency, it 251 

seems reasonable to propose that, apart from other functions, the glycans on the sheath and 252 

flagella of MO-1 cells might serve as lubricants to reduce the mechanical friction. At present, we 253 

don’t know if the same system is involved in the glycosylation of the flagellin and the sheath 254 

proteins. In addition, whether the glycosylation is essential for the export, assembly and/or 255 

function of sheath and flagellins remains an open question. 256 

Little is known about the function of the bacterial flagellar sheath. It has been suggested that the 257 

sheath may serve as a protective covering since sheathed polar flagella appear to be more 258 

resistant to protease hydrolysis and mechanical treatment than unsheathed peritrichous flagella 259 

do. In addition, flagellum sheaths of V. cholerae and H. pylori have been proposed to serve as a 260 

carrier of adhesins (Evans et al., 1993; Fuerst and Perry, 1988), being important for specific 261 

interactions with
 
the

 
environment. However, the functional significance of the sheath in bacterial 262 

motility is unknown. The feature of the Ca
2+

-dependent assembly of MO-1 flagellar sheath 263 

allowed us to address this question. Disintegration of the sheath apparently has a deleterious 264 

effect on the smooth swimming of the MO-1 cells. It is expectable that rotation of seven 265 

individual flagella at high frequency within a bundle must be mechanically and structurally 266 

coordinated. We have observed the same sheath structure in uncultivated coccoid-ovoid 267 

Mediterranean magnetotactic bacteria collected at Ile des Embiez (Lefèvre et al., 2009). In 268 

addition, the Cand. M. marinus  MC-1 strain isolated from the Pettaquamscutt Estuary in USA 269 

(D. A. Bazylinski, personal communication), an axenic magnetotactic coccus culture isolated 270 

from a hypersaline sea, the Salton Sea, California (C. T. Lefèvre, and D. A. Bazylinski, 271 
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unpublished), uncultivated magnetotactic cocci collected from the China Sea (Zhou et al., 2010) 272 

and Mediterranean Sea (N. Pradel, personal communication) seem to contain the same 273 

bilophotrichous flagella and sheath structure as the MO-1 cells. Evolution might have selected 274 

the Ca
2+

-mediated sheath structure to ensure harmonious rotation of the flagella within the 275 

bundles to achieve an efficient magneto-aerotaxis of marine cocci. Elucidation of the mechanism 276 

of flagellar sheath synthesis challenges current knowledge of secretion and assembly of 277 

glycoproteins into the remarkable extracellular locomotion apparatus. 278 

 279 

Experimental procedures 280 

Extraction and analysis of the flagellar apparatus 281 

Magneto-ovoid strain MO-1 was incubated in the EMS2 medium at 24°C to exponential phase 282 

(Lefèvre et al., 2009). Cells were collected by centrifugation at 14 000 g for 10 min, resuspended 283 

with synthetic seawater (332 mM NaCl, 29 mM MgCl2, 23 mM Na2SO4, 16 mM CaCl2, 7 mM 284 

KCl in 12.5 mM pH7.2 HEPES buffer), and cell suspension was pushed through syringe needles 285 

(0.8x40 mm) 20 times to shear the flagellar propellers. Sheared cells were centrifuged at 20 000 286 

g for 5 min to separate cells and cellular debris from the flagellar propellers. The supernatants 287 

were further centrifuged at 200 000 g for 50 min, and the pellets (C2) were resuspended with the 288 

synthetic seawater if not mentioned specially. In general, protein samples are maintained at low 289 

temperature (on ice or at 4°C) to prevent the proteolysis. Autolysis of C2 fraction was thus 290 

performed by incubating at 37°C for 4 days. Analysis of microscopes and SDS-PAGE were 291 

made as previously described (Pradel et al., 2006).  292 

Glycosylated proteins were visualized by Periodic acid-Schiff staining according to Zacharius et 293 

al. (Zacharius et al., 1969).  294 
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To study the disintegration of the sheath, the pellets C2 were resuspended with synthetic 295 

seawater or HEPES buffer (12.5 mM, pH=7.2), supplemented with generally used calcium 296 

chelator such as EDTA, EGTA or sodium citrate at the final concentrations as indicated in the 297 

text. After incubation in ice for 45 min, C2 fractions were ultracentrifuged and the pellets were 298 

resuspended with modified synthetic seawater without divalent ions, or supplemented with 16 299 

mM CaCl2 or 29 mM MgCl2, or both and incubated at room temperature for 45 min. The 300 

presence of sheath was examined under electron microscope.  301 

Measurement of swimming velocities 302 

MO-1 cells at exponential growth phase were collected and distributed into microtubes. HEPES 303 

buffer (25 mM, pH 7.2 supplemented with 328 mM NaCl, 22.8 mM Na2SO4, and 7.4 mM KCl) 304 

was added at 1/10 volume to the cell suspensions. When required, sodium citrate (at final 305 

concentrations as indicated in text), CaCl2 (added at 1/10 volume from supernatant of saturated 306 

solution in the HEPES buffer), or MgCl2 (50 mM in the HEPES buffer) were added at time zero. 307 

After one to six hours of treatment, seven microliter aliquots of cell suspensions were dropped 308 

onto microscope slides and covered with 22 x 22 mm cover slips, and observed using a 40x 309 

objective on a ZEISS Photomicroscope III microscope under dark field. Swimming tracks were 310 

recorded with a Photonic Scientific CCD camera controlled by Image-Pro program with 311 

exposure time of 100 ms, and the images were analyzed using Image J. Statistics were done with 312 

Origin 8 software. 313 

Electron microscopy 314 

Transmission electron microscopic analysis was as described previously (Pradel et al., 2006). 315 

Image-Pro plus was used for inverse Fourier transform analysis of the TEM images. For image 316 

enhancement the major peaks in the Fourier Transform were amplified. Polypeptides M1 were 317 
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excised from the polyacrylamid gels and used to generate rabbit polyclonal antibodies by using 318 

conventional protocol (Harlow and Lane, 1988). Immuno-gold staining using polyclonal rabbit 319 

anti-M1 at dilution of 1/1500 and 7 nm gold-conjugated protein A was performed as described 320 

by Pradel et al. (Pradel et al., 2006). 321 
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Table 1. Significance of the effect of citrate treatment on smooth swimming of MO-1 cells. 438 

 439 

Treatment
1
 Percentage of 

mobile cells 

Average speed 

(µm/s) 

P value
2
 

HEPES buffer (27.3±7.3) % 114±13 3.8891E-11 

HEPES 

buffer+Citrate 

(7.1±5.5)% 72±16 - 

HEPES 

buffer+Citrate+Mg
2+

 

(25.7±10.8)% 108±13 1.7231E-9 

HEPES 

buffer+Citrate+Ca
2+

 

(25.6±7.0)% 100±12 1.3825E-8 

 440 

 441 

1. Composition of the HEPES buffer and concentration of ions used are described in text. 442 

2. Two sample t-test of average speed was analyzed by OriginPro 8 software. Each sample was 443 

compared with HEPES buffer+Citrate. 444 

 445 
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 446 

Figure Legends 447 

Figure 1. Composition of extracted surface appendages of MO-1 cells . 448 

Intact (A) or autolyzed (B) C2 fractions were inspected under electron microscope. Panels (C), 449 

(D) and (E) show original TEM micrograph of a isolated sheath, the amplitude spectrum of 450 

Fourier transform, and inverse Fourier transform image after filtering, respectively. Black 451 

arrows, black arrow heads and white arrow heads indicate sheaths, flagella and vesicles, 452 

respectively. Scale bars show 100 nm. Panel (F): whole cell (lane 1), untreated (lane 2) or 453 

autolyzed (lane 3) C2-fractions were resolved on 7.5% polyacrylamide gels by SDS-PAGE and 454 

stained by Coomassie blue (lanes 1 to 3,) or Periodic Acid Schiff staining (lane 1s to 3s). 455 

Molecular masses (lane M) are indicated as kDa on left.  456 

 457 

Figure 2. Localization of M1 protein. Specificity of polyclonal anti-M1 antibodies was 458 

confirmed by recognization of M1 polypeptides in whole cell extracts (inset image, lane 1) or C2 459 

fractions (lane 2) by immunoblotting analysis. Molecular masses are indicated as kDa on right. 460 

Localization of M1 polypeptides in C2 fractions is revealed by immuno-gold staining by using 461 

the polyclonal anti-M1 antibodies. Inset is amplification of the area as indicated by the dashed 462 

lines. Black arrow, black arrow head and white arrows indicate sheath, flagellum  and gold 463 

particles, respectively. 464 

 465 

Figure 3. Reconstitution of the sheath structure.  466 

To disintegrate sheaths, C2 fractions were incubated with 50 mM sodium citrate in synthetic 467 

seawater in ice for 45 min and centrifuged (see Experimental procedures). The pellets were 468 
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resuspended with synthetic seawater without calcium and magnesium (A), or supplemented with 469 

CaCl2 and MgCl2 (B), CaCl2 (C) or MgCl2 (D), incubated for 45 min and inspected under TEM. 470 

Black arrows, black arrow heads and white arrow heads indicate sheaths, flagella and vesicles, 471 

respectively. Scale bars show 100 nm. 472 

 473 

Figure 4 474 

Requirement of the sheath for smooth swimming of MO-1 cells.  475 

TEM micrographs show typical untreated (panel A1) or citrate (25 mM) treated MO-1 cells 476 

(panel A2). Swimming tracks of MO-1 cells were recorded by using dark field optical 477 

microscopy with 100 ms exposure time (panel B), showing the smooth swimming (s) or 478 

circumgyrating cells (c). Bars show 0.5 µm in (A1) and (A2), 3 µm in (B) and 1 µm in the inset 479 

of (B). Panels C1 and C2 show the effect of increasing concentration of sodium citrate on the 480 

proportion of smooth swimming or the velocity of smooth swimming cells, respectively. Panels 481 

D1 and D2 show the effect of treatment with sodium citrate without or with magnesium or 482 

calcium ions on the proportion of smooth swimming or the velocity of smooth swimming cells, 483 

respectively. The values are average plus standard deviation obtained by analysis of more than 484 

10 microscope records. 485 

 486 
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