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Phase-contrast light microscopy revealed that only one of eight cultivated strains belonging to the Sphaero- 
tilus-Leptothrix group of sheathed bacteria actually produced a sheath in standard growth media. Two Spha- 
erotilus natans strains produced branched cells, but other morphological characteristics that were used to 
identify these bacteria were consistent with previously published descriptions. Genomic fingerprints, which 
were obtained by performing PCR amplification with primers corresponding to enterobacterial repetitive 
intergenic consensus sequences, were useful for distinguishing between the genera Sphaerotilus and Leptothrix, 
as well as among individual strains. The complete 16s ribosomal DNA (rDNA) sequences of two strains of 
“Leptothrix discophora” (strains SP-6 and SS-1) were determined. In addition, partial sequences (approximate- 
ly 300 nucleotides) of one strain of Leptothrix cholodnii (strain LMG 7171), an unidentified Leptothrix strain 
(strain NC-l), and four strains of Sphaerotilus natans (strains ATCC 1333ST [T = type strain], ATCC 15291, 
ATCC 29329, and ATCC 29330) were determined. We found that two of the S. natans strains (ATCC 15291 and 
ATCC 1333ST), which differed in morphology and in their genomic fingerprints, had identical sequences in the 
300-nucleotide region sequenced. Both parsimony and distance matrix methods were used to infer the evolu- 
tionary relationships of the eight strains in a comparison of the 16s rDNA sequences of these organisms with 
16s rDNA sequences obtained from ribosomal sequence databases. All of the strains clustered in the Rubrivivax 
subdivision of the p subclass of the Proteobacteria, which confirmed previously published conclusions concern- 
ing selected individual strains. Additional analyses revealed that all of the s. natans strains clustered in one 
closely related group, while the Leptothrix strains clustered in two separate lineages that were approximately 
equidistant from the S. natans cluster. This finding suggests that the tentative species “L. discophora” needs to 
be more clearly defined and compared with other species belonging to the genus Leptothrix. 

Sheath-forming bacteria are found in several disparate bac- 
terial groups, including the nonfruiting gliding bacteria, the 
cyanobacteria, and the methanogens. In Bergey’s Manual of 
Systematic Bacteriology the following seven genera are de- 
scribed under the heading “Sheathed Bacteria” (36): Sphaero- 
tilus, Leptothiix, Crenothiix, Phragmidiothiix, Haliscomenobacter, 
and Lieskeella. These taxa are distinguished primarily on the basis 
of morphological criteria. The sheathed bacteria that have been 
described (36) include five Leptothiix species (34), Sphaerotilus 
natans (35), and Haliscomenobacter hydrossis (33). The latter two 
species and two Leptothrix spp. (“Leptothiix discophora ” and 
Leptothrix choludnii) are available from culture collections. 
The type species of the genus Leptothrix, Leptothrix ochracea, is 
frequently observed in natural systems containing iron bacteria 
(20, 22, 40) but has never been cultivated successfully and 
therefore is not available in axenic culture (34). The other 
Leptothrix species that have been described. “Leptothrix pseu- 
do-ochracea” and Leptothrix lopholea, are not, to our knowl- 
edge, available from culture collections. Recently, the results 
of DNA-rRNA hybridization experiments (53) and 5s and 16s 
rRNA sequence analyses (8, 29) have been used to place L. 
cholodnii, “L. discophora,” and S. natans in the p-1 subgroup of 
the Proteobacteria, and the results of a phylogenetic analysis of 
small-subunit rRNA (19) have been used to place H. hydrossis 
in the saprospira subgroup of the “flavobacter-bacteroides” 
phylum. 

The genera Sphaerotilus and Leptothrix have always been 
considered closely related (20). Indeed, these taxa are fre- 
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quently referred to collectively as the Sphaerotilus-Leptothrix 
group. While the distinction between these two genera has 
been debated for many years (20), there has been no compre- 
hensive phylogenetic analysis in which the closely related or- 
ganisms belonging to this group have been compared. 

A powerful method for such an analysis is 16s rRNA se- 
quence comparison. This method has recently become an im- 
portant tool for estimating phylogenetic and evolutionary re- 
lationships among organisms (38, 39, 50, 55). However, 
inferring phylogenetic relatedness from the results obtained 
with this method is not necessarily a straightforward process. 
There have been many investigations of the accuracy of the 
methods used to infer phylogenetic relatedness (24,25,41,45). 
For closely related organisms (i.e., when the rates of evolu- 
tionary change are low), the results of most methods may 
converge on the “correct” answer, especially when enough 
data are used. However, the quantity of data needed for “cor- 
rect” phylogenetic inferences may vary from method to 
method. For example, Hillis et al. (25) examined a simulation 
involving four taxa evolving under a Kimura model with equal 
but high rates of evolution and a transition-to-transversion 
ratio of 1O:l. They found that sequences containing as few as 
200 nucleotides were sufficient when the weighted parsimony 
method was used, while up to 50,000 nucleotides were required 
when a neighbor-joining method was used. Although Hillis et 
al. (25) did not explicitly discuss the problem, the choice of 
which 200 nucleotides to use is certainly critical for the success 
of the weighted parsimony method. While it is desirable to 
analyze complete 16s ribosomal DNA (rDNA) or rRNA se- 
quences, the time-consuming nature of sequencing work has 
made partial sequence comparisons an attractive alternative. 
In recent years, several investigators have demonstrated the 
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TABLE 1. Bacterial strains used and their sources 

Taxon Strain“ Source or 
reference“ 

“Leptothrix discophora” 
“LeptothnX discophora” 
Leptothrix sp. 
Leptothrix cholodnii 

Sphaerotilus natans 
Sphaerotilus natans 
Sphaerotilus natans 
Sphaerotilus natans 
Escherichia coli 

SS-1 (= ATCC 43182) 
SP-6 (= ATCC 51168) 
NC-lb 
LMG 7171 (= CCM 1827 = 

Mulder 5 )  
ATCC 13338T 
ATCC 15291 
ATCC 29329 
ATCC 29330 
DH5aF’ 

18 
10 
Corstjens‘ 
BCCM/ 
LMG 
ATCC 
ATCC 
ATCC 
ATCC 
Winansd 

“ ATCC, American Type Culture Collection, Rockville, Md.; CCM, Czecho- 
slovak Collection of Microorganisms, Bme, Czechoslovakia; BCCM/LMG, Bel- 
gian Coordinated Collection of Microorganisms/Laboratorium voor Microbiolo- 
gie Universiteit Gent Bacterial Culture Collection, Ghent, Belgium. 

Strain NC-1 was isolated from Bear Trap Creek in Syracuse, N.Y., by Hans 
and Liesbeth de Vrind and Eleanora Robbins. 

Paul Corstjens, Department of Chemistry, Leiden University, Leiden, The 
Netherlands. 

Steve Winans, Department of Microbiology, Cornell University, Ithaca, N.Y. 

utility of using partial rRNA sequences for phylogenetic infer- 
ence (3, 5, 29, 30, 56). 

In this present study, we examined the relatedness of eight 
strains belonging to the Sphaerotilus-Leptothrrjc group. All of 
the strains which we used are available from culture collections 
or laboratories that are actively engaged in research on these 
bacteria. We compared these strains by using the following 
characteristics: presence of a sheath, cellular morphology, and 
genomic fingerprints. One of our major goals was to compare 
16s rRNA gene sequences in order to construct a phylogeny of 
the group. We determined the complete 16s rDNA sequences 
of “L. discophora” SP-6 and SS-1 and partial 16s rDNA se- 
quences (corresponding to approximately positions 8 to 304 in 
the Escherichia coli 16s rRNA sequence [4]) of L. cholodnii 
LMG 7171, Leptothnjc sp. strain NC-1, and four S. natans 
strains. We used both parsimony-based and distance matrix- 
based methods to construct phylogenetic trees which showed 
the relationships of the eight strains studied to each other and 
to other members of the p subgroup of the Proteobacteria. 

MATERIALS AND METHODS 

Cultures and cultivation. The sources of bacterial strains used in this study are 
shown in Table 1. Leptothh cultures were grown in PTYP medium, which 
contained (per liter of distilled deionized water [ddH,O]) 0.25 g of peptone 
(Difco Laboratories, Detroit, Mich.), 0.25 g of Trypticase (BBL Becton Dickin- 
son Microbiology Systems, Cockeysville, Md.), 0.50 g of yeast extract (Difco), 0.6 
g of MgSO, * 7H20 (Fisher Scientific, Fairlawn, N.J.), 0.07 g of CaCl, * 2H20 
(Fisher), and 2.38 g of HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid) buffer (United States Biochemical Corp., Cleveland, Ohio); the pH of this 
medium was adjusted to 7.2 with NaOH before autoclaving. Sodium pyruvate 
(0.1%) and iron sulfate (10 pM) were added aseptically after autoclaving from 
filter-sterilized and autoclaved stock solutions, respectively. For morphological 
comparisons of Leptozhh strains, Mn2+ was added to PTYP medium at a final 
concentration of 3 pdml from an autoclaved stock solution containing 300 pg of 
Mn2+ as MnS0, * H,O per ml. S. natans strains were grown in CGYA medium 
(18), which contained (per liter of ddH20) 5 g of Casitone (Difco), 10 g of 
glycerol, and 1 g of yeast extract. For morphological comparisons, these strains 
were grown in an unbuffered medium containing 1 g of peptone per liter of 
ddH20 and 1 g of glucose per liter of ddH20, as recommended by Mulder (35). 
Liquid cultures were inoculated by transferring 100-pl portions of a 2-day-old 
culture into 25 ml of the appropriate medium in 250-ml flasks. The flasks were 
incubated at 28°C on a rotary shaker at 100 rpm. E. coli was grown in either Luria 
broth or M9 minimal liquid medium (42) at 37°C on a rotary shaker at 250 rpm. 
Ampicillin was added to a final concentration of 60 pdml when it was required 
for selection of transformants and maintenance of plasmids. Solid media were 
prepared by adding 1.5% Bacto-Agar (Difco). 

Phase-contrast microscopy. Each agar-coated slide mount for photomicrog- 

raphy was prepared by placing 7 pl of a culture under a coverglass (22 by 22 mm) 
on a 1-mm-thick glass microscope slide that previously had been coated with a 
film consisting of 0.75% Bacto-Agar (Difco) in dd H,O and air dried. Repre- 
sentative fields containing immobilized cells were photographed by using a 
phase-contrast lOOX Plan-apochromat oil immersion objective lens (numerical 
aperture [NA] = 1.3) and an oil immersion condenser lens (NA = 1.4) mounted 
on a Zeiss model Standard 18 microscope equipped with a Zeiss model MC-63 
35-mm camera system. The film used for the photomicrographs was Kodak 
TMax 100 black and white film. 

Genomic fingerprinting. The PCR primers used for genomic fingerprinting 
(49) were designed by using each half of the core inverted repeat of the entero- 
bacterial repetitive intergenic consensus (ERIC) sequences (26). Fingerprints 
were obtained by using the PCR cycling conditions and cocktail recipe described 
by de Bruin (lo), as modified by J. B. Herrick (22a). In the modified procedure, 
cells from colonies (less than 1 week old) on agar plates were transferred with a 
platinum needle into 10 p1 of dd H,O in a 20O-pl thin-wall tube (Lab Product 
Sales, Rochester, N.Y.), heated at 95°C for 5 min, and immediately cooled on ice. 
A PCR cocktail (33.75 pl) was then added to the tube so that the final concen- 
trations of the components in the 50-p1 reaction mixture were as follows: 50 mM 
KCl, 10 mM Tris (pH 8.Q 1.5 mM MgCl,, 0.1 mg of nuclease-free bovine serum 
albumin (BSA) (New England Biolabs, Beverly, Mass.) per ml, 0.05% Tween 20, 
2 pM primer ERIClR (49) (Cornell Oligonucleotide Synthesis Facility, Biotech- 
nology Institute, Cornell University, Ithaca, N.Y.), 2 (LM primer ERIC2 (49) 
(Cornell Oligonucleotide Synthesis Facility), and 4 U of Tu9 polymerase (Pro- 
mega Corp., Madison, Wis.) per 50 (~1. Then 2 drops of sterile mineral oil were 
added, the solution heated to 80°C in a Minicycler thermocycler (MJ Research, 
Watertown, Mass.), and each deoxynucleoside triphosphate (dNTP) was added 
to a final concentration of 125 pM. The following cycling program was used: 7 
rnin at 95°C; 34 cycles consisting of 1 min at 94”C, 1 min at 52”C, and 8 min at 
65°C; and finally elongation for 16 rnin at 65°C. A 10-1-1.1 portion of the amplifi- 
cation products was combined with a Ficoll-based loading dye (42) and was 
loaded into a 2% agarose gel containing wells made with a fine-tooth comb 
(tooth thickness, 0.75 mm). The gel was electrophoresed at 4 V/cm for approx- 
imately 2 to 2.5 h at room temperature and then stained with ethidium bromide. 
All PCR were performed in duplicate and repeated three times to ensure that the 
fingerprint band profiles were reproducible. The fingerprints generated by using 
whole cells (as described above) were also verified by comparing them with 
fingerprints generated with 50 ng of purified chromosomal DNA isolated from 
each strain by standard procedures (2). 

Primers used for PCR amplification and sequencing of the 16s rDNA. For 
PCR amplification, our 5’  primer (primer P5) corresponded to primer POmod, 
and our 3’ primer (primer P3) corresponded to primer PC5 described by Wilson 
et al. (54). These primers were synthesized with an additional 5’ linker containing 
restriction sites for either SulI or EcoRI (primer P5) or HindIII, BurnHI, and 
XrnuI (primer P3), as described by Weisburg et al. (52), at the Cornell Oligo- 
nucleotide Synthesis Facility. 

The design of our sequencing primers was based on conserved regions of 
previously described 16s rRNA gene sequences of eubacteria. The forward 
primers used were primers P5 (see above), P342 (5‘-CTACGGGAGGCAG 
CAGT; positions 342 to 357), P520 (5’-CAGCAGCCGCGGTAATAC; positions 
520 to 537), Pint (5’-ATTAGATACCCTGGTAGTCC; positions 786 to 805), 
P1090 (5’-TTAAGTCCCGCAACGAGCG; positions 1090 to 1108). and P1336 
(5’-GGA[G, T, A]T[C, G, TJGCTAGTAATCG; positions 1336 to 1352) (E. coli 
numbering [4]). The primers used to determine sequences in the reverse direc- 
tion were primers P3 (see above), P1221R (5’-CCAlTGTAG[CGT]ACGT 
GTGT; positions 1221 to 1204), P1061R (5’-GT[C, T]GGTACGT[C, GIGTG 
GACA, positions 1061 to 1044), P793R (5’-GCGTGGACTACCAGGGTA; po- 
sitions 793 to 776), P520R (5’-GTATTACCGCGGCTGCTG; positions 537 to 
520), and P258R (5’-C?TGGT[G, A][G, A]GCC[GTA]TTACC; positions 274 to 
258) (E. coli numbering [4]). 

PCR amplification and cloning. The procedure used for PCR amplification of 
the 16s rDNA was similar to the procedure of Herrick et al. (23). Cells from 
colonies growing on agar plates were transferred into 10 pl of dd H,O, heated at 
95°C for 5 min, and immediately cooled on ice as described above. A PCR 
cocktail (85 pl) was added to give the following final concentrations of compo- 
nents in the 100-pl reaction mixture: 50 mM KCl, 10 mM Tris (pH 8.9, 1.5 mM 
MgCl,, 0.1 mg of nuclease-free BSA (New England Biolabs) per ml, 0.05% 
Tween 20,0.25 pM primer P5,0.25 pM primer P3, and 2.5 U of Taq polymerase 
(Promega Corp.) per 100 p1. After 2 drops of sterile mineral oil were added, each 
tube was heated to 80°C in a Minicycler thermocycler (MJ Research), and each 
dNTP was added to a final concentration of 50 pM. The following PCR ampli- 
fication protocol was used: 4 min at 94°C; 35 cycles consisting of 1 min at 94”C, 
1 rnin at 51T ,  and 2 rnin at 74°C; and finally elongation for 5 rnin at 74°C. The 
amplification products were electrophoresed in a 0.8% agarose gel and stained 
with ethidium bromide (42). 

Bands containing the amplified 16s rDNA were excised from the gel and 
purified by using a SpinBind DNA recovery system (FMC BioProducts, Rock- 
land, Maine). The purified DNA was restricted with SalI and Hind111 and ligated 
into similarly restricted Genescribe-Z vectors pTZ18R and pTZ19R (United 
States Biochemical Corp.). E. coli DH5aF‘ was used as the host strain. Trans- 
formations were performed by the method of Chung et al. (6), and ampicillin 
resistance was selected for on Luria agar plates containing 20 pg of X-Gal 
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(5-bromo-4-chloro-3-indolyl-~-~-galactoside) per ml and 5 p.g of IPTG (isopro- 
pyl-P-D-thiogalactoside) per ml. Plasmid DNAs isolated from white colonies 
were checked by performing a restriction enzyme analysis by standard proce- 
dures (42). The following strategy was used to decrease the possibility of se- 
quencing a clone containing a Tuq-induced artifact. For each strand of each 16s 
rRNA gene sequenced, 10 to 20 different clones were isolated. Single-stranded 
DNA was prepared from each of the clones, and equal amounts of the resulting 
single-stranded DNAs were pooled and used for sequencing. Single-stranded 
DNA was prepared as recommended by the plasmid manufacturer (United 
States Biochemical Corp.), except that phage-infected cells were grown for no 
more than 8 h rather than 14 to 18 h prior to harvesting. 

Sequencing. Single-stranded templates were sequenced by the dideoxy chain 
termination method of Sanger et al. (43) by using a Sequenase version 2.0 DNA 
sequencing kit (United States Biochemical Corp.). The DNA polymerase was 
prediluted in glycerol enzyme dilution buffer containing PP,; annealing and 
labeling with a-S3’-labeled dATP (Amersham Corp., Arlington Heights, Ill.) 
were performed as recommended by the manufacturer. Termination reactions 
were performed at 60°C for 5 min. In some cases, the reactions were performed 
with dITP as well as dGTP to relieve compression artifacts associated with 
G-C-rich regions of sequence. Sequencing gels were prepared and electropho- 
resed with glycerol-tolerant gel buffer (United States Biochemical Corp.). Stan- 
dard methods were used for electrophoresis and autoradiography (42). 

Sequence alignment and analyses. Sequences were aligned with the most 
similar sequences obtained from the GenBanWEMBL and Ribosomal Database 
Project databases (11, 31). Sequences were retrieved from the Ribosomal Data- 
base Project in an aligned format. The sequences generated in this study were 
aligned manually by using conserved primary and secondary structural features, 
and regions where the alignment was ambiguous were not included in the phy- 
logenetic analysis. 

The results of the distance matrix and parsimony methods used for phyloge- 
netic inference were compared in order to ensure consistency in tree topology. 
Pairwise similarity values were determined and were converted to evolutionary 
distances by using the Jukes-Cantor (27), Kimura two-parameter (28), and max- 
imum-likelihood (13) models of nucleotide substitution offered in the DNADIST 
program in PHYLIP version 3 . 5  (15). The transition-to-transversion ratio used 
was set at 2:l when permitted by the program employed. Evolutionary distances 
were converted into dendrograms by the algorithm of Fitch and Margoliash (17) 
using the FITCH program in PHYLIP (15). The input order of species was 
randomized by using the “J (Jumble)” option, and 20 different input orders were 
analyzed. The “G (Global)” branch-swapping option was also used, and this 
option allowed us to reconsider the position of every species after the last species 
was added to the tree. Output data from the FITCH programs were converted 
into unrooted trees by using the DRAWTREE program in PHYLIP version 3 . 5 ~  
(15). The trees constructed from the distance matrix data were compared with 
the trees obtained by a parsimony method based on the Fitch model of nucle- 
otide substitution (16) available in PAUP version 3.0s (47). A search for optimal 
trees was performed by using the branch-and-bound algorithm and heuristic 
methods in which we used stepwise addition and tree bisection and reconnection 
branch swapping (48); the trees obtained with the different search methods were 
compared. The statistical validity of the trees was investigated by the bootstrap 
method of numerical resampling (14) by using the SEQBOOT program in 
PHYLIP version 3.512 (15) and the bootstrap option in PAUP version 3.0s (47). 
In both cases, 200 bootstrap resamplings were performed. In addition to the 
Leptothrix and Sphuerotilus sequences determined in this study, sequences of 
representative organisms belonging to the p and y subgroups of the Proteobuc- 
teriu in the databases (11, 31) were also included in the phylogenetic analysis. 

Nucleotide sequence accession numbers. The sequences determined in this 
study have been deposited in the Genome Sequence DataBase (GSDB) at Los 
Alamos National Laboratory (formerly GenBank) under the following accession 
numbers: “L. discophoru” SP-6, L33974; “L. discophora” SS-1, L33975; L. 
cholodnii LMG 7171, L33979; Leptothrix sp. strain NC-1, L33981; and S. nutuns 
ATCC 15291, ATCC 29329, ATCC 29330, and ATCC 13338T (T = type strain), 
L33976, L33977, L33978, and L33980, respectively. 

RESULTS AND DISCUSSION 

Morphological comparison. Phase-contrast photomicro- 
graphs of the four Leptothrix and four Sphaerotilus strains used 
in this study are shown in Fig. 1. No sheath was detected by 
phase-contrast microscopy on cells of “L. discophora” SS-1 
(Fig. la), L. cholodnii (Fig. lb), and Leptothrix sp. strain NC-1 
(Fig. lc); however, phase-dense or refractile manganese oxide 
aggregates were produced extracellularly when cells were 
grown in PTYP medium containing Mn2+ (Fig. l a  through c). 
A lack of sheath formation in cultures of “L. discophora” SS-1 
(1) and other Leptothrix strains, including L. cholodnii (34), has 
been reported previously. We found that the formation of 
smooth colonies by these strains on PTYP agar was correlated 

with a lack of sheath formation (unpublished data). In con- 
trast, as described previously (1, 12), the “L. discophora” SP-6 
culture which we studied contained individual unsheathed 
cells, as well as filaments of cells inside sheaths encrusted with 
manganese oxides (Fig. Id, arrow), and this organism pro- 
duced rough colonies with filamentous edges on PTYP agar. 
Strain SP-6 cultures characteristically produce rough colonies 
and exhibit a sheathed phenotype in PTYP media, but they 
occasionally contain sheathless variants that produce smooth 
colonies (1, 12). 

Cellular diameter is a major criterion for distinguishing Lep- 
tothrix species. In this study, cells of L. cholodnii (Fig. lb) 
growing in PTYP medium ranged from 0.70 to 0.75 pm in 
diameter, which is consistent with the lower end of the cell 
diameter range reported previously for this species (0.7 to 1.3 
pm) (34). Cells of “L. discophora” SS-1 (Fig. la) and SP-6 (Fig. 
lb) grown under the same conditions ranged from 0.70 to 0.85 
pm in diameter, as reported previously (1, 12). Cells of Lep- 
tothrix sp. strain NC-1 (Fig. lc) ranged from 0.85 to 1.0 pm in 
diameter. Phase-dense granules containing poly-P-hydroxybu- 
tyrate (1, 34) were visible inside the cells of all four Leptothrix 
spp. strains (Fig. l a  through d). 

No phase-contrast microscopy-detectable sheath was ob- 
served in any of the S. natans strains growing in the liquid 
CGYA medium recommended by the American Type Culture 
Collection or in a standard peptone-glucose medium (35). No 
manganese oxide was deposited in media containing Mn2’. 
Like the sheathless Leptothrix strains described above, three of 
the S. natans strains (strains ATCC 1333ST, ATCC 29329, and 
ATCC 29330) produced smooth colonies with uniform edges 
on both recommended media. The formation of smooth colo- 
nies was correlated with the occurrence of sheathless cells in 
liquid media, as determined by phase-contrast microscopy 
(Fig. If through h). Only S. natans ATCC 15291 (Fig. lf) did 
not follow this pattern. This organism produced rough, fila- 
mentous colonies despite the lack of a phase-contrast micros- 
copy-detectable sheath in liquid media. The loss of sheath 
formation in S. natans cultures has been described previously 

Cellular clumping was a notable macroscopic feature ob- 
served in three of the four S. natans strains when they were 
grown with decreased aeration in liquid cultures. All of the 
Sphaerotilus strains grew more slowly and had lower final cell 
yields in the peptone-glucose medium than in CGYA medium. 
Cultures of type strain ATCC 13338 (Fig. le) did not exhibit 
the clumping phenomenon in either medium. On the other 
hand, these cultures did contain a large number of branched 
cells (Fig. le), especially in the late log phase of growth on 
CGYA medium. Cellular branching also was observed in 
CGYA medium cultures of strain ATCC 29329 (Fig. lh). Both 
strain ATCC 13338T and strain ATCC 29329 exhibited less 
pronounced cellular branching in the peptone-glucose me- 
dium. To our knowledge, true cellular branching (as shown in 
Fig. l e  and h) has not been observed previously in S. natans 
cultures, although false branching has been described (35). 

The range of cell diameters for S. natans ATCC 1333gT (Fig. 
le)  and ATCC 29329 (Fig. lh) growing in CGYA medium was 
approximately 1.5 to 1.7 pm; for strain ATCC 29330 (Fig. lg) 
the range of cell diameters was 1.3 to 1.5 pm; and for strain 
ATCC 15291 (Fig. If) the range of cell diameters was 1.8 to 2.0 
pm. These cellular diameter ranges are consistent with the 
values reported previously (35). As in the Leptothrix cultures, 
phase-dense poly-P-hydroxybutyrate granules were observed 
inside cells in the S. natans cultures (Fig. l e  through h). 

Genomic fingerprinting. Genomic fingerprints were gener- 
ated via PCR using primers based on ERIC sequences (26). 

(35). 
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FIG. 1. Phase-contrast photomicrographs of strains belonging to the Leptotlzrk-Sphuerotilus group. (a) “L. discophoru” SS-1. (b) L. cholodrrii LMG 7171. (c) 
Lrptothrzx sp. strain NC-1. (d) “L.  discophoru” SP-6. The arrow indicates a manganese oxide-encrusted sheath. (e) S. natuns ATCC 13338=. (f) S. nutans ATCC 15291. 
(8) S. nutaris ATCC 29330. (h) S. nutaris ATCC 29329. The arrows in panels e and h indicate branched cells. Phase-dense poly-P-hydroxybutyrate granules are visible 
i n  all micrographs and are indicated by the arrow in panel f. Bar = 15 km. See text for details. 

This technique was useful for distinguishing all of the strains 
included in this study (Fig. 2). The fingerprints obtained were 
reproducible and independent of whether purified DNA or 
whole cells were used as the template for the PCR (data not 
shown); similar results regarding template preparation were 
reported recently by Louws et al. (32). Among the Leptothrix 
strains, the most divergent band pattern was observed in Lep- 
tothrix sp. strain NC-1 (Fig. 2A, lanes 3 and 4) since this pattern 

did not appear to share any common bands with the patterns of 
the other Leptothrix strains. All of the other Leptothrrjc strains 
examined in this study produced a strong band at approxi- 
mately 480 bp (Fig. 2A, lanes 1 through 2 and 5 through S), and 
the intensity of this band was significantly greater in “L. dis- 
cophora” SS-1 than in the other strains (Fig. 2A, lanes 1 and 2). 
The differences in intensity could have been due to preferential 
amplification of this fragment in strain SS-1 or to the presence 
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FIG. 2.  ERIC PCR fingerprint patterns obtained hy using whole cells of 
strains belonging to the Leptotlzriw-Sphaerotihls group. (A) Lanes 1 and 2, “L. 
discophora” SS-1; lanes 3 and 4, Leptothriu sp. strain NC-I; lanes 5 and 6, L. 
cholodnii LMG 7171; lanes 7 and 8, “L. discophora” SP-6; lane 9.3 pg of a 123-bp 
DNA ladder (Gibco BRL Life Technologies, Gaithersburg, Md.). (B) Lane 1, 3 
kg of a 123-bp DNA ladder (Gibco BRL Life Technologies); lanes 2 and 3, S. 
natans ATCC 15291; lanes 4 and 5, S. nutans ATCC 13338’; lanes 6 and 7, S. 
natans ATCC 29330: lanes 8 and 9, S. nafans ATCC 29320. See text for details. 

of other fragments of equal length which comigrated during 
electrophoresis. In addition to this band, L. cholodnii and “L. 
discophora” SP-6 had two other bands in common (at approx- 
imately 260 and 350 bp) (Fig. 2A, lanes 5 through 8); however, 
these bands were consistently of brighter intensity in “L. dis- 
cophora” SP-6 than in L. cholodnii. The fingerprint profiles 
produced by the S. natans strains (Fig. 2B) were clearly distinct 
from those produced by the Leptothrix strains (Fig. 2A). 
Among the S. natans strains, the profiles produced by strains 
ATCC 1333ST (Fig. 2b, lanes 4 and 5) and ATCC 29330 (Fig. 
2b, lanes 6 and 7) had the greatest number of bands in com- 
mon. It is worth noting that even though the 16s rDNA se- 
quence of S. natans ATCC 1333ST was identical to that of S. 
natans ATCC 15291 in the 300-nucleotide region examined 
(GSDB accession numbers L33980 and L33976, respectively), 
the fingerprint profiles of these organisms were different. 

Comparison of 16s rDNA sequences. The 16s rDNA se- 
quence of “L. discophoru” SS-1 obtained in this study (GSDB 
accession number L33975) differed at 8 of 1,354 positions from 
the 16s rDNA sequence of the same gene obtained by 
Corstjens and Muyzer (8). The same strain (strain SS-1 [ATCC 
431821, which originally was isolated by Ghiorse and Chapnick 
[21]) was examined in both studies; therefore, we expected the 
16s rDNA sequences to be identical. Differences between the 

two sequences consistently occurred in G-C-rich stretches at 
positions 359, 383, 912, 914, 915, 1138, 1397, and 1398 in our 
alignment scheme. Three of the differences were the result of 
an exchange of a guanine for a cytosine, while five of the 
differences resulted from omission of a guanine or cytosine in 
the sequence of Corstjens and Muyzer (8, 9). The acceptance 
of 16s rRNAs as molecular chronometers is based on (among 
other things) the functional constancy of these molecules, 
which dictates slow rates of change that reflect evolutionary 
distances. Therefore, it is unlikely that the differences between 
the sequences which we observed were due to strain differ- 
ences resulting from mutational events. Rather, we believe that 
the lack of sequence agreement can most likely be attributed to 
difficulties in reading the sequence caused by the high G + C  
content (71 mol%) of the organism (12). In the sequencing 
procedure described by Corstjens and Muyzer (8, 9), G-C-rich 
regions were prone to compression artifacts which made se- 
quences in these regions difficult to read (7a). The methods 
that we used for sequencing resulted in an easily read sequence 
even in G-C-rich regions. Thus, we believe that our sequence 
was more accurate than the previously described sequence. 

When we compared the partial 16s rDNA sequence deter- 
mined in this study for S. nutans ATCC 29329 (GSDB acces- 
sion number L33977) with the complete sequence determined 
by Corstjens (9) and Corstjens and Muyzer (8) for the same 
strain, we found two differences in the 250-base region where 
the sequences overlapped. Although the strains were identified 
as the same organism, they were obtained from different cul- 
ture collections. However, for the reasons discussed above, it is 
impossible to rule out the possibility that there are sequence 
errors in the sequence described by Corstjens (9) and Corstjens 
and Muyzer (8). 

Construction of phylogenetic trees. Three models of nucle- 
otide substitution (the Jukes-Cantor [27], Kimura two-param- 
eter [28], and maximum-likelihood [13] models) were used to 
construct evolutionary distance matrixes in order to ensure 
consistent tree topology based on 16s rDNA sequence infor- 
mation. Evolutionary distance values were calculated by using 
complete (Table 2) and partial sequences (Table 3). The dis- 
tance values calculated by using the Jukes-Cantor model were 
consistently less (by 1.5 to 5.5%) than the values calculated by 
using the maximum-likelihood or Kimura two-parameter 
model. The greatest differences between the results obtained 
with these models occurred when we compared the greatest 
evolutionary distances. Regardless of whether partial or com- 
plete sequences were analyzed, the evolutionary distances gen- 
erated by the Kimura two-parameter and maximum-likelihood 
models typically differed by less than 0.1%. Because of this 
similarity, the results of the analyses in which the Kimura 
two-parameter model were used are not shown in Tables 2 and 
3. 

When the distance values for the complete sequences and 
the partial sequences (Tables 2 and 3, respectively) were used 
to generate dendrograms, the topologies (for a given data set) 
were virtually identical regardless of which of the three meth- 
ods was used to calculate the distances (data not shown). As 
expected, the greater distance values calculated with the max- 
imum-likelihood and Kimura two-parameter models led to 
longer branch lengths on the inferred trees. Trees generated 
from the maximum-likelihood distance values estimated by 
using the complete and partial 16s rDNA sequence data (Ta- 
bles 2 and 3, respectively) are shown in Fig. 3 and 4, respec- 
tively. 

For both the partial and the complete sequences, parsimony 
analysis in which we used heuristic searches (by either the tree 
bisection and reconnection method or the stepwise addition 
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TABLE 3. Evolutionary distance values based on partial 16s rRNA sequences of Leptothrir and Sphaerotilus strains and other organisms as 
determined by two different models of nucleotide substitution 

~ ~ _ _ _ _ _  

Corrected no. of nucleotide substitutions per position“ 

Organism 

“Leptothrix discophora” SS-1 
“Leptothrix discophora ” SP-6 
Leptothrix cholodnii LMG 7171 
Leptothrix sp. strain NC-1 
Sphaerotilus natans ATCC 13338T 
Sphaerotilus natans ATCC 15291 
Sphaerotilus natans ATCC 29330 
Sphaerotilus natans ATCC 29329 
Rubrivivax gelatinusus ATCC 1701 1 
Rhoduqclus purpureus 6770 
Cornamonas testosteroni ATCC 11996 
Escherichia coli 
Vitreuscilla stercoraiia VT1 

0.0770 
0.0809 
0.0848 
0.0854 
0.0854 
0.0737 
0.0579 
0.1082 
0.2155 
0.1698 
0.2975 
0.1763 

0.0781 

0.0035 
0.0070 
0.1013 
0.1013 
0.0973 
0.0809 
0.0836 
0.2297 
0.1923 
0.3629 
0.2375 

0.0822 
0.0035 

0.0035 
0.1053 
0.1053 
0.1013 
0.0848 
0.0796 
0.2249 
0.1877 
0.3686 
0.2375 

0.0861 
0.0070 
0.0035 

0.1013 
0.1013 
0.0973 
0.0809 
0.0836 
0.2297 
0.1832 
0.3744 
0.2424 

0.0865 
0.1015 
0.1058 
0.1017 

0.0000 
0.0323 
0.0323 
0.1082 
0.1969 
0.1832 
0.3460 
0.2040 

0.0865 
0.1015 
0.1058 
0.1017 
0.0000 
0.0322 
0.0323 
0.0323 
0.1082 
0.1969 
0.1832 
0.3460 
0.2040 

0.0748 
0.0976 
0.1018 
0.0978 
0.0322 
0.0322 

0.0214 
0.1040 
0.1877 
0.1742 
0.3321 
0.221 1 

0.0589 
0.0812 
0.0853 
0.0814 
0.0322 
0.1104 
0.0213 

0.1165 
0.2061 
0.1923 
0.3573 
0.2375 

0.1107 
0.0850 
0.0808 
0.0847 
0.1104 
0.2054 
0.1063 
0.1188 

0.1832 
0.1304 
0.3094 
0.1725 

0.2282 
0.2388 
0.2333 
0.2380 
0.2054 
0.1893 
0.1962 
0.2149 
0.1880 

0.1796 
0.2824 
0.1780 

0.1727 
0.1960 
0.1910 
0.1864 
0.1893 
0.3765 
0.1803 
0.1986 
0.1321 
0.1862 

0.2576 
0.1474 

0.3146 
0.3857 
0.3930 
0.3986 
0.3765 
0.2136 
0.3615 
0.3881 
0.3354 
0.3096 
0.2718 

0.2544 

0.1804 
0.2452 
0.2452 
0.2500 
0.2136 

0.23 11 
0.2477 
0.1788 
0.1845 
0.1501 
0.2677 

The values on the lower left were calculated by using the Jukes-Cantor model for nucleotide substitution (27), and the values on the upper right were calculated 
by using the maximum-likelihood model (13) (see Materials and Methods). 

method) often resulted in the generation of two most parsi- 
monious trees. However, when the branch-and-bound search 
strategy was used, only one tree was generated for a given data 
set. Invariably, this tree was identical to one of the trees ob- 
tained by heuristic search methods. Although they are more 
computer intensive, exact algorithms (such as the branch-and- 
bound method) are preferred over heuristic search methods 
because they guarantee optimality (47, 48). 

Comparisons of phylogenetic trees. When we compared 
trees produced by the parsimony method with trees produced 
by the distance matrix methods, we observed only minor dif- 
ferences regardless of whether complete or partial sequences 
were analyzed. Because of the similarity, the trees produced by 
the parsimony method are not included in this paper. 

Trees derived from complete sequences revealed that “L. 
discophora” SS-1 and SP-6 grouped with S. natans, Rubrivivax 
gelatinosus, and Pseudomonas testosteroni in the Rubrivivax sub- 
group of the @ group of the Proteobacteria as defined by the 
phylogenetically ordered list in the Ribosomal Database 
Project database, version 4.0 (31). Although the parsimony 
tree indicated that strain SP-6 is slightly more closely related to 
S. natans than is strain SS-1, the distance matrix tree (Fig. 3) 
showed that these two Leptothrix strains are approximately 
equidistant from S. natans. The results of bootstrap resampling 
of the data set generally supported the tree topology shown in 
Fig. 3 (see branch node frequencies in Fig. 3). The bootstrap 
analysis revealed high levels of confidence for the placement of 
members of the y group of the Proteobacteria, members of the 
Rubrivivax subdivision of the p group of the Proteobacteria, and 
members of the Bordetella subgroup of the p group of the 
Proteobacteria (containing Bordetella bronchiseptica, Alcali- 
genes xylosoxidans, and Alcaligenes faecalis). The levels of con- 
fidence were lower for the placement of “L. discophora” SP-6 
with respect to S. natans and for the positions of Rhodocyclus 
putpureus and Azoarcus sp. 

The estimated evolutionary distances generated from com- 
parisons of complete sequences (Table 2) were always much 

smaller than the distances generated from comparisons of par- 
tial sequences (Table 3), thus showing that the region chosen 
for partial sequencing was more variable than was the 16s 
rRNA molecule as a whole. The differences were more pro- 
nounced in the Leptothrix and Sphaerotilus sequences than in 
the sequences of the other members of the p group of the 
Proteobacteria examined in this study; this reflects the some- 
what fortuitous reasons for choosing the region used for partial 
sequencing. Complete sequencing of the 16s rRNA genes of 
“L. discophora” SP-6 and SS-1 revealed sequences in the V1 

T. ferrooxidans 
Ed = 0.1 

E. coli 

S. natans 

FIG. 3. Phylogenetic tree based on complete 16s rRNA gene sequences 
determined in this study for “L. discophora” SS-1 and SP-6 and complete 165 
rRNA gene sequences of other members of the p and y groups of the Profeobac- 
feria. The tree was constructed by using evolutionary distance estimates based on 
the maximum-likelihood model of nucleotide substitution (13). Each value at a 
branch point indicates the percentage of 200 bootstrap samples which yielded the 
branching pattern beyond the node. See text for details, and see Table 2 for 
strains used in this analysis. 
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E. coli 

\ Ed=O.l 

\ V.  stercoraria 

C. testosteroni 

S. naruns 15291 
S. natans 13338 

R. purpureus 

. discophora“ SS-1 
97 

”L. discophora“ SP-6 k. cholodnii 
Leptothrh sp. NC-1 

FIG. 4. Phylogenetic trec based on partial sequences of 16s rRNA genes 
corresponding to approximately E. coli positions 8 to 304. The sequences of “L. 
discophora” SS-1 and SP-6, L. cholodtiii LMG 7171, Leptotliriu sp. strain NC-1, 
and S. riatans ATCC 13338T, ATCC 15291, ATCC 29329, and ATCC 29330 were 
determined in this study, and these sequences were compared with the sequences 
of other members of the p group of the Proteobacteria. E. coli was used as an 
outgroup. The trec was constructed hy using evolutionary distance estimates 
based on the maximum-likelihood model of nucleotide substitution (13). Each 
values at a branch point indicates the percentage of 200 bootstrap samples which 
yielded the branching pattern beyond the node. See text for details, and see 
Table 3 for the strains used in this analysis. 

and V2 hypervariable regions which had potential for distin- 
guishing Leptothrix spp. from other members of the p group of 
the Proteobacteria. In order to confirm that this region was 
useful for generating phylogenies, we compared the estimated 
phylogenies based on complete and partial sequences of this 
region for several members of the p group of the Proteobacte- 
ria, including the two strains of “L. discophora” included in this 
study. The tree topologies were nearly identical whether the 
partial or complete sequences were used (data not shown). 

The distance estimates generated by using partial sequences 
(Table 3) showed that “L. discophora” SS-1 was approximately 
equidistant from the Leptothrix lineage (containing “L. disco- 
phora” SP-6, L. cholodnii LMG 7171, and Leptothrix sp. strain 
NC-1) and from each of the three of the S. natans strains 
(strains ATCC 13338=, ATCC 15291, and ATCC 29330). How- 
ever, strain SS-1 was more closely related to S. natans ATCC 
29329 than to “L. discophora” SP-6. A similar partitioning of 
Leptothrix strains was described by Willems et al. (53), who 
compared the electrophoretic patterns of whole-cell protein 
extracts obtained from five strains of “L. discophora” (includ- 
ing strains SS-1 and SP-6) and one strain of L. cholodnii (strain 
LMG 7171). In that study “L. discophora” SS-1 was found to 
have the most aberrant pattern of all of the “L. discophora” 
strains. In addition, Willems et al. found that the protein pat- 
terns of “L. discophora” and L. cholodnii LMG 7171 were 
similar. In our study the distance values obtained from the 
comparisons of the complete sequences of strains SS-1 and 
SP-6 (Table 2) showed that these strains were approximately 
equidistant from S. natans, while strain SS-1 was slightly closer 
to Rubrivivax gelatinosus than was strain SP-6. In contrast, the 
distance estimates based on partial sequences (Table 3) im- 
plied that strain SS-1 was further from Rubrivivax gelatinosus 

than was strain SP-6 and closer to S. natans ATCC 29329 than 
was strain SP-6. This analysis also revealed that strain SP-6 was 
approximately equidistant from S. natans ATCC 29329 and 
Rubrivivax gelatinosus. 

As mentioned above, the complete S. natans sequence de- 
termined by Corstjens (9) and Corstjens and Muyzer (8) was 
not identical to the S. natans ATCC 29329 sequence in the 
partial sequence region that we determined, even though the 
organisms used were supposedly the same. Thus, the differ- 
ences in evolutionary distance estimates based on complete 
and partial sequences noted above may have been due to the 
sequence discrepancies in this region. In DNA-rRNA hybrid- 
ization experiments performed with 23s rRNA from “L. dis- 
cophora” SP-6 and DNAs from several members of the p 
group of the Proteobacteria, Willems et al. (53) found that R. 
gelatinosus was a closer relative of strain SP-6 than was S. 
natans ATCC 13338T; this finding is consistent with the results 
shown in Table 3. 

When the distance estimates computed by the maximum- 
likelihood model (Table 3) were translated into a phylogenetic 
tree (Fig. 4), we detected a problem concerning the placement 
of Cornamonas testosteroni. Although this problem did not 
affect the relative positions of the Leptothrix and Sphaerotilus 
strains analyzed in this study, the error is worth noting. We 
expected that C. testosteroni, a member of the Rubrivivax sub- 
division of the p group of the Proteobacteria, would cluster 
closer than it did to the other members of this subdivision ( S .  
natans, Leptothrix spp., and Rubrivivax gelatinosus), as was ob- 
served in the trees obtained from the parsimony analysis of the 
partial sequences (data not shown). This discrepancy was most 
likely due to the fact that the region used for the partial 16s 
rDNA analysis exhibited more variability than the sequence of 
the entire 16s rDNA molecule. 

What clearly stands out in the trees generated by using the 
partial sequences (Fig. 4) is the existence of two distinct Lep- 
tothrix lineages. “L. discophora” SP-6 was found to be more 
closely related to L. cholodnii LMG 7171 and Leptothrix sp. 
strain NC-1 than to “L. discophora” SS-1. In fact, there was 
only a one-base difference between “L. discophora” SP-6 and 
L. cholodnii in the 315-bp region that we sequenced (data not 
shown). Our bootstrap resampling analysis revealed a high 
degree of confidence for this separation of Leptothrix strains 
into two groups and for the clustering of the S. natans strains 
in one lineage (see branch node frequencies in Fig. 4). How- 
ever, the position of “L. discophora” SS-1 with respect to the 
other Leptothrix lineage and to the S. natans cluster is less clear 
(as indicated by the low confidence value, 77%). 

Conclusions. In this paper we provide new information con- 
cerning the phylogeny of the Leptothrix-Sphaerotilus group. In 
this study we linked traditional descriptive methods of taxo- 
nomic analysis with contemporary molecular taxonomic and 
phylogenetic methods. A major finding of our phylogenetic 
analyses was the existence of two Leptothrix lineages, one con- 
taining “L. discophora” SS-1 and the other containing “L. 
discophora” SP-6, L. clzolodnii, and previously uncharacterized 
Leptothrix sp. strain NC-1. The lineage containing strain SS-1 
appeared to be slightly more closely related to S. natans than to 
R. gelatinosus, while the converse was true for the other lin- 
eage. These results also show that “L. discophora” SP-6 is more 
closely related phylogenetically to L. cholodnii than to “L. 
discophora” SS-1. These findings indicate that the taxonomy 
and nomenclature of Leptothrix species need to be revised to 
more closely reflect these phylogenetic relationships. Although 
the S. nataizs strains examined in this work differed morpho- 
logically and each strain produced different ERIC fingerprints, 
we found that these strains were closely related to one another 
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on the basis of partial sequence analysis results (Table 3). In 
fact, the S. natans ATCC 13338T and ATCC 15291 sequences 
were identical in the 300-base region examined (data not 
shown). 

An additional benefit of our sequence analysis was the fact 
that we identified signature sequences in the first two hyper- 
variable regions which had potential for designing Leptothrix 
and Sphaerotilus genus- and strain-specific probes (44). Re- 
cently, we have designed 16s rRNA-targeted oligonucleotide 
probes which have allowed us to discriminate between the 
genera Sphaerotilus and Leptothrix and to differentiate the two 
Leptothrix lineages identified in this study (manuscript in prep- 
aration). These probes have been successfully used with pure 
cultures, and they have been shown to discriminate between 
filamentous bacteria in wetland samples. 

We determined that the ERIC PCR technique is useful for 
distinguishing the closely related strains of Leptothrix spp. and 
S. natans examined in this work, and this finding supplemented 
the results of previous studies (10,32,49). However, we believe 
that demonstrating the presence or absence of comigrating 
bands in different strains is not by itself sufficient to draw 
conclusions regarding evolutionary relatedness. We agree with 
the suggestion of Louws et al. (32) that when there are comi- 
grating bands, additional experiments (i.e., analyses to deter- 
mine complete sequences of the 16s rRNA genes, DNA reas- 
sociation experiments, fatty acid profile analyses, and 
phenotypic tests) should be performed. 

The currently accepted taxonomic criteria for differentiating 
Leptothrix spp. are phenotypic properties (primarily cellular 
dimensions, sheath morphology, and response to added or- 
ganic nutrients) (34). Similarly, differentiation of the genera 
Leptothrix and Sphaerotilus is based on phenotypic properties 
(flagellar arrangement, sheath morphology, manganese-oxidiz- 
ing ability, and response to organic nutrients) (35). We con- 
firmed that, as has been found for other bacterial groups, 16s 
rRNA sequence information can be used to distinguish Lepto- 
thrix and Sphaerotilus strains. At this time, there is no defined 
threshold limit of similarity which we can use to define a 
species or genus (46). It appears that the results of DNA 
reassociation experiments are the only quantitative way in 
which a species can be defined at this time (46,51). It has been 
suggested that when the level of 16s rRNA sequence similarity 
(for the entire sequence) is 97% or higher, DNA-DNA reas- 
sociation experiments should be performed in order to deter- 
mine the relatedness of the closely related taxa (46). Obvi- 
ously, we need more genetic and biochemical characteristics to 
further define the genera Leptothrix and Sphaerotilus and to 
differentiate Leptothrix species. Ideally, these characteristics 
would include complete sequences of the 16s rDNA, fatty acid 
profile data, comprehensive DNA-DNA reassociation data, 
and additional chemotaxonomic data. Such polyphasic taxon- 
omy is the most accurate approach for classifying bacteria in 
light of the different evolutionary rates of various organisms (7, 
37, 46). 

In conclusion, we believe that it is important to relate our 
results to the actual process of identifying new sheathed bac- 
terial isolates obtained from natural samples. Two properties 
that distinguish the genus Leptothrix from the genus Sphaero- 
tilus are the ability to oxidize Mn2+ and the ability to grow in 
rich organic media. Furthermore, the habitats from which the 
organisms are isolated must also be considered. S. natans does 
not oxidize Mn2+ and typically thrives in water that is rich in 
organic nutrients (i.e., wastewater), while Leptothrix species 
oxidize Mn2+ and are usually found in oligotrophic, slowly 
running, iron- and manganese-rich water. L. cholodnii is an 
exception; this species is the only cultivated Leptothrix species 

that responds like S. natans by growing rapidly and luxuriantly 
on rich organic media. The results of our phylogenetic analysis 
confirmed Pringsheim’s contention (40) that the line that dif- 
ferentiates the genera Leptothrix and Sphaerotilus is artificial 
and tenuous; however, in the absence of additional experimen- 
tal data (see above) and for the practical reason that important 
habitat differences do exist, we believe that these two genera 
should remain separate taxa. 
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