APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 1999, p. 156-162
0099-2240/99/$04.00+0

Vol. 65, No. 1

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Morphological and Biochemical Properties of a Sphaerotilus sp.
Isolated From Paper Mill Slimes

VERONIQUE PELLEGRIN,* STEFAN JURETSCHKO,> MICHAEL WAGNER,?
AND GILLES COTTENCEAU'

Laboratoire de Génie Protéique et Cellulaire, Université de La Rochelle, Pole Sciences et Technologies,
17042 La Rochelle Cédex 01, France," and Lehrstuhl fiir Mikrobiologie, Technische
Universitit Miinchen, 8000 Munich 2, Federal Republic of Germany*

Received 13 July 1998/Accepted 21 October 1998

Four strains of filamentous bacteria were isolated from slimes collected in different paper mill factories.
Morphological and physiological characterization of the isolates indicated an affiliation with the genus Sphaer-
otilus. However, while the physiological properties of the isolates were almost identical, pronounced physio-
logical differences between the isolates and Sphaerotilus natans DSM 6575, DSM 565, and DSM 566 with
respect to their ability to metabolize complex polysaccharides, sugars, polyalcohols, or organic acids as carbon
sources were detected. In contrast to the analyzed culture collection strains of S. natans, all paper mill isolates
were able to grow at elevated temperatures of up to 40°C. Comparative sequence analysis of nearly complete
16S ribosomal DNA (rDNA) sequences from the four new isolates demonstrated that the retrieved sequences
were highly similar to each other (99.6 to 99.8% similarity) and to previously published partial 16S rDNA
sequences of S. natans DSM 6575" and ATCC 15291. Polyphasic characterization of the isolated Sphaerotilus
strains revealed interesting adaptations of the strains to the environmental paper mill conditions with regard
to temperature tolerance and utilization of cellulose and starch.

Sphaerotilus natans, a member of the beta-1 subdivision of
the class Proteobacteria (5), occurs mainly in flowing water,
sewage, and activated sludge (10, 18, 28, 31). This filamentous
bacterium is characterized by a tubular sheath enclosing the
rod-shaped cells. It is known to cause technological problems,
such as pipe clogging and bulking of activated sludge in waste-
water treatment (8, 9, 22). These problems are partly due to
the ability of Sphaerotilus to settle on a solid surface by entan-
glement or by means of an adhesive basal element at one end
of the filament (20). Moreover, the relatively good growth of
Sphaerotilus under conditions of low oxygen concentrations (7)
and its capability to utilize a great variety of organic carbon
compounds cause its relative dominance in biological deposits
(22, 28), such as paper mill slimes (30).

In paper mill plants, unique environmental conditions (avail-
able carbohydrates, high moisture levels, moderate tempera-
tures, and the recycling of the process water) favor the de-
velopment of microorganisms. Sphaerotilus enters the system
primarily via fresh water containing low levels of chlorine and
is implicated in the appearance of biological slimes (1, 2, 13).
Tenacious microbiological deposits are formed when suspend-
ed matter, such as particles, cellulose fibers, or microorgan-
isms, are trapped in the filamentous Sphaerotilus structures. In
small quantities, Sphaerotilus natans also contributes to the
stability of colonies of other organisms like Klebsiella sp. and
Pseudomonas sp. (23). Biofilm development induces technical
problems in the paper machines (2) and reduces the hygienic
and technical quality of the paper that is produced. Preventive
measures against slime entail expansive deposit control pro-
grams with the use of chemical biocides.

Most Sphaerotilus strains studied so far were isolated from
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rivers, sewage, or activated sludge. In spite of the well-de-
scribed importance of S. natans in paper mill plants, Sphaero-
tilus strains originating from paper mill slimes have not been
studied yet. Investigation of such strains might be particularly
interesting since the environmental conditions present in paper
factories differ significantly from those found in other habitats
of S. natans and might therefore select for strains with unusual
physiological properties. Understanding the ecology of paper
mill Sphaerotilus strains is a prerequisite for the development
of more efficient control strategies against slime formation.

In the present investigation, we used a polyphasic approach
to characterize four Sphaerotilus-like isolates of filamentous
bacteria obtained from paper mill slimes. Morphological and
physiological properties as well as 16S ribosomal DNA (rDNA)
sequences were determined for the new isolates and compared
to culture collection strains of S. natans.

MATERIALS AND METHODS

Materials and chemicals. All bacteriological products were purchased from
Biokar (Biokar Diagnostics, Beauvais, France). All common chemicals and car-
bohydrates were purchased from Sigma (Sigma-Aldrich Chimie, Saint Quentin
Fallavier, France).

Bacterial strains and preservation. The reference strains were S. natans DSM
6575, DSM 565, and DSM 566 and Leptothrix discophora ATCC 43182. Isolates
from paper mill slimes were named IF4, IF5, IF9, and IF14. They were collected
in the different paper mills listed in Table 1. Pure cultures were maintained at
—80°C as follows. Cell suspensions (10 ml) from a 1-day-old culture in FIL broth
(19) with orbital shaking (150 rpm) at 30°C (25°C for DSM 565) were harvested
by centrifugation (10 min, 5,000 X g). The cell pellet was transferred to 1 ml of
FIL broth containing 10% dimethylsulfoxide and thoroughly mixed before trans-
ferring it to 2-ml vials for storage at —80°C in a Nalgene Cryo Freezing Con-
tainer with isoamyl alcohol as cooling rate controller.

Sampling and isolation procedure. Slime samples were collected in sterile
flasks from the “wet end” steel surfaces of machines (i.e., those situated before
the press section), transported, and stored at room temperature. Filamentous
strains were isolated from slimes as follows. The deposits (approx. 0.5 g) were
rinsed fivefold in 5 ml of sterile distilled water in order to remove contaminant
cells. The washed pieces were placed on a surface of FIL medium solidified with
10 g of agar liter~! containing cycloheximide (0.005 g liter ™). Incubation was
performed for 72 h at 30°C. Agar plates were examined with an inverted micro-
scope (Leica DMIL, 090-131.001) at a magnification of X200. Surface colonies of
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FIG. 1. S. natans 1F4 producing rough colonies on FIL agar medium (magnification, X1.5).

Sphaerotilus were tentatively identified by their characteristic filamentous ap-
pearance. When rough colonies (the typical type of Sphaerotilus colonies) were
observed, they were removed with a piece of agar and transferred to a sterile agar
plate to separate Sphaerotilus from the rest of the slime flora. This procedure was
repeated until pure cultures were obtained.

Strain characterization. Isolates were characterized by using the method pre-
viously described by Farquhar and Boyle (11). A dilute crystal violet staining
solution was used to highlight the sheath of the Sphaerotilus-like bacteria. The
ability of sheathed microorganisms to oxidize ferrous iron and deposit it within
their sheaths was detected by the Prussian blue reaction: filaments of paper mill
isolates were incubated for 60 min with gentle agitation in 5 ml of FIL broth
containing 0.7 mg of FeSO, + 7TH,O. A fixed dried smear of filament was covered
with 2% potassium ferrocyanide (15 min) and then with 2% HCI (10 sec).
Sheaths containing iron are stained blue. The ability of microorganisms to oxi-
dize and deposit manganese was detected as follows. Each strain was streaked
onto FIL agar plates containing 2% MnCO;. Manganese oxide covering bacterial
sheaths colors the organisms in dark brown. A dilute Sudan black staining
solution was used in demonstrating the presence of poly-B-hydroxybutyrate in-
tracellular granules. All determinations were made in triplicate.

Biochemical tests. Oxidase activities were carried out using an oxidase test
(bioMérieux, Marcy-I'Etoile, France). The presence of B-galactosidase activity
was tested by using ONPG (o-nitrophenyl-B-p-galactopyranoside) disk tests
(Sanofi Diagnostics Pasteur, Marne-la-Coquette, France). Other enzyme activi-
ties were studied according to the method described by Marchal et al. (17).

Cultivation conditions. Incubations in Erlenmeyer flasks were performed on a
rotary shaker at 150 rpm. Growth and biochemical tests were carried out at 30°C
(the average temperature in paper factories) except for tests with S. natans DSM
565, which was cultivated at 25°C. Growth rate determination was performed in
1,000-ml Erlenmeyer flasks containing 400 ml of FIL broth. Precultures were
obtained with 48 h of incubation in 5 ml of FIL broth. The ability of the
Sphaerotilus strains to use sugars or polyalcohols was analyzed in 5 ml of mod-
ified FIL broth containing the tested compound (2 g liter ), pancreatic digest of
meat peptone (2 g liter '), basal salts components (19) and phenol red (0.05 g
liter 1) as pH indicator. Tested substrates were sterilized separately by filtration
(pore size, 0.22 wm; Millipore, Saint Quentin Yvelines, France) and added to the
medium after autoclaving. Cultures were observed during a 7-day incubation
period for yellow color formation indicating medium acidification and the ca-
pacity to use the tested carbon sources. The ability to metabolize polysaccharides

TABLE 1. Characteristics of Sphaerotilus strains

Size of hydrated

Strain (paper mill of origin cells (mm)” Type of colony formation Type of growth Abundance of single cells
[location]) on FIL agar medium” in FIL broth® (in FIL broth)
Width Length

IF4 (du Rhin [Mulhouse]) 1.5 5 R Pellicular +

IF5 (de I’Aa [Saint-Omer]) 2 4 R Pellicular +

IF9 (de Veuze [Angouléme]) 2 6 R Pellicular +

IF14 (Chapelle Darblay) 1.5 6 R/S Pellicular ++

DSM 565 2 6 R/S Pellicular ++

DSM 566 15 6 N Flocculent +++

DSM 6575 1 4 S Homogeneous +++

“ Average measurements obtained from 20 samples.

R, rough; S, smooth.

¢ On broth surface.

@ +, rare; ++, observed in each microscope field; +++, abundant.
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FIG. 2. S. natans 1F14 developing rough-smooth colonies on FIL agar medium (magnification, X2).

and organic acids was analyzed in 250-ml Erlenmeyer flasks containing 75 ml of
FIL broth and the tested component (2 g liter ). Precultures were obtained by
24 h of orbital shaking incubation in 5 ml of FIL broth. One milliliter of
preculture was added to the medium, and the measured biomass obtained during
growth was compared to that of a reference sample.

pH limits for growth. pH tests were performed in a modified FIL medium
from which phosphate was omitted. pH levels were established with 0.2 M
phosphate buffer (final molarity, 0.02 M). When necessary, media were adjusted
to various pHs with HCI (1 M) and NaOH (1 M). Observations were made after
a 4-day incubation period. Presence of growth, visually determined, indicated the
ability of Sphaerotilus strain to support the tested pH.

Biomass measurement. To measure biomass, 5 to 20 ml of culture broth was
harvested by centrifugation (10 min, 5,000 X g), rinsed twofold with 1 ml of
Tris-HCI buffer (0.05 M, pH 7), and centrifuged (10 min, 5,000 X g). The pellet
was suspended in 1 ml of Tris-HCI buffer and disintegrated over a 3-min period
with an ultrasonic disintegrator (Sonics Materials, model no. VC 50 240U). This
disintegration time was required to disrupt most of the cells as determined
microscopically. The lysate was centrifuged (10 min, 8,000 X g) to remove
cellular remains, and the concentration of proteins in the supernatant was mea-
sured using the Protein Assay Kit (Bio-Rad, Yvry sur Seine, France) according
to the manufacturer’s instructions. The deduced amount of bacterial protein
concentration of original broth culture was considered as a biomass measure-
ment.

Scanning electron microscopy. Pure culture samples were fixed on microscope
slides at room temperature with 2% (vol/vol) glutaraldehyde (TAAB; Saint-
Germain en Laye, France) in 0.1 M phosphate buffer (pH 7.35). Chemical
fixation for 30 min was followed by dehydration in a graded acetone series (50,
70, and 90%) ending with absolute acetone. The samples were critical-point
dried in liquid carbon dioxide with a Balzers Union CPD 030 and coated with
gold in a Balzers Union FL 9496. Samples were examined with a JEOL JMC 35C
scanning electron microscope at 15 kV.

PCR amplification, cloning, and sequencing of the 16S rDNA. Isolates were
cultivated overnight in FIL medium. Cells were harvested from 2 ml of medium
by centrifugation, washed with ddH,O, and resuspended in 100 pl of ddH,O.
Cells were lysed by heating for 20 min at 94°C. Cell debris was pelleted by
centrifugation, and the supernatant was transferred to a new tube. Nucleic acid
concentration in the supernatant was estimated by spectrophotometric measure-
ment of optical density at 260 nm. Oligonucleotide primers targeting 16S rDNA
signature regions, which are highly conserved within the domain Bacteria, were
used for PCR with a thermal capillary cycler (Idaho Technology, Idaho Falls,
Idaho). The nucleotide sequences of the primers were 5'-AGAGTTTGATYMT-
GGCTCAG-3' (Escherichia coli 16S rDNA positions 8 to 27 [3]) and 5'-CA-
KAAAGGAGGTGATCC-3' (E. coli 16S rDNA positions 1529 to 1545 [3]).
Amplification was performed using 1 pl of the “boiled-cell” supernatant (con-
taining approx. 100 ng/ul) and 10 pmol of each primer according to the manu-
facturer’s recommendations in a total volume of 50 wl by using the 20 mM MgCl,

FIG. 3. S. natans 1F4 producing long unbranched and ensheathed filaments (magnification, X284).
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FIG. 4. Scanning electron micrograph showing slimy matrix covering the sheath of strain IF4 (magnification, X3,154).

reaction buffer. After initial heating to 94°C for 3 min, 30 cycles consisting of
denaturation (94°C, 30 sec), annealing (48°C, 20 sec), and extension (72°C, 30
sec) were performed. Cycling was completed by a final elongation step (72°C, 60
sec). Positive controls containing purified DNA from E. coli were included in all
sets of amplifications along with negative controls (no DNA added). The pres-
ence and size of the amplification products were determined by agarose (1%) gel
electrophoresis of the reaction product. For isolates IF4 and IF5, 1 to 2 ul of the
PCR product was directly ligated into the cloning vector pCR 2.1 (TA Cloning
Kit; Invitrogen Corp., San Diego, Calif.) and transformed in E. coli. Nucleotide
sequences of the cloned DNA fragments were determined by the dideoxynucle-
otide method (4) by cycle sequencing of purified plasmid preparations (Qiagen,
Hilden, Germany) with a Thermo Sequenase Cycle Sequencing kit (Amersham
Life Science, Little Chalfont, England) and an infrared automated DNA se-
quencer (MWG-Biotech, Ebersberg, Germany). Dye-labeled vector-specific se-
quencing primers (M13pucV, M13pucR, and primer 610V [5'-GTGCCAAGCA
GCCGCGGT-3', E. coli 16S rDNA positions 515 to 531]) (MWG-Biotech) were
used. For isolates IF9 and IF14, the amplified DNA fragments were sequenced
directly (24) by using 1 to 3 pl of the PCR product after purification (QIAgen
28106; Qiagen) as template and dye-labeled primers (5'-CATGCAAGTCGAA
CG-3', E. coli 16S rDNA positions 53 to 86; 5'-GCTACCTTGTTACGACTT-3',
E. coli 16S rDNA positions 1491 to 1509) for cycle sequencing as described
above.

Phylogenetic analysis. The obtained 16S rDNA sequences were added to the
16S rRNA sequence database of the Technischen Universitat Miinchen (encom-
passing about 10,000 published and unpublished homologous small-subunit rRNA

primary structures (6, 16) by use of the program package ARB (29). Alignment
of the new 16S rDNA sequences was performed by using the ARB automated
alignment tool. The alignments were refined by visual inspection and by second-
ary structure analysis. Phylogenetic analyses were performed by applying the
ARB parsimony tool, distance matrix, and maximum likelihood methods to dif-
ferent data sets. To determine the robustness of the phylogenetic trees, phylo-
genetic analyses were performed on the one hand on the original data set and on
the other hand on a data set from which highly variable positions were removed
by use of a 50% conservation filter (15) for the members of the beta subclass of
Proteobacteria.

Nucleotide sequence accession numbers. The 16S rDNA sequences obtained
in this study have been deposited in GenBank under accession no. AF0772914,
AF072915, AF072916, and AF072917 for isolates IF4, IFS, IF9, and IF14, re-
spectively.

RESULTS AND DISCUSSION

Morphological and physiological characterization of fila-
mentous paper mill isolates. Four filamentous bacteria (IF4,
IF5, IF9, and IF14) isolated from slimes collected in different
paper mills were studied. Strains IF4, IF5, and IF9 developed
rough colonies on FIL agar media (Fig. 1; Table 1). IF14
produced a colony type characterized by a smooth central

TABLE 2. Characteristics of Sphaerotilus and L. discophora

Result for strain:

Characteristic

S. natans S. natans S. natans L. discophora

DSM 565 DSM 566 DSM 65757 ATCC 43182 IF4 IFS IF9 IF14
Gram staining - — — — - _ _ _
Sheath + + - + + + + +
Mobility of single cells® + + + + + + + +
Oxidation of iron + + + + + + + +
Oxidation of manganous ions - — — + — — — _
Deposition of PHB” + + + + + + + T
Holds fast to surface + + + - + + + +
Genera SPH¢ SPH PH LEP¢ SPH SPH SPH SPH

¢ Stain Flagella (Difco).

® PHB, poly-B-hydroxybutyrate.
¢ SPH, Sphaerotilus natans.

4 LEP, Leptothrix discophora.
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TABLE 3. Enzymatic activities of Sphaerotilus isolates
and S. natans strains

Result for strain:

Enzyme or process
IF4 1F5 P9 IF14 DSM DSM DSM

565 566 6575
Catalase + + 4 + + + +
Oxidase + + + + _ _ 4
Lysine decarboxylase - - - - - — _
Ornithine decarboxylase — — — — — — _
Arginine dihydrolase + + + + - + _
Nitrate reductase + + + + + - +
Nitrite reductase — — — — _ _ _
ONPG utilization + + + + + - +

region and a “short-haired” periphery (Fig. 2). After 36 h of
stationary broth culture, isolates developed a pellicule on the
broth surface, mainly composed of long, unbranched, and en-
sheathed filaments (Fig. 3) which occasionally exceeded 500
pm in length. Like those observed by Gaudy and Wolfe (12),
these filaments were embedded in an abundant slime layer
(Fig. 4) which may constitute the paper mill slime body (30).
These morphological characteristics (summarized in Table 1)
of the filamentous bacteria isolated from the paper mill slimes
indicated an affiliation with the Sphaerotilus-Leptothrix group.
The capability of all isolates to oxidize iron and to produce
holdfasts on solid surfaces and their inability to oxidize man-
ganous ions (11) strongly supported the idea that all isolates
are related to the genus Sphaerotilus (19, 20, 31) (Table 2).
While previous investigators noticed that the composition of
the slime biota varies notably according to season (14) and to
the age of the slime (8), the successful isolation of Sphaerotilus
sp. from slime samples collected during winter (IF4 and IF5),
spring (IF14), and summer (IF9) indicates that Sphaerotilus sp.
is a common year-round inhabitant of paper mill slimes.

Enzymatic activities and detailed carbon source utilization
patterns (various sugars, polysaccharides, polyalcohols, and or-
ganic acids) were determined for the filamentous paper mill
isolates and compared to respective parameters of the S. na-
tans reference strains (Tables 3 and 4). Characterization of
enzymatic activities demonstrated a remarkable homogeneity
between all four isolates but differences with S. natans refer-
ence strains. In regard to its enzymatic activities the type strain
of S. natans DSM 6575" was most similar to the paper mill
isolates differing only in the absence of arginine dihydrolase
activity. Concerning their ability to use sugars, polyalcohols,
and organic acids as carbon sources, all Sphaerotilus-like iso-
lates and the S. natans reference strains showed quite homo-
geneous behavior that accorded with the observations of
Stokes (28). While all Sphaerotilus-like isolates and two of the
three analyzed S. natans strains were ONPG positive (Table 3),
only isolate IF4 and S. natans DSM 565 were able to use lac-
tose as carbon source (Table 4) and consequently were B-ga-
lactosidase positive. For the other ONPG-positive strains (IF5,
IF9, IF14, and DSM 65757), the inability to use lactose despite
a positive ONPG character was due to either the presence of
an enzymatic activity different from the B-galactosidase activity
or the absence of a lactose permease. Except for S. natans
DSM 565 and DSM 65757, which were both unable to use
acetate as carbon source, all other strains by their acetate-
positive character possessed a functional glyoxylate cycle. In-
terestingly, isolates IF4 and IF14 were, in contrast to previ-
ously analyzed Sphaerotilus strains (31), able to utilize starch
and cellulose as carbon source, which provides these strains
with a significant nutritional advantage in their paper mill
habitat.

APPL. ENVIRON. MICROBIOL.

TABLE 4. Utilization of carbon compounds by Sphaerotilus strains

Result for strain:

Compound
IF4 IF5 IF9 IF14 DSM 565 DSM 566 DSM 6575"
Fructose + + + + + + +
Glucose + + o+ + + + +
Sucrose + 4+ o+ + + + +
Maltose + + o+ + + + +
Trehalose + 4+ o+ + + + +
Arabinose - - = — - - -
Raffinose - - 4+ — - - -
Rhamnose - - = - - - +
Lactose + — — — + — -
Galactose + - = + + — +
Mannose + + — + + + —
Xylose i + + — -
Starch + - = + — - -
Cellulose + - = + - - —
Arabic gum - - - = - - -
Guar gum + - - - - - -
Glycerol + + o+ + + + +
myo-inositol  —  +  + + + + +
Mannitol + 4+ o+ + + — —
Sorbitol -+ + + + - +
Lactate + + o+ + + + +
Pyruvate + + + + + + +
Succinate + +  + + + + +
Acetate + + + + - + —
Citrate - - = — — + -
Tartrate - - — — — + +

Growth kinetics. Since the slime samples were collected
from paper machines operating in a temperature range from
25 to 55°C, we compared growth kinetics of the Sphaerotilus-
like isolates and S. natans reference strains within this temper-
ature range. Quantitative analysis of the growth of the Sphaer-
otilus-like isolates by spectrophotometric analysis appeared to
be difficult due to their filamentous and flocculent growth. Con-
sequently, a procedure determining total cell proteins to mea-
sure bacterial biomass was selected. Initially, we validated this
method with S. natans DSM 65757 and DSM 566 by compar-
ative spectrophotometric and cell protein analysis. Under the
applied culture conditions, strain DSM 6575 grew mainly as
single cells, and the resulting culture was homogeneous in re-
gard to its turbidity. Strain DSM 566 was characterized by the
occurrence of swarmer cells and short ensheathed filaments
containing 5 to 10 cells. Therefore, for both strains, spectro-
photometric analysis gave reproducible results well suited for
obtaining a growth curve. Similar growth curves were derived
from cell protein analysis (conducted in parallel) for strains
DSM 6575" and DSM 566 (data not shown). Growth kinetics

TABLE 5. Growth kinetics of S. natans strains

Generation time (min) of strain:

Temperature
0 IF4 1F5 1IF9 IF14 DSM 565 DSM 566 DSM 65757
25 100 120 90 120 210 120 140
30 90 95 80 60 NG 100 60
35 60 60 50 50 210 78
40 180 240 140 150 NG NG
45 NG NG NG NG

“ NG, no growth observed after a 48-h incubation period.
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TABLE 6. Overall 16S rDNA sequence similarities for paper mill isolates and selected reference organisms
of the beta subclass of Proteobacteria”

Similarity (%) to organism:

Organism
1 2 3 4 5 6 7 8 9 10 11 12

1. Zoogloea ramigera
2. Brachymonas denitrificans 88.0
3. Comamonas testosteroni 88.0 94.8
4. Rubrivivax gelatinosus 89.5 92.8 91.2
S. Thiobacillus cuprinus 89.2 89.5 88.8 91.7
6. Leptothrix cholodnii 88.7 92.3 91.0 96.9 92.1
7. Leptothrix discophora 89.1 92.8 91.2 97.0 92.3 96.8
8. Leptothrix mobilis 89.5 92.0 90.6 97.2 92.2 97.7 97.1
9. Sphaerotilus natans DSM 565 88.8 91.2 90.7 95.5 922 96.7 96.8 96.5
10. IF5 (paper mill isolate) 88.9 91.5 90.6 95.8 91.8 96.3 96.3 96.5 97.2
11. IF4 (paper mill isolate) 89.0 91.8 91.1 96.2 922 96.5 96.6 96.9 97.4 99.7
12. IF14 (paper mill isolate) 89.4 92.1 90.9 96.5 92.0 96.3 96.5 96.7 97.3 99.6 99.8
13. IF9 (paper mill isolate) 89.6 923 91.1 96.5 92.0 96.4 96.6 96.8 97.4 99.6 99.8 99.6

“ Only alignment positions for which nucleotides were determined unambiguously were included in the calculations.

of paper mill isolates and reference strains at different tem-
peratures are presented in Table 5. Interestingly, the four
Sphaerotilus-like isolates appeared to be well adapted to the
elevated temperatures of the paper mill environment since
they showed shortest generation times at 35°C while maximum
growth rates of S. natans reference strains required lower tem-
peratures, which is consistent with previous findings of van
Veen et al. (31). In addition, all paper mill Sphaerotilus-like
isolates were able to grow at 40°C after 48 h of incubation, in
contrast to all S. natans reference strains.

pH limits for growth. The paper machines were characterized
by pH values varying from 5 to 8 (21) depending on the type
and quality of paper produced. Regarding pH growth limita-
tion, all but one of the Sphaerotilus strains did not grow at a pH
lower than 5.4 and above 9 and showed reduced growth in the
pH ranges 5.4 to 6.3 and 8.4 to 9 (data not shown). Strain DSM
565 was even more sensitive to basic pH and tolerated only a

Thiobacillus cuprinus

Zoogloea ramigera

Escherichia coli

10 %

Leptothrix cholodnii

Leptothrix discophora

pH range around neutrality for growth (5.8 to 7.8). These
results match well with those of a previous study demonstrating
that Sphaerotilus sp. is not able to tolerate very acidic or alka-
line conditions and grows best at neutral pH (31).
Phylogenetic inference. Nearly complete 16S rDNA se-
quences were amplified, cloned, and sequenced from the Sphaer-
otilus-like paper mill isolates. Comparative sequence analysis
revealed that all four 16S rDNA sequences were highly similar
to each other (99.6 to 99.8% similarity) (Table 6) and to two
identical previously published partial 16S rDNA sequences of
S. natans DSM 6575" and ATCC 15291 (99.0 to 100% simi-
larity [25]). Since the 16S rDNA similarities to the validly
described S. natans DSM 6575 and ATCC 15291 of the four
isolates appear to be significantly greater than 97%, DNA-
DNA reassociation studies will have to be performed to clarify
the species affiliation of the isolates (27). Phylogenetic analysis
demonstrated that the retrieved isolate sequences clustered

Leptothrix mobilis
Sphaerotilus natans DSM 565
Sphaerotilus natans DSM 566

Paper mill isolates

IF4, IF5, IF9, IF14
Sphaerotilus natans DSM 6575

Sphaerotilus natans ATCC 15291

T

Rubrivivax gelatinosus

Brachymonas denitrificans

Comamonas testosteroni

FIG. 5. Phylogenetic tree reflecting the relationships of the Sphaerotilus sp. isolates obtained from paper mill slime within the beta subclass of Proteobacteria. The
tree is based on the results of maximum likelihood analysis. The multifurcation connects branches for which a relative order could not be unambiguously determined.

The bar indicates 10% estimated sequence divergence.
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together with S. natans DSM 65757 and ATCC 15291 within
the beta-1 subdivision of the class Proteobacteria. The tree
given in Fig. 5 is based on the results of a maximum likelihood
analysis of all available 16S rDNA sequences from represen-
tatives of the beta subclass of Proteobacteria, for which more
than 1,000 nucleotide positions have been determined, and of
a selection of members of the major lines of descent among the
Bacteria. Only sequence positions which share the same nucle-
otides in at least 50% of all available sequences from the beta
subclass of Proteobacteria were included, to reduce potential
treeing artifacts which may result from multiple base changes
(15). To enhance clarity, several phylogenetic groups within
the beta subclass and the outgroup organisms were subse-
quently removed from the tree without changing its topology.
Short partial 16S rDNA sequences of S. natans DSM 6575,
DSM 566, and ATCC 15291 (25) were subsequently added to
the tree without changing its topology. The topology of the tree
was evaluated by maximum parsimony and distance matrix
analyses of a variety of data sets differing with respect to the
inclusion of sequence positions and outgroup reference se-
quences. The different treeing methods consistently supported
clustering of the isolate sequences with S. natans DSM 65757
and ATCC 15291 but, consistent with previously published
phylogenetic analyses (26), an unambiguous pattern of the re-
spective branches within the Sphaerotilus-Leptothrix group
could not be determined on the basis of the available data set.

In conclusion, our results demonstrated the year-round pres-
ence of Sphaerotilus spp. within paper mill slimes. Polyphasic
characterization of the isolated Sphaerotilus strains revealed
interesting adaptations of the strains to the environmental
paper mill conditions in regard to temperature tolerance and
utilization of cellulose and starch. Future studies will focus on
the design and application of rRNA-targeted oligonucleotide
probes for studying in situ abundance and spatial organization
of Sphaerotilus spp. in paper mill slimes. Improved understand-
ing of the ecology of paper mill slimes will be key to their
control.
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