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According to PriNasHEIM (1949 4a) the genus Sphaerotilus, the filamen-
tous, sheathed bacteria, includes three species: S. natans, S. discophorus
and S.#richogenes. Only the first two species have been investigated exten-
sively (PRINGSHEIM 1949a, 1949b; SroxEs 1954 ; HOHNL 1955; DONDERO
1961; MurpEr and vaxy VEEN 1963). The Sphaerotilus group is of con-
siderable interest as iron bacteria, as slime formers in polluted streams
and rivers, and as unusual morphological types.

Early investigations of S. discophorus, under the names of Leptothrix
ochracea, L. crassa, L.sideropous and L. winogradskii, were made by
WiNoGrADSKY (1888, 1922), MoriscH (1910), Lieske (1919), CHOLODNY
(1926) and CaTarpI (1939). All of these organisms differ from 8. natans
primarily in that they oxidize manganous salts. The manganic oxide
formed is deposited on the sheaths and colors them golden yellow or dark
brown. PringsHEIM (19492a) considers all of these filamentous, sheathed,
manganese oxidizing organisms to be strains of S. discophorus and we
have adopted his logical and simple system of classification. These early
investigations supplied much information on the ecology, isolation,
morphology, nutrition and physiology of 8. discophorus and on whether
the organisms can utilize energy from the oxidation of ferrous and mangan-
ous ions. The latter aspect, despite extensive experimentation, remains
controversial (see also GANTER and ScEWARTZ 1956; PrRAVE 1957;
MuLDER and vaN VEEN 1963).

The present investigations were undertaken to obtain additional infor-
mation on the morphological, nutritional and physiological properties of
8. discophorus. Our data confirm, differ from, and extend previously
published information on 8. discophorus. A preliminary report of some of
our data has been made (RouF and Stoxss 1962b).

* Based in part on a thesis presented by the senior author in partial fulfillment
of the requirements for the degree of Doctor of Philosophy, Washington State Uni-
versity, 1963.
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Materials and Methods

Many different media and techniques were used. It seems best, from the stand-
point of clarity, to present technical details at the time the specific experiments in
which they were used are described.

Isolation of S. discophorus

The hay infusion enrichment method of WinocraDSKY {1888) modified by the
addition of manganous carbonate (MoL1sH 1910) was used to isolate S. discophorus
from natural bodies of water. The enrichment medium contained a mixture of
thoroughly extracted alfalfa hay (Stoxes 1954), freshly precipitated Fe(OH),
prepared by adding NaOH to a saturated solution of FeSO,, and also solid MnCO,.
Care was taken to wash the Fe(OH), free of alkali. The mixture was placed in glass
cylinders, of 100 ml capacity, and filled almost to the top with samples of water from
streams, rivers and lakes. These enrichment cultures were incubated at 25°C.

Within about a week, reddish-brown, flakes were seen on the sides of the cylin-
ders near the surface of the water. Microscopically, the flakes consisted primarily of
filaments of 8. discophorus strikingly encrusted with a thick, golden-brown layer of
iron and manganese oxides. The filaments were 10—15 y wide and most of the
thickness was due to the inorganic oxide deposit.

Filaments from enrichment cultures were washed in several changes of sterile,
distilled water to remove adhering bacterial contaminants. Between washings the
filaments were dried on filter paper. The washed filaments were streaked on an agar
medium which contained 0.5°/, peptone, 0.05°/, ferric ammonium citrate, 0.02°/,
MgSO0, - TH,0, 0.005%, CaCl,, 0.005°/, MnSO, - H,0, 0.001°%/; FeCl, - 6 H,0 and 1.29/,
agar in tap water. The plates were incubated at 25°C.

In 2—3 days a variety of colonies developed. Interspersed among
colorless colonies were a number of easily distinguishable light to dark-
brown colonies, about 2 mm in diameter, which had filamentous or hair-
like projections. Such colonies are characteristic of S. discophorus. Preli-
minary identification was made by microscopic examination of portions
of the brown colonies. This showed the presence of chains of rod-shaped
cells within metallic oxide encrusted sheaths. Confirmation that the iso-
lates were indeed 8. discophorus was obtained later on the basis of other
morphological and cultural characteristics of the purified cultures as de-
seribed below. Pure cultures were obtained by restreaking well isolated
colonies from the initial plate cultures. A total of 11 pure cultures of
8. discophorus was isolated, each from a different sample of natural
water.

Stock cultures were maintained on agar slants of the same composition as the
isolation agar medium. The cultures were stored either at room temperature or in
the refrigerator and subcultured at monthly intervals onto freshly prepared moist
slants. Growth may not oceur if the slants are allowed to become dry before inocula-
tion. Survival appears to be better at room temperature. Although slant cultures
may remain viable for as long as 2 months, sometimes subculturing is not successful
after that period of time.
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Morphology

Colonies

These are easily recognized by their characteristic filamentous form
and their light to dark brown coloration due to the deposition of iron and
manganese oxides (Fig.1). The hairlike edges of the colonies (Fig.2)
resemble those of 8. natans (SToxEs 1954) although, usually, they are not
as extensive. Occasionally the
extruding filaments are quite
short so that the edge of the
colony appears almost smooth
(Fig.3).

8. discophorus may dissociate
spontaneously to give rise to
an S or smooth type colony as
contrasted to the Ror filamentous
form (PriNgsHEIM 1949a). Dis-
sociation occurred frequently in
our stock cultures and re-
isolations from R colonies were
made to maintain the cultures
in the R phase. The S colony
has a smooth edge, is colorless
or only slightly brown and
consists of short rods. Smooth
colonies are formed usually on
Fig.1. Colonies of Sphaerotilus discophorus, stra}in rich media. Dissociation was
g n ppion sl s M oted also by MULDER and vax

VEEN (1963). They suggested
that two different types of R to 8 dissociations may occur; one de-
pendent on nutrition and the other on mutation. The R to 8 dissociation
also occurs in 8. nafons (PrRiNasHEM 19494 ; STOKES 1954).

Filaments

These are composed of chains of rod-shaped cells enclosed in tightly-
fitting sheaths. Their length is quite variable and may be as much as 970 y
according to GANTER and Scuwarrz (1956). When 8. discophorus is
grown without manganous salts, the sheaths appear colorless and trans-
parent and the internal cells are readily visible (Fig.4). The narrow width
of the filaments, about 1 u, and the transparency of the sheaths make it
more difficult to see the sheaths of S. discophorus than those of S. natans
which are 1—2 u wide. Because of the tight fit between cells and sheath,
the latter can be seen only in areas of the filament vacated by the cells.



Fig.2. Enlarged colony of Sphaerotilus discophorus strain 11 which shows the hair-like structure of
the edge of the colony. Grown on peptone-glucose-salts agar with MnSO, for 4 days at 25 C; x132

Fig. 3. “Short-haired” colonies of Sphaerotilus discophorus, strain 31, Grown on peptone-glucose-salts
agar with MnSO, for 2 days at 25 C; x132

Arch. Mikrobiol., Bd. 49 10
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Filaments from cultures grown with iron and manganese salts are
heavily encrusted with oxides of these metals (Fig.5). The shape of the

Fig. 4. Filaments of Sphaerotilus discophorus, strain 18, negatively
stained with nigrosin to show the sheaths and internal cells;
X 2,000

Fig.5. Iron and manganese encrusted filaments of Sphaerotilus
discophorus. strain 39; x 2,800

inorganic deposit is
irregular,  somewhat
hemispherical and dis-
continuous (Fig.6). In
young cultures the
deposits are relatively
thin and golden yellow;
but as the cultures age,
the deposits thicken
and turn dark brown.
Further details of this
process will be given
later.

Cells

Chains of rod-shaped
cells can be seen within
the sheaths of the fila-
ments. In young cul-
tures, the cell chains
can be seen moving out
from the ends of
the oxide encrusted
sheaths. The individual
cells are about 0.8 to
1.0 4 wide and 2.5 to
9.8 44 long in nigrosin
stained  preparations
(Fig.7). When Gram
stained, the cells are
thinner, 0.5—0.9 u,
which indicates some
distortion of the cells
by the staining proce-
dure. - CATALDI (1939)
reported that the cells
of 8.discophorus ( Lepto-
thriz crassa) are 0.5 to

0.8 1 wide, and PRINGSHEIM (1949a) stated that the cells are 5-—10u
or more in length. According to GANTER and ScHEWARTZ (1956) the cells
are 0.6—0.9 u wide and 1.3—2.6 4 long. The cells of the manganese
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oxidizing strains of MULDER and vAN VEEN (1963) ranged from 0.6 —1.4 y
in width to 1--12 i in length. In general there is reasonable agreement
among different investigators as to the dimensions of the individual cells.
It appears that the cells of S. discophorus are narrower than those of
8. natans which are 1.2—-2.4 y wide (SToxEs 1954; MULDER and VAN
VEEN 1963).

Fig. 6 Fig. 7
Fig. 6. Iron and manganese encrusted filament of Sphaerotilus discophorus, strain 32; x 2,800
Fig. 7. Cells of Sphaerotilus discophorus, strain 11; x 5,600

The cells contain numerous refractile, sudanophilic granules which
are somewhat less prominent than those of S. natans. The chemical
nature of the granules will be discussed later. All of our strains were
Gram negative, in agreement with the findings of Cararp1 (1939) for her
manganese oxidizing strains. The cells of S. natans also are Gram nega-
tive. Also, like S. natans, the cells of 8. discophorus are motile and posses
a single, polar flagellum (Fig.8). Such flagellation has been reported also
by PrincsEEM (1949a) and GANTER and ScHWARTZ (1956).

Nutrition

Although the matter of autotrophy in S. discophorus is controversial,
there is general agreement among investigators that the organism can
grow well heterotrophically with organic substrates. Our primary concern
in the present paper is with the heterotrophic nutrition of 8. discophorus.

10*
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Fig.8. Polar flagellation of Sphaerotilus discophorus; electron micrograph

Most of the experiments were made with 5 strains of 8. discophorus
selected at random from the 11 strains available, i.e., 32, 35, 36, 39 and 41.
For growth experiments 10 ml of liquid medium, pH. 7.0, in 50 ml Erlen-
meyer flasks was used. The flasks were inoculated by loop transfer from
2 or 3 days old agar slant cultures. The liquid cultures were incubated at
30°C and growth was estimated visually during about 1 week of incu-
bation. Growth was usually evident after 1 day and maximum in 2 or
3 days. Further incubation resulted in a clearing of the cultures due tolysis.

The peptone-mineral salts medium used for the isolation of 8. disco-
phorus supports good growth when used either as a broth or agar medium.
Reduction of the peptone concentration from 0.5—0.1°/; reduced growth
somewhat but an increase to 1.0%/, did not increase growth. With 0.1/,
peptone the addition of 0.2—0.5°/, glucose increased growth. At the
0.5°/, peptone level, glucose was not stimulatory and it markedly reduced
the oxidation of MnSOy,, i.e. there was a sharp reduction in the brown
pigmentation of the cultures. The mineral salts were essential for growth
since growth did not occur with peptone alone.
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Common laboratory media, such as nutrient broth, brain heart in-
fusion, trypticase soy and yeast extract (19/,), did not support growth of
8. discophorus. However growth could be obtained in these media when
the nutrient concentrations were lowered. Nutrient broth supported
growth when diluted 1:2, trypticase soy broth diluted 1:15, and yeast
extract at 0.1 or 0.2/, concentration. The inhibitory effect of the usual
concentrations of these media is due probably to excessive amounts of
free amino acids which they provide (DoxDERO 1961 ; MULDER and vAN
VEEN 1963). Peptone appears to be low In free amino acids, since good
growth of §. discophorus can be obtained even with 39/, peptone, although
higher concentrations are toxic.

Vitamin requirements

Vitamin-free acid hydrolyzed casein (Bacto casamino acids) could not
replace peptone for growth. When the casein hydrolysate was used, the
basal medium was modified by the addition of 0.01°/; tryptophane,
0.00259/, cysteine, 0.3/, glucose and 0.05°/, K,HPO,. Phosphate was not
required in the peptone medium probably because it was supplied as an
impurity by the peptone. Also MnSO, was omitted since the formation
of manganic oxide interfered with the visual estimation of growth. The
medium was adjusted to pH 7.1.

The addition, however, of a mixture of B-vitamins to the casein
hydrolysate medium permitted growth. The vitamins used, in micro-
grams per ml of medium, were thiamin, riboflavin, nicotinic acid and
pantothenic acid, 0.2; pyridoxin, 1.0; p-aminobenzoic acid, 0.4; pteroyl-
glutamic acid, 0.01; and biotin, 0.02. Further experimentation showed
that of the 8 vitamins, only thiamin and biotin were required for growth
(Table 1). There was slight growth of some strains without biotin but this
was due probably to carry-over of traces of biotin with the inoculum since
use of washed inocula usually eliminated all growth.

Growth did not take place with either thiamin or biotin alone but
only when both vitamins were present in the casein hydrolysate medium.
For good growth 0.02 g of thiamin and 0.002 ug of biotin per ml of
medium were required but we have used routinely ten times as much of
each vitamin per ml of medium in order to be certain that sufficient
amounts woud be available in the cultures.

This is the first time that a requirement for thiamin and biotin by 8.
discophorus has been reported. MULDER and vAN VEEN (1963) found that
some of their Leptothriz or manganese oxidizing strains require vitamin
B, (cyanocobalamin) for growth and that this requirement could be
replaced by methionine. Although the effect of other vitamins including
thiamin and biotin was tested, only vitamin B,, was essential for growth.
Some of their strains however, failed to grow or grew very poorly with
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Table 1. Vitamin requirements of Sphaerotilus discophorus

Strain
Media

32 36 39 43
Basal? 442 4. 4+ 44
Basal minus thiamin — - — —
Bagal minus riboflavin 44 4+ 4+ 4+
Basal minus nicotinic acid 4 4+ 4+ 4+
Basal minus pantothenic acid 4 4+ 4+ 4+
Basal minus pyridoxine 4 4 4+ 4-
Basal minus para-amino benzoic acid 41 44 4-+ 4
Basal minus pteroylglutamic acid 4+ 4+ 4+ 44
Basal minus biotin 14 14 + -+

1 Contained 0.5°), vitamin-free casamino acids, 0.019%/, tryptophane, 0.0025%,
cysteine, 0.3/, glucose, 0.029, MgSO, - 7H,0, 0.005°/, CaCl,, 0.001°%, FeCl, - 6 H,0,
0.05%/, ferric ammonium citrate, 0.05%, K,;HPO,, and all of the vitamins mentioned
in the table.

2 — = no growth; + = very slight growth; 1-}- to 44 = increasing amount of
growth. Results recorded after 3 days of incubation at 30°C.

casamino acids but apparently the vitamin mixture was not tested with
the casamino acids medium. If this had been done perhaps the thiamin
and biotin requirement might have been observed. Strain variation as
well as methodology also may account for these differences. We did not
observe a vitamin B,, requirement with our strains apparently because
methionine which can substitute for the vitamin was supplied by the
casamino acids present in our medium.

The vitamin requirements of S. discophorus may have an important
bearing on the controversy concerning the autotrophy of this organism.
All of the numerous attempts by past investigators to grow pure cultures
of 8. discophorus autotrophically were made with inorganic media without
added vitamins. Virtually all of these attempts ended in failure (PrIvGs-
HEIM 1949b). If vitamins are required for autotrophic growth then these
negative results are understandable and positive results can be expected
only in inorganic media supplied with the essential vitamins.

Carbon and energy sources

A variety of organic compounds were tested. The basal medium con-
tained 0.05°/, casamino acids, 0.02%/, MgSO, - 7TH,0, 0.005%, CaCl,,
0.001°/, FeCl, - 6 H,0, 0.05%/, ferric ammonium citrate, 0.05%/, K,HPO,,
0.2 pg/ml thiamin, 0.02 gg/ml biotin and distilled water. MnSO; was
omitted. The medium was adjusted to pH 7.1 and distributed in 10 ml
amounts into 50 ml Erlenmeyer flagsks and autoclaved. The small amount
of casamino acids, 0.05°/,, was sufficient to supply the nitrogen require-
ments for growth but not sufficient for the carbon and energy needs of
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8. discophorus. Therefore the basal medium supported only barely visible
growth unless a utilizable source of carbon and energy was added. To
each flask was added 1 ml of a separately autoclaved solution of the
energy source to give a final concentration of 0.39/, in the medium. Acids
were neutralized prior to use and ethyl alcohol was filter sterilized. In
some experiments 0.05°/, peptone replaced casamino acids as the nitrogen
source. Nine strains were used. The inoculated flasks were incubated at
30°C and growth was judged by visual observations. The basal medium
without added energy source served as the control.

All strains grew with glucose, fructose, galactose, mannitol, sorbitol,
maltose, glycerol, salicin, raffinose, duleitol and ethanol. Only five strains
were tested with the latter 4 compounds. Raffinose, sorbitol and glycerol
supported the most growth. Sucrose, erythrytol and lactate were utilized
by 6 of the 9 strains. Lactose and xylose were utilized poorly and by only
a few strains. The carbon and energy scurces which did not support
growth of 8. discophorus included arabinose and the organic acids, for-
mate, acetate, propionate, butyrate, malate, succinate, citrate and
benzoate.

The Leptothriz strains of Cararpzi (1939) utilized glucose, citrate,
oxalate and asparagine as carbon sources.

The Leptothrix crassa strain of GANTER and SCHWARTZ (1956) utilized
glucose, maltose and sucrose. Also, asparagin and the ammonium salts of
oxalic, lactic and citric acids could serve as sources of both energy and
nitrogen. MULDER and vax VEEN (1963) reported that glucose, fructose
and sucrose were especially good carbon sources for some of their Lepto-
thriz strains. Also, acetate, lactate, malate, glycerol and 8-hydroxybuty-
rate but not citrate supported growth.

The carbon and energy sources for S. discophorus are similar to those
utilized by S. natans. The latter also can grow with glucose, galactose,
mannitol, sorbitol, sucrose, maltose, glycerol and ethanol but not with
arabinose, propionate or benzoate (SToKES 1954).

Nitrogen sources

There is general agreement among investigators that manganese oxi-
dizing strains, S. discophorus or Leptothrix species, can grow well with
peptone, beef extract and other complex nitrogenous substances provided
that relatively low concentrations are used. Casein hydrolysate or a mix-
ture of amino acids simulating casein hydrolysate also is a satisfactory
source of nitrogen (MuLDER and vAN VEEN 1963). Asparagine (CATALDI
1939; PrINGSHEIM 1949a; GANTER and SCHWARTZ 1956), the ammonium
salts of oxalic, lactic and citric acids (GANTER and ScuawarTZ 1956) and
(NH,),80, or NH,NO; (Liesxr 1919; CATaLDT 1939; MULDER and VAN
VEEN 1963) may be utilized by some strains.
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Our strains grew well with 0.5°/; peptone, in diluted nutrient broth,
brain heart infusion and trypticase soy broths, with 0.2%/, yeast extract
and with 0.5%/, casein hydrolysate. They did not grow with (NH,),S0, in
a glucose-mineral salts medium supplied with thiamin and biotin
possibly because vitamin B,, was absent.

Physiology
Growth temperatures

Molisch’s strain of L. ochracea grew optimally at 23 ~25°C and failed
to grow at 5°C and 40°C. Some of Cataldi’s Leptothriz strains grew best
at 25—28°C and others at 37°C. All of her strains had a minimum growth
temperature of 15°C.

Five of our strains were examined for their cardinal growth tempera-
tures in the peptone-mineral salts isolation medium (liquid) and in the
same medium without MnSO, but fortified with 0.29/, glucose, thiamin
and biotin. Similar results were obtained with both media and all strains.
The cultures grew well in the range of 10—35°C although growth was
slow at 10°C. Growth was most rapid at 25—35°C. There was very slight
or no growth at 37°C and no growth at 40°C. On prolonged incubation,
for 1 month, 4 of the 5 strains grew at 5°C but not at 0°C.

In general, S.discophorus grows at somewhat lower temperatures
than 8. natans. The latter grows in the range of 15—40°C (Stoxus 1954).

pH limits for growth

The peptone-glucose-mineral salts-vitamin liquid medium was used
in 10 mi amounts per 50 ml Erlenmeyer flasks. The pH was adjusted to
various values in the range of pH 4.0—9.8. Mcllvaine’s standard buffer
solution (citric acid disodium phosphate) at 1/10th the usual concentra-
tion, was used for pH 4.0 through pH 7.9. For pH 8.2, 8.6, 9.0 and 9.8,
0.01 M NH,OH-—HCI buffer was used. The results obtained with 5 strains
of 8. discophorus are shown in Table 2. No growth appeared at pI 4.0,
5.0, 9.0 and 9.8. Slow and less than maximal growth occurred at pII 6.0,
6.4, 8.2 and 8.6. Rapid and extensive growth occenrred at pH 7.0 and 7.9.
Thus the pH range for growth of all strains was pH 6.0—8.6 inclusive
with an optimum at about pH 7.0--8.0. Similar results were obtained in
media adjusted to various pH levels with HCIl and NaOH. Use of 0.02 M
phosphate buffer to establish pH levels war unsatisfactory because the
buffer markedly inhibited growth.

Morisch and LieskE used slightly alkaline media to grow their strains
of Leptothriz. Most of CATALDI’s strains grew in the range of pH 6—10
and the optimum was pH 8.0—8.5. Pri~NesHEM adjusted his growth
media to pH 7.0—7.5. GANTER and SCHWARTZ were able to grow L. crassa
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Table 2. Effect of pH on the growth of Sphaerotilus discophorus

Strain
pH 32 35 36 29 41
2D* 4D 2D 4D 2D l 4D 2D 4D 2D 4D

4.0 2| - | = =] -] = =] =] =] =
5.0 — — — — — — — — — —
6.0 1-- 2+ 24 24- — 21 24+ 2+ 14+ 24
64 |1+ | 24+ [ 24+ |2+ | — | 2+ | 14+ | 24+ | 1+ | 2+
70 | 3+ | 4F | 34 | 4 | 34 | 44 | 34 | 4f | 34 | 44
79 | 34+ | 4+ | 3+ | 4+ | 3+ | 4+ | 34+ | 4+ | 3+ | 4+
82 | 24 | 2+ | 24 | 4 | 20 | 4+ b 20 | 4 | 20 | 44
8.6 — 14 — 2+ — 24 — 2 — 14
9.0 — — — — — — — — — —
9.8 — — — — — — — — — —

1 2D indicates that the observation was made on the second day.

? — = no growth; + = very slight growth; 1+ to 4+ = increasing amount of

growth.

in the range of pH 5.0—7.2 and the optimum was pH 5.8—6.8. MULDER
and VAN VEEN maintained their Lepfothriz cultures at pH 7.0.

There is general agreement, therefore, that S. discophorus cannot
tolerate very acid or alkaline conditions and grows best at about neutrality.
In this respect it resembles closely S. natans.

Additional properties

All of our strains grew only when oxygen was present. They failed to
grow in cultures maintained anaerobic with pyrogallol. S. discophorus
like S. natans is a strict aerobe.

All strains reduced nitrates to nitrites and did not form indole from
tryptophane. CATALDI obtained the same results with her strains.

None of our strains hydrolyzed starch, dextrin or cellulose or liguefied
gelatin. All of them contained catalase.

It had been found previously that the sudanophilic granules of
8. natans are composed of poly-f-hydroxybutyric acid and that this
compound may account for as much as 22.5% of the dry weight of the
cells (Rour and StorEs 1962). The sudanophilic granules of S. discophorus
also are composed of poly-f-hydroxybutyric acid and this compound may
represent as much as 409/, of the dry weight of the cells. This is among
the largest amounts so far found in bacteria.

Deposition of iron and manganese
‘When grown in peptone-glucose-mineral salts medium without added
iron or manganese compounds, the filaments of S. discophorus are thin,
smooth and colorless. When FeCl; and ferric ammonium citrate are added
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to the medium the filaments are thicker and have a pale yellow deposit of
ferric oxide on the sheaths. When MnSO, or a combination of MnSO, and
ferric salts are added to the medium, the filaments are wider than those
grown with the ferric salts alone and exhibit & golden yellow, irregular
deposit which thickens and turns dark brown as the culture ages. For
example, filaments from a 2 days old culture of strain 31 were 0.86 u wide
when grown without added iron or manganese as measured in wet
mounts, 1.27 u when grown with ferric salts, 2.38 y with MnSO,, and
2.48 y with both metals. The filaments from the latter culture were
6—10 p wide after 7 days of incubation. The secondary deposit of metallic
oxides can be much wider, therefore, than the primary sheath.

The amounts of iron and manganese deposited on the primary sheaths
of 8. discophorus were determined. Two strains, 21 and 36, were used.
For comparative purposes, S. nafans, strain 4, was included.

The peptone-glucose-mineral salts-vitamin medium, with and without MaSO,
was used. The specific composition is given in the footnote to Table 3. The medium
wasg distributed in 200 ml amounts into 2 1 Erlenmeyer flasks. After inoculation, the
cultures were incubated for 60 hrs at 30°C. The Sphaerotilus growths were harvested
by centrifugation, and washed twice with distilled water. The cellular material was
dried to constant weight at 90—95°C and analyzed quantitatively for iron and
manganese. Dried cell material from 400 ml of culture of each organism was used for
the assays. Iron was determined by the method described by DigaL and SmrrH
(1952) and manganese by the method given in “Official Methods of the Association
of Official Agricultural Chemists” (1955). These analyses were made for us by our
Institute of Technology.

Table 3. Iron and manganese content of Sphaerotilus

Per cent dry wt of filaments
Orgonism Medium? and cells
Iron Manganese
8. discophorus, strain 21 with Mn?2 5.68 1.43
without Mn 4.25 0.0
8. discophorus, strain 36 with Mn 5.44 1.12
without Mn 7.10 0.0
8. natans, strain 4 with Mn 0.71 0.0

1Tt contained 0.4°, peptone, 0.3°, glucose, 0.2 ug/ml thiamin, 0.02 pg/ml
biotin, 0.02°/, MgSO, - 7H,0, 0.005%, CaCl,, 0.001°/, FeCl; - 6H,0, 0.05%/, ferric
ammonium citrate and distilled water; pH 7.1.

2 0.005°/, MnSO, - H,0.

The analytical data are presented in Table 3. The iron content of §.
discophorus ranged from 4.25—7.10°/, of the dry weight of the filaments
and cells and was virtually independent of the presence or absence of
manganese in the medium. These values are much higher, 6—10 fold,
than the 0.719/, iron in S. natans. The manganese content of 8. désco-
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phorus ranged from 1.12—1.43°/, and was completely dependent, of
course, on the presence of MnSO, in the growth medium. In contrast,
8. natans did not accumulate manganese even when grown with MnS0,.
This could be predicted from the colorless appearance of 8. natans when
grown with manganese salts.

The finding that S. discophorus accumulates about four times as much
iron as manganese when grown with both metals was somewhat sur-
prising, perhaps, since the filaments are dark brown which is the color of
manganic oxide rather than light yellow, the color of ferric oxide. A rela-
tively small amount of manganic oxide is sufficient, therefore, to domi-
nate and to give 8. discophorus its dark brown coloration.

Kinetics of growth

In our previous experiments growth of S. discophorus was determined
visually. To establish more quantitatively the amount of growth and the
course of the growth cycle, dry weight determinations of the cellular
material produced in cultures were made as a function of time of incu-
bation.

The medium contained 0.5°/, peptone, 0.2, glucose, the usual mineral salts
with and without MnS0,, and 0.2 ug/ml of thiamin and 0.02 ug/ml of biotin, The pH
was adjusted to 7.1. The medium was distributed in 100 ml amounts into 11
Erlenmeyer flasks in order to provide a large surface area. The flasks were auto-
claved, inoculated and incubated at 30°C. At daily intervals, two flask cultures were
removed and the cellular material was collected by centrifugation, washed twice

with distilled water and dried at 95—100°C to constant weight. Dry weights from
duplicate cultures agreed closely and were averaged.

The results obtained with stationary cultures of S. discophorus,
strain 39, are shown in Fig.9 and the results with cultures aerated by
incubation on a rotary shaker are shown in Fig. 10.

In stationary cultures, maximal growth is reached in 2 days, remains
stationary during the 3rd day and then the dry weights gradually de-
crease on continued incubation as the cells die and lyse. MnSO, reduced
growth somewhat. The maximal dry weights indicate a yield of about 1 g
of cellular material per liter of culture. This amount of growth is com-
parable to that obtainable with common bacteria under similar growth
conditions. The techniques used did not permit us to establish the exact
shape of the curves during the first 24 hrs. Undoubtedly a lag phase
exists.

Similar results were obtained in aerated cultures except that a sharp
decrease in cellular dry weights occurred soon after maximal growth and
continued more precipitously than in the stationary cultures. Aeration
did not increase significantly the rate or extent of growth but favored
lysis.



Mg. Dry Wt. of Filaments and Cells per 100 MI. of Culture

146 M. A. Rour and J. L. STOKES:

D
°
2
3
[
120 F « 120 F
o
=
. [ Without MnS0O
100 Without MnS04 S oo 4
.
@
a
8o 2 g0}
h'd
o
With MnSO, T
60 > s With
€ MnSO,
3
£
40 2 a0}
[T
-
[=]
-
20 2 20|
>
o
a
o
Il 1 L a4 I . b3 1 1 — L |
24 48 2 96 120 144 B 24 48 72 S 120
Hours of Incubation Hours of Incubation

Fig. 9. Growth curves of Sphaerotilus discophorus, Fig.10. Growth curves of Sphaerotilus disco-
strain 39, with and without MnSO,, under phorus, strain 39, with and without MnSO, and
stationary conditions at 30° C shaken at 30° C

Ozxidative assimilation

Previous experiments with S. natans (Stokes 1954) had shown that
cell suspensions oxidized a variety of sugars, amino acids and related
compounds. Noteworthy features of these oxidations were the high degree
of oxidative assimilation of some sugars, to the extent of 70—80¢/,, and
the resistance of the assimilation process to inhibition by sodium acid
and 24-dinitrophenol—compounds which usually repress assimilation
in microorganisms. Similar experiments were made with 8. discophorus.

Manometric techniques were used. The cells were grown in a medium which con-
tained 0.49%/, peptone, 0.3%), glucose (separately sterilized), the usual mineral salts
except MnSO,, thiamin and biotin. Strains 32 and 35 were used in most of the experi-
ments and strains 36, 39 and 42 in some of them. The cultures were grown at 30°C
on a rotatory shaker for 1 or 2 days. The cell material was harvested by centri-
fugation, washed twice with 0.02 M potassium phosphate buffer and resuspended in
the same buffer to a density of 380 units in the Klett-Summerson photometer (red
filter). The relatively low concentration of buffer was used because it had been found
that the cells lysed rapidly in 0.1 M buffer.

Table 4 contains some of the data, in a composite form, obtained with
the various strains. Glucose, fructose, galactose and other sugars were
oxidized. Also, glycerol, succinate, pyruvate, acetate, serine and gluta-
mate were oxidized. However, with all of these compounds, only a frac-
tion of the substrate present was oxidized, about 10°/, or less as calco-
lated from the total amount of O, consumed compared to the theoretical
amount of O, required for complete oxidation of all of the substrate. It
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must be assumed. that the remaining approximately 909/, of the substrate
was assimilated by the cells. The latter was confirmed in the case of

Table 4. The rate and extent of oxidation glucose oxidation Dby the finding

of various compounds by Sphaerotilus that virtually no resic'iual glucose
discophorus could be detected in the cell

suspension after] O, I consumption
Substrater | Oz consumed | o, g0 4i0n P 10:1 P
ulfhrfvessel® 420
Sucrose
Glucose 56 11
Fructose 60 12 3s0 1 Fructose
Galactose 30 5
Mannitol 23 4
Sucrose 83 8 W 07 Slucose
Maltose 29 5 2
Glycerol 18 4 ]
Succina‘oe, Na 40 11 s Glycarol
Pyruvate, Na 30 8 g
éce_ta‘te’ Na gg g § 180 - Endogenous
erine 2 <
Glutamate, Na, 30 12 Z‘“
1 The Warburg vessels contained er
2 ml of cell suspension in 0.02 M potas-
sium phosphate buffer, pH 7.1 (Klett ok
density, 380 units), 4 or 8 pymoles of
substrate in a volnme of 0.1 or 0.2 ml,
and 0.2 ml of 10°/, KOH in the center o : : T— L

) .
Q 20 40 €0 80 100 120 140
Minutes

well to absorb CO,. The gas phase was
3 o
air and the bath tenilper.ature 30°C. Fig.11. Rates of oxidation of several compounds
2 Endogenous oxidation subtracted. by Sphaerotilus discophorus

had ceased. This is an unusually high degree of oxidative assimilation
(SToxrEs 1952) and exceeds even that observed with S. natans. As with
the latter organism, assimilation by S.discophorus could not be repressed
by sodium azide and 24-dinitrophenol. The kinetics of oxidation of
several substrates are shown in Fig.11. The rate of endogenous oxidation
is high.

Compounds which were not oxidized, or perhaps slightly, included
lactose, arabinose, xylose, butyrate, citrate, x-ketoglutarate, malate,
oxalacetate, glycine, alanine and aspartate.

Discussion
8. discophorus is similar to S. nafans in many of its properties and
also strikingly different in some respects. Both species grow on solid
media as distinctive, filamentous colonies and may dissociate to give rise
to S or smooth colonies. Both species consist of rod shaped cells enclosed
in tightly-fitting, transparent sheaths. The sheath of S. natans is a pro-
tein-polysaccharide-lipid complex (RomMaxo and PELoQUIN 1963). The
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chemical nature of the sheath of §. discophorus has not been reported.
Both species tend to accumulate morphologically distinet deposits of iron
oxide on the primary sheath. The cells of both species are Gram negative
and motile by means of a single, long, polar flagellum.

Both species grow well in dilute organic media, and best at pH 7—8,
and at about 30°C. The cells of both species accumulate large amounts of
poly-f-hydroxybutyric acid internally as sudanophilic granules. Both
oxidize & similar variety of sugars, sugar alcohols, amino acids and other
compounds. These oxidations proceed with a high degree of assimilation
of the substrates.

These similarities in the two organisms lend support to PRINGSHEIM s
system of classification which considers them to be species of the same
genus, Sphaerotilus, and argue against the establishment of a separate
genus, Leptothriz, for the discophorus type.

S. discophorus, however, differs from S. natans in one important prop-
erty. It can oxidize manganous salts whereas S. natans cannot. As a
result, cultures of §. discophorus grown with manganous compounds are
distincetively brown and the filaments are covered with a dark brown
deposit which contains manganic oxide. If autotrophy should be estab-
lished in Sphaerotilus, then the difference between 8. discophorus and 8.
natans will be that 8. discophorus can derive energy from the oxidation of
both manganous and ferrous ions whereas S. natans can obtain energy
only from the oxidation of ferrous ions.

There are other, perhaps more minor, differences between the two
organisms. The filaments (and cells) of S. discophorus are narrower than
those of 8. natans when consideration is given only to the primary filament
and not to the secondary layer of inorganic oxides. Also, 8. discophorus
requires thiamin and biotin for growth and also vitamin B,, or methionine
whereas S. natans does mnot require these growth factors or is only
stimulated by vitamin B,,.

© Summary

By means of hay infusion-Fe(OH);-MnCO, enrichment cultures,
11 pure strains of the filamentous, sheathed bacterium, Sphaerotilus disco-
phorus were isolated from streams, rivers and lakes. The morphology of
the colonies, filaments and cells are shown in a series of photographs. The
strains grew well in dilute organiec media but not in many of the common
bacteriological media. All strains required thiamin and biotin for growth.
Glucose, mannitol, salicin, raffinose, glyeerol and other compounds were
suitable energy sources and peptone and casein hydrolysate were satis-
factory nitrogen sources for growth. The temperature range for growth
was 5—35°C and the pH range 6.0—8.6.

The sudanophilic granules of S. discophorus are composed of poly-S-
hydroxybutyric acid which may be as much as 40°/; of the dry weight of
the cells. Growth with iron and manganese salts results in extensive
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deposition of oxides on these metals on the filaments. Chemical analyses of
60 hr cultures showed that the iron content of the filaments ranged from
4.25—17.10°/, and manganese from 1.12—1.43%,, calculated on a dry
weight basis. Resting cell suspensions oxidized a variety of sugars, sugar
alcohols, amino acids and other compounds and concomitantly assimi-
lated about 909/, of these substrates. The properties of 8. discophorus are
compared with those of S. natans.
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