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instead of a solid medium. Spectroscopic anal-
yses were performed on centrifuged (cell-free)
culture fluids by using a Beckman model DB
spectrophotometer equipped with an ultravi-
olet light source (Beckman Instruments, Inc.,
Fullerton, Calif.). Cell nitrogen was deter-
mined by the semimicro-Kjeldahl method of
McKenzie and Wallace (17). Zoogloeal forma-
tion was determined by treating wet mounts of
microbial flocs with skim milk (9) and micro-
scopically observing for a sharply defined ma-
trix boundary against the skim milk back-
ground (Fig. 1). Cells were measured from pho-
tomicrographs. Staining reactions (Hucker’s
modification of the Gram stain and Burdon’s
test for sudanophilicity), litmus milk changes,
Koser citrate utilization, indole formation, and
nitrate reduction were determined by using
standard procedures (20). Catalase was deter-
mined by treating 3 ml of concentrated cells
with 2 drops of 30% H,0,. Oxidase, urea hy-
drolysis, H,S production (peptone-cysteine

~sulfate medium and the lead acetate paper
method), acid and gas production from carbo-
hydrates, starch hydrolysis, and gelatin hydrol-
ysis were determined by test procedures of
Skerman (19) and media formulations of Unz
and Dondero (23). Crystal violet decolorization
was tested by using the method of Friedman
and Dugan (12).

RESULTS

Aromatic compounds. The results of
studies on the utilization of aromatic com-

AppL. MICROBIOL.

pounds by Zoogloea strains are summarized in
Table 1. All strains of Unz and Dondero (23)
utilized benzoate, m-toluate, p-toluate, phenol,
o-cresol, m-cresol, and p-cresol. In addition,
certain strains grew on other aromatic com-
pounds. Z. ramigera 1-16-M did not utilize any
of the aromatic compounds tested, except L-
tyrosine.

The strains occasionally formed zoogloeal
flocs in media containing sodium benzoate or
sodium m-toluate, but growth on aromatic
compounds was usually in dispersed-cell form.
Early stationary-phase cells obtained on so-
dium benzoate or sodium lactate were filled
with highly refractile, sudanophilic granules
which presumably were poly-g-hydroxybutyric
acid (23). Strains growing on sodium benzoate,
sodium m-toluate, and o-cresol produced a
yellow-green color in culture media after 2
days and a chocolate brown color in 7 days.
The yellow-green color formed when washed
cells were incubated with catechol or methyl-
substituted catechols. A spectroscopic analysis
of the culture fluids revealed absorption peaks
between 375 and 385 nm at pH 7.1 and be-
tween 310 and 320 nm at pH 2.5 (Table 2).
Spectra of the sodium m-toluate-, o-cresol-,
and 3-methyl catechol-containing culture
fluids were similar to that of the meta cleavage
product of 3-methyl catechol (2). Spectra of
sodium benzoate or catechol culture fluids
were similar to that of 2-hydroxymuconic sem-
ialdehyde (16).

No absorption maxima, characteristic of

Fic. 1. Fingered zoogloea showing gelatinous matrix clearly defined against a skim-milk background. Z.
ramigera 106. Sodium lactate-mineral salts medium, 28 C, 60 hr. Phase-contrast.
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meta cleavage, were found in scanning culture
fluids containing p-toluate, phenol, m-cresol,
and p-cresol as substrates. However, cells
grown on these compounds meta-cleaved cate-
chol, and the yellow-green color rapidly devel-
oped in culture fluids. Absorption maxima for
all uninoculated control media were in the
range of 250 to 290 nm.

The aromatic compounds found to support
the growth of eight of the nine strains were
evaluated in growth yield experiments. The
results of a typical experiment with Z. rami-
gera 106 are given in Table 3. Cells were har-
vested in the declining growth phase as deter-
mined from growth curves. The wide carbon-
to-nitrogen ratios obtained with cells cultured
in sodium benzoate and sodium lactate appar-
ently resulted from accumulation of intracel-

TaBLE 2. Absorption spectra of culture fluids of
Zooglea ramigera 106 grown on certain aromatic

compounds
Absorption
maximum
Substrate Inoculum (nm)
pH17.1| pH 25
Sodium benzoate | Casitone-yeast 375-380| 315-320
autolysate-
grown cells
Sodium m-toluate | Casitone-yeast 385-390( 310-315
autolysate-
grown cells
0-Cresol Casitone-yeast 385-390| 310-315
autolysate-
grown cells
Catechol Sodium benzoate- |375-380( 315-320
grown cells
3-Methylcatechol | Sodium m-toluate- | 385-390| 310-316
grown cells
4-Methylcatechol | Sodium m-toluate- | 382-385| 310-316
grown cells

TaBLE 3. Growth of Zooglea ramigera 106 on various
aromatic compounds and sodium lactate

Ratio

Yield of dry

Substrate Gi;:)enm " Yield  (mgof wt to
(200 ug/ml) time (mgdry cell Kjeldahl

(hr) wt/liter) nitrogen/ nitrogen
liter) of cell

mass
Sodium benzoate . 3 21.1 1.17 18
Sodium m-toluate . 14 114 0.85 13
Sodium p-toluate . 12 3.5 0.30 12
Phenol .......... 12 3.2 0.25 13
0-Cresol ......... 14 3.7 0.27 14
m-Cresol ........ 34 24 0.20 12
p-Cresol ......... 22 2.1 0.19 11
Sodium lactate ... 5.5 14.6 0.86 17

None............ 1.1 0.07
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lular sudanophilic granules as well as produc-
tion of extracellular matrix.

Isolation of Zoogloea strains. Initially,
four carbon sources were tested in the isolation
media in the following concentrations (milli-
grams per liter): sodium benzoate, 500; sodium
m-toluate, 500; phenol, 200; and o-cresol, 200.
They were inoculated with a loopful of the
scum layer which developed in 24 to 48 hr on
the surface of beakers of settled activated
sludge. The scum layers were largely composed
of fingered bacterial zooglogas similar in ap-
pearance to those described by Amin and
Ganapati (1).

Sodium benzoate was found to be insuffi-
ciently restrictive to the growth of many mi-
croorganisms, resulting in difficulty in locating
colonies which might be purified to yield Zoog-
loea strains. One zoogloea-forming bacterium
was isolated on sodium benzoate. Phenol and
o-cresol visibly supported growth of fewer
numbers of microorganisms than did sodium
benzoate, and colonies which developed were
very small and difficult to manipulate. Two
zoogloea-forming bacteria were isolated on o-
cresol, and none was isolated on phenol. So-
dium m-toluate did not support growth of as
many microorganisms as did sodium benzoate;
with experience, it was possible to recognize
colonies which could be purified to yield zoog-
loeal bacteria. Incubation temperature did not
influence the results of isolation. Based on the
results of preliminary experimentation, the
sodium m-toluate medium was used in re-
maining isolation work, and all plates were
incubated as 28 C. After 2 to 3 days, puncti-
form colonies of various microorganisms ap-
peared, and a diffusable yellow-green color
indicative of meta cleavage of the aromatic
ring developed along the path of heaviest inoc-
ulation. In 5 to 6 days, large (2 to 3 mm),
raised or convex, glistening, tough, cohesive
colonies developed which were selected for
purification (Fig. 2). These colonies were
usually the largest present and became
brownish or developed dark brown centers if
incubated for a total of 7 to 10 days. The tena-
cious colonies were difficult to pick, and reiso-
lation was usually necessary to ascertain pu-
rity.

Thirty-seven zoogloea-forming bacteria were
isolated from several sources on the sodium m-
toluate medium (Table 4). The initial inexperi-
ence in selecting and purifying appropriate
colonies is reflected in the relatively low per-
centage of zoogloea-forming bacteria isolated
from mixed liquor and settled activated
sludge. Besides wastewater, zoogloea-forming
bacteria were isolated from the waters of a
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Fi6. 2. Primary isolation plate with two colonies (arrows) indicative of Zoogloea species. Sodium-m-tol-

uate medium, 28 C, 7 days.

TaBLE 4. Isolation of zoogloea-forming bacteria from
natural sources by using sodium m-toluate medium

No. of Per cent

No. of N 200- ct‘)lon.ies
0. of yielding
Source samples ) ies Sloca- 200-
proc- fied formmg loea-
essed PUm bacteria fg A
isolated orTunE
bacteria
Raw sewage ... ... 2 3 2 67
Settled sewage . .. 2 2 2 100
Mixed liquor . ... .. 6 20 7 35
Settled -activated
sludge ......... 9 35 12 34
Scume® .......... 5 5 4 80
Trickling filter
slime.......... 2 5 3 60
Trickling filter ef-
fluent ......... 2 8 5 63
Lakes ........... 4 0 0
Spring .......... 2 0 0
Unpolluted stream 1 0 0
Polluted stream .. 2 4 2 50
Forest soil ....... 6 0 0
Cultivated soil . .. 4 0 0
Human feces . . . .. 2 0 0

2 Settled activated sludge was incubated at 28 C
for 24 hr. The scum layer which developed at the
surface of the overlying water was used as inoculum.

stream polluted by the overflow of a fish
hatchery rearing pond. Although no zoogloea-
forming bacteria were isolated from soils, fresh
waters, and feces, too few samples were proc-

essed to permit definite conclusions regarding
the absence of these organisms. Futhermore,
no attempt was made to concentrate the bac-
teria in water samples prior to plating.

Identification of zoogloea-forming bac-
teria. All new isolates formed zoogloeas in the
stationary and shaken CY medium; however,
only two strains produced the characteristic
fingered Zoogloea. Logarithmic-phase cells of
all isolates were gram-negative, nonspore-
forming, and motile, rod-shaped and possessed
monotrichous, polar flagella. The average
width and length of cells were 1.0 and 1.0 +
0.3 um, respectively. The first seven strains
obtained on the sodium m-toluate medium
and the three strains isolated on sodium ben-
zoate and o-cresol were subjected to more di-
agnostic tests than the succeeding 30 new iso-
lates. The isolates growing on sodium benzoate
and o-cresol were similar to the bacteria iso-
lated on sodium m-toluate. The results of the
axenic culture studies on zoogloea-forming
bacteria isolated on sodium m-toluate are
given in Table 5.

DISCUSSION

With the exception of Z. ramigera 1-16-M,
all the strains studied utilized certain non-ni-
trogenous aromatic acids and phenolic sub-
stances. These compounds are present and
discharge in certain industrial wastes and may
thus become available as carbon sources for
zoogloeas in polluted waters.
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TABLE 5. Response of Zoogloea strains to diagnostic

tests
Strains positive/total strains tested
Zoogloea
Test strains Zoogloea
isolated on strains | Z. ramigera
sodium 21, 106, 1-16-M
m-toluate and 216
medium
Zoogloeas produced. 37/37 3/3 0/1
Denitrification . ... 37/317 3/3 0/1
Urease ........... 19/37 3/3 0/1
Catalase .......... 317/37 3/3 11
Oxidase .......... 37/31 3/3 11
Crystal violet decol-
orization ....... 0/7 0/3 0/1
Meta cleavage of
catechols ....... 37/37 3/3 0/1
Koser citrate . .. . .. 20/37 0/3 0/1
Litmus milk reac-
tion............ 0/7 0/3 11
No change)| (No change) | (Reduction)
Gelatin hydrolysis . 34/37 3/3 0/1
Starch hydrolysis . . 0/7 0/3 0/1
H,S (lead acetate) . 6/37 0/3 11
H,S (Kliglen) ..... (No growth)| (No growth) 0/1
Indole ............ 0/37 0/3 0/1
Tyrosine agar . . ... 0/7 0/3 11
Acid without gas
0/37 0/3 1/1
0/7 0/3 11
0/7 0/3 11
0/7 0/3 11
0/7 0/3 11
0/7 0/3 1/1
5/37 0/3 1/1
0/7 0/3 11

Spectroscopic analyses provided presump-
tive evidence that sodium benzoate, sodium
m-toluate, and o-cresol are degraded by cer-
tain Zoogloea strains via meta cleavage of the
aromatic ring (11, 16).

The salient properties of Zoogloea are Zoog-
loea formation, denitrification, urea hydrolysis,
gelatin hydrolysis, and oxidase and catalase
activities (23). With the exception of urea hy-
drolysis, nearly all of our zoogloea-forming
bacteria possessed these characteristics. In
addition, the zoogloea-forming bacteria did
not utilize any of the carbohydrates, with the
exception of five strains which produced acid
from xylose. Unz and Dondero (23) found that
3 of 65 strains formed acid from xylose but
that none utilized Koser citrate or produced
H.S. Twenty-one of our zoogloea-forming bac-
teria utilized Koser citrate, and six strains
produced H,S. Overall, the 40 Zoogloea iso-
lates resembled the three Zoogloea strains of
Unz and Dondero (23), including strain 106
which has been proposed to replace Z. rami-
gera 1-16-M as the neotype strain of Z. rami-
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gera Itzigsohn (22). All of the newly isolated
zoogloea-forming bacteria may be properly
identified as strains of Zoogloea. We suggest
that the test for meta cleavage of catechols be
included in future taxonomic studies of bac-
teria suspected to be Zoogloea species.

The sodium m-toluate medium proved satis-
factory for convenient isolation from various
wastewater sources. The organisms were dis-
tinguished by large colonies which were often
tinted yellow-green by meta cleavage products
or brown, depending on age. Friedman and
Dugan (12) isolated a strain of Z. ramigera
earmarked by colonies which decolorized
crystal violet. None of our strains did.

It is obvious that the sodium m-toluate me-
dium would not suffice for the isolation of
zoogloea-forming bacteria unable to utilize the
primary carbon source. Strains isolated in the
present study appear different from cultures
recently described by several other investiga-
tors (7, 12, 13). However, it is believed that the
reference cultures of Unz and Dondero (23) are
authentic in that they were isolated by micro-
manipulation from fingered wastwater zoog-
loeas similar in appearance to those originally
described and named Z. ramigera by Itzigsohn
(15).

It is anticipated that the sodium-m-toluate
medium described in this report will prove
valuable for the isolation of Zoogloea strains
and, thereby, aid future physiological and eco-
logical studies of these bacteria.
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ERRATUM

Use of Aromatic Compounds for Growth and
Isolation of Zoogloea

RICHARD F. UNZ ano SAMUEL R. FARRAH
Department of Civil Engineering and Department of Microbiology, The Pennsylvania State University,
University Park, Pennsylvania 16802

Volume 23, no. 3, p. 528, column 2, line 9: Change ““Zoogloea” to ‘“zoogloea.”

p. 528, column 2, line 12: Change the sentence, “The average width and length of cells were 1.0
and 1.0 = 0.3 um, respectively.” to “The average width and length of cells were 1.0 and 2.0 + 0.3
um, respectively.”

p. 529, column 1, line 6: Change the term “Zoogloea” preceding “formation” to ‘‘zoogloea”



