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CHAPTER I
LITERATURE REVIEW

The biclogical treatment of organic wastes is used extensively in
the degradation of complex organics to their simpler mineral compon-
ents. The introduction of these degradation products into a receiving:
stream results in a minijmal effect upon the dissolved oxygen levels.
This represents the primary goal in any waste treatment process. The
biological method of treatment varies from municipaTity to municipality
and among industries, depending upon such factors as type of waste,
volume of waste per day, and economics. Three of the most commonly
used methods of treatment are the trickling filter, oxidation pond, and
the activated sludge process. Each has its advantages and disadvan-
tages in the treatment of a particular waste. The activated sludge
process has attained enormous dimensions since it was developed by
Ardern and Lockett (1914). Rapid removal of organics as well as the
relatively easy process of separating purified water from the biologi-
cal floc .are two of the most important advantages in using the activated
sludge process for biological waste purification.

Activated sludge consists of biological flocs which are the result
of grdwth of bacteria and other microorganisms in the presence of dis-
solved oXygen. These flocs remove soluble matter as well as some sus-
pended materials. After the removal of the waste has been achieved,

the sludge flocs are allowed to settle. This results in the séparation



of the microbial mass from the purified waste water. An effluent freed
of 90-95 percent of its organic matter is not uncommon in this treat-
ment process. A portion of the settled sludge is recycled to the
aerator where purification is an ongoing process. A discussion of the
biological concepts in the design and operation of the process has been
presented by Gaudy and Gaudy (1971).

An important aspect of any biological waste treatment process is
the ecology of the biomass involved. The 1nteractions between the var-
jous microbial components is as important as the growth characteris-
tics of the individual species. Growth of the biomass is a result of
the utilization of the organic waste for-carbon and energy. A typical
biomass in a bijological treatment process is very heterogeneous.‘ The
rate of waste utilization as well as the rate of microbial growth is
dependent upon both the growth characteristics of the individual com-
ponents of the biomass and the design and operation of the treatment
plant. Emphasis upon growth characteristics has grown since the clas-
sic work with pure cultures by Monod (1942). His review (1949) defined
the principles upon which much subsequent work was based. The devel-
opment of the continuous culture technique in the succeeding years was
dependent upon much of the information gleaned from early growth eXper-
iments in batch culture. Discussions on the uses and theory of contin-
uous culture have been presented by Monod (1950), Novick and Szilard
(1950), Herbert, E]]swokth and Telling (1956), James (1961), and
Kubitschek (1970). This technique has proven invaluable in such diverse
microbiological research as microbial genetics, physiology, and ecology.
The re]évance of continuous culture to waste purification is most evi-

dent in the activated sludge process which is dependent upon a perpetual



microbial population actively stabilizing incoming organic wastes. ‘\
Although the activated sludge process has been available for over fifty
years, maximum potential is only now being realized as a result of
extensive research in defining the engineering and biological para-
meters of the process.

Specific members of the biological population can achieve'impor-‘
tance during waste treatment. Some have a beneficial effect, as exem-

plified by the excellent floc-forming characteristics of the bacterium

Zoogloea ramigera (Heukelekian and Littman, 1939). Conversely, they
may be a detriment to the process as are the poor settling character-

istics of the bacterium Sphaerotilus natans (Smit, 1934). The

heterogeneous nature of the microbial population allows gfeater flex-
ibility in the variety of organics which are treatabie by activated
sludge. It also represents, to some extent, a buffer against per-
turbances of the process commonly known as shock loads. However,
because the process is composed not only of beneficial microbes but
also those capable of disrupting the process or causing disease, the
plant operator prefers that the system be subject to some engineering
control so that the effect of the detrimental microorganisms is mini-
mized. Unfortunately, research has stressed the engineering aspects
of the process while neglecting the important biological consider-
ations. Many of the problems encountered during the operation of an
activated sludge treatment p1ént,may be corrected by an engineering
manipulation but an ever-increasing percentage of plant failures can be
attributed directly to some biological disorder. These are often dif-
ficult to explain, let alone correct by engineering means. The types

of microorganisms present, the interrelationships between the varjous



species, microbial growth kinetics, response to quantitative and quali-
tative changes of incoming wastes as well as effect of temperature and
other physical parameters upon the mixed microbial population are some
of the areas awaiting further study. Information obtained from such
studies is necessary to improve an already vitally important method of
organic waste treatment.

Bacteria are the basic biological units in aerobic waste treat-
ment systems. Most of these are either obligate aerobes or facuitative
anaerobes. Allen (1944) found that most of the organisms in activated
s]udge were Gram-negative rods belonging to the genera Pseudomonas,

Fiavobacterium, and Achromobacter. Bacteria of fecal origin as well as

spore-forming species were found only in small numbers. These results
agree with those of van Gils (1964) for activated sludge flocs grown on
sewages of domestic origin. He found that the majority of the bacteria

isolated were from the genus Achromobacter with fewer representatives

from the genera Flavobacterium, Pseudomonas, Alcaligenes, and Arthro-

bacter. The latter genus is the only Gram-positive one reported with
any regularity in most activated sludges. Sludges derived from dairy
waste waters are often reported to have a substantial number of Gram-
positive bacteria. Adamse (1964) reported a succession of predominant
genera developing upon a new dairy waste activated sludge as it pro-

gressed from its initial to its optimal stage. Among the bacteria he

isolated were representatives from the groups Achromobacteraceae,

Pseudomonadaceae, and a coryneform group. The pseudomonads which were

initially present in large numbers ultimately represented the smallest
of the three major groups. About 85 percent of the coryneform bacteria

were identified as Arthrobacter-1ike bacteria.




Another important biological unit in activated sludge is the pro-
tozoan group. These organisms play a very important role in the proper
functioning of the process. McKinney and Gram (1956) have shown that
there is a definite succession of protozoan classes as activated sludge
is formed and becomes more efficient. They stress the importance of
the ciliates as indicators of the efficiency of the treatment process.
These protozoa 1ive upon the large bacterial populations naturally
found in activated sludge. An equilibrium develops between the bac-
teria and the ciliates which results in a clearer effluent, a more
stable effluent, a more rapid rate of oxygen uptake, and greater floc-
culation efficiency. The basis for each of these effects is not com-
pletely understood, but research has been stimulated in most of these
areas. Much of this research has involved either batch or biological
oxygen demand (BOD) studies rather than activated sludge. For example,
the increased uptake of oxygen has been studied in BOD bottles by
Bhatla and Gaudy (1965). They presented evidence in support of a major
oxygen uptake by the protozoa during ingestion and utilization of the
bacteria for growth. When there was a significant time difference
between the peak in bacterial numbers and the period of rapidly increas-
ing protozoan numbers, a plateau in oxygen uptake was evident. Explan-
ations for the effect upon clarity of the effluent have been presented
by Pillai and Subrahmanyan (1944). They showed the protozoa were
responsible for reducing the number of free-swimming bacteria thus aid-
ing in producing a clarified effluent. The effects upon effluent sta-
bility and flocculation efficiency can also be visualized as being the
result of the elimination of free-swimming bacteria. By reducing these

bacteria, oxygen-consumers are not released into the receiving stream.



Therefore, this stable eff]uent prevents exertion of an excessive oxy-
gen demand. Also, with the elimination of free-swimming bacteria,
selection for floc-forming bacteria should result in greater floccula-
tion efficiency. The importance of protozoa to the activated sludge
process is unquestionable. Further studjes on the ecological relation-
ships involved is warranted.

The presence of viruses in activated sludge is important from a
human health standpoint although there are undoubtedly significant
numbers of bacteriophages presehf in the system. The effect of the
latter upon the efficiency of the activated sludge process has drawn
little attention. However, the persistence of pathogenic viruses in
activated sludge has been examined by a number of workers. The effi-
cacy of the activated sludge process in removing viruses from sewage
under field or operating plant conditions has been studied by Clarke,
et al. (1961), and Mack, et al. (1962). The data indicate that the
process is quite effective in removing viruses from sewage. Compari-
sons to trickiing filters have shown the superiority of the activated
sludge process for removal of viruses (Isherwood, 1965, and Clark and
Chang, 1975). The mode of virus removal or inactivation has been exam-
ined by several groups. Cliver and Hermann (1972) observed an jnacti-
vation of enteroviruses presumed to be partially attributable to
destruction of the virus capsid by bacterial proteolytic enzymes. Mose,
et al. (1970) observed inactivation of influenza and vaccinia virus by

Tiving and dead cultures of the ciliated protozoan Tetrahymena pyrifor-

mis. Presumably, this resulted from the release of proteolytic enzymes
by both Tiving and dead protozoa. Viruses have been shown to adsorb to

the slime in trickling filters, but attempts to disassociate the viruses



from the slime were unsuccessful, indicating either the association was
very strong or the viruses were inactivated (Clarke and Chang, 1975).
The result 1in either case is the reduction in effluent virus concen-
trations. |

Fungi also play an important role in the stabilization of organic
wastes since, like bacteria, they can metabolize almost every type of
organic compound found in infiluent wastes. They perform a major role
in the efficiency of trick11ng filter processes (Taber, 1976). However,
under normal environmental conditions, fungi are of secondary impor-
tance in activated sludge (McKinney, 1957, and Hawkes, 1963). The
presence of fungi in activated sludge was not described until 1943 by
Lackey and Dixon, who frequently observed branching fungi in several
activated sludge plants. Among the first fungi isolated from activated

sludge was the predacious fungus Zoophagus insidians. Cooke and Ludzack

(1958) isolated this organism from an experimental activated sludge unit
treating cyanide wastes. Reports of the isolation of other species were
soon forthcoming. However, the systematic study by Cooke and Pipes
(1970) was the first such study to describe quantitatively the fungal
population in activated sludge. They examined 19 different activated
sludges for numbers and types of fungi. The fungi most commonly found

belonged to the genera Penicillium, Trichosporon, and Geotrichum. A

total of 44 species or species groups were described in addition to the
three most common members. Of all the fungi isolated, only Geotrichum
and Penicillium were {solated from all 19 activated sludge units exam-
ined. Most of the fungi isolated were considered to belong to the
ecological group of soil fungi known as sugar fungi. This distinction

was given to those fungi using simple carbohydrates rather than complex



organic substrates. Since few wastes are predominately simple carbo-
hydrates, the ubiquitous presence of fungi in activated sludge is prob-
ably in most cases not a function of the concentration of simple car-
bohydrates present. Furthermore, bacteria with their greater surface
to volume ratio would be expected to compete more favorably than fungi
for any available simple carbohydrate. Although Geotrichum and Peni-
cillium are sugar fungi, they have other metabolic characteristics
which may explain their ubiquity in activated sludge. Geotrichum
candidum is known to have the ability to utilize many complex organic
substrates such as motor oil and amyl acetate (Cooke, 1957), organic
alcohols and acids, glycerides and fats (Pipes and Jones, 1963), and
spent sulfite liquor (Cooke, 1961). The ability to use such a diver-
sity of substrates for growth may explain the persistence of G. candidum
in activated sludge. Penicillium may maintain its place in activated
sludge by a similar means or possibly by the synthesis of organic acids
and antibiotics. Little work on the importance of the latter to the
ecology of activated sludge has been attempted.

Other organisms reported to be in activated s]udgelinc1ude algae,
rotifers, nematodes, and other higher animals. Algae might be expected
to be important only on the sides of aerators or other 1light-exposed
areas. The presence of higher animals has been reported to occur only
in highly stabilized systems where an excess of oxygen occurs at all
times (McKinney, 1957). Furthermore, rotifers were reported to be use-
ful as indicators of a very high degree of purification, since they
appear to predominate after all of the protozoa have died for lack of
food. The importance of these organisms in primary purifications is

virtually nil.



The activated sludge process with 1t$ many advantages for waste
stabilization is not problem-free. Obtaining good results from the
process requires a sludge with the ability to separate organic matter
from the waste in a short time and one which is itself easily and effi-
ciently separable from the clarified waste. Problems may arise when
the former requirement is not met. This represents a biological treat-
ability problem which can be prevented at the‘outset if the composi-
tion of the waste is known. Steps may be taken to ensure that all
nutrients required for waste assimilation are present. The toxicity
and recalcitrance of the waste may also be determined by preliminary
studies. With this information, the feasibi11ty of installing an acti-
vated sludge plant may be assessed. Even those plants with a sound
experimental ‘basis prior to installation are sometimes beset with treat-
ability problems. This invariably occurs in plants treating influent
wastes of unpredictable nature. An example of this type of waste is
represented by combination municipal-industrial sewage. While day-to-
day experience in treating this waste may allow some measuré of pre-
dictability, this type of waste is inherently more variable due to the
diversity of waste sources. |

In some cases, microorganisms will grow quite well in the waste
thereby satisfying the treatability requirement, but will grow in a
manner which affects the separation of the floc from the waste water by
sedimentation. As the;primary goal of any waste treatment process is
to remove substances with the potential of exerting an oxygen demand on
the receiving stream, activated sludge in the effluent represents a
major malfunction of the process when it occurs. There are many differ-

ent phenomena which can prevent activated sludge from settling properiy
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in the clarifier. An all-encompassing term, "bulking," has been used

to describe sludges with poor sétt]ing characteristics. However, Pipes
(1967) has made a number of distinctions between phenomena which can be
truly called bulking and those which cannot. He defines bulking sludge
as sludge which settles slowly and compacts poorly, leaving a small
amount of clear supernatant. This definition distinguishes bulking
sludge from other‘sludges with settling problems such as pin point,
billowing, rising, anaerobic, overaerated, and floating sludges. Each
of these arises from either floc formation or density problems,

whereas bulking sludges arise from floc compaction problems. Bulking
sludge appears to arise from excessive filamentous microbial growth. In
most cases, bulking sludge appears to be similar to normal sludge except
that the filaments extending from the flocs are much more numerous and
much Tonger. The causes of various settling problems have been defined
in some instances. However, in these as well as in those which are not
so well understood, such as bulking, there are questiohs as to the num-
ber of different mechanisms causing the problem, the identity of the
microorganisms involved and the proper methods of controlling the growth
of the causative organisms. Some of the parameters reported to have an
effect on bulking include organic and inorganic waste composition,

toxic compounds, shock loads of various types, pH, temperature, and
dissolved oxygen.

A survey of proposed mechanisms leading to bulking conditions has
been presented by Pipes (1967). Verification of any of these hypothe-
ses is dependent upon a more extensive knowledge of the ecology of
normal activated sludge which is, unfortunately, lacking. Comparisons

of normal versus bulking sludges have led to the isolation of a number
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of microorganisms believed to be involved in the bulking of sludge.
The organism historically described as the cause of bulking is the fila-

mentous bacterium Sphaerotilus natans. Ruchhoft and Watkins (1928)

were among the first to isolate and properly identify this organism

from a bulking activated sludge. The presence of S. natans in bulking
sludge was subsequently confirmed by a number of other workers (Smit,
1934, Lackey and Wattie, 1940, Tkachenko and Droblyanets, 1959);
Although there is little doubt that S. natans is responsible for some
cases of filamentous bulking, in the vast majority of cases bulking has
been attributed to this organism on the basis of mitroscopic examination
alone. Misidentification is not uncommon. '

Other bacteria sometimes implicated in the bulking of sludge
include members of the genus Bacillus. Pipes (1967) isolated bacteria
from three different samples of bulking activated sludge. These jso-
lates initially grew as filaments on agar medium, but subsequently
broke into spore-forming single cells characteristic of Bacf]]us. .He
also described an earlier study by Shive and Buswell (1928) who reported
producing a growth which Tooked very much 1ike fi]amentou§ bulking

sludge in a pure culture of Bacillus subtilis. The importance of Bacil-

lus to most reported cases of bulking is probably negligible, since
nutrient 1imitation often causes these organisms to sporulate accompan-
ied by cellular autolysis. The presence of a variety of filamentous

bacteria in addition to Sphaerotilus natans and Bacillus has been dem-

onstrated by van Veen (1973). Resemblances of these isolates to members

of the genera Microscilla, F]exibacter, and Cyanophyceae were noted.

The role of these microorganiéms in the bulking of activated sludge was

not demonstrated although their presence in the sludge creates the
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potential for causing such problems.

Microscopic examinationof samples of bulking activated sludge
often-times makes it clear that some cases of bulking are caused by
fungi and not by filamentous bacteria. With the variety of fungi nor-
mally present in activated sludge (Cooke and Pipes, 1970), a major
fungal role in bulking might be expected to occur under certain con-
ditions. There have not been many attempts to identify the fungi asso-
ciated with bulking, but of the available reports it is obvious that

a major role is played by the fungus Geotrichum candidum. Smit (1934)

was one of the first to identify a bulking fungus as a species of
Geotrichum. Activated sludge plants experiencing bulking conditions in
Yardley, England, and Providence, Rhode Island, weré subsequently shown
by Héwkes (1960) and Jones (1964), respectively, to be the result of

excessive growth 6f Geotrichum cahdidum. This fungus is quite ubiqui-

tous in nature including activated sludge (Cooke and Pipes, 1970). It
belongs to the class Fungi Imperfecti because of its apparent lack of

a sexual phase of growth. Reproduction occurs asexually by fragmenfa-
tion of mycelia into arthrospores which may vary in length from 2.7
microns up to 21.6 microns (Jones, 1964). Growth in agitated culture
results in spontaneous fragmentation of the hyphae into arthfospores.
The degree of sporulation in G. candidum varies markedly with specific
growth rate, and has also been shown to be affected by various environ-
mental factors including nutrient concentration (Robinson and Smith,
1976), and oxygen levels (Robinson and Griffith, 1977). Trinci (1972)
measured specific growth rates (u) in a defined medium containing vita-
mins by both dry weight and turbidity, and reported a value of 0.61 e,

This was reported to be the fastest specific growth rate known for any
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eukaryotic cell. Another experiment in minimal medium yielded a spe-

1 by turbidity, and 0.46 hr™

cific growth rate at 30C of 0.53 hr~ by
dry weight. The wide range of growth rates at which G. candidum is
able to grow may confer a selective advantage upon this fungus when
competing with other fungi as well as bacteria.

The fragmentary nature of the mycelium is a critical factor in
allowing the establishment of steady states in continuous flow studies.
Steady states of non-fragmentary fungi in continuous flow are probably
only rarely obtained and only when the shearing forces exerted by the

impe]]af cause mycelial fragmentation (Fiddy and Trinci, 1975).
| With the importance of G. candidum as a potential plant and human
pathogen (Beneke and Rogers, 1970), as well as its role in the bulking
of activated sludge, it is a tremendous advantage to be able to grow
this organism under steady state conditions in a chemostat. The
unique advantages offered by the continuous flow theory may be applied
to the study of this fungus (Fiddy and Trinci, 1975, and Robinson and
Smith, 1976).

MQch information has been accumulated on the nutrition and physio-
Togy of G. candidum (Bobrov, 1951, Carmichael, 1954, and Jones, 1964).
Nutritionally, a wide variety of complex and simple organic compounds
are utilized for carbon and energy. Both inorganic and nrgahic nitro-
gen compounds will serve as sole nitrogen sources. Growth will occur
in media having pH values in the range of 3 to 12. This represents an
advantage over most other fungi as well as bacteria. Furthermore, the
wide range of temperatures which permits growth (6C to 39C) and the

even wider range which permits survival (0C to 60C) may, in part,

explain the ubiquity of this organism (Jones, 1964). Its competitiveness
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in activated sludge has been shbwn to be enhanced in the presence of
certain metals as well as in the presence of moderately high chloride
jon concentrations (Poon and Bhayani, 1971, and Poon and Wang, 1973).
With the application of continuous culture to the growth of this fungus,
many of the previous studies performed in batch may be confirmed or
expanded upon in the future.

It is often the case that the presence of a specific species of
microorganism results in the bulking of activated sludge. Therefore,
research into the characteristics and physiology of these organisms
may find direct application toward solution of the problem. However,
as activated sludge is by nature a highly heterogeneous population of
microorganisms, the problem becomes a question of species predomination.
This necessarily requires studies of a heterogeneous population to
establish conditions under which the nuisance organism may be expected
to predominate and thereby create‘the potential for problems. Investi-
gations into the mechanisms of species predomination can ideally be
made with mixtures of known species. Such information can then be
checked for validity to a natural heterogeneous population such as
activated sludge.

The study of defined mixed cultures can provide information con-
cerning many aspects of microbial ecology. The competition among two
or more species of microorganisms for a single substrate is a common
experimental approach in this type of study. The results can be
defined mathematically provided there is no interaction among the
organisms (Powell, 1958). Predictions of this sort make it clear that
the coexistence of competing species is not possible unless biological

constants for the competitors are identical. Experimental verification
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of the theoretical description of such studies has been achieved in
several laboratories. Oberhofer and Frazier (1973) demonstrated the
competitive exclusion principle with a mixed culture of Escherichia

coli and Staphylococcus aureus in which E. coli with a greater speci-

fic growth rate (u) successfully eliminated S. aureus. Verstraete, et

al. (1975) showed the dominance of an amylolytic Pseudomonas over
several other amylolytic bacteria and yeasts when grown as a two-member
culture in medium containing soluble starch as the limiting nutrient.
The principle of competitive exclusion was used by Jannasch (1967) to
enrich for seawater bacteria in continuous culture. He reported that
the predominance of one species increased with time; that growth advan-
tages were based upon microbial growth parameters and enrichments could
be carried out in the presence of extremely low concentrations of
Timiting substrate. Meers (1973) showed, using a séries of carbon-
Timited mixed culture experiments, that displacement of one species of
| microorganism by another occurred with four different speéies regard-
less of which two were selected as a mixed culture. | |
The coexistence of competing species under continuous f]ow con-
ditions may be attained in various ways. Taylor and Williams (1975)
have presented a theoretical discussion on the stability of mixed micro-
bial popu]atidns competing for several growth—]imiting substrates.
They concluded that such populations cannot coexist unless the number
of growth-Timiting substrafes is equal to or greater than the number of
species. Maigetter and Pfister (1975) reported the coexistence of two
species of bacteria in a chemostat when growth was limited by citrate.
This result was related to the niches which the two organisms occupied.

One species resided primarily on the culture vessel wall, and the other
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grew in liquid suspension. Other interactions allowing coexistence
include predation, synergism, and commensalism. Canale (1973) was

able to establish coexistence of a protozoan Tetrahymena pyriformis and

its prey, Aerobacter aerogenes, together in a chemostat. An oscilla-

tory relationship was established as periods of increasing bacterial
numbers were quickly followed by an increase in numbers of the protozoa
thereby resulting in reduction of bacterial numbers. This, in turn,
resulted in reduced levels of the protozoa and the cycle was repeated.
Evidence for true synergism in defined mixed cultures is lacking. How-
ever, Pipes (1966) has proposed that the microbial community in acti-
vated sludge is in a state of synergism of the whole population. Veri-
fication of this theory would appear very difficult if not impossible.
There is doubtless a significant amount of commensalism occurring in
such a population. Laboratory demonstrations of this type are numerous.
Shindala, et al. (1965) have shown such a relationship between Proteus

vulgaris and Saccharomyces cerevisiae in continuous culture. An essen-

tial niacin-like factor elaborated by the yeast and required by the
bacterium caused a}dependence of the bacterium on the growth of the
yeast. Pickard, et al. (1975) demonstrated the utilization of triaryl
phosphates by a mixed bacterial population which was dominated by a
bacterium believed to be responsible for much of the initial breakdown.
However, attempts to grow this organism as a pure culture in medium
using triaryl phosphates as sole carbon source failed. In order for
this organism to exert a major role in triaryl degradation, it appears
some function provided by the mixed culture was necessary. The basis
for this effect was not theorized. Similarly, an experiment by Brunner,

et al. (1969) in which E. coli and Serratia marcescens were shown to
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exist in common steady state at different growth rates cannot be
explained without assuming some undefined interaction was taking place
between the two microorganisms (Meers, 1973). One of the few reports
describing a defined mixed culture composed of mold and bacterial com-
ponents was presented by El1iker (1949). An example of commensalism

was described between the bacterium Streptococcus lactis and the fungus

G. candidum in which the latter was shown to metabolize lactic acid
produced by the bacterial population.

Much work remains in the field of microbial ecology to define the
relationship between microorganisms and hopefully apply this knowledge
to solving practical problems such as the bulking of activated sludge.
The present investigation was undertaken to study predominance patterns
of the fungus G. candidum when grown in mixed continuous culture with
bacteria. The culture has three known bacterial companents, a Pseudo-

monas species, Serratia marcescens, and Escherichia coli. Various

physical and nutritional parameters were varied in an attempt to define:
the conditions under which the mold predominates. Information obtained
from this study should prove uséfu] from a practical standpoint in the
prevention of bulking during operation of the activated s]udge‘process.
Furthermore, the ecological relationships between the bacterial com-
ponents should provide some insight into the ecology of a somewhat
heterogeneous population without the complexity of a population whose

components are for the most part unknown.



CHAPTER 11
MATERIALS AND METHODS
Organisms

The organisms used in these studies included three bacterial spe-

cies as well as the fungus Geotrichum candidum Link ex Pers. The latter

was isolated on Sabouraud's dextrose agar (Difco) from an activated
sludge plant located in Oklahoma City, Oklahoma. Tentative identifi-
cation was made on the basis of comparisons with published illustra-
tions. Positive identification was made after obtaining a culture of
this fungus from the American Type Culture Collection (ATCC #16635) for
use in comparative studies. A1l mixed culture studies included the
ATCC culture of the fungus rather than the isolate. Three species of
bacteria were isolated from either sewage or a soil suspension. They

were identified as Escherichia coli, Serratia marcescens, and Pseudo-

monas mendocina on the basis of a series of biochemical tests. A

species jdentified as P. aeruginosa was also jsolated and used in one
of the temperature studies. However, because of its apparent antagonism

toward E. coli, it was not used in further experiments.
Identification of the Bacteria

The Eighth Edition of Bergey's Manual (1974) was consulted to

select the various differential media used in jdentifying the organisms.

18
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These included glycerol, glucose, lactose, and sucrose fermentation
broths containing bromcresol purple as pH indicator. Other broths
used were Koser's citrate, nitrate, tryptone, and methyl red-Voges
Proskauer. These were used respectively to test the organisms' ability
to use citrate as sole carbon and energy source, for nitrate reduction,
indole productidh, and pattern of fermentation. All incubations were
at 30C. Readings were taken at 24 and 48 hours for all fermentation
broths. Citrate utilization was checked in 48 hours, indole production
in 24 hours, nitrate reduction and the methyl red portion of the MRVP
test in five days, and the VP portion of the MRVP test in two days.
Gelatin and starch plates were also inoculated and examined for hydroly-
sis in 48 hours. These tests were supplemented with oxidase tests,

Gram stains, wet mounts, and flagella stains.
Media

A minimal saits medium was used throughout these studies in both
the continuous flow and the batch systems. Composition of thé-medium
per 900 ml of distilled water was: (NH4)2504, 0.5 g5 MgS0,-7H,0, 0.1 g;
FeC13-6H20, 0.5 mg; CaC]z-Z HZO’ 7.5 mg; KH2P04, 3 g; Na2HP04, 6 g;
yeast extract (Difco), 1 mg, and tap water, 100 ml. For the continuous
flow studies, the carbon and energy source was used in a limiting con- -
centratibn of 1000 mg/1 in most studies. For the batch studies, the
same concentration was used in the determination of the growth con-
stants, M and Ks’ in which various lesser concentrations were used.

A11 ingredients of the medijum were autoclaved separately, cooled, and
mixed aseptically.

For plating purposes, Tryptic Soy Agar (Difco) and Mycose]TM Agar
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(BBL) plates were prepared by rehydrating the powdered media with dis-
tilled water followed by dissolving and autoclaving at 121C for 15
minutes. The Tryptic Soy Agar (TSA) plates were used for obtaining
total counts and the Mycosel plates for obtaining mo]d‘counts. The
plates contained approximately 30 ml of medium and were dried at 37C
before use. The plates were inoculated by the spread plate technique.

Another set of plates was made for one experiment by including 20
g/1 of agar (Difco) in minimal medium of the composition described

previously. The carbon and energy source was omitted.
Cultivation of the Organisms

Stock cultures of each of the microorganisms used in these studfes
were transferred to new TSA slants every two months. The inoculated
slants were incubated at 30C for 18-24 hours and stored at 4C. For
most experiments, cells used as inoculum were grown in minimal medium

over night at 30C on a reciprocal shaker.
Determination of Growth Constants

Three biological growth constants were determined for the cultures
at various points during these studies. These included maximum specific
growth rate (um), saturation constant (Ks)’ and substrate yield (Y).
Each of these constants and their manner of determination have been des-
cribed previously by Monod (1942) and many others. Substrate yield is
defined over any finite period of growth as the dry weight of cells
formed per weight of substrate used. The specific growth rate is
defined as the rate of concentration increase per unit of organism con-

centration. In the majority of cases it is proportional to substrate
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concentration to a limiting saturation value as described by the so-

called Monod equation

_ S
BT “m<|<S + s> » (1)

where Mo is the value at which further increases in initial substrate
concentration (S) cause no further increase in yu. Ks is numerically
equal to the substrate concentration at which ¢ = %um.
Yield measurements were obtained by taking samples of approximately
20 m1 from either continuous flow or batch systems. The cells were
filtered through tared Millipore membrane filters (pore size 0.45 um)
for determination of cell concentration (mg/1 dry weight). The cells
were washed twice on the filter with distilled water, and the filters
were dried to a constant weight in an oven over night at 105C. Dry
wéight determinations were made on an analytical balance. The filtrate
was removed and placed into a prepared chemical oxygen demand (COD)
flask and analyzed for total organic matter by oxidation with sulfuric
acid-potassium dichromate (COD test, APHA, 1971). Yield was determined
by dividing the dry weight of the sample by the difference between the
initial feed COD and the sample filtrate COD. A less precise but
simpler method of determining total organic matter was used in the bulk
of the mixed culture studies (Neish, 1952). This method also involves
acid dichromate for chemical oxidation of the organic matter. Two ml
of sample was pipetted into an 18 by 250 mm test tube and 5 ml of the
sodium dichromate mixture was added. A control was run on distilled

water and also on a sodium bisulfite solution. The tubes were heated

in a boiling water bath for 20 minutes, cooled to room temperature and
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read spectrophotometrically at a wavelength of 650 nm on a Coleman
Junior spectrophotometer, Model D. The water control was used to

zero the instrument, and the bisulfite control gave the percent trans-
mittance corresponding to complete reduction of the dichromate which was
about 0.5 milliequivalents (meq) reduced. A graph of percent trans-
mittance versus meq of dichromate reduced was made on single-phase semi-
log paper by joining the two points obtained from the controls. The
meq of dichromate reduced by unknown samples was determined by refer-
ence to this graph. This value was divided by two since two ml of
sample was used. The resulting value was multiplied by 7.26, which is
the mg of glucose per meqgs of dichromate reduced. From these calcula-
tions, organic matter is expressed as mg/ml.

The constants KS and H, Were determined from batch growth experi-
ments using the same medium employed in the continuous flow apparatus
except the concentration of the limiting nutrient was varied from 100-
1000 mg/1. The cells were grown in 250 ml sidearm flasks using 25 ml
of medium. These flasks were inoculated with 0.5 m1 of a previously
grown log phase culture. Incubation was carried out at the appropriate
temperature in a Warner-Chilcott shaking water bath at 105 cycles/min
with a 1" stroke length. Growth was followed on the Coleman Junior
Spectfophotometer at 540 nm by tilting the flasks so that the Tiquid
culture entered the sidearm portion of the flask where absorbance was
measured. Specific growth rate was determined by plotting absorbance
‘versus time on semi-logarithmic paper to determine the culture doubling
time which was substituted into the equation u = 0.693/1:d originally
derived by Monod (1942). KS and uy, were determined by measuring y at

various initial substrate concentrations. A straight-line form of the
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Monod equation, 1/u = (l/um) + Ks/pmS (Monod, 1942) was used to deter-

mine values for each of these constants.
Sole Carbon and Energy Sources

To select carbon and energy sources which could be used as a sole
source by G. candidum, a series of agar plates was prépared. These were
prepared after autoclaving by combining all components of the previously
described minimal medium except carbon and energy source. The medium
was inoculated before pouring by cooling to 45C followed by the addi-
tion of the inoculum prepared by washing with distilled water a 24-
hour slant of the desired culture. After solidification, a few grains
of various organic compounds were placed at different points>on the
seeded agar to test for utilization as sole carbon and energy sources.

A ring of growth around the compouhd after incubation at 30C for up to
five days was indicative of utilization. This method was used for test-

ing cultures of G. candidum and S. marcescens.
Standard Curves

During the course of these experiments a standard curve relating
cell numbers to percent transmittance was referred to for purposes of
estimating cell numbers so that proper dilutions could be made for
each plate count determination. The curve was prepared by growing S.
marcescens at 30C in 25 ml of glucose minimal medium on a shaking water
bath. Growth was followed spectrophotometrically and at various points'
during the growth phase, 0.1 ml samples were taken and diluted for
plate count determinations.

A curve relating absorbance to dry weight was also prepared using
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the same organism. A series of flasks each containing 25 m1 of minimal
medium was inoculated and placed at 30C on the shaker. Growth was fol-
lowed spectrophotometrically and at various absorbances the entire con-
tents of a flask was taken for dry weight determination, as described
previously.

For the mixed culture continuous flow studies, reference was made
to a standard curve for the proper pump setting yielding the desired
dilution rate. This curve was prepared by setting up the caontinuous
flow apparatus exactly as used during the actual studies. Distilled
water was pumped through the lines to a graduated cylinder located
adjacent to the feed inlet of the growth-tube. Measurements of water
delivered were converted to ml/hr and further expressed as dilution
rate, which is defined as flow rate divided by working volume. Various
pump settings were selected and flow rates were noted in each case. A

standard curve was derived by plotting ml/hr versus pump setting.
Mixed Batch Studies

As a preliminary study to the mixed culture continuous flow studies,
each of the species of microorganisms subsequently utilized in these
experiments was tested in batch for its ability to antagonize the
growth of a faster-growing species when grown as a mixed culture. Var-
ious combinations of microorganisms were used and growth rate measure-
ments were performed spectrophotometrically. The growth medium was
glucose minimal medium. Sidearm flasks containing 25 ml of medium were
inoculated with 0.1 m1 of a log-phase culture of each species to be
included in the mixéd culture. Incubation was at 30C on a shaking

water bath.
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Continuous Flow Equipment and Determination

A 2.5-1iter chemostat with a working volume of one liter was used
throughout the continuous flow studies. It was fitted with a cap pos-
sessing several inlets for medium introduction, inoculation, aeration,
and air outlets. A carborundum air sparger was fitted to the cap by
rubber tubing for aeration. An air jet was used as a source of aera-
tion. Aeration rate was monitored by a Gelman afr flow meter. In all
studies, the rate of aeration was 1.5-2.0 liters/minute, which was
sufficient to provide both aeration and adequate mixing. Contamination
of the growth chamber was prevented by passing the air through a pre-
viously sterilized cotton-filled 500 m1 Erlenmeyer flask. An air
filter apparatus containing a membrane filter of 0.45 um pore size was
also used in the air Tines.

The feed reservoir was either a 10- or 20-liter carboy depending
upon the experiment. The medium was pumped from the reservoir and into
the chemostat by a Sigmamotor peristaltic pump. The pump was fitted
with a vacuum rubber tubing having a 1/4" diameter and a 1/8" bore. A
schematic representation of the continuous flow apparatus is shown in
Figure 1.

Temperature was held constant during these studies by placing the
chemostat in a constant temperature water bath. The temperature used
in the majority of the experiments was 30C.

Inoculation of the chemostat was carried out by transferring
aseptically five ml from a 24-hour culture of the appropriate organism
to the growth chamber. This was done for each species utilized in the

experiment. Approximate numbers of cells introduced at each inoculation



Figure 1. Representation of the Continuous Flow Apparatus
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were determined for many of the experiments. Values of 1.5 x 109

cells/
ml for S. marcescens and E. coli, 1.7 x 108 cells/ml for Pseudomonas
mendocina, and 5 x 106 cells/ml for G. candidum were quite constant for
each experiment. The inoculum source was prepared by inoculating 25 ml
of glucose minimal medium from a TSA slant of the appropriate organism.
Incubation was carried out on a shaking water bath at 30C. One liter
of sterile medium was pumped into the inoculated chemostat and aera-
tion was begun. The pump was turned off until, by visual examination,
the culture appeared to be growing adequately. The pump was then
‘reactivated and set at the desired pumping rate which yielded a dilu-
tion rate ofAeither 0.125 or 0.041 hr'1, depending upon the experiment.
Gkowth was followed on a daily basis by taking samples from the
outflow and measuring absorbance on the spectrophotometer. These sam-
ples were also used for plate count determinations. After reference to
the standard curve relating absorbance to cell numbers, an appropriate
- dilution of the sample was made using 0.85 percent saline as diluent.
Depending upon the dilution required, 0.05-0.2 ml were p1ated in trip-
- licate 6nto TSA and Mycosel Agar plates. The plates were incubated
at 30C for 24 hours. Tota1‘ce11 numbers as well as numbers of indi-
vidual species were recorded. The species utilized in these experi-
ments were easi]y‘distinguishable at 24 hours. Graphs relating the
log of total, as well as individual species numbers; to days were pre-
pared for each experiment. At the conclusion of each experiment, sev-
eral samb]es of approximately 20 m1 were taken from the chemostat for
both dry weight determination and a Neish analysis for organic matter
remaining. The sterile medium was also analyzed by the Neish method to

determine the initial substrate concentration.
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Mixed Culture Continuous Flow Studies

These studies were performed with a mixed culture of the four
organisms described previously. Data were taken over a period of
approximately one week at two different dilution rates, 0.125 and 0.041

hr-].

Growth was followed spectrophotometrically and by plate count
determinations. With these criteria, an assessment of predominance
could be made. Specia] attention was paid to the presence of G. can-
didum. In addition to plate counts on Mycosel Agar, growth of the
fungus was followed by direct visual observation both by the unaided

eye and microscopically. Attempts to quantify the fungus on an indirect
basis by subtkacting the bacterial dry weight (average bacterial cell

129, Luria, 1960) from total dry weight proved unre-

weighing 1.1 x 10°
liable under certain conditions. However, when total bacterial counts
remained relatively constant and G. candidum expressed a minimum amount

of clumping the method was employed for quantification.

Temperature Studies

The temperatures used in these series of experiments were 37C, 30C,
and room temperature, which was relatively constant at about 20C. The
medium used in thesé experiments was glucose minimal medium containing
1 gm/1 glucose. Batch experiments in glucose minimal medium were per-
formed at room temperature in conjunction with those in continuous flow
to obtain the spécific growth rate of each of the cultures at this
temperature. In addition, specific growth rate for G. candidum at 26C
was also determined from a batch study for purposes of comparing it to

those reported in the literature. One group of mixed culture
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temperature studies involved the use of a pigment-producing Pseudomonas.
Another study involved a mixed culture including a non-pigment produc-
ing species of Pseudomonas. This organism was used in all subsequent

experiments.

Nitrogen Studies

Ammonium sulfate concentration was varied in this series of experi-
ments. Concentrations of 50, 100, 150, and 500 mg/1 were utilized as
part of the glucose minimal medium containing 1 gm/1 glucose. As a
corollary to these experiments, KS determinations for each of the cul-
tures were performed in batch. Concentrations of ammonium sulfate
employed in these studies were 25, 50, 100, and 500 mg/1. The temper-

ature used in both the continuous flow and batch studies was 30C.

Carbon and Energy Source Studies.

Several carbon and energy sources were used at a concentration of
1000 mg/1 to test their effect on the predominance patterns of the
mixed culture. These included glucose, fructose, sucrose, lactose,
galactose, and acetate. Specific growth rates were determined in batch
at 30C for each of the cultures prior to growth in continuous flow. In
some cases, one or more of the organisms was unable to utilize the
okganic compound for growth. However, inoculation of the chemostat was
carried out a