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CHAPTER I
INTRODUCTION

We are all participants in the most interesting and crucial jdurney
ever undertaken, The journey began so Tong ago that its origin is-a
subject of unresolved débate. When and how it will terminate is no
less nebu]ous;,hoWever,,it seems the trip may be nearer to its end than
to its béginnihg.. Perhaps the most certain thing iS~that;we>are at a
significant point in the journey and certain vital decisions must be
made regarding the conduct of the passehgers for the remainder of the.
voyage.' The resu]ts of these decisiﬁns will be logged with the record
of -past.occurrences and decisjons in the book of man's history on. Earth
for we are thé passengefs and our spaceship is the ﬁ]anet‘Eérth, What
is récqrded of our futuré}shoq]d prove to be 1hterest1ngvread1hg. It
will be interesting living. If we could Took.ahead and;réad of the
result of our actions 1n What'isunow the future, what mfght we have
done diffefently or-what action might we have Underﬁakenvthat'Wasyleft

~undone or started at a late date? Such thoughts can,ﬁrovidé a source
of interesting speculation.

If we accept the concépt,of our planet and‘itsvétmospheré as a
closed environment (our spaceship), another intéresting-ana1ogy may be
considered, one which may provide 6bservations and Tead to conélusions
significantly related to our way bf life. The ﬁroposed comparison is

the macro-ecosystem of earth and its 1arger‘1ife-forms'with the



micro-ecosystem of a bacterial culturing vessel containing a medium

rich in essential constituents for bacterial growth, yet not necessarily
homogeneously distributed, and inoculated with a small quantity of a
mixed culture of bacteria.

Our observations of the bacteria will likely reveal a pattern of
moderate initial growth by most of the species. Then as nutrients are
utilized the less fastidious bacteria may emerge into predominance, and
migration to sources of additional food will occur. The composition of
the environment and the population it supports is not Tikely to be
homogeneous nor is it likely to be constant. Complex interactions may
be seen to occur in the bacterial population. Competition for food and
space become critical. Those organisms best able to compete for one or
more reasons, e.g., greater growth rate, greater adaptability to the
changing environment, or inhibition of competitors, will survive longer
than those less able to compete successfully. Yet eventually even the
best of competitors are finally reduced because the environmental
reserves have been depleted or destroyed. The time required to progress
through the various stages of growth in the micro-ecosystem is depend-
ent on many factors, but a common observation may be made from numerous
experiments; when the population becomes so large that the environmen-
tal reserves become depleted or when the waste products of growth
destroy the environmental conditions which permit the growth to occur,
the ecosystem begins to decline and accelerated death ensues. Can the
preceding bear any relevance to man and earth? Are there any lessons
to be Tearned from our observations? There may be certain conclusions
drawn regarding our apparent fate and the means of approaching it that

we are not ready to accept (e.g., population control); yet what



degree of overcrowding of the earth have we reached and what
population-time relationship can our limited natural resources support?
It is not intended here to proselytize anyone into advocating popula-
tion control with its many ramifications. Many of nature's methods for
population control are generally rejected by man as too direct or
"inhuman" and a widely acceptable solution to population control is
still being sought. However, it is suggested that man, by studying
nature, may find answers to many of his problems.

With the foregoing presentation emphasizing the demands placed on
our Timited resources by an increasing population, hardly any greater
justification can be made for conserving what resources remain from
misuse, abuse, and contamination through pollution, It is almost
inconceivable, when we know the fate of a bacterial population in a
closed environment, that we should hasten our own decline by allowing
our own waste products to destroy our "growth" environment.

Not only do the observations on bacterial communities help us to
gain insights into our own ecological progression but they also serve
to guide us toward a way and means to dissipate our organic waste
materials. Only in relatively recent history have we recognized the
great adaptability of microorganisms for treatment or degradation of
our water-borne wastes. This recognition has led to the wide use of
aerobic biological treatment processes. However usage does not neces-
sarily indicate that the processes are well understood. With the
present demands, made by an increasing population and diverse industrial
development, for expansion and greater effectiveness in sewage treat-

ment, it has become imperative that we gain a greater understanding of



the interactions which occur in the microbial ecosystem during sewage
treatment.

Attainment of the goal of more complete understanding requires
input from various fields such as microbiology, biochemistry, and
engineering. Bioenvironmental Engineering, which combines these dis-
cip]ines,‘represents a néw approaéh toward achieving greater under-
standing of the complexities involved.

In regard to the magnitude of the problems faced in environmental
protection and control, our present knowledge and its application may
be considered to be at a very young stage in its development, an
infant, hardly able to cope with anticipated requirements. However,
when considering the growth potential existing in Bigenvironmental
Engineering, one may recall an exchange between Michael Faraday and
Benjamin Disraeli, then Prime Minister of England and usually credited
with being quite perceptive in his observations. Faraday was perform-
ing some early experiments with electricity when Disraeli, after watch-
ing a few apparently insignificant sparks, skeptically asked, "What.
good 1svit?" In reply Faraday posed his own question, "What good is a
 baby?"

It is toward the goal of increasing the knowledge in the area of
biological waste treatment and natural microbial ecosystems in general
that the present study has been undertaken. It is realized that bio-
logical relationships other than those existing among bacteria are of
importance in wastewater treatment; however, for purposes of this work
only bacterial interactions were examined. The bacteria employed in

the study were origina]]y'isolated from sewage. Their growth was



studied in pure and mixed cultures under continuous and discontinuous

culture conditions.



CHAPTER II
LITERATURE REVIEW

In the search for the means by which the treatment of water-borne
wastes may be accomplished in a more complete and efficient manner, the
researchers and those who apply the research information to waste
treatment have largely come to accept and proclaim the need for a
greater interdisciplinary exchange of ideas and information among
engineers and scientists. Such an interdisciplinary approach is a
focal point of the Bioenvironmental Engineering Laboratories at
Oklahoma State University.

Throughout its early history, progress in the design and applica-
tion of bio]ogicél waste treatment was on an empirical basis, and
improvements in design concepts were not made until the significant
relationship between the effect of the microbial populations existent
in the treatment faci]ity and the treatment process was: realized,
Today, even after the recognition of the importance of microbial activ-
ities in waste treatment has been recognized, the utilization of this
importaht concept has yet to be fully realized (1).

The microbiology of water, sewage, and sewage treatment processes
is a subject of considerable past and present study. The very nature
of - the problem is quite complex when one considers the great variety of
microbial species present.and the variations in the physical and chemi-

cal environment and available nutrients. With an understanding of the



broad scope of the areas of possible exploration into the understanding
of biological waste treatment, one may see why it is important that
each investigator and observer disclose his new information and add to
the growing accumulation of knowledge in an attempt to clarify that
which often has been nebulous.

While there have been numerous publications concerning microbial
predomination or interaction, the following citations have been chosen
as representative of those most closely related to the area of this
study, i.e., the isolation and study of sewage bacteria with particular

emphasis on their interactions and predomination in mixed cultures.

Isolation of Bacteria of Sewage Origin

It is generally acknowledged that no single medium or procedure is
apt to be totally satisfactory for the enumeration and isolation of all
the bacterial species which may be present in sewage. However, con-
siderable effort has been spent in devising special media and in com-
parative studies to determine the most satisfactory medium.

Ferrer, Stapert, and Sokolski (2) developed an iron peptone agar
and a procedure which employed membrane filtration rather than a poured
agar plate. Incubation was conducted at room temperature for four
days. This medium and procedure was found to yield higher counts of
bacteria from water samples than those obtained by the use of Difco
tryptone glucose agar.

van Gils (3), in his studies on the bacteriology of activated
sludge, employed tryptone glucose agar and a sewage agar prepared from
screened municipal sewage. The tryptone glucose agar yielded two to

six times the number of colonies found on the sewage agar. In a



study of the relative numbers of predominant bacteria isolated from

the various activated sludges examined with sewage agar and a mineral
medium agar with glucose and ammonium sulfate, a high percentage of the
species found on the sewage agar were not capable of growth on the
other medium. The cultures were incubated at 25° C for six days.

A preparation of autoclaved and neutralized (H3PO4) sewage solidi-
fied with agar was used by Dias and Bhat (4) to study the dominant
bacteria in activated sludge. Some 150 isolates were obtained from raw
sewage. Upon transfer to proteose peptone yeast extract agar about
91 percent were found to survive. A 10 to 15 day incubation period at
16° C to 27° C (room temperature) was employed.

Prakasam and Dondero (5) prepared a sewage agar and an activated
sludge extract agar for comparative use with nutrient agar and five
other counting media. They noted an apparent difference between the
predominant populations of sewage and activated sludge and the suita-
bility of each medium for the respective sampling source. For the
enumeration of activated sludge bacteria, the activated sludge extract
agar medium yielded the highest counts with nutrient agar a close
second best. The enumeration of sewage bacteria was best performed
(highest counts) with nutrient agar. The activated sludge extract agar
produced results not significantly different from nutrient agar for
some sewage inocula. Sewage agar was judged to be a poor medium for
growth and isolation. Both sewage agar and the sludge extract agar
were found to vary in efficacy, i.e., their comparative effectiveness
with other media was not constant. Dondero et al. (6) presented
various isolation techniques employing sewage agar supplemented with

growth factors for the isolation of Sphaerotilus from activated sludge.




Berg et al. (7) utilized the pour plate method with various media
to determine the bacterial populations present in primary waste water
effluents. Nutrient agar was found to yield higher counts than either
brain-heart infusion agar or trypticase soy agar. Nutrient agar was
also found to give higher counts than those obtained on yeast-extract
agar or tryptone glucose yeast-extract agar in studies on the aerobic
bacteria in waste stabilization ponds by Gann et al. (8).

Bacterial isolates were obtained from the waters of two rivers by
Stumm-Zo1linger (9) using three media for one river and nutrient broth
agar for the other river. In the comparison of the three media, a
medium consisting of casitone, sodium caseinate, starch, glycerol,
potassium phosphate, and filter-sterilized river water was found to be
superior for bacterial enumeration to brain-heart infusion medium or a
medium of yeast extract, casein hydrolysate, and potassium phosphate.
Nutrient agar provided about 50 isolates which were propagated in a
nutrient broth, glucose, and sodium oleate medium for further studies
on mixed microbial communities.

Lighthart and Oglesby (10) reviewed wastewater treatment plant
ecology and noted the following: a) there has been no standardization
of an analytical method for the isolation of bacteria from wastewater
or its treatment processes; b) there are many types of organisms
associated with the various treatment processes; and, c) to understand
the functional capabilities of the bacteria and classify them taxonom-
ically, a large number of organism characteristics must be determined.
They selected tryptone-glucose-meat and yeast extract agar as the most
satisfactory of the eight tested media for enumeration, differentiation,

and isolation. However, the data which they presented indicated that
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nutrient agar also appeared to be satisfactory for enumeration, with
activated sludge extract agar being slightly less satisfactory. They
tested.SO to 100 colonies selected at random without regard to predomi-

nant colony types. A 10 day incubation at 20° C was employed,

Cultivation

The methods for the determination of bacterial growfh rates and
the formulation of -equations to describe the aspects of growth under
various conditions have been the subjects for numerous publications.
The purpose.of fhis study wés not directed toward a study of kinetics,
but since the subject of -growth rate has been felt to play such an
important role in the determination of the predominant bacterial popu--
lation in mixed cultures, some. references to its calculation are in
order,

The oft-cited work of Monod (11) (12) (13) on the determination of -
growth constants has met with general acceptance after experimenté]
evidence frequently supported his proposals. He noted, in discussing
the physiological significance of the growth constant, that there may
be more than}a single limiting factor in-action and classified such
growth Timiting factoks into three groups: a) exhaustion of nutrients,
b) accumulation of-toxic metabo1ic products, and @) ghanges in ion
equilibrium, especially pH. Contois (14) has suggested that the growth
rate is also a function of the population density.

Garret and Sawyer (15) have stated from their experiments using
glucose .and peptone as substrates that for practical purposes the rela-
tion between the rate of growth and the remaining so]ub1e'BOD 15 well

represented by a discontinuous function., With high concentrations of
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BOD the rate of growth is directly proportional to the remaining
soluble substrate. The relative size of the inoculum and substrate
concentration has been suggested to affect the growth rate. Fujimoto

(16) noted that an inoculum of 103 or 10% cells/ml of Escherichia coli

produced an apparent greater growth rate than did the inoculum concen-
tration of 107 cells/ml. Therefore, when a comparison of growth rates
is desired, a similar range of cell concentration in the inocula was
recommended.

Meers and Tempest (17) accepted the Monod equation, but considered
its form to be unsatisfactory when culture growth was Timited by the
accumulation of metabolic products in the environment. They recommended
the addition of a population-product factor to the equation. A review
of the Monod equations and their various modifications has been pre-
sented by Peil (18). He concluded that the hyperbolic sing]esphase
(Ks+5)],

could be employed to depict the effect of the substrate concentration on

relationship described by the Monod equation, [u = Mina
the logarithmic growth rate. The addition of Nat to the buffer salt
mixture of the synthetic waste had little or no effect on the growth
patterns of activated sludge; however, the addition of NaCl caused a
slight increase in cell yield.

Herbert, Elsworth, and Telling (19) and Herbert (20) proposed
formulations for use in describing the kinetics of microbial growth in
continuous cultivation. They stated that, theoretically, in a com-
pletely mixed reactor at steady state the rate of change in cell con-
centration and substrate concentration is zero. The steady state was

said to be closely approached for pure cultures.
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Experimental results led Gaudy, Ramanathan, and Rao (21) to the
conclusion that for a completely mixed once-through type reactor, a
steady state with respect to the biomass (heterogeneous populations)
could be approached, not attained.
| Painter and Marr (22) have surveyed much of the current literature
on the mathematical treatment of microbial growth. The reader con-
cerned with such information can find numerous references in this
review or in the.bibliographies of several recent publications (23)

(24).

Microbial Interactions

Gaudy and Gaudy (25) reviewed a significant quantity of Titerature
on the microbiology of waste water purification. They stated that pure-
culture information may find engineering application if certain differ--
ences between pure culture studies.and heterogeneous populations are
kept in'mind. For the time being, we must be content with the use of a
range of design "constants" while we continue to gather data and
information to use fon further insight into the complexities -of biologi~
cal treatment.

A historical review of microbial interactions has been published
by Waksman- (26) which cites work beginning with the observation by
DeBary in 1879 of the predomination of one of two nrganisms whenkthey
were grown together. Waksman described the development of organisms
grown in natural substrates as being dependent upon a number of factors:
such as: a) food Supp]y, both quantitative and qualitative; b) environ-.
mental conditions; c) the presence or absence of certain other organ--
isms which through various modes of action may help or hinder the

growth of the certain organisms of interest; and d) the presence of
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organisms which are parasitic or phagocytic to the particular organisms
in question.

Rahn.(27) made the early observation, which has often been cited,
that pure cu]tures‘in nature are very rare, and that generally nature
works with mixed cultures. In many natural processes mixed microbial
populations exist; one species mayvpredominate, but it still may be
influenced by the rest of the population. He stated that the results:
obtained with pure cultures were not sufficient to provide the informa--
tion necessary to explain all the activity observed ﬁn natural micfo-.
bial populations.. Similar views regarding the inadequacy of pure cul-.
ture studies were expressed by Fawcett (28)9"However,~in order to
minimize the complexities resu]ting from the use of heterogeneous
microbial populations, he advocated a necessify for invéstigation of
the effects of known culture mixtures in comparison with the effects of.
individual organisms alone in studies of plant diseases.

A discussion of the types of bacterial interactions which may
occur and proposed definitions for describing the effect of the inter-
action(s) have been given by Brock (29) and Bungay and Bungay (30). The:
latter especially is informative in tracing a historical review of
microbial interactions through recent research approaches° Bungay and
Bungay conclude that research on mixed cultures is in its infancy and
expanding research will require sophisticated work involving many types
of talent and interdisciplinary cooperation.

Antagonistic relationships have been the subject of frequent study.
Quite often the study has beén Timited to only two cultures in an
~effort to determine the nature of the cause of the antagonistic effect.

Savage and Florey (31) could find no. proof from their experiments that
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bacteria can be induced to produce an antibiotic for any se]eéted
species. Charlton (32) concluded that the antagonism found to exist in
his experimentsrwas'due to competition for gaseous hutrients in the
medium rather than such other factors as antibiotic production, crowd-.
ing, or direct contact between organisms.

Miller (33) argued against a requirement for cell contact in the
exertion of antagonism and stated that with the exception of predétion,
grazing, and parasitism, one individual affects another through the
environment and not directly from individual to individual.

Hetling et al. (34) determined growth yields in continuous culture
with several pure cultures and mixtures of pure cultures using a
variety of substrates. The yield varied with the substrate and organ—:
ism; however, .higher yields were obtained with complex rather than
simple media and with mixtures of organisms rather than a single pure
culture. |

Shindala et al. (35) have reported a commensalism effect of the

bacterium Proteus vulgaris with the yeast Saccharomyces cerevisiae in

éontinuous qu]turéso By use of a medi um capable of supporting the
growth of the yeast but not the bacteria in pure cultures, it was.shown
that the bacteria could gkow in mixed cultures in continuous flow

- because the niacin-like nutrient it needed was elaborated by the yeast.
Steady state;populayions were established which cou]d‘be upset and
restored by the addition of niacin or NAD and its subsequent dilution.
The numbers of yeast produced in the defined medium were the same in
pure and mixed cultures; therefore, the interaction was a true commen-
salism. Additional observations of growth in mixed cuitures followed

this study (36),



15

Meers and Tempest (17) utilized six organisms (5 bacteria and 1
yeast) in pairs to study the inf]ﬁence of extracellular products on the
behavior of mixed microbial populations in magnesium-Timited chemostat
cultures. As a general observation they found the Gram-negative bac-
teria outgrew the Gram-positive bacteria. The ability of Bacillus

subtilis and Bacillus megaterium to outgrow one another depended on the

size of the 1nocu1um. This dependence resulted from the presence of
specific extracellular products in the Bacillus cultures which stimu-
lated their growth and uptake of magnesium. The concentration of
extracellular products varied with popuTation density. A decrease in
magnesium concentration decreased the B. subtilis population density,
but the addition of extracellular products from a dense B. subtilis
culture stimulated growth in the Tow population. They concluded that
magnesium aésimi]ation by B. subtilis was more dependent on extracellu--
lar substance(s) than was magnesium assimilation by the yeast or Gram--
negative organisms examined. Modification of the basic theory of micro--
bial growth in a chemostat culture tb take into account pfoduct-
stimulated substrate assimilation was suggested.

Gann et al. (8) studied the dominant bacteria of waste stabiliza-

tion ponds and discussed the effect of pH in attributing to the domi-:

nance of -the genera Pseudomonas, Achromobacter, and Flavobacterium
which together comprised 90 to 95 percent of the total bacterial count.
These organisms were found to be able to produce'an alkaline reaction
in culture medium containing a minimal quantity of protein. Other
references were cited to support these findings, such as the work of
Bender and Levine on acid production from carbohydrates by strains of

Pseudomonas, which was masked by alkali production if the medium also



16

.contained protein. Delay found that organisms-of the above predominant
groups -are highly resistant to alkaline conditions but are susceptible
to acidic conditions. Their optimum pH for growth lies between 7.2
and 7.5 and they are killed at pH values below 5.5,

Adamse (37) (38) found that the bacterial populations in an acti--
vated sludge developed in an oxidation ditch and in a laboratory dairy

waste were closely similar - consisting mostly of Arthrobacter, .

Pseudomonas, and Flavobacterium. He reported that the addition of a

heavy load of dairy waste‘to the laboratory activated sludge unit
resulted in a drop of pH and dissolved oxygen concentration in the
aeratfon vessel. The decrease in pH was apparently due tb the accumu--
lation of acidic intermediates from carbohydrate metabo]ism° Oxygen
transfer was concluded to be the limiting factor in the oxidation of

organic matter from the waste.

Bacterial Pfedominance Studies

Fawcett (28) in 1931 expressed the need for studying mixed cultures
and the predomination of certain bacteria within such mixtures. He
felt the results from the study of a mixture of two or more organiéms
might be more significant than the effects of individual pure cuiture
studies.

Gaudy (39) used viable count and oxygen uptake data to study the
pure and mixed culture response of four known bacteria during growth on
media which contained glucose, glucose with nutrient broth, fructose,
sucrose, or maltose as the carbon source. The mixtures of the cultures
were found to be more efficient in substrate utilization than the pure

cultures. It was not always possible to predict predominance in mixed
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populations from pure culture studies, since no indication of the
potential interaction amdng cultures when grown together may be seen.

Engelbrecht and McKinney (40) studied activated sludge cultures
and concluded that predomination was controlled by the chemical struc-
ture of the substrate provided other environmental factors were con-
stant. They also coné]uded that thevuse of structurally related com-
pounds és substrate produced sludges which were similar in morphological
appearance and produced similar bjochemical changes. Such conclusions
do not appear to be wholly valid in view of: the personal observations
of this author and reported observations of predominance changes
observed in batch operation by Rao and Gaudy (41) and in continuous -
flow by Cassell (42) and Cassell, Sulzer, and Lamb (43) when a single
medium was fed and operational conditions were controlled.

Rao and Gaudy (41) noted variations in COb removal and solids
concentration and variable cell yield during long term batch 6per;tions
with heterogeneous populations. SUch variaﬁions were observed to
accompany changes in the predominant bacterial population.

Cassell (42) and Cassell et al. (43), from observations of-a
continuous flow operation with a hetekogeneous populatioh grown on-a
skim milk substrate, concluded that at various donstant detention times
all parameters which reflected biological activity fluctuated contin-
uously. Thus, continuous mixed cultures were observed to be a dynamic
systems resuiting from the vainus microbial interactions which occurred
within the system. No simp1e relationship was found which satisfactor-.
ily e%p]ainéd the obSerVed popu1ation fluctuations. It was recommended
that the terms “steady state" or "equilibrium" when applied to contin-

uous mixed cultures should be defined as an average condition because
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of fluctuations. An adequate characterization of an. "average steady
state" may require sampling over an extended time. Predominance
changes were noted by a color change and microscopic observations. It
is this author's contention that in view of the many factors which can
influence pigment production and the development and accumulation of
amounts‘of pigment large enough to be readily detected, the use of.
color changes to denote changes in microbial predominance have only
limited use for notation of gross population alterations under special
conditions.

The sequence of predominant groups of organisms- that may exist in-
a plug flow type aeration tank in an activated sludge process has been_
described.by MéKinney (44). Alteration of the substrate and a decrease
in avai]ab]é nutrients along with such direct effects as predation |
contribute to the determinatﬁon of the predominant populations found at
di fferent 1ocatioﬁs within the tank. |

The primary dominant organisms, Zoogloea and Comamonas, isolated

from activated‘sludge by Dias and Bhat (4) were found to have stored
polybetahydroxybutyric acid in concentrations of -up to 40 percent of
their dry cell weight. They suggested that the ability to store food
probably acts as a factor which helps bacteria to dominate in a system
where food is in short supply.

Jasewicz and Porges (45) observed a change in bacterial predomi-
nance in a batch operation utilizing a dairy waste substrate. About
74 percent of the bacteria in the assimilative phase were Bacterium or
‘Bacillus but only about 8 percent of the endogenous phase population

was composed of these organisms. The dominant bacteria in the
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endogenous phase were 42 percent Alcaligenes and Pseudomonas and 48

percent Flavobacterium or Micrococcus.

Contois and Yango (46) established steady state populations on
chemica]Ty defined minimal media using combinations of: a) bacterium -
bacterium, b) bacterium - yeast, c) bacterium - phage, and d) bacter-
jum - myxamoeba. In each system the second organism was dependent
upon the first under the conditions imposed. They concluded that
several microbial species will coexist in steady state in a chemostat
only if a physiological interdependence between the coexisting organ-
isms is operative. Usually when two organisms compete for the same
substrate, the faster growing species displaces the slower growing
species from the culture vessel,

Leal (47) employed a strain of Serratia marcescens and an unidenti-

fied bacterial species which produced a yellow colony on nutrient agar
to study the growth of a mixture of cultures whose growth rates were
neér]y equal on the same medium (glucose minimal medium). Kinetic
constants for predicting growth patterns in continuous flow were
detérmined from batch operaﬁionso The substrate (glucose) concentra-
tion affected the exponential growth rate up to some critical value,
From the mixed culture studies it was concluded that cell concentration
and mode of predominance in mixed cultures cannot be predicted in a
quantitative sense from pure culture studies of the same organisms.
One possibly could predict the predominant species in a mixture from a
comparison of pure culture growth rates. However, the popu]atfon

- density of each organism and a more rapid dilution of some species from
a continuous flow reactor could not be predicted. The mechanism(s) of

interaction of the investigated species was not fully determined.
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Jannasch (48) has béen cited by Stumm-Zollinger (9) as stating
that continuous flow systems, although in many respects simulating the
dynamic nature of natural habitats, tend to enrich for single species
populations. In studies on sequential substrate removal, Stumm- |
Zo111nger (9) stated that such enrichments and selection appear to be
common in natural communities of bacteria. The opinion was given that
mixed bacterial cu]tureé in the laboratory do not simulate natural
populations, but that a mixed, acclimated laboratory culture could be
reconstituted from pure cultures of natural isolates. The metabolic
activity of a microbial community depends in a complicated way on:

a) the species structure of the community and shifts in this structure;
b) the physiological response of thé individual microorganisms to a
multisubstrate environment; and c) the interactions between the various
microbial species. It was felt that shifts in the species structure of
mixed bacterial communities during growth in laboratory culture media
were influenced by the relative differences in growth rates of the
individual isolates.

Hungate (49) also considered it reasonable to assume that the mos t
active species in an ecosystem would be the most abundant species
present.

A broad spectrum exploratory work into the study of bacteriél
predomination was accomplished by Bustamante (50). Six strains of.
bacteria were used in the study. Their pure culture kinetic constants
were determined from batch studies. Mixtures of two or three species
were grown in batch systemé and their growth pafterns observed. Con-
tinuous flow cultivation of one_and two organisms was pérformed to

ascertain the dilute-out characteristics which proved to be similar but
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not identical to the theorética] dilute-out characteristics. A lack of:
intermediates in systems utilizing sorbitol as a substrate in contrast
to the significant quantities of intermediates (largely acetic acid)
which were found‘in systems metabolizing glucose tended to suggest that
different metabolic pathways were operative for the two carbon sources.
He concluded that gross predominance predictions may be made for mixed
cultures from the growth rate values of pure cultures if antagonistic

re]atidnships between cultures do not develop. An interrelationship

between Pseudomonas aeruginosa and other organisms was - found to‘benefit
P. aeruginosa in the presence or absence of exogenous substrate. In
continuous flow operations, the predominance of a species or‘re1ative
changes in numbers could result from quantitative, qualitative, or
hydrau]fc shock loads applied to the system.

Zahradka (51) determined that a definité relationship existed
between the mechanical energy supplied to an activated sludge plant
and the purifying abifity of the sludge. He demonstrated that increas-
ing energy input to the system resulted in a shift of the population
dynamics of the system away from the predominance of filamentous forms
of organisms. Rickard and Gaudy (52) have also reported the develop-
ment of filamentous forms of organisms in a glucose mineral salts
medium. The population density of these forms was‘SUbsequently
decreased as the mixing energy supplied to the continuous flow reéctor
was increased.

Thabaraj and Gaudy (53) reported the occurrence of é transient
response, following a quantitative increase in feed to a continuous flow
reactor, which consisted of two sequential responses: a) a metabolic or

physiological reaction by the indigenous population with a greater
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appearance of COD in the effluent at 1owést dissolved oxygen levels;
and b) a secondary response which involved an ecological shift or pre--
dominance change in the reactor. Both responses involved a release of
‘metabolic intermediates into the mixed Tiquor.

Mateles and Chian (54) observed the kinetics of substrate uptake
and growth in pure and mixed culture systems. With the use of a
glucose-lactose substrate as much as 25 percent of the original sub--
strate appeared as acetic acid. Triphasic growth was observed as
glucose, lactose, and acetate were utilized. It was suggested that the
grbwth rate of a bacterial species can strongly influence its ability to
predominaté, Siudies with a species of Pseudomonas and a coliform
growing in a dispersed state revealed that in batch operations the
Pseudomonas constituted about 80 percent of the population; however, in
continuous flow the coliform was dominant at Tow dilution rates. The
experiments'on.popu]ation dynamics strongly indicate that;the acclima-
tization process frequently used in preparing laboratory sludge should
be carried out under flow conditions identical to those to be used in
the actual experiments. Batch acclimated cultures need considerable
time to become optimal for use in continuous flow systems, and it is:
important not to begin taking data until an approximate steady state in
terms of populations has been reached. Their experiments revealed that
a "steady state" was reached affer approximately .10 to 25 residence |
times, which is considerably longer than the 3 to 6 residence times

often accepted as providing "steady state" conditions in pure cultures.



CHAPTER III
MATERIALS AND METHODS

A. Analyses and Techniques

1. Chemical oxygen.demand (coD)

The ‘total COD was determined in accordance with the procedure
prescribed in "Standard Methods for the Examination of Water and Waste-.
water" (55) with the addition of silver sulfate.

2. Biochemical oxygen demand (BOD)

During the preliminary studies involving the preparation of sewage
agar, the BOD of fresh and concentrated sewage was determined according
to the procedure given in "Standard Methods" (55).

3. pH

The determinations of pH values were made with a pH meter (Beckman-
Zeromatic II)..

4, Viable bacteria count (plate count)

Excepf for those studies involving the preparation of sewage agar,
nutrient agar (Difco) with supplemental 0.5% Bacto agar (Difco) was
used for the enumeration and differentiation of bacterial colonies.

The spot p1ate‘techn1que investigated by Gaudy (39) and Gaudy et al,
(56) was employed to determine the viable bacteria count in sewage and
in Tater experiments with selected bacteria. A spread plate technique

was also used for viable count determination with sewage.

23
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| The ‘preparation of the plates differed only in the manner in which
the bactéria1 suspension was applied. In both techniques, 15 ml of-
sterile liquified substrate-agar at approximately 45° C were carefully
poured into a sterile 90 mm diameter Petri dish, covered, and cooled
until solidified., The dishes were then inverted and incubated at 37° C
for approximately 48 hours to remove excess moisture from the surface
of the agar. The drying period permitted a more rapid absofbtion‘of
the 1iquid inoculum and better dispersal and fixation of bacteria than
on freshly prepared plates, especially for the spot plate technique.

Inoculation of the plates with an appropriate dilution of bacteria
was performed as fo]]ows:‘

a. Spot plate technique. The outside bottom of the plate was
bisected with a marking pep.line to provide two counting units per
plate. A total sample vo]hme of 0.08 m1 per -half plate was inoculated
in four 0.02 m1 spots, i.e., 0.16 ml per plate (8 - 0.02 ml spots).

b. Spread plate technique. A total volume of 0,20 ml of diluted

sample was- 1nocu1ated onto the agar surface in the Petri dish. The

vvvvvvvv
v P

inoculated dish was p]aced on a. turntab]e and rotated while the inocu-
lum was spread evenly over the agar with a bent glass rod. The rod was
sterilized prior to spreading the fnocu]um by immersion in isopropyl
alcohol, flaming and cooling.

After inoculation the plates were covered and allowed to stand
until the Tiquid frbm the inoculum appeared to have been absorbed into
the medium. The plates were then inverted and incubated at room tem-
perature (about 25° C); some plates, in the preliminary work, were
incubated at 37° C. A 48 hour incubation period was found to be suffi-

cient for total enumeration and most colony differentiation. When
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sewage was used as inoculum, observations were also made at 72 and 96
hours on colonies which developed slowly,

Upon sufficient development, the colonies were differentiated and
enumerated using a Quebec colony counter. Duplicate (or more) plates
were always prepared for each inoculum. From the colony count, the
inoculum volume, and appropriate dilution factor the population density
of the'sample was determined.

5. Sterile techniques.

A11 equipment, glassware, media, and di]ﬁtion water used in the
experiments that might have introduced confaminating microorganisms to
the cu]tﬁres under étudy were sterilized either by autoclaving for 15
to 120 minutes at 15 psi and 121° C or by hot air oven for at least.
two hours at 160° C.

6. Bio]ogica1‘solid§»

Measurements of biological solids were performed either directly
(gravimetrically) from the dry weight of solids retained on a 0;45 u
pore diameter membrane filter (Millipore Filter Co., HAWP 04700, 0,45y )
from a measured sample volume or indirectly by determining the optical
density of a‘suspénsion of solids at 540 mu with a spectrophotometer
(Bausch and Lomb, Spectronic-20).

7. Glucose

Glucose éoncentration was determined enzymatically with the
Glucostat test in accordance with Method 1-A of the Worthington
Biochemical Corporation (57).

8. Carbohydrate
Carbohydréte content of the substrate and filtered effluent

was measured by the anthrone method recommended by.Qaudy (58).
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B. Special Equipment

Aside from the more common equipment and glassware the following
were used in conducting the studies and experiments during the course of
this research. Where necessary the technique involving their use will
be given. under the appropr1ate section of the experimental protocol
(part D of this chapter).

1. Flash-evaporator (Buch]er Instruments). This was used to congen-
trate sewage for the preparation of sewage agar.

2. Growth‘flasks (special design). Flasks of special design were used
to culture and measure growth rate by opt1ca1 density. - The flasks were
250 ml capacity Erlenmeyer type w;th 24/40 $'tops fitted with opt1ca11y
matched test tubes. A side- arm was- attached to the side of-the flask.
Cotton was used to plug thefs1de arm to maintain sterile flask contents
or protect the desired cuffure from contamination. The'optiCal density;
of the reaction liquor was determined by inverting the F]ask and 1nsért-'
ing the test tube into the port of-?he spectrophotometer.

3. Water bath shaker (Research Speéia]ties Company). The growth

flasks and flasks containing-acc]iﬁating or growing cultures were
incubated in a water bath shaker. The temperature was controlled at

25° C and the shaking rate was 90 oscillations per minute. |

4. Chemostat and large volume batch tube for bubble aeration. A 2
liter capacity cylindrical glass résin kettle having a slightly flat-
tened bottom was used as the reactor or culturing vessel for the contin-
uous flow and ]arge volume batch growth studies. The top of the reactor.
~had a ground glass flange whiéh was- fitted with a matching cover. The |
cover contained four holes which were utilized for the necessary attach- -

ments for feeding the unit, aeration, effluent removal, and sampling.
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Figure 2.

Bubble aeration batch
reactor.

28



Figure 3.

Continuous flow reactor.
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A 1.0 liter volume of medium was used in the reactor.

5. Pumps; A peristaltic pump (Sigmamotor, Inc., AL-4-E) was used to
feed the influent medium at a controlled rate into the reactor during
continuous flow studies, |

6. Recircu]atihg water bath (Precision Scientific, Lo/Temptrol). This
was used to control the temperature in the reactors immersed in a water
bath tank. |

7. Magnetic stirrers (E. H. Sargent and Co., S 76490). Increased
mixing of the reactor contents was achieved by using a magnetic stifrer
to drive a Teflon coated stirring bar in the reactor bottom.

8. Vacuum pump (Gast Mfg. Corp.). This was used to assist in the
filtration of samples for bio]ogic&T solids determinations and the
collection of filtrate for analysis.

9. Centrifuges. A Servall'Superspeed Centrifuge (Ivan Sorvall, Inc,,
Type SS-1A) was used for centrifugation of small samples. A Sharples
Super Centrifuge (Sharples Equipment Div., Pennsalt Chemicals Corp.,
Type T-1) was used for centrifugation of sewage in the preparation of
sewage agar.

C. Media

The synthetic medium used in these studies consisted of a minimal

~salts medium with glucose as the carbon source or a glucose minimal
medium containing Bacto-peptone (Difco Laboratories). The composition
of the medium is given in Table I. The concentrations of salts and
buffer are those commonly used in the Bioenvironmental Engineering

Laboratories of the OkTahoma State University.



TABLE I

CONSTITUENTS OF THE GROWTH MEDIUM
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(NH4)2504
MgSOq - 7 H,0
MnSO4 - Hy0
FeCl3 - 6 H,0
CaCl,

KHoPOg

KoHPO4

Tap water
Distilled water
Glucose

Bacto-peptone

500 mg/1
100 mg/1

10 mg/1
0.5 mg/1

7.5 mg/1

526 mg/?
1070 mg/1
100 m1/1

to volume

variable

variable
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D. Experimental Protocol

This research undertaking on microbial species predominance was
deve]opéd in varjous interrelated and interdependent phases. The
experimental protocol and results are presented in the following major
groups.

Phase 1. DeveTopment of sewage agar and its comparative use with
nutrient agar, | |

Phase 2, Sewage sampling, selection of test bacteria, and growth
medium selection. |

Phase 3. Pure culture batch studies, mixed culture batch studies,
and continuous flow mixed culture studies.

1. Phase'l
a. Development of sewage agar |

Prior to the extensive sampling of sewage for viable bacteria.
count and determination of the predominant bacterial populations on-
nutrient agar (Difco Laboratories), a study was made to evaluate this
medium as compared with a medium composed of or containing sewage as
the source of nutrients and growth factors. Several inherent difficul-
ties involved with the use of sewage as a substrate were initially
anticipated. The nonuniform composition and concentration of domestic
sewage constituents and its relatively low soluble substrate concentra-
tion were expected to pfesent some problems in the preparation of a
solid counting medium. However, the preparation of a sewage base count-
ing medium and comparison of viable counts using it and nutrient agar
were felt to be deéirab]e in order to determine if the use of nutrient
agar as -a medium for the enumeration and differentiation of sewage

bacteria would be permissible.
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Primary clarifier effluent from the Stillwater, Oklahoma,
:wastewater treatment plant was used as the source'of the sewage, Th1$

sewage was further clarified by centrifugation and in some instances
filtration through a 0.45 u pore diameter membrane filter. The centrif-
ugate, or filtrate, was stored as briefly as possible at 3 to 50 C until
it could be concentrated, then sterilized by autoclaving.

Concentration of thevsewage was accomplished with a flash evapo-
rator at approximately 60o C Under vacuum by aspiration, Batches of
500 to 600 ‘ml were cohcentrated to'approximate]y 50 m1, collected, and
refrigerated until finaT processing’to the desired concentration.

Sewage which had been filtered prior to being concehtrated was
found to form flocculent particles during concentration, thereby_nu]lﬁ?
fying attempts to produce a clear concentrate without filtration of the
concentrate., In preparation of the sewage agar only centrifugation was
used to remove initial particulate matter since autoclaving the filtered
concentrate also produced flocculent particles, incorporation of the
floc particies was not found to cause appreciable difficulty in obsery-
ing the bactevia] colonies growing on the agar surface.

The BOD, COD, and pH of the sewage, concentrated sewage, and con-
densate were determined, to assess effects the concentrating process
might'have on these parameters.

Numerous variations of sewage media were examined to-détermine the
requiremehts for the degrée of concentration, pH adjustment, addition
of supplemental salts, and the effect of filtration, The-pH was
adjusted to 7.2 with a phosphate buffer and the salts which were added
Were-the first five listed in Table I. The types of media which were

compared are given in Table II.



TABLE 1I
MEDIA TYPES FOR COMPARATIVE GRQWTH STUDY
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Type . Preparation®
1 CBFS
2 CBF

3 CBS

4 CB

5 CFS

6 CF
7 UBFS
8

9 UBS

10 | UF

Nutrient agar

Glucose agar ' 1000 mg/1 glucose + B+S

*Code to notation:

|

concentrated sewage

unconcentrated sewage

- phosphate buffer added to pH 7.2

1

filtered through 0.45y pore diameter filter

w ] (o) Lenod (]
1

addition of salts (first 5 from Table I)
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b. Comparison of nutrient agar and sewage agar

Fifteen ml volumes of medium per Petri dish were used. A culture

of Serratia marcescens wasvobtained from Dr. R, B. Bustamante for use as

an initial test Organism'to evaluate the various media preparations,
Thé spot plate technique'was employed and the plates were incubated at
379 C for 48 hours or Tonger (up to 4 days) then counted.

After defermining the need for séwage concentratidn,-pH adjus tment,
and addition of supplemental salts, simultaneous inoculations. of
heterogeneous populations of sewage bacterfa were made on sewage agar
and nutrient agar. Inocu]ation was made using the spot'p1ate téchnique
with incubation at 37° C. After 48 hours of incubation comparative
enumeration and colony type differentiation were made.} Reexamination
was made after 72 to 96 hours.

2. Phase 2.
a. Sewage sampling |

Weekly sampling of sewage was made at the Stillwater, Oklahoma,
wastewater treatment plant from September, 1967, thrdugh February,
1969. The samples were collected in a steri]iied bottle af the head of
the preaeration basin. The sewage temperature was measured at the time
of sampling. After collection the sample was promptly returned to
the laboratory for diiutioh, plating, and pH determination. A dilution
of 1079 was found to be suitable for use as inoculum, FiVevpjates each
were prepared by the spot plate and spread plate techniques. Incuba-
tion at both 37° C and room temperature (approximately 28% C) were used
until it was determined that incubation at room temperature consistently

yie]ded'greater numbers of colonies from duplicate incculations,
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Enumeration and differentiation‘of‘the colonies were performed
after 72 to 96 hours of incubation, The enumeration might have been
perfdrmed éfter 48 hours; however, a longer inéubation period was
required to differentiate certain colonies having latent morphq]ogica1
characteristics‘such as pigment development. When the density of the
co1onie$ developing on the plates was seen to be so greét as to cause
potential counting‘difficuity because of coalescence, the enumeration

and differentiation were performed after approximately 48 houyrs of

~incubation and checked again 24 to 48 hours later,

Tabulation of the samp1ing times, sewage temperature and pH,
bacter1a1‘popu1ation density, and approximate number of colony types as
distinguished by their gross morphology appears in the foliowing.
chapter,

\Specimens of the predominating colony types were taken fraom each
sewage sample and descriptﬁvely noted. The specimen was stréaked onh

the surface of steri1e nutrient agar and an isolated colony possessing

the characteristics of the original colony was inoculated onto a sterile

nutrient agar slant in a culture tube, capped, and Tabeled. Growth on
the slant was allowed to develop before the slant was stored at 4° C,
Periodic transfers were made to fresh nutrient agar slants with checks
madé on the purity of the culture by streaking a sample of the inoculum
on a sterile nutrient agar plate and observing the resﬁ1ting'nature and
purity of colonies developed,

Each specimen isolated was given a code number for future reference
and a recokd was kept of the number of such colony types per sewage

sample.
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fb. Selection of test'bacteria and growth media

In ordef to determine which of the 18 isolated "predominant"
bécteria to use in conducting further studies, a visual evaluation was
made of their relative growth in various 1iquid media. The media used
were; nutrient broth, glucose minimal medium, glucose minimal medium
with vitamin supplement, 0.1% Bacto-yeast extract (Difco), glucose
minimal medium with 0.1% Bacto-yeast extract, and glucose minfmaT
medium With 0.1% Bacto-peptone (Difgo). Evaluation was made with
respect to apparent quantitative growth, dispersed or flocculent growth,
and freedom from adherence on the wall of the culturing flask, Fiasks
of 250 m1 capacity containing 60 ml of medium were inoculated and |
incubated at 25° C on a shaker at 90 oscillations per minute, Observa-
fions were made over at least five days after inoculation, Evaluation
for selection was also based on the relative ease Wifh which the
deve]bping colonies of each culture could be differentiated when grown
in mixed cultures.. |
| Based on the above criteria for evaluation, four cultures were
selected which had apparent differences in growth rate in selected
media. Each grew in a dispersed suspension in 1iquid media with no
adherence to the flask wall, and each éulture's colonies were suffi-
ciently dffferent in appearance to permit ready identification even at”
early stages of development. The isolated bhacteria were not generically
identified, The four selected cultures are reported herein by the
identifying letters A, B, C, and D. They were readily distinguiShed
from one another by colony color and morphology as indicated below:

Culture A - Colonjes yellow, small, transparent, rounded smooth

glossy surface; Gram negative cocci or very short
rods, single cells or pairs, non-motile.
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Culture B - Colonies white, moderate size, translucent, smooth
glossy surface; cocci or very short rods, singular
or in pairs, Gram positive changing to Gram negative
in old cultures. Non-motile.

Culture C - Colonies colorless to iridescent, producing a reddish-
brown soluble pigment upon aging in high substrate
concentrations, translucent, slightly irregular sur-
face and margin, large colony; rods, singles or short
chains, Gram negative, motile (apparent polar flageiia-
fast movement - viewed in hanging drop), appear to
contain Gram positive grana.

Culture D - Colonies colorless to buff or tan with color develop-

‘ ing with age, more uniformly translucent than C and
larger than C, surface and margin smooth in young
colony becoming slightly ridged and irregular in late
stages of development; rods, singular, Gram negative,
motile (apparent polar flagella - slower movement
than C - viewed in hanging drop).

Based on the growth characteristics of the selected bacteria in
the test media, a choice was made to use glucose minimal medium {GMM)
and GMM with Bacto-peptone (GMM + P) for studies on the growth and
interaction of the selected bacteria.

3., Phase 3
a, Pure culture batch studies

The kinetic constants u, Mmax ® and K were determined experimen-
tally for each of the four selected bacteria on both GMM (glucose
concentration variable) and GMM + P (peptone concentration variable)
with two types of batch operations, i.e., shaken flask and hubble aera-
tion. The method used for the determination of these vaTues was that
proposed by Monod (12) with a comparative check by the method of
Lineweaver and Burk (59). The notation is that of Herbert et al. (19)

where:

u = the exponential growth rate

]

u -the maximum rate of growth

max
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Ks = the "saturation constant" numerically equal to the substrate
concentration, S, at which the growth rate, u, is one half

the maximum value, u..» (i.e.s v = /2)

ax®
A representation of these values is shown in Figure 5.
The value of u for each culture and substrate concentration, S,
was determined from a semi-Togarithmic plot of optical density, 0. D.,
versus time, T, in hours, with 0. D. plotted on the logarithmic axis.
The straight Tine portion of the plot with 0. D. increasing with T

represents the exponential growth phase used for the calculation of u

as follows:

Tn 2 0.693
T

u = T - = ot

‘where T = the doubling time or generation time as determined by a
two-fold increase in 0. D.
i) Shaken flask method

Prior to performing an experiment, the culture to be studied was
acclimated on the appropriate substrate for at least three days. Daily
transfers (2 ml) were made to fresh sterile media. Purity checks were
made by spot plate technique at each transfer period. The temperature
of acclimation and study was maintained at 250 C in a water bath shaker.
The shaker was operated at 90 oscillations per minute. Both the
acclimation flasks and the growth study flasks (as previously described)
were of 250 m1 volume and contained 60 ml total volume of Tiquid. The
acclimation medium was either 2000 mg/1 GMM or 2000 mg/1 GMM wi th
250 mg/1 Bacto-peptone. Growth flasks were seeded with 2 m1 (4 ml1 for
culture A because of low solids) of acclimated cul ture which had been
transferred to fresh medium 18 to 24 hours prior to being seeded.

. Duplicate flasks were prepared for each substrate concentration, The



Figure 5. The relationship between the exponential growth
. rate, u, and the growth 1imiting substrate
concentration, S.

Mmax = the maximum growth rate
K the saturation constant (numerically

equal to S where p = “max/z)

1

Top) Monod plot

Bottom) Lineweaver-Burk plot
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initial optical density (0. D.) of the fluid in each reaction flask was
- determined at a wave]éhgth of 540 mu with the spéctrophotomeﬁen. A.
sterile medium samp]e,wés used as a blank (0. D. = 0). Optica] density
values were measured at 1east hourly (occasionally at 30 minute
intervals) until Tittle or no change in 0. D. occurred between readings.
The purity of the cultures was Checked“by plating a sample of the Sus-
pension on nutrient agar following the run. Upon confirming the purity
of the culture an inoculum from the p1afe was made into sterile liquid
growth medjum to acclimate for use in the next study of'onto‘a sterile
.‘nutrieht agar slant in a ¢u]ture tube, labeled, grown, and then stored
at 40 ¢ fqr future reference and use. Values of y, Vmax * and K¢ weké
determined as prévious]y.described,
i1) Bubble aeration method

The same procedure for culture acclimation as descfibed for the
shaken flask methdd was used to prepare‘the inoculum for fhis type of
‘batch growth study, Calculation of the kinetic constants was madéhin
“the same manher,a$ previously described. The major differences between
this type of_batch study and the prior one are the volume of cQ]ture,
the method of aeration and mixing, the sampling methods, and the.samp]e
analysis. ' _ |

The reactors used were the 2 liter cy]indricél glass kettle type

described earlier, Injtial volume of the medium and inoculum was 1.0

. liter. The aeration rate was 3 Titers per minute (checked by a

rotameter). The air was filtered through two tubes packed with glass
wool (one of which had been autoclaved with the medium reservoir and
reactor assembly) before being discharged through a diffuser into the

medium in the reactor. More complete mixing than that resulting from
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aeration alone was achieved.by using a magnetic stirrer to drive a
Teflon coated metal bar at the bottom of the reactor. \

Samp11ng‘was performed at 30 to 60 minute intervals'Until hear1y
all growth had occurred with a final sample taken at 24 hours from the
time of inoculation. The samples were removed from the reactor by
closing the air qutlet and opening a'samp11ng‘tube which extended
vertically into the reactor, thereby causing the air pressure 1ncréasa
in the reactor to force a portion of the reactor contehts up and out
through the sampling tube, When the required volume of 'sample had
been W1thdrawn, the sampling tube was closed and the air outlet re~

opened. - | |

| Samples were analyzed for viable count, optical density (and
biological solids directly in some instances), and pH. The samplev
fiTthate (0.45 v mémbrane filter) was analyzed for total COD, glucose
(by Glucostat method 1-A, calculated as COD), and carbohydrate (anthrone
method). |

The inoculum volume was 10 ml'per reactor. The purity'of-the 
culture was: checked through use of the plates prepared for viab]evcount
determinations. A specimen.co]ony of the culture was inoculated into
sterile 1iquid growth medium to acclimate for use in the next study or
onto a nutrient agar slant in a culture tube, labeled, grown, and then
stored at 4° C for future reference and use. |

A water bath was not used to maintain a temperature of 25° ¢, but
temperature checks were made and the operating tempgrature was found to

be 27° + 1° ¢.



45

b, Mixed culture batéh studies (shaken flask method)

The four test organisms and the eleven possible combinations of
species were grown 1h shaken flasks as described earlier on the media
selected for use in the continuous flow studies, i.e., 500 mg/1 GMM
and 500 mg/l_GMM with 250 mg/1 Bacto-peptone. The value of y for alil
cultures was calcuiated for each medium. Viable count detevm1nations
by spot'plate}techniqué on nutrient agar were made of the initial
inoculum and the flask contents approximately midway through and near
the end of the Togarithmic growth phase.

| The observations were used to evaluate the mixed cultures of
greatest.potentia1 interest for furthef study under continuous flow
conditions. Four mixes were choseni AB, BC, CD, and ABéD.
c. Mixed cu]ture cont1nuous flow studies |

Prior to performing the studies with the bacterial cultures a check
was made to assure that the reactor contents would be in a compietely
mixed state. A 1.0 liter vb]ume of phenol solution (1000 mg/1) was
‘,p1aCed_in the reactor (2 liter glass kettle as previously deséribed).
Aeration (3 Tpm) and mixing with a magnetic stirrer (setting 6 of 10)
were set as proposed for later use if complete mixing was found to
occur under these cohditions. The results of the dilute-out check were
satisfactory and these conditions were subsequently used, Dilute~out
of the phenol concentration was performed by pumpingvtap water at a
set rate from a’glass carboy reservoir into the reactor. The effluent
Qas removed from the reactor by the air escaping through a glass tube
cut off so as to maintain the reservoir contents at 1.0 Titer (essen-
tially an aik 1ift pump removal of effiuent). Effluent samples wers

analyzed for COD and a plot of the actual COD was ¢0mpared_with the
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theoretical COD for dilute-out at the established detention time, Two
“runs were made using detention times of 7.4 and 24 hours, Details of
~ the dilute-out method are given in the appendix. |
Sterilization of the reactor assembly, medium reservoir, and air
filter was accomplished by autoclaving the entire assembly as a single
unit to minimize potenﬁia] contamination. The reservoir contained
20 1iters of medium when sterilized. The phosphate buffer was steri-
v1ized in a separate bottle attached to the top of the reservoir and
connected by tubing., When the medium had cooled after autbc1aving, the
buffer was tipped into the reservoir and thoroughly mixed'priok to
filling the reactor. Air gaps were provided in the influent line,
effluent 1iﬁe, and sampling line, which allowed free fa11'of-1iquid
droplets through vertical glass tubes and prevented bacterial growth
in the influent feed 1ine and potential contamination from entering the
reactor via the effluent and sampling lines. |
The volume of inoculum placed in the reactor varied from 4 to 8 mi
depending on the culture and experimeni. Except where an initial numer-
ical advantage was purposely desired, an attempt was made to have
~ approximately equal initial populations of each organism. After
inoculation the reactor was operated as a batch unit for 9 to 18 hours
(usually 10 to 12 hours) before starting the pumps tovestab]ish the
continuous flow operation. In all experiments an 8 hour detention
time (D = 0.125 hr’l) was employed. A water bath was used to maintain'l
the ﬁemperature at 25° C. | |
Samples were removed direct]y from the reactor with a 10 ml
Repipette (Labindustries) set in a port on the reactor covér as a part

of -the reactor assembly. The sample effluent was analyzed for optical



47

density, viable count, pH, and biological solids. The‘sample filtrate
(0.45 u membrane filter) was analyzed for total COD, glucose (Gluco-
stat), and carbohydrate (anthrone). |

Observation of the viable count plates served as a check for
contamination. No particular difficulty was experienced from external
bacterial contamination; however, on one occasion experimental results
have been reported in which an apparent "back-inoculation® of the
reservqir contents from the reactor occurred, 1.e,, bacterial growth
observed in the reservoir was found to be caused by an organism which
appeared to be 1ike one of those under cultivation in the reactor.

As‘an extensionvof the continuous flow studies the sampling was
continued after utilization of the medium in the reservoir with the
units operating under batch conditions‘without additibna].feeding
(imposition of endogenous'conditions).}

Two reactors were operated simultaneously with the same initial
inoculum. One reactor was fed 500 mg/1 GMM and the other reactor was
fed 500 mg/1 GMM plus 250 mg/1 Bacto-peptone, In certain éxperiments‘
the feed Tines from the reservoir to the reactor were‘exchanged‘so as
to switch the influent to the reactor after about three days of contin-
uous flow operation. Assessment of the response of the culture to the
change in substrate was performed uéing the same procedures and

analyses employed before the change was made.



CHAPTER 1V
RESULTS

‘A, Phase 1
1. Development of sewage agar

The sewage concentrate, after processing in the f1ash-evaporator,
was a turbid yellowish liquid which cohtéined greyish colored settle-
able f10c¢u1ent particles. The concentrate filtrate (0.45 , p@re‘size
membr@ne filter) had a yellow-orange color, the intensity of which
deepened with‘increasing degrees of concentration. The material had a
urine-like odor. The residue retained bn the filter was grey to
| yellow=brown in color with a slick grease-1ike consjstency.

Evaluation of the effect of processing upon the COD of the‘sewage
was performed on each sewage sample. .Three gehera] ranges of concen-
‘tration were used for comparison with the original unconcentrated
sample.

a. Tow concentration (approximately 10:1 to 20:1)

bh. medium concéntration (approximately 30:1 to 40:1)

c. High concentration (approximately 45:1 to 75:1)

Each sample was subdivided into the following treatment fractions:

a. concentrate

b. autoclavéd concentrate

c. filtered concentrate

48
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d. autoclaved and filtered concentrate

e. condensate

Table III shows the COD values for each sybdivision. Table IV
shows the percentage of theoretical COD (% CODT)}for-the concentrate
in each subdivision. The va1ues foﬁ’the condensate are not given as
they were always less than 1 percent of the COD;. The - theoretical COD

(COD7) for the concentrate was determined as follows::

CoDy = Ce x COD of the unconcentrated sewage
where
Cf = the concentration factor

Table V indicates the average percent CODy vé]ues for the principal
subdivisions of the thrée concentration ranges,

Figure 6 shows the effect of concentration, filtration, and auto}
¢laving on percent CODT recovered in eaéh fraction of concentrated
sewage. -

Concentration of the sewage was found to cause an increaée in pH.
For example, analysis of two separate‘sewage sdmp]es;indicated the pH
increased from 7.5 to 8.9 and from 8.1‘to 8.7 when concentrated to -
30:1,

Figure 7 shows the effect of cancentration on COD and BOD for the
same sewage sample. |

A check was made on the concentration technique to examine the
unaccounted loss in COD for the concentrated sewage.. A glucose solu-

tion was concentrated in the same manner as the sewage, The following
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TABLE 1V

PERCENTAGE OF THEORETICAL COD FOUND IN THE FRACTIONS OF CONCENTRATED
SEWAGE AFTER INDICATED TREATHENT

% of Theoretical COD, % CODy
Theoioot 1 (100% CODt = Cf x COD of Unconcentrated Sewage
Concen- Concentration COD of the Concentrated,
tration. Factor, Concentrate Concentrated Concentrated Filtered &
Range Cs {mgCOD/1) Concentrated Autoclaved Filtered 1 Autoclaved
10 910 85.8 85.8 42.8 42.2
12 1310 100 96.6 36.0 - 35.3
14.8 1675 87.5 86.3 36.1 35.7
Low 14.8 1675 88.3 82.5 -— 33.0
17.2 1657 83.3 81.4 43.0 §2.6
*20.3 1585 95.2 96.1 45.1 44.0
+20.3 2215 81.6 78.1 27.8 26.1
30 6200 - 61.0 - . 42.5
30 4080 70.2 71.1 18.6 13.2
*30 2340 152.2 135.4 46.5 41.8
+30 3270 96.2 98.6 32.1 32.1 .
Medium 20 2730 84.7 78.7 42.3 41.3
30.8 3475 87.3 89.5 36.8 36.0
30.8 3475 88.0 78.2 - 33.0
*37 2890 126.5 125.5 48.8 48.8
+37 4040 91.3 89.7 29.8 28.8
81.7 4019 77.7 81.1 42.1 42.8
43.8 ¢ 4935 79.7 78.3 39.8 . 38.0
43.8 4935 86.4 77.2 - -
High 50 4550 87.3 83.8 40.6 32.7
60 5760 70.5 72.5 39.3 39.1
*77.4 6040 i10.8 146.8 43.5 42.6
+77.4 B844p 82.5 73.7 25.8 23.8

*The theoretical COD for these concentvations is based on a raw unconcentrated sewage COD which appears
o b2 in error. :

TThis is a revun for those concentrations marked *. It is these values which are used in the fol
of concentration Tector vs. % %

Notes

R 5
itz value

Th

he COD of the condemsa
wes always jess ¢

heoretical COD.

te collected in the concentralion process is not indicated in this table.
han 1% of the theoretical £OD for the concentrate.

fowing plot

TC



TABLE V

AVERAGE PERCENTAGE OF CODy VALUES

Filtered and

Autociaved Filtered Autoclaved

Concentration Range Concentrate Concentrate Concentrate Concentrate
Low < 20:1 - 86.3 82.8 37.4 35.9
Medium > 30:1 ~ < 40:1 85.1 76.3 33.6 33.7
High > 45:1 v < 75:1 81.3 77.3 36.4 35.2
Average (eﬁtire range) 84.2 78.8 35.8 34.9

2C
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results indicate the concentration technique was satisfactory if.
volatile compounds measured as initial COD are not lost in the concen-

tration process or their loss is small compared to the‘totaT coD.

- Sample ~ CODy, mg/1  CODactuajs mg/1 % CODy
Original glucose solution -- o | -~
Concentrate (10,75:1) 3480 | 3398'v 97.7
Concentrate (20.83:1) . 6750 | 6795 100.1
COndensate‘(eacH sample) - 1 o 0

The total initial volume was récovered as concentrate and conden-
sate; therefore, no apparent volume was 1ost.by evaporation;'.
2. Comparison of sewage agar with nutrient:agar

The first éttempt at using concentrated sewage in an agar base as.
an enumeration medium was unsuccesst]. Sewage cohcentrations'ranged

from 5:1 to 50:1. The test bacteria, Serratia mgrceécens, grew well on

nutrient agar, but no growth occukred on the sewage agar. Failure to
grow was tentativeiy attributed to an unfavorable pH (8.9 to 9.3) of
thé concentrated sewage. No buffer or supplemental salts had been
added to'thé sewage agar.

In the second test the effects of fi]tration; buffering, and
addition of supp]emgntal salts were esvaluated. The COD values for the |

media were:
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" Medium or Processed Sewage Fraction . COD, mg/T
Standard nutrient broth 8100
Primary clarifier effluent. (PCE) 207
PCE - filtered 80
PCE - autoclaved o ' 279
PCE - filtered and autoclaved L . 108 -
Condensate - 41
Concentrate (30:1) autoclaved- 3784

Concentrate (30:1) filtered and autoclaved - - 2635

~ The results of the plate counts dn the vanious media are given in.
‘Tabie VI. §: marcescens was used as the test organism. The spot plate
techniqﬁe was employed with incubatioﬁ at 379 C fpr'48 hours.

A statistical analysis of the.medium types was made to determine
if thevvarious.pfeparations_of sewage agér yielded colony counts
significant1y different‘from those obtained on nutrient agar using the
same inoculum of the test bacterium (S, marcescens). Incubation at
370 for 48 to 72 hours was employed, - Counts were made at 48 hours-énd
checked at 72 hours because of the small size of the co]onies‘oh those
plates having é Tow substrate concentration (unconcentrated'seWage |
agdr). | |

Sighificance of the difference in mean colony counts on-nutrient
agar and other media were tested at the 5 percent level of significahce
using a Studentized t distribution (60). The fo1]ow1ng-equafions;and
notatfons were used to calculate t. The subscript I denotes the stand--
ard of compaﬁison;.the nutrient agar. The negative sign that results
in some fnstahces where the term X] - Xo appears may be disregarded, as
for this purpose the term could as well have been reversed to Xy - X;

thereby resulting in a positive value.

Equation 1: d = 21 - Xp
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PLATE COUNTS OF SERRATIA MARGESCENS FOR THE COMPARISON
' OF NUTRIENT AGAR AND SEWAGE AGAR

| "Number of Co1onies .
‘ —— — o Colony
Medium % Plate |} Plate |Total Plate | Characteristics
Nutrient Agar 95 83 | 178 large, red-orange
L. 99 83 182 " "
" " 91 82 173 " "
" " 90 86 176 e "
" " 9% 84 180 " n
" " 98 88 186 " "
Sewage Agar, CBFS$ 103 93 196. medium, med. red
" " VCBF 83 82 165 | med. , whitempiwk
"o " CBS 98 74 172 medium, dark red
“ovocB No Growth |
" v CFs 2 | 91 | 18 medium, med. red
" o CF ~No Growth
wow o UBFS 106 85 191 very small, white
ooy 89 84 173 very small, white
" Bs 106 101 207 small, pink
T 105 100 205 very small, white
Note: C = concentrated sewage (30:1)
- U = unconcentrated §ewage

B = bﬁffered to pH 7.2 with phosphate buffer

F = filtered through 0.45y pore size memb%an@ filter

S = supplemental salts (first 5, Table I, Chapter III)
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| 2 o 2
o (g =1 (5,%) *+ (n, - 1) (S,7)
Equation 2a: 52 SR R 2 2

n1: + nzw‘ 2
| ,
Equation 2b (where n; = n,): §° = ——s
2

where: X

e A a2l L1yl M
Equation 3a; S. = _"VS = + =)= 'V§ S .-
| w | d (“1 "2) oM

= 3(x - 02 = o - (@)%n

ey 2 52
Equation 3b (where n; = n2): 35 = e

Equation 4: ¢t =‘%—

calc -
d
x = the value (count) of an individual unit (% plate)
"X = the mean value of all units of one type (Ix/n)
n, = the number of units (x) counted
5% = the mean square or variance
$ = .the standard deviation
If t.a1c, was found to be less than ti .., .04 q5e then the null

hypothesis'that the tested means were equal at the S'percént level of

alc.,
ttabu1ated .05° the‘null hypothesis of equality of means was rejected

significance was accepted, If the value of t¢ was greater than

and the alternate hypothesis that they were not equal was accepted,

i.e.s a significant'difference in means existed at the 5 percent level,



59

The results of the test for significant difference in mean colony count
| on various media are given in Table VII.
The COD and pH values for the sewage prehérations used in the

statistical study are given below,

pH
: con, (before -
a _Medium Base . mg/1 buffering)
Unconcentrated sewage o ' ' : 136 8.1
‘Unconcentrated sewage - filtered - b4 8.1
Unconcentrated sewage - autoclaved 130 - 8.0
Unconcentrated sewage ~ filtered and autoc1aved 60 8.0
Concentrated sewage (30:1) 2864 9,1
Concentrated sewage (30:1) - f11tered . 758 9,1
Concentrated sewage (30:1) - autoclaved 2900 8.7
Concentrated sewage (30:1) - filtered & autoclaved 537 8.7
Condensate 5 10.1
Nutrient agar (nutrient broth) 8100 6.8
Glucose agar (glucose solution) : 1067 7.0

A compak1soh.was made between nutrient agar and sewage agar'(SO:l
concentrate, buffered, with Supp]ementa] salts) using a 10-5 dilution
of raw sewage for the‘inocu1um. The COD'va1ues of - the unqoncentkated
and concentrated sewage were 105 mg/] and 2740}mg/1, respectively, The
respective pH values were 7.2 and 8.4. The pH of the condentraté was
adjusted to 7.2, Teh p]atés of each medium were prepared, inoculated
by the spot p1ate technique, and 1ncubated at:25° C for 48 to 72 hours.
Enumeration was initially made at 48 hours and checked at 72 hours. |
Colony differentiation was also made at the time of counting and
rechecked at 96 hours. The nutrient agar‘yie]ded a mean of 59.6
colonies per_pléte and the sewage'agak yielded a mean of 53.3 coionies
per plate. Subjection of the colony count data_tb a Studentized t test

at the 5 percent level of significance indicated that the two media



' TABLE VII

SUMMARY OF COLONY ENUMERATION AND SIGNIFICANT DIFFERENCE (5% LEVEL) IN NUTRIENT AGAR, GLUCOSE AGAR,
AND VARIOUS SEWAGE AGAR PREPARATIONS.{USING SERRATIA MARCESCENS AS A TEST ORGANISM)

'fsmmfkmw;
- 1y Different

Medium | n X 32 _ S | t

3 cale ttab.OS Froqug:rient

Nutrient Agar. 40 224.3 194.80 13.95 - - -
~ Glucose Agar 40 , 129.5 301.26 17.35 11.86 1.995 Yes
Sewage Agar CBFS 20 274.7 493.99 22.2 4.50 2.39 Yes
“ % (BF | 40 No Growth | N I - —- Yes
" " CBS | 20 259.9 » 251.61 15.8. : 3;26. 2.00 1 Yes -

. "B | 20 No Growth | = -- - : - - Yes
WM CFS 40 No Growth | - R e B Yes

! " CF 20 No Growth = | - ] - - | Yes

. " UBFS 6 240.3 | 995.07 31.6 0.80 2.020 | No.
“ "oy ] 40 260.9 234,13 15.3 4.65 ' 1.995 Yes-
" ®  UBS 40 112.0 187.33 13.7 14.4 1.995 | Yes
"% wF | 40 | 46.8 61.08 | 7.8 23.4 1.995 | . Yes

unconcentrated sewage

concentrated sewage (30:1)

bufferad torpH 7.2 _

filtered through a 0.45u pore size membrane filter
supplemental salts (first 5, Table I,'Chapter II1) -

it

(7 T T = B o W v
N

3]
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tab.05 = 2-101).

Genera]]y'the same predominant colony types appeared on both media. A

were significantly different (t = 2.917, t

calc.
few more yellow colored types appeared on the nutrient agar. No
particular difficulty was encountered in counting or differentiating

the colonies on the sewage agér even though it cohtained numerou§ small
f]occu]ent.particTes from the sewage preparation.

B. Phase 2

| 1. .Sewage’samp1ing

The data for time of Sdmp1in§,‘sewage.temperaturé, pH, bacterial
population densjty by p]éte cbunt, and approximate number of different
colony types per sample ére given in Table VIII. It Shou]d be noted
that for the period from Septémber 11, 1967, to February 10, 1968, the
plates were incubated at 37° C for 48 hours, Whereas, after a period from
vv February 17, 1968, to April 6, 1968, when both 379 ¢ and ambient
temperature (approximate1y~25° C) were used for incubation, only
ambient tempefature was subsequent]y used, as'1argervqolony counts and
often a greater variety of c§1qnies deve]oped.qt.thissfgmperature.'

It may be seen from Table VIII that the pH of the sewage varied
little. Values of 7.4 + 0.1 were‘common‘except for the firét.three
months when several samples had a pH of slightly less than 7.0,

The bacterial population dehsity of the sewage (colonies/ml) is
given for both spread-p]ate and spot plate technique for each of the 75
samples of sewage. It may be noted that the spot plate technique
yielded a greater population density than did the spread pfate tech-
nique in 58 of the 75 samples examined. The averagé bacterial popula-
tion densfty-in the sewage ranged from approximately 1 x 107 / ml to

5 x 107 / ml. Some indication of a slight seasonal trend toward



DATA FOR RAW SEWAGE FROM. THE STILLWATER, OKLAHOMA, TREATMENT PLANT

TRBLE VIIT

Bacterial Density, col./ml Sewage, {10-7}

Temp. Approx. No. <ob,

Date Day Hour og pH By Spot Plate By Spread Plate Avg. A1l Plates Colony Types mg/1 Remarks
/11767 " 0506 28.5 6.9 2,47 1.37 1.67 15 379C incubation
2718 Tu 4300 24.5 6.35 2.01 2.05 2.03 23 °
9/23 Sa 1100 24.5 7.0 1.83 1.76 1.79 19 "

/30 Sz 1500 24.0 5.9 4.33 3.90 4,12 28 "

10/8 Su 1130 23.5 7.0 3.18 2.21 2.63 25 *

$0/14 S 1460 23.5 5.95 3.25 2.67 2.96 24 "

10/21 Sz 1235 23.0 £.85 3.50 2.78 3.14 24 "

i0/28 Sa 1230 23.0 7.0 2.96 3.14 3.08 28 "

11/8 Sa 1130 22.5 6.85 1.97 2:31 - 2.12 27 o

/11 Sa 1030 22.5 6.8 0.496 0.89 0.93 15 *

11718 Sa 6915 22.0 6.5 1.81 i.e2 1.82 19 #

11728 Tu 4930 21.0 7.3 1.1% 1.05 1.09 21 *

1272 Sa 1330 21.0 7.4 2.72 2.09 2.41 19 #

32/9 Sa 1015 21.0 7.3 1.52 1.58 1.55 20 ¢

12/15 Sa 0830 19.0 7.8 1.44 1.48 1.45 18 i

12/23 2 1100 18.0 7.45 0.86 0.74 0.81 16 “

12730 Sa 1010 8.0 7.50 1.63 1.26 1.49 19 "

146768 Sz 1100 17.0 7.3 0.88 0.73 0.79 18 *

3713 33 3000 15.5 .55 0.77 0.65 0.70 22 "

1721 Su 1230 17.0 7.55 1.45 1.18 1.30 30 ¥

3727 Sa 6830 16.5 7.3 1.15 1.08 1.13 30 "

273 8a 1000 17.9 7.8 8.380 0.71 0.76 40 v

/10 Sa {906 17.5 7.4 1.89 1.45 1.67 50 ;"ncubation temp.
2417 Sa 0300 17.5 7.5 3.4¢ 5.15 3.65 4.33 3.54 4.75 65 70 0L 250 €
2f28 Sz 1045 17. 7.4 0.5 2.04 1.08 1.71 1.03 1.88 40 45 N "
372 Sa BR30 17.8 7.35 3.07 5.36 2.68 5.15 2.88 5.76 70 80 - "
379 Sa 4930 18.0 7.4 3.7 4.24 1,86 3.95 1.80 4.09 50 60 107 N »
3116 52 1000 18.% 7.485 3.83 4.1% 2.13 3.78 3.07 4.01 50 70 173 # v
3/23 Sa 1330 17.0 .45 1.23 2.96 1.05 2.30 1.15 2.83 50 60 - 344 " *
3730 Sa 0936 i8.5 7.4 0.64 1.94 0.86° 1.99 0.75 1.92 25 45 136 * v
646 Sa 3100 185 7.5 1.25 3.23 1.90 3.23 1.61.3.25 40, 85 240 w u
Grq3 Ja 9830 20.5 7.45 2.94 . 2.17 2.55 .2 196 259 incubation
2725 sa 3506 26.8 7.55 1.%0 1.29 1.38 30 - »

4127 Sa 3999 21.9 7.3% 2.06 1.95 2.01 60 - *

£44 Sa 9530 22.9 7.4 2.99 2.31 2.81 20 - ®

5711 Sa 1900 22.0 7.4 2.8 2.72 2.78 50 - «

3/18 Sa 1000 2.5 7.4 385 3.05 3.35 30 133 "

58 £ 1330 26.0 7.4 5.08 3.85 4.4 35

2Q



TABLE VIIL {Continued)

Bacterial Density, col./ml Sewa§e. (1(}'7) Approx.
Temp. Ho. Colony  COD,
Date Day Hour oc pH By Spot Plate By Spread Plate Avg. A1l Plates Types ng/1
6/1/68 Sa 0300 - 22.5 7.35 2.03 2.24 2.13 . 50 -
€/8 Sa 1200 24.0 7.5 £.02 3.50 3.7¢ 40 254
6718 Sa 1060 24.0 7.28 1.66 _ 1.18 1.42 50 -
§/22 Sa 1060 24.5 7.48 . 2.83 2.38 2.45 65 133
6729 Sa 1006 25.0 7.4 2.84 2.3 2.69 60 407
7/6 T oSe 1160 25.5 7.3 3.30 - 2.98° 3.14 50 . 355
7413 Sa 1000 26.0 7.4 2.96 . 2.3 : 2.63 45 89
#/19 F 1400 26.0 7.4 T 4.8 3.92 4.43 65 369
7/26 F 2000 27.5 7.25 4.72 . 4.55 4.68 " 80 399
8/12 L 1500 28.5 7.25 3.43 - 3.13 3.28 60 538
8716 F 1320 s ) 7:35 5.20 4.32 &.76 70 403
8723 F 1600 - 280 7.3 11.00 9.91 - 16.46 : 75 227
3/30 F 1800 26.5 7.3 . 2.23 2.07 2.15 45 -
a8 Su 1420 27.0 7.15 4.81 5.05 4.63 50 391
Qf34 -Sa 1300 7.0 7.28 4.83 4.52 3.67 . 38 575
8/20 F 1338 27.0 7.6 4.60 3.75 4.18 55 413
3727 F 1800 27.0 - 7.88 4.72 4.58 4.65 60 310
18/4 £ 1906 - 26.5 7.05 3.03. 3.30 3.47 65 316
19713 F ' 1300 26.0 7.1 4.25 4.15 4.20 70 365
18719 Sa 1330 25.0 7.2 4.05 4.81 4.53 70 468
19727 Sy 1400 24.5 7.4 4.12 4.45 4.3 7% 415
1174 M 1130 25.0 7.2 5.96 5.42 5.69 50 465
348 | Sa 1630 T 23.8 7.5 5.54 4.70 5.12 80 70
13716 Sa 1200 22.0 7.4 .69 4.80 4.7 80 225
13723 Sa - 803 21.0 7.5 4.06 . 3.13 3.60 60 85
1729 O F 1290 19.0 7.4 1.73 ' 1.88 1.80 3 60
2245 Th 1145 20.0 7.5 5,12 5.65 5.89 60 352
12/14 Se 1015 19.0 7.5 5.06 538 5.12° %0 158
173783 Foo- 1815 i8.0 7.88 2.26 ’ 2,07 2.47 40 148
1L Sa 1 16.5 7.48 2.61 2.25 C 243 50 125 |
18 Sa 1020 17.0 7.5 2.9 c 2.32 2.64 40 115
1723 - Tu 0320 16.5 745 2,23 2.52 2.36 - Y 3 .162.
us . s 1000 5.0 7.5 2.98 . zar 2’ - - 3 160
/3% F oo 1800 i7.e 7.2 4.20 3.3 3.7¢ 40 390
277 T 1645 - 8.0 7.05 4.80° 4.45 §.63 35 - 426
24355 ss-. 1S 1.9 7.5 2.3 2.15 T2z ') ‘145

222, .. . .Sa . .. 103 . 16,0 7.5 . 138 0.90 1o i 1%5. .

[ade}
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greater population density occurred in the summer and fall months when
a warmer sewage temperature was recorded. Figure 8 shows the'bacteria]
population density and-temperature for each saﬁp]e_of sewage,
_The COD of the sewage was quite variable, ranging from less than

100 mg/1 .to more than 500 mg/]._ Genera11y samples taken_in'the after-
noon had greater COD vaiues than those taken in the morning.

~ The number of colony types having readi1y'distihguishab1e.morpho-
Togical differences generally ranged from feWer'thah 30 for p]atés
incubated at 37° C to 30 to 70 for p]ates incubated at room temperature
(approximate1y'25° C).  No;definite pattern of colony type vafiation
was established from the samples taken, Alfhough there are exceptions,
some trend toward gkeater co?ony variation may be seén during periods
, ofiwarmer temperatureg énd fdr samples taken in the'afternOon,

During the ffrst five months of sampling, 1sd1ates were made from
most of the colonies which exhibited different morphological character-
istics. This large selection of isolates was continued unti]'freQMent |
recurrence of certain colony types was noted. Over the samp]ing‘p@riod‘
a total of 18 readily identifiable recurrent predominént colony types
were noted,.vThe isoiateé of these 18 cultures were tested as indicated
in the fo1lowing section for the selection of 4 suitable bacteria to
use in further studies. The descriptive coiony morphology for the 18.
principal isalates is given in Tab1e.IX. | |
2. Se]éction df test bacteria and‘growth media

The results of the observations on the growth of the batter@a
isolated from sewage in various_]iquid medié are given in Table X,
~ Where no growth or very slight growth was cobserved for & particular

isoiate in a épecific medium, the test was répéated up. to FTour times



Figure 8. Sewage temperature and bacterial population density
{September 1967) - February 1969). Influent at the
head of the preaeration basin (St11]water, Oklahoma,
treatment plant).

Key to symbols:
Séwage temperature o £ J

Population density (37° C incubation)

Population density (25° C incubation)
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ﬂESCRIPTI-ON OF COLONY MORPHOLOGY FOR THE PRINCIPAL SEMAGE BACTERIA ISOLATES.

TABLE IX -

DBSERVATION ON WUTRIENT AGAR.

Relative Optical
Culture Size Form Elevation Surface Edge Characteristics Remarks
i small circular cenical radially ridged irregular transparent edge " colorless to white at center
. transiucent center ] ]
2 smaii circular conical smooth entire transparent colorless
3 small circular zonvex smooth entire trans lucent grey=white color
4 medium circular conves smooth entire transparent bright dark yellow
8 medien circular convex smooth entive translucent to yaliow-white
) . opague
[ medium circuler umbonate smeoth entire transparent edge colorless edge
trans Jucent center bright yellow center
7 swall circular umbonate smooth irregular transparent edge colorless edge
opaque center pink center
8 medium- circular convex smosth entire opague white
large
9 very small circular LONYEX smooth entire transparent . colorless
1 medium circular umbonate smooth irreguliar transparent edge colorless edge
. _ opague center white center
i1 large circular to irregular irreguler entire to translucent edge colorless flat edge
irreguler convex smooth irregular gpaque center pink convex irregular center
12 Jarge circuiar raised rough to smooth entire translucent . grey-white to colorless
congcentric rings
i2 large irreguiar irreguiar entire to transparent edge colorless edge, white center
convex smoptk irreguiar opaque center similar to 11 except color
34 wedium- convex speoth - entire translucent, coloriess to light pink
Yarge iridescent turning red-brown, soluble
_ _pigment
1z medivm- cireuiar flat smooth entire transparent bright yeilow, semi-glossy
large i .
16 small givrcular _Eonvex smopth entire opague pink
i7 madi circuiar conical IMeath entive translucent whitish
iz Targe clireglar raised= smooth entire transparent colorless to light brown
sonical ) )

yA°]
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TABLE X
GROWTH OF SEWAGE BACTERIA ISOLATES IN VARIOUS MEDIA

Medium
Glucose I L
S Minimal GMM + - GMM +0.1% GMM +0.1%
Culture  Medium Nutrient Vitamin ' VYeast Bacto-~
Number (GMM) . Broth. Supplement " Extract - Peptone
1 - + ‘ - _ ' i‘ - _
9 . + - & o +
3 o - o
4 + + - + +
5 + + + + +
6 - * + + +
7. + * * +* +*
-8 + + + + +
9 - - - - -
10 - + e +* IR L
11 +* + + | +
12 + + . R
13 + + + | +
14 + + + +
15 +* + + o
16 t + + +
17 + + + +
18 4 | ot +

good growth
slight growth

no growth (apparent)
floc formation or wall adherence

I+ +

%* 1
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with fresh medium and new inoculum. Major considerations in assessing
- the degree of acceptability of each culture for use in further experi-
ments are given in Table XI. The following factars genéra]]y governed
selection; the ease of distinguishing different co]ony types in mixed
populations, apparent}quantitative growth in the tes ted media, dispersed
orvf1oécu1ent growth, and.freedom from adherence on the wall of the
culturing flask, | _
Cultures 4, 8, 14, and 18 (redesignated A, B, C, and D respect1ve- -
ly) were chosen for-Further'study. Glucose minimal medium (GMM) and GMM |
With Bacto~peptone (GMM + P) were selected as media. |
C. Phase 3 |
1. Pure Cu1fure.Batch_Systems
a. Shaken flask growth stud1es |
‘The four selected cultures were grown in the special flasks :
‘}described previously at 25° C in a water bath shaker operated at 90
osci]]étioné per minute. The two media usedvfor fhe}studies-were glu-
cose minimaT medium (GMM) with glucose conCentrationS}of 100, 300, 500,
. 700, and 1000 mg/1 and g]ucose-hinima1 medium with Bacto-peptone
(GMM + P) which contained a glucose concentration of 500 mg/1 and
variable peptone Cohcentrations of 25, 50, 100, 250; andVSOO mg/1.
Thesé concentration ranges were sufficient to establish values for
Mmax and K as described in Chapter ITI.
F1gures 9, 10, 11, and 12 illustrate the Monod p10ts and
| Lineweaver-Burk plots for the determination of Mmax and KS in each
medium for cultures A, B, C, and D, respectively. Thé va]ues,Qf Mmax
and KS were fodhd to be in close agreemeht for each culture whén

calculated from the two types of plots, The tabulated values of pmax‘



TABLE XI

ACCEPTABILITY OF SEWAGE BACTERIA ISOLATES FOR FUTURE STUDY

70 .

Culture
Number Remarks
1 Not acceptable - very poor or nOZgrowﬁh
2 Limited acceptance - no growth on GMM
3 ‘Limited acceptance - no growth on GMM
4 Limited acceptance - veky poor growth on GMM |
5 Not acceptable - coloration variable (white-yellow)
6 Limi ted écceptance - no growth on GMM |
7 - NOtiaccepfable = flocculent growth
8 | Acceptable
9 Not acCeptabTe -_no‘apparent growth |
10 Not acceptable - floc formation andnwa11_adheﬁeh¢e
11_ Not acceptable - f]oé formation |
12 Not acceptable - floc formation
13 Not'acceptable,— inconsistent colony morpho1ogy
14 Acceptable |
15 Not acceptable - floc formation
16 ; Limited acceptance - very poor growth on GMMV
17 Limited acceptance - poor growth on GMM, similar to 2
18

Acceptable




Figure 9. Determination of uy and Kg for culture A,
top) Lineweaver-Burk plot, bottom)
Monod plot. (Note: no growth occurred.
on glucose minimal medium, GMM,)
Shaken flask (90 osc/min), 25° C,

L-B plot
GMM GMM+P
w0 0.22
Ks 0 89

P = peptone, mg/1 (with

Monod‘plqt_
GMM GMM+P
0 0.20
0 70

500 mg/1 glucose)
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Figure‘lo.‘ Determination of un and Kg for Culture B,
: top) Lineweaver-Burk p1ot, bottom)
Monod plot. Shaken flask (90 os¢/min),

250 C.
_L-B plot Monod plot
GMM GMM+P GMM GMMAP
yp 0,13 0.35 0.12 0.35

Ks 175 15 100 15

Key to symbols: 7
- L-B plot Monod plot

GMM unit n n
- GMM+P unit ° ®

= glucose, mg/1

peptone, mg/1 (with 500 mg/1
-~ glucose)



04

0.3 —

0.2

0.1

0.0

0 100
50 100

300

=55
250

S, mg/l



Figure 11, Determination of up and Kg for culture C,
“top) Lineweaver-Burk plot, bottom) Monod o
plot. Shaken flask (90 osc/min), 250 C, .
Bubble aeration (3 1pm/1), 27° C. v

L-B plot _~ __ Monod plot

GMM*  GMM  GMMEP  GMMX  GMM  GMM+P
Wp 0.45 0.35 0.40 0.45 0.35 0,39
ks 18 12 24 20 20 10

Key to symbols:
, L-B plot Monod plot
GMM unit e b

GMM uni t* A b

GMM+P unit. @ )
G = glucose, mg/T
P = peptone mg/1 (with 500 mg/1 g]ucose)'

*Ind1cates value or symbol for aerated (3 Tpm)
and stirred unijt. ‘
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Figure 12. Determination of uy and Kg for culture D,
top) Lineweaver-Burk plot, bottom) Monod
plot. Shaken flask (90 osc/min), 25° C.
Bubble aeration (3 1pm/1), 279 C.

L-B p1o; _ Monod plot

GMM*  GMM - GMM+P  GMM*  GMM  GMM+P
un 0.57 0.56 0.63 0.58 0.56 0.63

Kg 29 3 4 20 15 5

S

Key to symbols:
L-B plot Monod plot

GMM unit . u
GMM* unit A A
GMM+P ° -
G = glucose, mg/1

]

P = peptone, mg/1 (with 500 mg/1 glucose)

*Indicates value or symbol for aerated (3 1pm)
and stirred unit.
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»and KS for each culture in both media and the value for each culture
~in a specific mediym concentration are given in Tables XIIa and b,

- Also indicated are values of u__ , K¢, and u obtained in the 1.0 Titer

max?
reactor with bubble aeration. Table XIIa shows, in summary, the values
substantiated by most of the available daia. A1l values obtained frbm”
~experimental determinations are shown in Table XIIb, ‘
| Asvmay be noted from Table XIIa, the'four_selected cultures were

found to ,possess a wide range of growth rates.' when grown under the

given conditions. The Hmax in GMM may be noted to increase by approxi-
mately 0.2 hr™! per ¢u1ture from B through D. With GMM + P medium,‘ '

the same sequence of u .. values for the cultures was found (A<B<C<D)

X
but with less differential in Hmax® éspecial]y for cultures B and C -
which had very similar values for My

Bacto-peptohe was a necessary supplement to GMM for the growth of
organism A.. The maximum rate of growth in 500 mg/1 GMM was attained'
with the addition of approximately 500 mg/1 peptone. The-additién‘of
250 mg/1 of peptone to 500 mg/1 GMM resulted in a three-fold increase

in u ax for culture B. The same concentration of peptone increased

m
Max for cultures C and D by approximately 12 percent’over that found
in GMM alone, Medium concentrations of 500 mg/1 GMM and 500 mg/1 GMM
plus 250 mg/1 peptone produced maximum or near maxihum growth ratés fof
each ¢u1tuwé; therefore,’thése concentratjons were chosen for use in |
~ certain future studies, e.g., continyous cultivation.

| The effect of the shaking rate (oscillations per minute) on tﬁé
vaTue of Mmax was determined for culture C. Two éhakers, each holding

a duplicate set of flasks, were operated at rates of 90 and 120

oscillations per minute. The faster rate was observed to provide a



TABLE XIla

VALUES OF py w0 AND kg FOR SELECTED CULTURES

letters G and P densote glucose and peptone, reSpe‘ct‘i_ve’iy, Numerical values of G and P have units of mg/1.

Reactor Shaken Flask 1 titer (Bubble Aeration)
Medium GMM GMM + Peptone GMM v GMM + Peptone
, Ymax K u Hmax X " Ymax Kg u u Ty
Values {1000 G) G (506 6) (500 G + 250 P) Sp | {500 6 + 250 P) (1000 G) P 1 (500 6) {1000 G) {1000 G + 250 P)
Culture | Date ' o
4/10 0 0 0 0.20 76 0.17
A
11/4 0.04 0.30
4710 D.12 100 ‘0.09 0.35 15 0.35
B -
108/24 0.13 0.50
1/5 '
{ from 0.35 20 0.35 0.39 18 0.37 0.45 10 0.43
9/12 .
C
10/22 o 0.58 0.87
12/16 0.56 15 0.56 0.63 5 0.60 0.58 20 0.53
D
10/29 0.77 0.77
Note: The

08



TABLE XIIb

VALUES OF u, Hnax® AND Ks FOR SELECTED CULTURES

81

Medium Glucose Minimal Medium| Glucose Minimal Medium + Peptone
l Ks . u Ks g
Culture Date “max i °6 | (500 6) | Pmax | °P - |(500 G + 250 P)
4/10 0 0 0 0.20 70 0.17
4/18 0 0 1] 0.22 90 0.18
4/30 -0 0 0
A 7/1 0.30
{formerly 772 0.33
4) 7/8 0
7/ 0.20 a
7/ B ¢ '
11/4 0.04*tb 0.30%tc .
4/10 0.12 100 0.09 0.35 15 0.35
4721 0.12 150 0.09 0.38 25 0.34
7/1 ' C 0.38
B 772 0.38
(formerly 7/8 0.12
8) 7/ 0.21 a
7/ 0.08
124 0.10
10/24 0.13%tb 0.50*%+c
4/2 0.29 30 0.28 0.34 5 - 0.32 ¢
7/1 " 0.51
7/2 0.40
7/8 0.35
1/ 0.39
1/ 0.42
c 7/ : 0.35 a
(formerly 12/6 0.35 30 0.35 0.35 5 0.33
14) 12/11 0.46% 0.46%
12/13 0.39* 15*% 0.39* )
12716 0.46 20 0.45 0.48 8 0.43
1/5(12/16) 0.37 10 0.35 0.39 5 0.37 .
1/5(9/123 0.35 20 0.35 0.39 10 0.37
1/5(9/12 0.45%+ 10* 0.43*%+
10722 0.58*%tb 0.87*tc
4/3 0.53 30 0.51 0.53 3 0.53
7/1 ' 0.87
7/2 0.61
D 7/8 0.58
{formerly 7/ 0.48 a
18) 17 0.46
7/ _ 0.87
10/29 0.77%t 0.77*%%c
12/16 0.58*+ 20* 0.53*+
12/16 0.56 15 0.56 0.63 5 0,60

Note: G and P denote glucose and peptone. Numerical values of G and P have units

of mg/1.
250 P.

* for values from bubble aeration.
optical density and viable count, e.g., see Figure 13.

+ value calculated and in agreement by
a=100P, b= 1000 G, ¢ = 1000 G +
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much more vigorous mixing of the flask contents although the slower
rate appeared to be sufficient to produce thorough‘mixingq The same
concentrations of GMM and GMM+P were used as,in the prior growth studies.
The values of u . , Mmax =

0.35 hr™! at both rates in GMM and wroy = 0.37 hrland 0.35 hrt at

x were similar at each rate of shaking (

90 and 120 oscillations per minute, respectively, in GMM-FP) and

similar to.values of u previously presented for culture C (0.35 in

max
GMM and 0.39 in GMM:+ P). Therefore, a shaker rate of 90 dsci]]ations
ber minute appeared sufficient to yield the maximum U obtainébje on the
‘given}medium-by.thiS'method.for'this culture. |
b, Bubble aeration growth studies
The values of p obtained for each culture whenvgrown_in'a 1,0 Titer

vo]dmé with bubble aeration are given in Table XII. Figures 11 and 12
and Table XII show the values of Hmax® Ks’ and y for. cultures C‘and D
when grown in this manner. When grown on GMM the same séquence of |
relative u va]ues'Wasvfound as had been observed in the shaker f1a$k
studies, i.e., A<B <C <D, When'grown in-GMMY+ P, however, the
’sequence-of u values was altered to A <B <D < C. Va]ue# of u deter-

mined from each typé of cultivation are given below,

MEDIUM -
_ 500-mg/1 GMM + 1000 mg/1 GMM +
1000 mg/1 GMM 1000 mg/1 GMM 250 mg/1 P 250 mg/1 P
- u by u by u by o u by
Culture Shaker Bubble Aeration Shaker ~ Bubble Aeration
A 0 0.04 0.17 ‘ 0.30
B 0.12 0.13 0.35 0.50
C 0.35 0.58 0.37 ©0.37
5

0.56 0.77 0.60 0.77
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The increase in u for cultures A and B with the addition of
peptone was more marked with bubble aeratioh than when grown in the
shaker flask. Culture C responded to the addition of peptone with a
large increase‘in u. The addition of-peptone had no apparent effect
on u for culture D, Growth with bubble aeration resulted in an increase
in u which varied with the culture and substrate.

A11 of the preceding values of u were calcu]ated‘ffom optical
density data. Optical density was verified as a valid means for the
determination of u for each culture by comparison with y values calcu-
lated from viable count and biological solids data from the same
'experiment (Figure 13). The va1ués of u as calculated by each mefhod |

follow.

Medium-

1000 mg/1 GMM 1000 mg/1 GMM + 250 mg/1 P

Culture| u 0.D.  wu V.C, uSolids | u0.D.  wV.C, u Solids

0,04 0 0 0.30 0.30  0.30

A

B 0.13 - 0.15 - 0.13 0.50 0.53 0.46
C 0.58 0.60 0,46 0.87 0.99 0.87
D .

0.77 0.77 0.77 0.77 0.77 0.77
| 500 mg/1 GHM -
w 0.D. u V.C.

c 0.43 0.46
| 0.53  0.63




Figure 13.

Comparison of u values from data for optical
density, viable count, and biological solids

for culture D.
Key to symbols:

Optical density (10')

Viable count (co]éml X
10-9)

Biological solids
' (mg/1 x 1072)

GMM
Unit

o
A

Calculated p values for culture D.

Optical density
Viable count

Biological solids

GMM
Unit

0.77
0.77
0.77

GMM + P
Unit

GMM + P
Unit

0.77
0.77
0.77
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Figure 13 shows the data used to calculate u by each of the three
methods for cu]ture}D’ |

Figures 14 through 20 show the growth and substrate removal
patterns for each pure culture when grown in the 1 Titer batch reactor
with bubble aeration at an air flow rate of 3 liters per minute and
supplemental magnetic mixing.

From Figure 14 it may be seen ﬁhat culture A exhibijted no apparent
growth in GMM and only a very slow response in GMM + P, Although the
culture had been acclimated on GMM + P, there was a lag of approximate-
ly 6 hours before the initiation of sfgnificant glucose and peptone
utilization with a concomitant increase in biological solids and viable
count. The rates of increase in biological solids, optical density, and
viable count were found to be similar. Much of the decrease in total
COD during the early pHase of growth (e.g., to hour 13) seems to be
attributab]e to peptone COD as the decrease in glucose COD accounts for:
only about one third of the COD removal. 'After'growth had become
established, the difference in total COD and glucose COD increased from
approximately 65 mg/1 at 14 hours to approximately 170 mg/1 at 28 hours.
This increase in COD differential may indicatela release of metabolic
intermediates and/or end producfs into the mixed Tiquor or less utili-
zation of peptone COD. An accompanying decrease in pH (from 7.1 to 6.9)
occurred as the differential COD increased,.possib1y indicating. an
accumulation of ‘acidic products in the mixed Tiquor. Cujture Al'
apparently utilized much of the pepéone before it increased its utili-
zation of glucose and the accumulation of intermediate products
increased. The discrepancy between fhe values for glucose COD and the

value for total COD cannot be exp]ained'by any ‘means éicept analytical



Figure 14, The growth of culture A in GMM (top) and
GMM + P (bottom).
T.= 279 C, Aeration = 3 lpm,

Key to symbols:

GMM GMM + P

Unit Unit
Total COD ® o
Glucose COD A

Carbohydrate v

A
v
Bio]ogical solids | 0
Viable count ® O

O

pH. ¢



88

" 24

14 6 8
Time , hours

12

10

" 1300

,.Ao.oc_.,-_\wo._:soo ‘junop 0A | {_ O1) jw/saioj0d*
8 s - o NS _,
| D INEE
i - o LI_T Lt rlr T
| LT T
L34 \o : ,‘.M
L2\ /] Mw
! mn | ,o\. _A\T /ﬂ/nwf
- LA i
—- Q © L_. Ko AN\
gl R ,#
; T
| + /o 40 & / /L.R _ o
seg § &8 €8 8 - -e°238% 8§ § 8 § 8§8&8

|/Bw * siskpuy peiooipy) v o /bus *siskjouy pejodipuf




89

error, It should be noted that the differential between the glucose
COD and carbohydrate analyses is due to the calculated conVersion of
g1ucdse to glucose as COD (glucose, mg/1 x 1.067 = glucose COD, mg/1).
Carbohydrate (by anthrone test using glucose as a standard) was not
converted to COD, |

Cu]ture B, Tike culture A, was able to utilize glucose more
rapidly and after a shorter Tag period when grown in the GMM + P medium
- (Figure 15), In the GMM + P medium the total COD remained high after
the utilization of the glucose was nearly completed. At 24 hours the
total COD was 560 mg/1 of which no more than 230 mg/1 may be attributed
to peptone (as_that was its initial contribution to the total COD);
approximately 40 mg/1 COD was attributable to glucose, thereby 1hdicat—
ing approximately 290 mg/1 COD as metabolic intermediates or end
prodqcts; In order to enable the calculation of the.approximate'éon—
Centration of intermediate or end proddct COD in the GMM + P reactor in
this experiment and in subsequent experiments, little or no peptone COD
utilization was assumed. It is realized that this assumption may pro-‘
duce some error in the ca]cu]ated-intermediate.COD values, however, the
values fpund by this means of calculation will represent minimum
intermediate COD concentrations, Small differences in intermediate COD
~ values between experiments are not considered as significant as:
instances of relatively large differences, espécia]]y when the pH is
affected. At 24 hours for the GMM medium a total COD of approximately
300 mg/1 was found. Glucpse COD accounted for approximately 200 mg/1;
therefore, about 100 mg/1 COD was attributab1é~to intermediates or end
products. Measurements of growth response by optical density, biologi-

cal solids, and viable count gave comparable results for cu]ture B in



Figure 15. The growth of culture B in GMM (top) and
GMM + P (bottom).
T = 27° C, Aeration = 3 lpm.

Key to symbols:

GMM GMM + P

Unit Unit
Total COD o O
Glucose COD A JAN
Carbohydrate v v
Biological solids B 0
Viable count e O
Initial pH 7.10 7.10

Final pH 4.70 4,95
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both media. Increasing growth was accompanied by the removal of COD.
A decrease in pH occurred in both units from an initial value of 7.10
to values of 4.70 for GMM and 4.95 for GMM + P at 24 hours.

Figure 16 shows the response of culture C when grown in GMM and
GMM + P with bubble aeration, As with cultures A and B, the growth
response of C in GMM + P medium occurred more quickly following inocu-
lation and proceeded at a more rapid rate than in the GMM medium.

After 12vto 14 hours of operation the total COD became nearly stable in
both media. After 25 hours of operation the remaining total COD was
quite high in both units (616 mg/1 in GMM and 681 mg/1 in GMM + P). By
allowing a deduction for the remaining glucose COD (and peptone COD

in GMM + P, assuming no significant peptone COD utilization) the inter-
mediate or end product COD in the units was found to be approximately
455 mg/1 in GMM and at least 230 mg/1 in GMM + P. The pH after 25 hours
had decreased from an initial value of 7.10 in each unit to 4.80 in the
GMM medium and 5.40 in the GMM + P medium. Reference to the preceding
list of yu values as given for each medium with culture C shows that v
as calculated from data for optical density, viable count, and biologi-
cal solids varied slightly according to the method of calculation.
However, at least two of the three values of u in each medium were the
same or nearly so, thereby lending credibility to having established
the proper value of u for the experiment.

To ascertain whether the decrease in pH produced the incomplete
glucose uptake and the high residual total COD observed in Figure 16
and in particular to observe the response of culture C in the GMM + P
medium at the concentration employed in continuous flow operation, an

experiment was performed wherein two units were used which were alike



Figure 16. The growth of culture C in GMM (top) and
GMM + P (bottom).
T = 279 C, Aeration = 3 Tpm

Key to symbols:

GMM  GMM + P

Unit Unit
Total COD o o
Glucose COD ' A A
Carbohydrate \4 v
Biological solids E O
Viable count e O
Initial pH ‘ 7.10 7.10

Final pH 4.80 5.40
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in all respects except for the buffer concentration. Unit I contained
the normal buffer concentration and in Unit II the concentration of
buffer was 1ncreased threefold. The results of the experiment are
shown.in Figuré 17. Calculation of u from optical dehsity and viable
count revea]ed the same value of u for each culture. The growth
response in the reactor which contained the normal buffer concentration
lagged behind the response in the three-fold buffer reactbr. A greatef
decrease in pH was noted in the unit with the lower buffer concentration .
(minimum of 6.45 compared to 6.75). Each unit exhibited an increase in
pH, or a reversal in the pH trend, upon the exhaustion of the glucose
supply. The pH in each unit appeared to stabilize at values of approxi-
mately 6;70 énd 6.90 for the normal buffer unit and the three-fold
buffer unit, respectively, after approximately 13 hours. The glucose
was completely removed from the medium in each unit, The residual COD
in each unit after approximately 13 hours was approximately equal to

the initial COD attributab]e to the peptone, therefore it appears that
little residual intermediate or end product COD was present. However,
this is not to say that such products were.not produced. Evidence of
their production and liberation 1nfo the mixed liquor may be fouhd by
noting the pH change and the differential between the total COD and the
COD attributable to glucose and peptone, e.g., an increase in differen-
tial (intermediate) COD from approximately 55 mg/1 at 7 hours to 165
mg/1 at 8 hours in the three-fold buffer unit (Unit II). The change in_
pH reflected the change 1in intermediate COD, decreasing as the inter-
mediate COD increased and then rising as the intermediate COD decregsed
untjl both became approximately stable when the intermediate COD

apparently was exhausted.



Figure 17.

Growth of culture C in GMM + P with normal
buffer concentration and 3 x normal buffer

concentration.
T = 279 C, Aeration

Key to symbols:

Total COD
Glucose COD
Biological solids
Viable count

pH

3 1pm.
Normal
Buffer 3 x Buffer
Unit Unit
Q O

® & B8 b
¢ o o D
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An observation of interest with culture C which is clearly shown
in Figure 17 and Figure 18 is the continued increase in viable cdunt
after the exhaustion of the glucose supply. While the growth parameters
of optical density and biological solids appeared to stabilize at a
time which coincided with glucose exhaustion the viable count continued
to increase by approximately two-fold without an apparent lag or dis-
continuity in the growth curve. The viable count increased to its
maximum value at a time which coincided with the stabilization of the
total COD.

Figure 18 shows the growth response of culture C in GMM medium
without peptone. An increase in viable count followed the coincident
exhaustion of glucose and stabilization of optical density similar to
that previouS]y observed in Figure 17. The change in pH pattern
followed a trend similar to that in Figure 17, i.e., it reached a
minimum (6.35) at approximately the time of glucose exhaustion, then
rose sTowly as the intermediate COD decreased.

Fkom the observation of the data presented 1n‘FigUres 16, 17, and
18 it appears that the presence of peptone in the medium permits cul-
ture C to minimize the residual COD attributable to intermediates and/
or end products produced from GMM. |

Figure 19 depicts the response of culture D when grown in GMM and
GMM + P. Both units experienced a major decrease in pH from an_initia]
value of 7.1 to 5.20 for GMM and 5.05 for GMM + P. The occurrence of
minimal pH coincided (approximately) with the stabilization of total
COD. Coﬁsiderab]e residual intermediate or end product COD was found
in each unit (approximately 530 mg/1 in GMM and 600 mg/1 in GMM + P,

assuming no significant peptone utilization). Glucose continued to be



Figure 18. Growth of culture C in GMM.
T = 27° C, Aeration = 3 lpm.

Key to symbols:
Total COD
Glucose COD
Biological solids

Viable count

¢ ¢ o P ©

pH
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Figure 19. Growth of culture D in GMM (top) and GMM + P
~ (bottom).

T = 279 C, Aeration = 3 Tpm

Key to symbols:

GMM GMM + P

Unit Unit
Total COD B Q
Glucose COD | A A
Carbohydrate v v
Biological solids n O
Viable count L
pH * <
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removed from each medium after the total COD became nearly stable,
thereby indicating a near equalization of rates for glucose COD uptake
and intermediate COD liberation. In both units growth, as measured by
all thfee parameters, apparently ceased and the total COD approached a
degree of stability as the pH decreased into the approximate range of
6.0 to 5.5. The minimum pH in each unit was reached after approximate-
1y 1000 mg/1 of glucose COD had been utilized,

When culture D was grown on a Tower concentration of glucose
(approximately 600 mg/1 glucose COD) in GMM as shown in Figure 20 the
pH was found to have a Tesser decrease (5.9 compared to 5.2) than when
grown on approximately 1200 mg/1 glucose COD as in Figure 19, and the
culture appeared to utilize the intermediate COD after a lag of 1 fo 2
hours. The utilization of intermediate COD is indicated by the pattern
of decline in total COD after glucose COD had been utilized and the
concomitant rise in pH, viable count, and optical density.

2. Mixed Culture Shaken Flask Studies

A1l possible combinations of the four selected cultures were grown
in shaken flasks in the same manner as was performed for the pure
culture studies. The growth rate, u, of each mixture was determined
by optical density and is given in Table XIII. Both GMM (500 mg/1
glucose) and GMM + P (500 mg/1 glucose + 250 mg/1 peptone) media were
employed. The viable count was determined for pure cultures and for |
each culture typé in each mixture at the time of initial inoculation
and again near the end of the logarithmic growth phase. From the
viable count data thus obtained a comparison was made of the growth
response of each culture in the mixed populations with the growth

response of the pure culture over the same period. The viable count



Figure 20. Growth of culture D in GMM.
T = 279 C, Aeration = 3 lpm.

Key to symbols:
Total COD

e
Glucose COD A
Biological solids O

Viable count

& O

pH
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TABLE XIII
VALUES OF u FOR MIXED POPULATIONS (SHAKEN FLASK)

T

Medium
500 mg/1 GMM 500 mg/1 GMM + 250 mg/] P

Cultures Date ‘u Date o u |

AB 7/ a .28 7/1 .36
7/ b .36 7/2 .39

| 7/8 .32 '

AC ‘ 7/ a .38 7/1 .53
7/ b .37 7/2 , .41
7/8 .33 » ‘

AD 7/ a 48 7/1 .69
7/ b .63 7/2 .69
7/8 .43

ABC 7/ a .32 7/1 .40
7/ b .33 7/2 - W3]

v : 7/8 .31 o _

ABD 7/ a .30 7/1 ' .45
7/ b A3 7/2 .37
7/8 .32

ACD 7/ a ' .35 7/1 .46
7/ b .39 7/2 .38
7/8 .39 _

ABCD 7/ a 27 - 7/1 .41
7/ b .32 7/2 .30
7/8 .33

BC . 7/ a .30 7/1 - .42
7/ b - .33 7/2 .35
7/8 .35

BD 7/ a .30 7/1 .51
7/ b 41 7/2 .37

_ 7/8 ' .36

BCD 7/ a .29 7/1 .42
7/ b .33 7/2 .30

. 7/8 .36 '

cD 7/ a .35 7/1 .60
7/ b .39 7/2 .37

7/8 .39

Note: a and b represent two separate experiments for which the
exact calendar date was not recorded.
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data are given in Table XIV wherein each number for the culture
population increase given in the table represents the factor by which
the population existent at the time of sampling had increased from the
initial inoculum population.

Table XV summarizes the findings of this study. For each medium
and each mixed popu]ation; the re]atiVe degree by which each individual
- culture comprising the mixed population increased relative to the
increase in population of the pure culture fok‘the same medium and time‘v
period has been ranked. Also the apparent effect on the growth rate
(stimulated or inhibited or no apparent effect) for each culture as a
result of the mixing of cultures has been indicated. In all mixtures at
Teast one of the cultures indicated an increased growth response and all
'cu1ture§ experienced a stimulatory effect in several mixtures. The only
culture which appeared to be inhibited regularly in mixed populations
was culture D. Such inhibition may be seen to have occurred whéh‘cul-
ture C was present in the mixed population.

Also given in Table XV.are the values of u for thé mixed popula-
tioh and each of the pure cultures comprising the mixture.

After the period of logarithmic growth with the attendant optical
density and viable count determinations, the flasks were allowed to
continue incubating on the shaker for a total elapsed time of-24 to 36
hours. After this time observations were made in regard to the forma-
tion of flocculent particles or growth adherence to the sidewall of the
flask. As noted in Table XV several flasks were observed to contain
either floc particles or sidewall growth at the upper margin of 1iquid

contact as the mixed liquor oscillated in the flask. ‘It may be noted
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TABLE XIV
iNDIVIDUAL CULTURE POPULATION INCREASE IN MIXED CULTURE SYSTEMS (POPULATION

AFTER ELAPSED TIME/INITIAL POPULATION)
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TABLE XV
REMARKS ON MIXED CULTURE SHAKEN FLASK STUDIES

Degree of Culture Popula-
tion Increase Compared to Comparative Values of u
Population Increase in (500 mg/1 Glucose,
Culture Pure Culture 250 mg/1 Peptone) Remarks
GMM GMM + P GMM GMM + P
.32 mixed .39 mixed slight sidewall
AB B* > A* A* > B 0 for A .17 for A adherence - easily
.09 for B .35 for B shaken off in GMM after
24 hours
. . .37 mixed .41 mixed
AC A* > C A* > C 0 for-A .17 for A
.35 for C .37 for C
.63 mixed .69 for mix
AD A* > D A* > D 0 for A .17 for A
.56 for D .60 for D. .
.31 mixed | .40 mixed | small floc formed after
ABC B* > C* > A* A* = B* = (% 0 for A .17 for A 24 hours in GMM + P
.09 for B .35 for B
.35 for C .37 for C
.32 mixed .45 mixed large floc formed after
ABD B* > A* » D* D*>ArB 0 for A .17 for A 24-36 hours in GMM + P
.09 for B .35 for B ' :
.56 for D .60 for D
.39 mixed .38 mixed
ACD D* > A* > C A* > C > Dt 0 for A .17 for A
.35 for C .37 for C
.56 for D .60 for D :
.33 mixed .41 mixed slight small fioc after
0 for A .17 for A 36 hours in GMM + P
ABCD A* > B* > . A% > B¥ » .09 for B .35 for B
D* = C* C= .35 for C .37 for. C
.56 for D .60 for D
.33 mixed .35 mixed slight sidewall adher-
. BC B* > C B* = C* .09 for B .35 for B ence in GMM after 24
.35 for C .37 for C hours - easily shaken
of f.
.41 mixed .51 mixed sidewall adherence ‘
BD B* > D* D*>B .09 for B .35 for B after 24 hours in GMM +
. .56 for D .60 for D P
.36 mixed .42 mixed sidewall adherence
BCD B*>D>C B* = C* > .09 for B .35 for B after 24 hours in GMM +
bt .35 for € .37 for C P -
.56 for D .60 for D
.39 mixed | .37 mixed
cb C* > Df C* > Dt .35 for C .37 for C
.56 for D .60 for D
*Stimulated tRepressed
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that only those mixtures which contained culture B experienced either
of these conditions.
3. Mixed culture continuous flow studies

A11 continuous flow studies were performed in the same type 1
liter reactor as had been used for the bubble aeration batch studies
with the pure cultures. Certain modifications were made to allow for
the addition of substrate and the removal of effluent and to facilitate
sampling directly from the reactor rather than collecting effluent.
These modifications have been illustrated and discussed in Chapter III.
In all experiments a detention time of 8.0 hours (D = .125 hour'l) was
employed and a constant 25° ¢ temperature was maintained. Two reactors
were operated simultaneously and were inoculated identically. One
reactor received minimal medium containing approximately 500 mg/1 glu-
cose (GMM) while the other reactor received a feed of approximately
500 mg/1 GMM supplemented with approximately 250 mg/1 Bacto-peptone
(GMM + P). These concentrations were employed in the shaken flask
growth studies and were found to be sufficiently high to permit the
maximum growth rate (or to closely approximate it) for each pure cul-
ture. This is not meant to imply that substrate concentration will
control the growth rate during the continuous flow operation. Under
steady-state conditions for continuous flow, u ¥‘D if no othér Timits
are imposed. D = 1/detention time. Also, it was not considered to be
‘advantageous to achieve a high concentration of biological solids as
thi§ might result in difficulty in performing optical density and
viable population determinations should flocculation or adherence to

the reactor wall occur.
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Sampling was performed at intervals of approximately 8 hours and
occasionally more often (especially for viable population determina-
tions). Analyses were performed to determine the viable population,
optical density, biological solids, and pH. The filtrate was analyzed
for total COD, glucose (by Glucostat and adjusted to glucose COD), and
carbohydrate (anthrone).

The selection of the mixed populations to be studied under contin-
uous flow conditions was based on observations made during the mixed
population batch studies. While none of the cultures, when grown
individually, produced flocculent growth or showed a tendency to adhere
to the reactor wall, certain mixed populations did exhibit these
properties (see Table XIV). Since such properties were considered to
be potentially detrimental to the measurement of viable populations,
these mixtures were generally considered as unsatisfactory for further
investigation. It was noted that only those mixtures which contaﬁned
culture B exhibited the undesirable types of growth. Therefore, it
would have been desirable to minimize the use of culture B; however,
because of -the apparent stimulatory effect culture B had on the growth
of culture A and the desirability of observing its response with cul-
ture C it was felt that further investigation was warranted. It should
be noted that when the mixed populations containing culture B were
cu]tivéted in the continuous flow reactor, a well-dispersed growth
resulted with no noticeable adherence to the reactor wall.

The following mixed populations were chosen for study under con-
tinuous cultivation: AB, BC, CD, and ABCD. Combination AB was
selected because of the aforementioned mutual benefit of A and B when

grown together, especially in GMM where a more than three-fold increase
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1n'u was observed for the mixture over u for culture B. Mixed
population BC was selected because of the dissimilarity of growth rates
as pure cultures in GMM and the similarity of growth rates as pure
cultures in GMM + P. From the use of pure culture uvalues, one might
reasonably predict a predominance of organism C in GMM and a near bal-
ance in the relative populations of B and C in GMM + P. As will be
seen, the latter prediction would have been erroneous even:when, by
accident, in one experiment, organism B contaminated the substrate in
the reservoir‘and was continually pumped into the reactor. While this
markedly increased the population of organism B in the reacfor its
population still was less than one half that of organism C.

Mixture CD was selected because of the apparent stimulation of
organism C and inhibition of organism D. Mixture ABCD was used to
allow comparisen of the observations made on thevpure cultures, the two-.
culture miked systems and the same four-culture batch system with the
four-culture continuous cultivation system.

Other mixed populations were not studied under continuous cultiva-
tion conditions either because of the anticipated nature of the growth
(flocculent or adherent) or the probability that the study would add
little information to that gained from studies of the selected culture
combinations. |

At the initiation of the studies, it was anticipated that by
allowing the reactors to come to equilibrium, or steady-state, then
exchanging the feed lines from the reservoirs to the reactors (GMM
reservoir to GMM + P reactor and GMM + P reservoir to GMM reactor) a
change in the relative populations might be induced and the effect

upon the substrate and COD removal could be observed. However, after
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noting that true steady-state conditibns were usually not achieved, the
substrate exchange was abandoned in favor of a 1onger period of study
with the same substrate. Upon exhaustion of the substrate supply in
the reservoir (about 16 to 17 detention times) the pumping of substrate
ceased, the feed lines were c]amped,‘and the reactor contents were
allowed to "endogenate" for approximately 48 hours while periodic

| samp11ng continued.

a. Mixed population AB

The results of the first study on the mixed'popu1ation AB are shown
in Figure 21. This study is one of those in which the feed lines from
the reservoirs to the reactors were exchangéd. ance it was antici-
pated that organism B would predominate, a ]argér inoculum (approxi-
mately 2X)_of'cu1ture A was used to insure an initial numerical advan-
tage for organism A. Following the initial inoculation both units were
operated as batch reactors for 18 hours to establish the growth of the
populations before pumping commenced. This period of batch operation
was deemed desirable to prevent the initial dilution of organisms A and
B from the GMM unit since the dilution rate (D = .125 hr'l) éXCeeded
. the pure culture (shaken flask) growth rates of each culture (“A = 0,
up = .09).

Operational difficu1ties were initially experienced in establish-
ing the desired flow rate, therefore, some early sampling periods were
passed over with 6n1y optical density and viable count determinatjon§
having been made. |

Observation of the viable population data at the end of the
initial batch operation indicated that culture A in the GMM unit had

benefited from its association with culture B by approximately a



Figure 21.

Continuous cultivation of mixed cultures A and B.

D =-.125 hours-l

Legend:
GMM Unit

Total COD ®
Glucose COD A
Carbohydrate v
Bio]ogica1 solids L
pH o
Viable count

A

B =

o -
i i

(e}
H

Temperature = 259 C

GMM + P Unit

o4 b O

o

o o

start of continuous. flow operation

substrate exchanged

- influent shut off

5
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'six-fold increase in its population. This was significant in view of
the fact that culture A exhibited no growth as a pure culture in GMM.
After the flow was established, the population density of culture A in
GMM became relatively stable (approximately 5 x 107 cells per/ml) until
the change in substrate occurred. After receiving the GMM + P substrate
the population of A increased to a relatively stable population of

| 1 x 108 cells/ml. Litt]e change in this population occurred in the 24
hour period which followed the exhaustion of the substrate supply in

the GMM + P réservoir (c).

Culture B may also be seen to have benefited from its association
with culture A during the batch operation in GMM when its population
increased approximately 160-fold. Such population increases appear to
substantiate the increase in growth rate of the mixed popu]atioh
compared to pure culture growth rates of A and B obtained in the shaken
flask studies. After flow was established the popu]ation-density.of
organism B declined from its peak (approximately 6 x 108 cells/ml) at
the end of the batch operation until it reached its minimal popu]ation

’(approximately 1x 108 cells/ml) prior to the substrate change. After
receiving GMM + P, the population of organism B gradually rose to a
relatively stable value (approximately 4.5 x 108 cells/m1), During -the
24 hour period of ogperation as a_batch unit after the feed was shut off
(c) the population of culture B again was seen to increase (tb approxi-
mately 1 x 109 ce1js/m1).

In the reactor which initially had the GMM + P substrate the
growth of both cultures A and B was more rapid than in the GMM reactor.
This was expected from the previous results which indicated an

1ncreased growth résponsé was experienced by each culture in the
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presence of peptone. Culture A was seen to have experiénced-the
greatest growth benefit from this association in the GMM + P medium as
its population was found to become relatively stab1e_at a level only
slightly below that of culture B (approximately 1.5 x 108 cells/ml for
culture A and approximately 4.5 x 108 cells/ml for culture B). When
this nearly stable population began to recejve the GMM medium, upon the
exchange of substrate feed lines, the population of organism A exper-
ienced apprbximate]y a 10-fold decrease to ébout 1x 107 cells/mil.
Culture B decreased ébout 4-fold to approximately 1 x 108 cells/ml
which was the population of organism B in.the origfna] GMM reactor.
After the feed was shut off, ($c), the population of culture B gradually
rose to a density which approached its former population prior to the
substrate change,

From these observations, it appears that the pure culture yu values
of A and B may be used to predict the predominant culture in a mixture
of the two cultures but not the relative population levels. |

‘During the first phase of the continuous flow operation the
analysis of the filtrates revealed a marked difference in the operation-
al behavior of the two systems. Each system received a feed of
530 mg/1 (approximately) glucose COD and the GMM + P system's feed also ‘
contained 320 mg/1 COD as peptone. The original GMM + P reaqtor had
become nearly stable before thé substrate exchange. At the time of
substrate change almost compiete glucose utilization occurred and.
produced a biological solids concentration of approximately 250 mg/1.
The total COD was approximately 460 mg/1. By assuming a minimal uée
of peptone and the deduction of the small residual glucose COD (approx-

imately 5 mg/1) and the peptone COD (approximately 320 mg/1) from the
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total COD, an unspecified intermediate COD of approximately 125 mg/1 was
calculated. 'The pH declined from an initial value of 7.2 to about 6.5.
When the substrate Tines were exchanged so that the GMM medium without
peptone was the substrate a severe disruption of the former conditions
occurred. The decrease in both culture populations has been previously
noted and may be confirmed by the decrease in biological solids

(210 mg/1 to 50 mg/1). Perhaps more striking was'the rise in glucose
COD concentration in the mixed Tliquor filtrate from approximately

10 mg/1 COD to about 475 mg/1 COD. This 1ndicated that only about

60 mg/] of glucose COD was being utilized. It is quite possible in
view of the fact that peptone aids the growth of organisms A and B that
some peptone was also utilized before being washed out. This may in

- part, help to accountfor the maintenance of the biological solids.

The total COD decreased slightly after the substrate exchange then rose
about 40 mg/1 and became nearly stable at approximately 505 mg/1. The
rise in pH during this period is undoubtedly the result of dilution by
the influent medium and lowered level of biological activity in the
reacgtor.

In the original GMM reactor glucose utilization was 1ncoﬁp1ete
(residual of approximately 125 to 150 mg/1 COD) during the first period
of nearly stable conditions. At this time about 230 mg/1 COD existed
as intermediates or end products of metabolism. The accompanying
decrease in pH (7.2 to 6.6) indiéated that these products were, at
least in part, of an acidic nature. After about 62 hours (total |
e]absed time) a significant increase in the glucose COD, total COD and
pH began to occur and the increase continued to about 365 mg/1 glucose

COD and 450 mg/1 total COD, at which time the substrate feed lines were
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exchanged. The rate of increase in total COD was less than the rate

of increase for glucose COD. Upon receiving glucose plus peptone, the
trend was reversed;. the glucose COD steadily declined until the experi-
ment was terminated. The biological solids increased (75 mg/1 to

175 mg/1). The initial increase in total COD may be attributed for the
mos t part‘to the addition of peptone. The increasing differential
between glucose COD and total COD (with allowance for peptone COD) and
fhe concomitant decline in pH indicates the release of acidic products
into the mixed Tiquor. At the termination of the experiment (149 hours)
approximately 165 mg/1 COD existed as intermediates or end prdductS‘of
metabolism which is approximately the same intermediate COD value
estimated for the original GMM + P reactor at the time of substrate
exchange (assuming minima1 peptone utilization in each case). Quite
likely some peptone was used and the actual intermediate COD should be
increased accordingly.

In order to assess the response of the mixed population AB during
the early portion of the study (which was missed in the previous
experiment; see hours 26-52 of Figure 21), an additional experiment was
conducted without an exchange of substrate. The response of these |
systems is shown in Figure 22. |

For this experiment approximately the same initial density of
viable populations were used as in the previous experiment. The period
of initial batch operation was shortened from 18 hours to 10 hours to
decrease the concentration of acidic intermediates which éppeared to
accumulate in the reactors during this period. This wa§ accomplished;
however, after flow was established, the pH continued to decrease in

both reactors until it reached a level (6.65) similar to that formerly



Figure 22. Continuous cultivation of mixed cultures
A and B.

D = .125 hours™} Temperature = 25° C

Legend:
GMM GMM + P
Unit Unit
Total COD ® 0
Glucose COD A A
Carbohydrate , v v
Biological solids E O
pH @ O
Viable count
A (] O
B ] o

3}
il

start of continuous flow operation

o
il

influent shut off
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observed (6.60). With the exception of organism A in GMM, all
populations continued to increase slightly after the initiation of flow.
After approximately 8 hours of continuousvcu1tivation (18 hours total
time)‘ some evidence of djlute-out of culture A was noted from both
reactors, The population of organism B was relatively stable in each
reactor until a decline was observed after about 40 hours in GMM and
after about 48 hours in GMM + P. The population decline of organism B
and the population level established correspond, in general, with those
previously observed., The decline in population occurred at approxi-
mately the same time as the occurrence of an increase in total COD in
both reactors and an incréase in glucose COD in the GMM reactor. Since
these declining population densities occurred during the time.of
lowered pH, it seems reasonable to suggest'that organism Blmay‘be
highly sensitive to changes in pH.} The trends observed for total COD,
glucose COD, and biological solids were similar to those from‘the
previous experiment. Again the decreased glucose utilization in the
GMM reactor was particularly noted.

A third experiment was perfbrmed with the mixed population of
cultures A and B in which continuous cultivation was maintained through
approximately 15 detention periods (8 hour detention) followed by 48
hours of batch operation after the influent was shut off. The results
are shown in Figure 23.

The initial population densities were approximately the same as
those for the previous experiment. Batch operation was maintained for
12 hours before flow was established. The initial population trends
were similar to those observed previously. Nearly stable populations

were established in both reactors after continuous flow periods of



Figure 23. Continuous cultivation of mixed cultures A and B.
D = .125 hours™? Temperature = 25° C

Legend:
GMM Unit GMM + P Unit

Total COD @ o)
Glucose COD A A
Carbohy'dra te v v
Biological solids g o
pH @ O
Viable count

A @ 0

B . =

-Q

el
1}

start of continuous flow operation

o
1}

influent shut off
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approximately 48 hours (6 deténtion periods) fbr culture A and 60 hours
(7.5 detention periods) for culture B. The approximate relative popu-
lation concentrations of cultures A and B at apparent equi]ibrium in
each reactor were: 1 A:20 B (GMM) and 1A:15 B (GMM + P), As seen from
prior batch data culture A.benefited from the presence of the peptone;
however, it is significant to note that culture A also benefited from
the association with culture B in that it was able to establish an
equilibrium population in GMM and was not washed out of the reactor as
would have been predicted from jts pure culture n value (0 on GMM). A

simi]ab statement may be made for culture B whose y bh GMM was 0.09 in
shaken flask studies.

When the influent substrate was shut off after 133 hours . the
populations in each reactor increased temporari1y in a manner which
indicated the utilization of the residual glucose. After the glucose
was removed in the GMM + P reactor there was evidence (increased pH)
for the removal of intermediate COD. Some peptone COD may also have
been utilized. No significant evidence for the removal of intermediate
COD was found in the GMM reactor. The somewhat higher values for the
last samp1e taken from this reactor are thought to be the result of a
concentréting effect due to evaporation.' '

A feature of the substrate removal response in this 1ohger experi- .
ment, which was not noted in the earlier runs, was the significant .
leakage br decreasing utilization of glucose in the GMM + P reactor
which followed a period of apparent complete glucose utilization. The
~glucose was removed from each reactor within 11 hours from the time
substrate pumping ceased., Intermediate COD in the GMM reactor increased

from about 75 mg/1 at 36 hours to 150 mg/1 at 60 hours and 175 mg/1 at



126

84 hours then decreased to 150 mg/1 at 96 hours, 115 mg/1 at 109 hours,
and 105 mg/1 at the end of the continuous flow perjod of_operatioh.
When flow was stopped to the GMM + P reactor apparent sequential removal
of glucose COD and intermediate COD (possibly some peptone COD)
occurred with glucose COD removed first. The samé apparent intermed-
iate COD concentration existed in the GMM and GMM + P reactors at 36
hours (70.mg/1) and 60 hours (140 mg/1) then became nearly stable at
125 to 150 mg/1. When the influent flow ceased in the GMM reactor the
residual glucose was used but no appreciable amount of 1ntermed1a£e CoD
appearéd to have been utilized. Therefore, it appeared that the
presence of peptone aided in the utilization of 1ntermediate COD and
that peptone may also have been used.

As noted with the two prior experiments on mixed populations of

cultures A and B, the pure culture u values are of questionable va]ﬁe

for population prediction for the cultures A and B except to predictk
the predominance of culture B, which was verified by the experiments.
Estimates of the relative populations in the reactors and the response
of culture A observed in GMM with culture B could hardly have been
accurately predicted from growth rate values alone.
b. Mixed population BC

The continuous cultivation of the mixed cultures B and C proved
interesting with regard to the prediction of population predominahce
by pure culture u values. Based on the pure culture shaken flask u'
values- (0.09 for organism B and 0.35 for organism C jn 500 mg/1 GMM;
0,35 for organism B and 0.37 for organism C in 500 mg/1 GMM + 250 mg/1
P) it might have been predicted that a gross predominance of organism C 

would occur in GMM and nearly equal populations of cultures B and C
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would exist in GMM + P, Values of n from bubble aeration studies on
the pure cultures also would have tended to foster the prediction of
the predominance of culture C over culture B in both media, but by a
greater margin in GMM + P than predicted from shaken flask u values.

The results of the experiment are shown in Figure 24, Nearly
equal populations of each culture were inoculated 1hto the.reactors‘
which were then operated under batch conditions for 10 hours before
flow commenced. After the initiation of flow the population of cul-"
tures B and C in each reactor exhibited divergent growth characteris-
tics, i.e., culture B exhibited a rather steady decline, whereas,
- culture C increased slightly until a nearly stable population existed
in each reactor, then it experienced a slight gradual decline until
the flow of substrate was shut off. In the period of batch operation
following the feed shut off culture C responded by apparent utilization
of the intermedjate COD and increased its viable popu}ation in each
reactor. The vfab]e count for culture B increased in each reactor after
approximately 29 hours of the batch operation had elapsed. This
increase of culture B in the batch operation was accompanied by an
increase in biological solids concentration; however, no concomitant
COD reduction was observed, Therefore, a concentrating effect due to
evaporation is strongly suggested as the primary cause of this appar-
ently incongruous observation as approximately 15 and 25 percent of the
initial volumes were unaccounted for at the end of 181 hours in the GMM
and GMM + P reactors, respectively.

During continuous flow the COD curves showed essentially complete
g]ucdse utilization, a slight increase in intermediate COD in thé

GMM + P reactor after about 94 hours of operation, and a gradual rise



Figure 24. Continuous cultivation of mixed cultures B and C.

D = .125 hours™! Temperature = 259 C

Legend:

GMM Unit GMM + P Unit.

Total COD _ ® o)
Glucose COD A A
Carbohydrate v v
Biological solids n O
pH L 4 O
Viable count

B ]

¢ o

o))
il

start of continuous flow operation

o
1]

influent shut off
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in intermediate COD in the GMM unit after about 40 hours. Considering
the‘relative populations bf cultures B and C it can be speculated that
culture C may be primarily responsible for the production of the inter-
mediate COD and its subsequent .utilization.. During continuous flow the
utilization of the intermedjate COD was more readily achieved if
peptohe.was also present in the medium. |

The results of a preliminary experiment with the‘mixed cu]tures B
and C under the same cultivation conditions employed for the experiment.
shown in Figure 24 were not intended to be presénted hére because of an
apparent "seeding" or reinoculation effect of cu]turé Brin the GMM + P'
reactor, but have been included (Figure 25) to makevpossible certain
compariéons and further substantiate the results shown in Figure 24.
By accident a small inoculum of culture B reached the GMM + P reservoir
(back contamination) where it grew, and cells were subsequently |
returned to the reactor with the influent substrate, i.e., a "séeding“
or continuous reinoculation of culture B occurred in the GMM + P'»
reactor. Evidence of growth was noted in the reservoir 71 hours after
the ipitial inoculation of the reactor. A viable count made at 88
hours elapsed time indicated the population density of culture B in the
GMM + P reservoir was 2.8 X 108 cells/m1. A comparison of the initial
and final (139 houf) GMM + P reservoir contents revealed a decrease 1in
total COD of 247 mg/1 (848 mg/1 to 601 mg/1) and a 245 mg/1 decrease in
~glucose COD (549 mg/1 to 304 mg/1). |

The principal reasons for the inclusion of this experiment were to
show the effect of the continuous inoculation of culture B into the
GMM + P reactor and the similarity of results for the GMM reactor to

those of Figure 24, Although culture B was initially the predominant



Figure 25. Continuous cultivation of mixed cultures B and C.
D = .125 hours™? Temperature = 259 ¢

Legend:
GMM Unit GMM + P Unit
Total COD e O
Glucose COD ' A
Carbohydrate v v
Biological solids ] o
pH @ O
Viable count
B @® @)
C A A
a = start of continuous f]ow operation
by = exhaustion of feed in GMM + P reservoir
by = exhaustion of feed in GMM reservoir
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organism in the reactors its predominant position was taken over by
culture C at the end of the 12 hour batch operation and was never
regained. The observed predominance of culture C would Tikely have
been predicted because its u value in bubble aeration was greater than
u for culture B; however, if shaken flask values of u were used a more
nearly equal popu1ation of cultures B and C would have been predicted.
The population density for culture C in the GMM + P reactor was the
same in both experiments. The decline in the initial population of
culture B was also similar for both experiments. The population of B
in the'GMM + P reactor increased through continuous reihocu]ation (see
Figure 25) and very small amounts of -intermediate products appeared to
be present as determined from the intermediate COD calculations and the
comparatively high pH.
¢. Mixed popu]ation cD

The results of the study with the mixed cultures C and D aré,shown
in Figure 26. The initial inoculum of culture D was double that of
culture C for the following reason. The results of the shaken flask and
bubble aeration studfes had indicated conflicting information in regard
to the prediction of population predominance by the use of growth rate
values. The former indicated culture D as the probable predominant
organism (by virtde of its greater u), and the latter method indicated
C possessed thevgreater u value, thereby causing it to be favored as
the probable predominant organism. In general, the author anticipated
that culture C would eventually predominate; therefofe,»it was desired
to afford culture D an initial quantitative advantage to be certain of

culture C's ability to become the predominant species.



Figure 26.

Continuous cultivation of mixed cultures C and D.
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The viable count data (Figure 26) indicated that organism D

. predominated in both reactors at the end of the initial batch operation
period (9 hours) and continued its predominance until hour 29 in the
GMM + P medium reactor and hour 36 in the GMM medium reactor at which
times culture C became predominant. After 24 Hburs (elapsed time)
culture D began to decline in population in both reactors and continued
to decline until about houf 72 when it became nearly Stab]e at a
density approximately one tenth its formér maximum. From the data
shown here, as well as previous batch data, it may be surmised that
culture D is chiefly responsible for the initial decrease in pH.

The growth of organism Cvfo11owed the pattern observed previously
in mixed population BC. After culture C attained a predominant status
a decrease in its population density occurred which coincided with an
increase in intermediate COD and a decrease in pH,

After the substrate flow was discontinued the viable count of both
6rganisms in both reactors increased and there was a corresponding
decrease in COD and increase in pH.

In this experiment with mixed cuitures C and D, as noted before
with organism C in pure culture (Figures 16, 17, and 18) and in thé
mixed culture of organisms B and C (Figures 24 and 25), a greater
quantity of calculated intermediate COD was present in the reactor with
the GMM medium than was found when peptone was also present in the |
medium (assuming minimal peptone uti]ization)Q This appeared to be
further evidence that culture C either does not produce as Targe an
amount of intermediate products or is better able to utilize such
intermediates when peptone is present in the medium. Culture D may be

seen to be capable of intermediate utilization (see Figure 20); however,
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it was the minor population in this experiment and the decrease in its
density reflects the increase in total COD.

The question concerning the usefulness of employing pure culfure
growth rate values to predict predominance in this experiment was not
wholly resolved. Culture D which was given an initial population
~density advantage was seen to predominate at the end of the initial
period of batch operation and for a relatively short period afterward
before culture C became the predominant organism throughout the remain-
- der of the experiment. Some evidence has been presented previously
which supports the contention that the growth of organism C may be
s]oWed by Tow pH (Figure 17). In this instance, the production of
acidic intermediates by both cultures C and D may have caused‘a retar-
dation in the growth of culture C until dilution and/or utilization of
the 1ntermediéteSfoccurred with a lapse of time during which culture C
continued growing and eventually predominated. The cause for culture
D's loss of the predominant position, while not fully explainable, does
not appear to be a result of adverse pH as an active population of D
has been found to exist at a Tower pH (see Figure 20) than that which
occurred in this experiment,

d.‘ Mixed population ABCD

Figure 27 shows the results obtained when all four cultures were
present in the reactors. This experiment was conducted similarly to
the experiment with mixed cultures A and B, i.e., the influent medium
was.exchanged during the run (Figure 21). Culture C had established
- its predominance in each reactor by the end of the initial batch opera-
tion. After the flow was initiated é continued brief increase in the

viable count was noted for cultures C and D in the GMM medium and for



Figure 27.

Continuous cultivation of mixed cultures A, B, C, and D.
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cultures C and B in the GMM + P medium. The other cultures in each
reactor experienced a general decrease in population density after
continuous cultivation began. The relative population densities began
to stabilize after about 4 detention periods (32 hours of continuous
flow, 43 hours total elapsed time). The order of culture predominance
was C > D > B > A. Late in the experiment culture A was present only
in Tow concentrations. Culture A continued to be present in each
reactor, but in its relatively Tow popu1ation it was difficult to detéct
in sufficient numbers to insure an accurate count for each sample,

Prior to the exchénge of influent medium cultures C and D followed
patterns similar to that previously observed with culture mixtures BC
(Figures 24 and 25) and CD (Figure 26) wherein a slight gradual decrease .
in the population density was noted. Culture B experienced a very
marked population decrease in each reactor which resembled its pattern
in the mixed culture BC experiments (Figures 24 and 25). Although the
data are sparse, culture A appeared to approach an apparent population
density in each reactor similar to that formerly foUnd for culture A in
the GMM medium with culture B (Figures 21, 22, and 23). Among the
mixture of other cultures in the GMM + P reactor, culture A did not
attain as great a density as when mixed with culture B only. Culture A
was not found to benefit from the association with the additional
cultures over that beneficial effect found with culture B.
| After exchange of the influent medium was accomplished the most
significant changes in the relative population density involved cul-
tures C and D. In the former GMM reactor, which now received GMM + P
influent, the popuiation of C remained nearly constant but culture D

gradually increased in population density, thus narrowing the
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differential in relative populations by nearly five-fold. In the
reactor which began to receive GMM the population of culture C exper-
ienced a three-fold decrease, while the density of culture D fluctuated
but generally exhibited a tendency to increase, thus closing the popu-
lation differential from nearly twenty-fold to about three-fold. No
great changes occurred in populations A and B in either reactor to
indicate the formation of a definite trend immediately following the
substrate éxchange; however, after hour 112, the density of culture B
became so low as to make difficult the determination of its population
density. In like manner it became difficult to measure viable count for
culture A éfter hour 116. After the exhaUstion of the substrate supply
in the reservoirs, the populations of cuTthes A, C, andvD increased,
in part due to a concentrating effect due to evaporation.

Analyses for glucose, total COD, pH, and biological solids
exhibited trends similar to those previously observed with the other
mixed cultures up to the time‘of medium exchange. Especially comparable
was the response of the system consisting of cultures C and D. This
result might be expected as these were the dominant cultures in the
four-culture mixture. As noted before, éssentia]]y complete glucose
removal occurred in each reactor throughout the experiment, After a
period of temporary stability the total COD increased in each reactor.
With allowance for peptone COD (assuming minimal peptone COD was
uti]ized) more intermediates appeared to be produced in the GMM reactor.
This is substantiated by the Tower pH in the GMM reactor. An adjust-
ment‘in the level of.the total COD followed the exchange of influent
medium in pért because of the dilute-in and dilute-out bf peptoné coD

in the former GMM and GMM + P reactors, respectively.



CHAPTER V
DISCUSSION

A. Phase 1
1. Development of sewage agar

To provide sufficient substrate for adequate bacterial colony
development in an agar base sewage counting medium it was necessary to
concentrate the primary effluent from the Stillwater wastewater treat-
ment plant. This concentration process was successfully accomplished by
means of flash evaporation. The principal disadvantage with this
method was the rather lengthy period of time required to prepare suffi-
cient amounts of concentrate at the desired degree of concentration
(approximaté]y 1 hour was required to reduce an initial batch charge to
one tenth of its original volume). Flocculent material was formed
during evaporation, but it posed no difficulty in colony counting‘when
a surface plating téchnique was employed, An increase in pH caused by
the concentrating process was adjusted by means of a phosphate buffer.

A 30:1 concentration of the primary clarifier effluent was ade-
quate for the development of readily countable colonies. Such concen-
trates usually possessed a COD in excess of 3000 mg/1 (compared with
about 8000 mg/1 for standard nutrient broth) or about 85 percent of the
theoretical COD for the concentrated sewage (based on the COD of the
primary clarifier effluent). After being autoclaved for sterilization

and incorporation into the counting medium such concentrates

142
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(approximately 30:1) contained about 76 percent of their theoretical
coD, |

Filtration of the concentrate was not advantageous'for the removal
of particulate material formed during concentration as some particulate
material reformed upon autoclaving the filtered concentrate and the
original particu]ate material did not interfere with the enumeration of
colonies on the medium surface. Filtration of the concentrate through
0.45 p pore size membrane filters reduced the COD to approximaté]y 35
percent of the theoretical value for the concentrate.}

The results of the studies on the effect of varying degfees'of .
concentration upon the percent theoretical COD recovered indicated that
within the range of concentrations employed (up to about 75:1) the per-
cent theoretical COD recovered in the concentrate may be reasonably
estimated at 80 to 90 peréent. The average percent theoretical COD
recovered for thé high range of concentration was only 5 percent lower
than the average recovery for the low range of concentration (86.3% to
81.3%, see Table V).

;The loss of theoretical COD in the concentrate may be attributed
to incomp]ete recovery of solids which adhered to the walls of the
evaporation flask and/or the loss of volatile material during concen-
tration, If volatile materials were 1oét they were not recovered in
the condensate. A check on thé concentration technique using a glucose
solution indicated éssent1a11y complete recovery of the glucose in the
concentrate.

2. Comparison of sewage agar with nutrient agar

Serratia marcescens was employed as a test organism to evaluate

the comparability of sewage agar and nutrient agar as a counting medium,
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It was determined that in order to obtain colonies of sufficient size
for ease of detection and differentiation on sewage agar the following
criteria should be observed:
a. The sewage should be concentrated sufficiently to possess a
- COB-of at least 3000 mg/1. Weaker substrate may be used for
enumeration but differentiation would be difficult because of
the Timited colony development.
b. The pH of the concentrate should be adjusted to neutral.
c. The addition of supplemental salts to the medium may be
necessary for proper colony development and pigmentation,

Statistical evidence indicated that when Serratia marcescens was

employed as a test organism there was a statistically significant
difference (5 percent level, Studentized t test) in the higher colony
counts obtained on sewage agar when prepared according to the noted
criteria. However, the use of an inoculum of diluted raw sewage as a
test for significant difference in media favored‘the‘use of nutrient
agar. In addition to the statistical test results in which sewage was
used to provide a heterogeneous bacterial inoculum, other considera-
tions were used in the selection of nutrient agar as the medium for the
isolation and enumeration of bacteria in sewage. Aside from difficulty
anticipated in meeting the requirements for the preparation bf the
sewage agar using a non-uniform source of supply, other potential
difficulties were considered after the failure to obtain growth on one
batch of sewage agar. A check of the pH of the medium did not indicate
this factor as a possible cause for growth failure. Reinoculation of‘
the plates also failed to produce growth. Therefore, the presence of a'

toxic material was considered a possible reason for colony growth
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failure. Since such unpredictable and unanticipated failures would
negate a regular sampling program, it was decided that nutrient agar
would be used as the enumeration, differentiation, and isolation medium
for sewage bacteria. Lighthart and Oglesby (10) and van Gils (3) have
also demonstrated that their preparations of activated sludge extract
agar and sewage agar'did not produce the maximum number of colonies
found when other media were employed. Lighthart and Oglesby chose to
use tryptone-glucose-meat and yeast extract with supplemental vitamins-
(TGEVA) in preference to other examined media including nutrient agar
for their study of activated sTudge bacteriology. The data which they
presented were incomplete for enumeration of bacteria from raw waste-
water on TGEVA, but were more complete for nutrient agar. While it is
understood that they were not necessarily attempting to select and
recommend a medium for the isolation of bacteria from sewage, the data
which they have presented show that nutrient agar (Difco) could well be
selected for such a use.
B. Phase 2
1. Sewage sampling

Incubation at ambient temperature (approximately 25° C) produced
greater population counts and occasiona11y greater variations in bac-
terial colonies from sewage inoculum than did incubation at 37° C. The
spot-plate technique was found to yield greater population density
values from sewage inoculum than the spread-plate technique. This may
be due to the retention of some cells on the glass spreading rod.

The temperature of the sewage was found to have a seasonal varia-
tion ranging from approximately 16° C (January) to 28° C (August).

Considerable variation in the bacterial count data was noted; however,
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sufficient data were available to detect the occurrence of greater
population densities in afternoon'samp1es and a trend for greater popu-
lation densities during the seasons of warmer sewage temperature. A
range of approximately 30 to 70 colony types per sewage‘sample was
- found. “Generally more colony types were found in afternoon samples and
those taken during warm seasons. The pH of the sewage had only slight
variations, with pH values of 7.4 being common,
2. Selection of test bacteria and growth media

Eighteen readily identifiable colony types were noﬁed to occur
frequently in the sewage sahp]es and isolates of these co]ony,types were
prepared for selection of certain cultures for experimental purposes.
By the use of various media and the observation of the growth character-
istics of each culture, four organisms and two media were selected.
~ The cultures were keadily identifiable in mixed populations and grew in
the selected hedia (gTucose minimal medium and glucose minimal medium
plus peptone) in a dispersed manner without adherence to the reactor
walls. |

0f the 18 iéo]ates examined, only 5 were observed to grow-wé11fon
glucose minimal medium at 25° C. Nearly all isolates were found to
grow in varying degrees on nutrient broth or glucose minimal medium
supplemented with either yeast extract (Difco) or Bacto-peptone
(Difco), The addition of a multi-vitamin supplement to glucose minimal
medium.did not produce a significant growth increase in those cultures
which exhibited no apparent growth or only slight growth in glucose
minimal medium. The growth of those cultures which responded poarly to
glucose minimal medium seemed to be possibly dependent upon a nitrogen

source other than ammonium sulfate and the choice was made to use
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Bacto-peptone, a typical analysis of which is given in the Difco Manual
(61), as a supplemental nitrogen and carbon source.
C. Phase 3
1. Pure culture batch systems

The growth rate values obtained for the pure cultures in the shaken
flask studies seemed well suited for use as a means of predicting the
predominant organism in a mixture of the cultures., When glucose mini-
mal medium was employed as the substrate, a relatively wide range of
Hmax values was found, with each culture possessing a value signifi-
cantly unlike that of another culture. A wide range of Hmax values was
a1so found when glucose minimal medium with Bacto-peptone was employed;

however, cultures B and C were found to have nearly similar yu values.

max
Thus it appeared that if the y values of these cultures in a given
medium could satisfactorily be employed for the prediction of their
predominance in mixed culture systems a model set of cultures isolated
from sewage had been obtained.

Further investigation of the growth rates of the selected cultures
in larger volume reactors with bubble aeration and magnetic stirring
revealed that this method of cultivation produced a change in the
growth rate of certain cultures. This change was in general an
increase in u values, the degree of which was dependent upon the par-
ticular culture and the medium. The growth rate of culture A appeared
essentially unaffected (essentially no growth) by the method of culti-
vation when grown in glucose minimal medium; however, when cultivated
in glucose minimal medium with peptone (250 mg/1) by means of bubble

aeration the growth rate increased. Therefore it appeared that when

some sufficient quantity of peptone was present the growth rate could
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become glucose limited under conditions of bubble aeration. The same
pattern of growth rate alteration was found to exist for culture B,
i.e,, essentially no effect upon u by the different methods of cultiva-
tion in glucose minimal medium, but an increase in u for glucose mini-.
mal medium with peptone when bubble aeration was employed.

The cultivation of organism C by the bubble aeration method
increased its growth rate in both media. Thevmost significant increase
in u occurred in the medium which contained peptone. The cause for
such a notable increase in growth rate with the bubble aeration method

was possibly due to an oxygen limitation in the shaken flask experi--
ments. This possibility was investigated with culture C and the use

of duplicatelincubation conditions except for the shaker oscillation
‘rate. No appreciable difference was found in the growth rates obtained
from those flasks shaken at the normal rate and those shaken much more
vigorously. The u values agreed with those previously determined by
. the shaken flask method for culture C on each medium. Therefore, no
definite evidence was found to confirm oxygen limited growth in the
shaken flask studies. | |

Culture D exhibited similar u values when simultaneously culti--
vated by each method in glucose minimal medium. A sTight beneficial
effect was noted with the addition of peptone in the shaken flask
experiments. The effect of peptone on u for culture D when cultivated
by the bubb]é aeration method was investigated and no difference in yu
was noted because of the presence of peptone in the medium, However,
the values of u 1n each reactor were greater than those determined by
either the shaken flask method or another bubb]e aeration: experiment

which had employed only glucose minimal medium. No valid explanation
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can présent]y be given for this difference in u values between the
separate experiments. |

Since-such é general difference in u was found to exist for differ-
ent methods of cultivation and since the sequences of u values for the
four cultures were found to be dissimilar according to the method of
cultivation employed, it would seem that, in order to determine the
“proper" or "correct" value of u for a given purpose, such determina-
tions should be made under conditions similar to those for which the
value(s) will actually be employed.

Each value of u reported in Table XII and in certain other places
noted in this work have been validated by at least two, and in many
instances three, separate parameters, i.e., optical density, viable
count, and bioTogica] solids. The values of u for each culture as found
by the separate methods were identical in many instances or agreed
within acceptable limits by use of the optical density determination
and at least one other analytical growth parameter,

Observations were made of each culture's response when grown in
each medium as a pure culture batch system by the bubble aeration
method. The results of these studies were later used for comparison
with the response of mixed culture continuous'f]ow systems in an
attempt to elucidate the role of each culture in the system, or for an
observation as to how the response of an individual culture may vary
between a pure culture batch system and a mixed culture continuous flow
system. |

The response of culture A in glucose minimal medium was typical
of that previously observed, i,e;, essentially no growth occurred. In

the medium which also contained peptone the initiation of peptone
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utilization preceded significant growth and the utilization of peptone
appeared to continue through the period of gréatest growth, Some
dqidic intermediates were produced (acetic acid was detected by gas
chromatography). However, the pH did not decrease to such a degree as
to be a Tikely cause for the observed decrease in growth. More likely
the decrease in growth was in response to the»requirement for peptone
or some constituent thereof. This organism was found to grow so slowly
under the experimental conditions employed that it would seem unlikely
that it would be able to compete well with faster growing organisms in
a mixed culture system.

Culture B exhibited an increase in growth rate when peptone was
present in the medium. Unlike culture A, however, it did not appear to
require the assimilation of a readily measurable amount of peptone
before glucose utilization commenced. This observation appeared to be
in accord with the findings of the earlier studies for the determina-

tion of u and KS where it was seen that culture A possessed a much

max
higher Ks value for peptone than did culture B. Organism B was found
to remain viable at pH values as Tow as 4.7. Acetic acid was among the
intermediates produced. The results shown in Figure 15 are particular-
ly interesting when the initial and Tater responses of culture B are
noted in the two media. While the inclusion of peptone in the medium
caused an increase in the rate of growth and subsequently a more rapid
removal of glucose than that observed in the system which lacked pep-
tone, a comparison of the two systems after .24 hours revealed that the
system without peptone had produced nearly the same cell mass (but

slightly less viable count) as the system with peptone and appeared to

contain a lesser concentration of-intermediates,(by'COD calculation).
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The response of culture C as shown in Figure 16 indicated that an
initial beneficial effect resulted from the addition of peptone to the
glucose minimal medium. The growth of culture C in both media was
found to be significantly retarded before the complete utilization of
the glucose had occurred. It was noted that although both systems used
about the same amount of glucose more cells were produced and lesser
amounts of intermediate COD accumulated in the GMM + P reactor. The
low pH present in both systems and the presence of considerable amounts
of intermediates gave an indication that organism C might be sensitive
to the decrease in pH. The results of the experiment with culture C
shown in Figure 17 indicate that when the buffer concentration was
increased three fold the pH depression was decreased and a slightly
more rapid initiation of glucose utilization occurred. Complete glu-
cose removal was obtained in each system (normal buffer and triple
buffer concentration) in contrast to the results shown in Figure 16.
The probable cause for this is that the initial substrate concentration
(in Figure 17) was not sufficient to allow for the production and
accumulation of intermediates to such a degree as to produce a detri-
mental decrease in pH. The system with the greater buffer concentra- -
tion exhibited a shorter lag, but had the same growth rate as the
normal buffer system.

It was observed (Figures 17 and 18) that following the removal of
glucose a rise in pH and decrease in intermediate COD occurred with a
concomitant increase in viable count. The removal of intermediate COD
was more complete in the GMM + P system than in the GMM system. It
was noted, however, that the biological solids did not increase signif-

icantly following the exhaustion of glucose from the medium. Possibly
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this response Was due to a temporary storage of carbohydrate and its
subsequent utilization for growth. This could explain the apparent
paradox of increased viable count without an increase in biological
solids in terms of "fat" and "lean" cells. The relatively fast growth
rate of organism C coupled with an ability to remove carbohydrate from
the environment and store it for later use could serve as a means for
the establishment and retention of this culture's predominance in a
mixed population in which the T1imiting carbon source is a carbohydrate.
Culture D produced acidic intermediates to such an extent that the
resultant decrease in pH interfered with the organism's ability to
continue the utilization of glucose (Figure 19). The inclusion of
peptone in the glucose minimal medium resulted in a shortened lag per-
iod and a slightly higher glucose removal than for the non-peptone sys-
ten before the systems apparently became pH limited. While this cuTture
was found to be capable of a rapid rate of growth and glucose removal,
barring pH Timitation, the overall efficiency of COD removal was poor
because of the resultant high degree of production and accumu]ation of
intermediate COD. Culture D produced nearly equal concentrations of
intermediate COD from each medium and within the period of investiga-
tion (Figure 19) neither system appeared to utilize the intermediates
produced. However, when the glucose concentration in the medium was
“decreased (Figure 20), thereby decreasing the concentration of accumu-
lated intermediates and lessening the resultant decrease in pH,
complete removal of glucose was achieved with a sequéntial utilization
of the intermediate products after a brief lag period,
In summary of the pure culture studies, it was found that although

the selected organisms were isolated from a common source their
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individual metabolic requirements and responses were widely variable,
They possessed a variable requirement for some substance other than the
constituents of -glucose minimal medium. The constituents, or some
particular constituent, of Bacto-peptone were found to satisfy this
requirement, at least in part. Possibly the inclusion of some organic
nitrogen source (as in peptone) other than the.ammonium sulfate n{tro—
gen soﬁroe in the minimal medium was beneficial for the growth of these
organisms and could produce an increase in growth rate and a decrease
in intermediate product accumulation. All organisms produced consider-
able quantities of metabolic intermediates which commonly included
acetic acid, When sufficient glucose was present to permit the produé—;
tion and accumulation of these acidic intermediateé, the resulting pH
decrease could result.in a slowing or cessation of -glucose utilization.
The ability to utilize the intermediates varied with the culture, but
was found to be dependenf upon the pH of the environment. |
2. Mixed culture shaken flask studies

The results of the mixed culture batch studies illustrated the
importance of the interactions that may occur among bacteria which may
cause their response to differ from that observed in pure cultures.
One of the more notable effects which resulted from the combination of
cultures was the apparent growth stimulation exhibited by various cut-
tures, especially those which grew most sTowly in the pure culture
systems. Of special interest was the growth of culture A when combined
with other cultures in glucose minimal medium since it was unable to
grow in this medium as a pure culture.

The repeated apparent inhibition of culture D by culture C is of.

particular importance in view of efforts to predict culture predominance
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from vajues of u in pure cultures; these were the two fastest growing
organisms studied. Based on the individual p values (shaken flask) one
would Tikely have predicted that organism D would predominate; however,
the results of the mixed culture studies indicated that because of some
interaction in the mixed populations such a prediction would have been
erroneous. In fact, later evidence from the continuous flow studies
further demonstrated the capability of organism C to predominate over
organism D. While the means by which organism C was able to predominate
over organism D were not wholly clarified by this study, the eVidence
found here and in connection with the pure culture experiments tend to
support the fact that the mechanism for organism C's predomination can
vbegin while both cultures are in the Togarithmic growth phase and may
be related to an ability of culture C to assimilate carbohydrate, in a
storage form, for later growth. The effect of culture C in those
systems containing both cultures C and D was apparent in that the‘u of
the mixed population system was nearly that for a pure culture of .C,
i.e., much less than u for culture D.

It should be understood that the viable count data upon which the
discussion of relative population densities is based was taken at the
time of initial inoculation and near the end of the logarithmic growth
phase for the pure and mixed culture systems. Thus it does not neces-
sarily apply to the prediction of the relative population composition
in the stationary or declining growth phase.

The organisms selected for this stUdy did not form flocculent
particles or adhere to the reactor walls when grown as pure cultures
in shaken flasks. However, when certain of these organisms were com-

bined, such growth characteristics occurred after 24 to 36 hours.
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Flocculent or adherent growth was especially prevalent in the mixed
cultures which contained organism B. Such growth characteristics
apparently occurred only after a period of-sévera] hours following the
exhaustion or severe depletion of the substrate and were not observed
at other times nor during the continuous flow operations.

3. Mixed culture continuous flow studies

The results of the experiments which employed the four mixed cul-
ture systems will be discussed on the basis of the findings for each
system and then discussed together in view of the common findings that
are disclosed.

The confinuous flow studies on mixed population AB gave further
inéight into the interactions that occurred in this system and confirmed
certain findings from the mixed population shaken flask studies.

Organism B predominated over organism A in each experiment even when A
was given an initial numerical advantage. Therefore, it would appear
that the respective growth rates determined the predominant organism.
As previously observed both organisms were found to have a greater
‘growth response when peptone was 1nc1udedl1n the glucose minimal medium.
Culture A, which was unable to grow as a pure culture in glucose mini-
mal medium (GMM), exhibited an ability to grow nearly as well in
association with culture B in GMM as with B in GMM + P. Such a bene-
ficial response from the association could hard1yfhave been predicted
from the individual pure culture studies.

The beneficial effects of peptone in the medium for the mixed
population AB may be especia11y noted by the disruption of the systems
when the reservoir feed Tines were exchanged so as to change the feed

to the reactors from one which contained peptone to a no-peptone feed
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and vice versa (Figure 21)Q Also when the units were allowed to
"endogenate" after the feed was shut off a greater quantity of inter-
mediate COD was removed from the unit which contained peptoné (Figures
22 and 23).

When all of the measured parameters were taken into account, it
appeared that a "steady-state" condition was not established during the
course of operations except for relatively brief periods and possibly
near the end of the continuous f]ow operation (Figure 23).

Some initial dilute-out of organism A was found to occur in both
reactors at the start of -flow. Culture B was not initially diluted
from the reactor to an extent that its population density in the reactor
decreased. The decrease in the population of B which occurred during
the experiments appeared to coincide with the decrease in pH (to about
6.6 to 6.8) and the increase in residual glucose COD, particularly in
the GMM reaétor. Therefore, the pH sensitivity of organism B may be a
COntrd1ling factor in the determination of the relative popuTations of .
A and B and the overall efficiency of COD removal.

The growth response of mixed population BC in the continuous flow
studies (Figures 24 and 25) served to illustrate the fallacy of the
conclusions which might be made if the results of short term batch
studies (shaken flask) were applied to the predictibn of results for
longer term continuous flow operations. Culture B was unable, initial-
ly, to compete for substrate on an equal basis with culture C, espe-
cially when the available glucose supply became minimal. On the basis
of shaken flask pu values it might have been anticipated that while
culture C would decisively predominate in the GMM reactor a nearly equal

population of each culture, B and C, would occur in the GMM + P reactor.
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If the population predictions were made using the u values obtained
from the bubble aeration studies, results more nearly like those
observed in continuous flow might have been made in which organism C
predominated even when culture B was continuously inoculated into the
reactor along with the substrate (Figure 25).

In the reactor which received peptone with the GMM, Tess inter-
mediate COD accumulateéd. Such intermediates as were elaborated in the
GMM reactor represent a loss of potential growth and are the cause of a
resultant pH less favorable for the organisms. The pH of the mixed
liquor does not wholly account for the decrease in the population of B
because B was seen to-be able to maintain a relatively stable higher
population level at even lower pH in the mixed population experiments
with culture A.

While culture C was capable of producing a red-brown colored sol-
uble pigment, such pigment production was- observed only after colony .
development for about four days incubation (25° C) on nutrient agar
or prolonged growth in Tiquid glucose minimal media supplemented with
more than 1000 mg/1 peptone, Nb pigment coloration from culture C was
observed in the continuous flow reactors to suggest that the elaboration
of this pigment into the mixed liquor might be related to the decrease
in population of organism B or in the following experiment with mixed
population CD. |

The reéponse of -the mixed population CD is another example which
illustrates the importance of the methbd used for the determination of
u if respective u values are to be used for the attembted prediction of
the predominant population. The shaken flask method yielded a greater

uvva1ue for culture D in each medium, whereas the bubble aeration
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method gave the greater p for D in GMM and for C in GMM + P. The

short term shaken flask study with the CD mixtures had indicated that
organism C was able to retard the growth of organism D. An explanation
involving an ability of culture C to rapidly assimilate glucose into a
storage form for latent growth was proposed. Such a mechanism may have
also existed in the system shown in Figure 26 where organism D was able
to compete favorably with organism C for glucose only so long as excess
glucose was present. When the glucose concentration became minimal, a
shift in the predominant population from D to C occurred. The pH of
the mixed liquor in the reactors is not a likely cause for the decrease
in the population density of organism D in light of D's ability to grow
at even Tower pH values in the pure culture studies (Figures 19 and 20),

The popu1ation'density of organism C in each reactor compared
favorably with that produced in batch studies on similar substrate
concentrations (Figures 17 and 18). The population of organism D
became nearly stable at about one thirtieth of its comparative pure
culture density (Figure 20). This leads to the speculation that organ-
ism C is nearly the sole utilizer of the glucose and that organism D
may be able to maintain a viable population in the éontinuous flow
reactors in part due to its ability to utilize cerfain metabolic inter-
mediates better than organism C.

Of all the systems examined, the mixed population CD most nearly
attained "steady-state" operation. All measured parameters except total
COD, or more specifically calculated intermediate COD (assuming minimal
peptone utilization), became nearly constant after 8 to 10 detention
periods. The increase in total COD in the mixed 1iquof was due to the

elaboration of metabolic intermediates which were not completely

v
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utilized by either of the cultures, at least not within the allowed
period of acclimation, | |

When all four cultures were mixed the response was rather similar
to that found in the two-culture mixed systems which contained culture
C (BC and CD). Culture C was the predominant culture with D in
secondary predominance. The populations of cultures A and B appeared
to be of minor importance in the total system ecology.

As with mixed population CD, which appeared to approach "steady-
state" operation with the exception of the total COD, or mgre specifi-
cally the intermediate COD, the four-culture system appeared to
approach "steady-state" operation until the systems were disrupted by
the exchange of substrate.

The results of the mixed culture short term batch studies conducted
by the shaken flask method could not be used for reliable predictions
of -the viable population response observed in the continuous flow
operation although there was an indication that culture C was apparent-
ly the cause of a diminished growth of organism D and might therefore
gain predominance.

In summary, certain general findings should be noted. The use of
the growth rate value, p, of individual cultures to predict predominance
in mixed populations is subject to certain limitations which may be
inherent in the cultivation method employed during the determination of
u as well as the possibility of microbial interactions which may affect
the growth rate in some manner not revealed by pure culture observa-
tions. Generally, u values may serve to rank predominance, but not
necessarily relative sizes of populations of several cultures in mixed

populations.

~
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The use of short term batch studies of mixed cultures conducted in -
shaken flasks may reveal some indications of the initial response that
may occur in longer term cbntinuous flow operations. waever, when
microbial interactions occur, such batch studies may reveal Tlittle
concerning the events which transpire as the populations seek to
become "established" or approach a "steady-state" operation.

The achievement of a "steady-state" continuous flow operation in
which all the measured parameters remained constant for more than a
relatively short period was not achieved with any of the mixed popula-
tions., Nearly steady conditions were, however, attained in some |
instances with the exception of the intermediate COD. The time .
required to approach such "equilibrium" conditions was found to be
about 8 to 10 detention periods or longer (8 hour detention time).

Several cases were observed in which apparently complete glucose
removal occurred and a later 1ncreé$e in intermediate COD occurred.
There were also cases in which an incomplete utilization of glucose
occurred and a steady rise in the free glucose concentration was
observed in the mixed Tiquor. Such occurrences seem to bear a rela-
tionship to the accumulation of metabolic intermediates and the corre-
sponding decrease in pH. It may be proposed that these conditions may
be controlled by a decrease in the detention time as Tong as the cul-
tures are nof excessively diluted from the system. Thé reasoning for
this is that if the detention time is too long an incomplete utiliza-
tion of glucose may occur because of an accumulation of acidic 1nterf
mediates which may result in a selective population or Timit the growth
of the population that might be anticipated to develop from a given

quantity of substrate. An attempt at pH control through the use of
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increased buffer concentration with culture C in GMM + P (Figure -17)
indicated some success at overcoming pH effects.

In review of the optica1 density data (or percent transmittance as
originally determined) which were not included whenever viable count
.and biological solids data were given, it may be said that the measure
of percent transmittance was found to be a rapid and rather sensitive
measure of the stability of all systems.

The inclusion of peptone in the glucose minimal medium was bene--
ficial in increasihg the growth rate of most organisms and was- also
found to result in a lesser concentration of metabolic intermediates

(especially if a minimal utilization of peptone is assumed).



CHAPTER VI
CONCLUSIONS

1, Sewage‘which has been concentrated by flash evaporation may be used
as a substrate in an agar base bacterial counting medium if- supple-
mental salts and buffer are also incorporated into the medium and
toxic materials wﬁich may be presént in the sewage are not concen-
trated to a critical Tevel. A 30:1 concentration (approximately
3000 mg/1 COD) was satisfactory for both enumeration»and differen-
tiation. Enumeration alone could be accomplished on unconcentrated
sewage agar (if the sewage was strong enough) after about 5 days
incubation at 25° C.

2. Nutrient agar (Difco) may serve as a satisfactory medium for the
enumekatidn, differentiation, and.iso1ation of many types of-sewage
bacteria. |

3. The incubation of plates inoculated with sewage at 25° C yielded
higher colony counts than incubation at 37° C.

4, Agar surface jnoculation by the spot-plate technique produced
higher bacterial population densities than inoculation by the
spread-plate technique.

5, The addition of Bacto-peptone as a supplemental nitrogen source
(or carbon source) in addition to ammonium sulfate in a minimal
medium may increase the growth rate or even be necessary for the

growth of ‘many bacteria isolated from sewage. The 1inclusion of
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peptone may also result in a decrease in the elaboration of
metabolic intermediétes or assist in their utilization.

The use of optical density as a means for the determination of the
growth rate value, u, has been validated by the use of simultan-

eous data for viable count and biological solids to calculate u

values in agreement with those obtained from optical density

calculations.

For the organisms studied herein it can be concluded that if

sufficient carbohydrate resources are present in the medium to
support the growth of the selected bacteria, the resultant produc-
tion and accumulation of agidic intermediates may cause diminished

growth of the bacteria. If the pH depression is not.severe, cer-

~tain bacteria may utilize at least a‘portion of the elaborated

intermediates. Generally, the overall COD removal efficiency of
the selected organisms was not high because of the production of
intermediate COD. The efficiency of COD removal was dependent upon
the organism(s), the time of determination (during continuous flow)
and thé effect of pH upon the organism(s).

Pure culture studies do not necessarily serve to predict adequately
the behavior of an organism in mixed cultures. Both stimulation
and repression of the growth of individual cultures were observed

to occur as a result of their association in mixed cultures.

. The inhibition of the growth of one type of organism by another

type may occur while both are in the early phases of growth by
means of the suppressor organism T1imiting the available carbo-

hydrate possibly by accelerated assimilation and storage.
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The use of the growth rate value, u, of individual cultures to
predict predominance in mixed populations is subject to certain
Timitations which may be inherent in the method of cultivation
employed to determine u as well as the possibility of microbial
interactions which may influence the growth rate in some manner
notlrevea1ed by pure culture observations. The "proper" or
"correct" value of u should be determined under conditions similar
to those for which the value is to be employed. Generally u
values may serve to rank predominance, but not necessarily the
relative sizes of populations in mixed culture systems.

Short term batch studies of mixed cultures conducted in shaken
flasks may provide some indications of the initial response that
may occur in Tonger term continuous flow operations. However,
when microbial interactions occur very little insight may be
gained intd the nature of the system as it approaches stability.
The attajnment and maintenance. of an equilibrium or "steady-state"
for all measured parameters in the mixed culture continuous flow
systems was not reéd11y developed. Rather slow changes in certain
parameters (such as an increase in COD concentration) occurred in
most systems. Equilibrium was approached only after about 8 to 10

detention periods or longer.

- The selection of a proper détention time or buffering system for

the bacterial system employed may be beneficial to the minimiza-

tion of intermediate COD accumulation and the resultant acidic pH

which may interfere with the bacterial utilization of substrate

and subsequent growth. A three-fold increase in buffer concentra-

tion was found to be of some benefit to culture C in a g1ucose
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minimal medium plus peptone batch system, although the initial
concentration of substrate did not allow much intermediate

production.
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CHAPTER VII
~ SUGGESTIONS FOR FUTURE WORK

A study of the response of the pure cultures and mixed cultures
(those used in this study and others) under conditions of controlled
pH might give further insight into the importance of tHe pH as a
factor in the determination of bacterial predominance.

The means’by which culture C becomes the dominant population in .
mixed cultures (especially with other bacteria with rapid growth

rates) might be further investigated.
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APPENDIX
CALCULATION OF THEORETICAL DILUTE-OUT CURVE

Procedure for comparison of actual dilute-out with theoretical dilute-

out:

1. Fill reactor with 1.0 Titer of phenol solution (~1000 mg/1).

2. Dilute phenol out by pumping water into the reactor at a constant
rate for a predetermined detention time (e.g., 8 hours) while
removing the reactor fluid at the same rate.

3. Periodically collect a sample of the reactor fluid (or effluent)

: and determine the COD for comparison with the initial COD of the
phenol solution.

4, Calculate the theoretical COD remaining for a given elapsed time

using the equation:

In 53 = -Dt
where: S = the substrate concentration (or COD) at time t
So = the initial substrate concentration (or COD), t = o
D = the dilution rate, hr™l; D = 1 |
detention time (hr)
t = the elapsed time, hours
5. On semi-Togarithmic paper plot theoretical %; vs t for the

theoretical dilute-out.
6. Determine the actual %—- from COD data and plot actua1v§- vs t on
: : 0

0 S
semi-logarithmic paper to compare to the theoretical curve.
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P]ot of the fract1on of original concentration

in the reactor vs. time.
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.o
0.7 -
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| \§§£;::?;\ -
OS—— \3\\ Theoretical Dilute-out , S vs t
i \<o= 0.125 hr=1 ) ]
—S- ) \B\ Theoretical Dilute-out
So (D=0.1354 hr-l)
Actual Dilute-out N _ )
(D=0.1354 hr-}) - -
0.2 ,Y\
$>\\:::::
0.1 2 ) 6 8 10 12
t , hours
Values for theoretical dilute-out using D = .125 hr'l (8 hr. detention)
| | s s
't n S, So
1 - .125 . 8825
2 - .250 779
4 - .500 .606
6 - .750 472
8 -1.000 .368
10 -1.250 .2865
12 -1.500 .2235
14 -1.750 .174
16 -2.000 .1355
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