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. CHAPTER I 

INTRODUCTION 

A. General 

ln modern times, the enormous volumes of sewage and 

industrial wastes produc~d by our vital and industrial 

processes are treated and purified by biological treatment 

systems. In essence, all waste water treatment processes 

now being utilized consist of placing the sewage or indus

trial waste in contact with a microbiological population 

which is capable of metabolizing the organic matter con

tained in the waste waters. In the trickling filter 

process, the waste water is spread over layers of ctushed 

rock which are covered with a dense biological growth. In 

activated sludge, the waste water is placed in contact with 

a heavy biological growth or sludge, and agitated in the 

P!esence of air. In both processes, after the period of 

contact I the liquor is settled to remove the biological 

growths, and the purified supernatant is decanted. Because 

of its efficiency, as well as its flexibility, the acti

vated sludge system and its various modifications are con

sidered to be the process of choice in modern waste 

treatment. 

1 
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In the treatment processes now operational, the biolog

ical populations which actually perform the purifica~ion of 

the waste are of an undetermined nature. In activated 

sludge, it is well known that a heterogeneous microbial 

population constitutes the sludge, but the population 

itself is, in most cases, undefined and uncontrolled. In 

such continuous flow systems, where many species of micro

organisms exist in a state of continuous competition with 

each other, an excellent opportunity arises to study the 

dynamics of population changes. 

B. Scope and Objectives 

The research reported in this thesis involved the 

selection and study of several bacterial species isolated 

from sewage or known to be present in sewage. These bac

terial species were studied individually to determine their 

growth characteristics and biochemical behavior. Subse

quently, experiments were performed on mixed cultures in 

continuous and discontinuous systems, and their behavior 

was examined in detail. 

Although activated sludge contains a varied microbio

logical population, the studies reported in this thesis 

were limited to interaction. between bacterial species. No 

attempt was made in this work to extend the study to more 

extensive fields of research, such as bacteria-protozoa, or 

bacteria-bacteriophage interaction. It is to be noted, 

however, that all such rela~ionships do play a part in 

predominance patterns of activated sludge. 
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The primary objective of this research was to attempt 

to gain an insight into the mechanism of bacterial inter-

actions in mixed systems, A basic research approach to the 
~. . . 

problem was adopted, because of the lack of knowledge in 

the area of mixed culture interactions provided by the 

basic sciences of microbiology and biochemistry, A secon-

dary objective of this work was to relate the mechanisms 

studied and the knowledge gained to the practical field of 

bioen.vironmental engineering. 

C. Engineering Justific~tion 

Bioenvironmental engineers, a new breed of professional 

men combining the knowledge of the basic biological and 

physical sciences with the practical resources of engineer~ 

ing, are now called upon to bear the brunt of the battle for 

the conservation of our water resources and the reduction of 

the pollution problem facing the nation. These men are 

called upon to design new and more efficient treatment 

facilities, to operate·them in a more efficient manner, and 

to perform research that will give us new and improved 

treatment processes. One field in which fruitful research 

would be of great importance in providing for better waste 

treatment is that of determining factors responsible for 

species predominance. 

In activated sludge reactors, the heterogeneous micro-

bial population is known not to have a steady composition, 

but to change from time to time in a seemingly random man-

ner. In certain cases, massive changes in predominance 
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are observed, and these may have deleterious effects on the 

quality of the treatment. An example of this type of pre-

dominance change is that producing filamentous organisms 

resulting in bulking sludge. Very few attempts are usually 

made to select the population in the reactors, to improve 

it, or to prevent changes harmful to the quality of the 

treatment. 

If research into the field of microbiological associa-

tions were to result in an understanding of the mechanisms 

involved, the direct result could be an improvement of the 

biological treatment processes. Such research is definitely 

needed, and since for the most part it ha$ not been and is 

not now being performed in the basic. sciences, it is neces-, 
sary that these investigations .be conducted by the scien-

tists directly associated with waste treatment. If engi-

neers were able to select specific microbiological 

populations in treatment reactors to maximize the efficiency 

of the treatment by maintaining the optimum desirable popu-

lation, the entire.waste treatment field might undergo a 

veritable revolution leading to a more efficient production 

of the principal product that we are striving to obtain 

clean water. It is with this aim that the work herein 

reported attempts to make inroads into the understanding 

and control of species predominance. 



CHAPTER II 

LITERATURE REVIEW 

A. Review of the Literature in tlii3' General Area of Species 

Predominance· 

Pasteur, shortly after discovering the first known 

obligate anaerobe, Vibrion butyrique, was the first 

scientist to recognize the principle of microbial associa

tion as applied to the coexistence of aerobic and anaerobic 

microorganisms (1). In· 1863, he pointed out that, in nature; 

Vibrion butyrique and similar organisms must often depend 

upon the abstraction of oxygen from their environment by 

aerobic microorganisms in order to grow. Pasteur's explan

ation of the relationship of aerobic-anaerobic organisms 

was accepted by Roux (2), who utilized hay bacillus as a 

technical aid in the chltivation of Vibrion septique. 

DeBary (1) in 1879, was probably the first investiga

tor to emphasize the significance of the antagonistic 

relationships of microorganisms by observing that when two 

organisms were grown together on the same substrate, one 

was found to overcome the other. This relationship was 

designated by Ward (1) in 1899 as "antibiosis. 11 

5 
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Following the pioneer work of Pasteur, Roux and Debary, 

numerous investigators have studied the effect of mixed 

populations in relation to various fermentation processes. 

Sherman and Shaw (3) found that the rate of fermentation of 

lactose to propionic acid was speeded up greatly by the com-

bination of Streptococcus lacticus or Lactobacillus casei 

with Bacterium acidipropionici. Sturges and Pettger (4) 

noted that pure cultures of Clostridium putrificum grown in 

egg-meat medium showed greatly delayed putrefaction, fre-

quently twenty to thirty days elapsing after seeding, under 

anaerobic conditions. However, these investigators noted 

that, when growing with another organism, the putrefactive 

change was manifested very promptly. No identification was 

made of the type of organisms that would induce rapid putre-

faction in conjunction with Clostridium putrificum, and the 

authors indicated only that it could be anaerobe. 

Additional work on microbial relationships was reported 

by Hutchinson and Clayton (5), who indicated that the 

products of cellulose decomposition stimulate nitrogen 

assimilation by Azotobacter. Sanborn (6) did additional 

work dealing with the factors which influence the rate of 

cellulose fermentation, and found that a cellulose-

destroying fungus, Cellulomonas folia, was stimulated in 

growth by association with several other microorganisms. 

These organisms we.re identified as Bacillus subtilis, 

Bacillus mycoides, Bacillus cereus, and organisms of the 
' . . " ~ 

genus Azotobacter" Sanborn explained these symbiotic 
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~elationships by indicating that Bacillus subtilis, Bacillus 

mycoides, and Bacillus cereus secrete substances which 

function as essential :food factors for Cellulomonas folia. 

These essential food substances were not.identified. Also, 

Sanborn indicated that. the growth stimulation with 

Azotobacter was brought about by the living cell, these 

organisms being able to synthesize an accessory growth 

factor similar to vitamin B. No identification of the co

factor was made. 

Waksman (1) described the exter:\t of development of any 

one group of microorganisms inhabiting natural substrates 

s.uch as soil, compost, or sewage, as dep~nding upon a 

number of factors as follows: 

1. Food supply, both qualitative and quantitative. 

The presence or absence of certain specific nutrients favor

able to the development of particular organisms would 

markedly affect their growth. 

2. Environmental conditions, favorable or unfavorable 

to the development of the specific organisms, notably 

temperature, oxygen supply, moisture content, soil struc

ture, and abundance of organic matter. 

3. Presence· and abundance of other organisms which 

may produce substances that are either stimulating or 

toxic to the organisms in question or which may compete 

.with them for the available nutrients. 

4. The presence of other organisms which are para-

·. si tic or phagocytic upon the particular forms. The role of 



protozoa in controlling bacterial activities by consuming 

the cells was given as an example of these activities. 

In order to explain the phenomenon of antibiosis in 

mi.croorgflnisms, Broom (7) proposed that the exhaustion of 

essential food materials by the str6nger strain was its 

cause. Waksman and Foster (8).studied different soil 

organisms and found among them fungi, actinomyces, and 

bacteria that are capable of producing, when ~rown on syn

thetic media, substances which are antagonistic to the 

growth of other soil organisms. A study·was made of the 

antagonistic effect of one species of actinomyces upon a 

variety of fungi,· bacteria,. and other actinomyces, and it 

was found that the inhibiting effect produced by this 

drganism was not due to exhaustion of nutrients or to 

unfavorable changes in reaction, but was a specific effect 

of one strain on the other. 

Holman and Meekison (9) indicated that a considerable 

number of pairs of organisms could produce gas from carbo

hydrates or :r;>olyatomic alcohols; however, neither one of 

the pair was able to bring about the change alone. They 

applied.the term "synergism" to this type of association 

8 

in which two bacteria, growing together, brought about 

effects which either of them growing alone was unable to 

accomplish. Lederberg (10) defined syntrophism as the 

growth of two distinct biochemical mutants in mixed culture 

as a result of the ability of each strain to synthesize the 

growth factor required. by the other. 
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Rahn (11) noted that pure cultures in nature were very 

rare, and that, generally, nature works with mixed cultures, 

and that all natural fermentations, decompositions, and 

putrefactions were accomplished by a number of qifferent 

species among which perhaps one dominated, but was influen

ced by the rest. He mentioned th.at the results obtained 

with pure cultures were not sufficient to explain all 

microbial activity in nature. Rahn also tjistinguished the 

three main cases of mutual influence between different 

organisms: . symbiosis,. where two organisms profit by the 

combination; metabiosis, where one profits by the other 

without benefiting the other in return; and antibiosis, 

where one organism injures the other. Fawcett (12) in an 

address to the twenty-second meeting of the American 

Phytopathological Society pointed out that classical 

research procedures with pure cultures were not completely 

satisfactory, because nature works most frequently with 

microbial associations. He indicated the necessity of 

entering actively into the investigation of the effects of 

known mixtures in comparison with the effects of individual 

organisms alone _in their relation to plant diseases. 

Savastano and Fawcett (13) using citrus fruits, deter

mined that inoculation with certain mixtures of spores 

ireatly increased the rate of decay, while when inocula 

containing certain other spore· mixtures were used, the rate 

·of decay was· lower than when any one of the components was 

used alone. In other cases, mixtures were used for which 
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the decay rate approximated that.of the most rapid compon

ent acting alone. Waksman and Hutchings (14) made a study 

of the associative growth of different fungi, actinomyces, 

and bacteria upon plant material. It was found that the 

presence of one organism could modify considerably the 

growth· of _another. The decomposition of alfalfa by a 

Trichoderma was modified by the presence of various fungi 

and bacteria that, although. unable to decompose cellulose, 

were c'apable of favoring the decomposition of the cellulose 

by Trichoderma. It was also found that corn stalks could 

not be attacked by pure cultures of actinomyces. However, 

when certain fungi were previously grown upon the stalks, 

the growth of actinomyces was greatly favored. In addition, 

it was found that lignin decomposition took place only when 

actinomyces were present in a mixture of organisms. 

Speakman andPhillips (15) found that the contamination 

of cultures of Clostridium pectinovorum with Bacillus 

volutalll: transformed the acetone-butyl alcohol fermentation 

of Clost.ridium pectinovorum to a lactic acid fermentation. 

Waksman and Lomanitz (16) found that Bacillus cereus was 

unable to attack alanine and phenylalanine, while glutaric 

acid and asparagine were acted upon to a limited extent, 

and case~n and other native proteins were decomposed very 

rapidly. Bacterium fluorescens·was unable to decompose 

casein but was able to µtilize the amino acids contained in 

the protein. By combining the two organisms i.n casein 

media, the protein was decomposed.very rapidly to ammonia, 
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Bacillus cereus hydrolyzing the casein to amino acids, and 

Bacillus fluorescens decomposing the latter to ammonia. 

Buchanan and Fulmer (1-7) have reported on a very 
. . . 

interesting symbiotic relationship where Azotobacter has 

been found growing associated ~ith algae. They suggested 

that Azotobacter utilized carbohydrates· synthesized by the 

algae. 

Fulton (18) studied the growth patterns of Escherichia 

coli and Salmonella ~chottmuelleri in association.. He·used 

a synthetic growth meqium with aspartic acid as-carbon 

· source. Batch uni ts were used, and the growth pattern was 

· followed for seventy-two hours. It was found that. the growth 

cycle of the two organisms in association indicates a 

tendency for one organism to succeed the other. During the 

early growth in association, Salmonella schottmuelleri was 

inhipited to a marked degree, and the population consisted 

largely of Escherichia coli. After Escherichia coli passed . . ~~ 

its maximum cell concentration, a luxuriant growth of 

Salmonella schottmuelleri developed. In the consideration 

of the growth cycle as a whole 9 it was noted that there was 

only a slight inhibition of Salmonella schottmuelleri by 

Escherichia coli in the association study. 

Kessel (19), starting from an observation that 

Aerobacter aerogenes occurs frequently in the mouths. of 

persons free from dental caries, concluded that Aerobacter 

aerogenes could inhibit the caries process in teeth by 

virtue of its ability to proc;:luce·ammonia. Jeney (20) found 
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antibiotic effects in D-glutamic acid, D-lysine, and 

·· D-arginine. He theorized that_the antibiotic effect of one 

microorganism on another could be due to the fact that one 

contai.ned exclusively. D-a.mino acids, and the other 

exclusively L-amino acids. 

Charlton (21) used Aerobacter aerogenes and Bacillus 

subtilis to search. for antibiotic substances: that.would 

affect ·the behavior of organisms in mixed cultures. He 

concluded that inhibition of growth did not occur as a 

result of direct contact between organisms, nor was it 

caused by the production of an antibiotic substance. He 

presented evidence to show. that the antagonism was due to 

competition for gaseous nutrients in the medium. 

Wynne (22) tested a strain of Aerobacter aerogenes 

against twenty-one common species of bacteria, and. found it 

to be antagonistic in varying degrees toward fourteen of 

them, Filtrates of Aerobacter aerogenes cultures did not 

exhibit antagonism. · Wynne mentioned that the mechanism of 

antagonistic action was unknown but that it could involve 

some undefined direct action of living cells. Frankel and 

Wynne (23) determined that antagonism existed.between 

· strains of Gaffkya tetragena and seventeen test organisms. 

These investigators postulated that direct antagonism was 

the most feasible explanation for the antibi.osis exerted by 

the microorganisms studied, Additional work was published 

by Bowling and Wynne (24) where fourteen strains of 

Aerobacter were tested against seven common bacterial 
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species, and antagonism in varying degrees was noted in all 
" 

cases. The antagonistic activity was again attributed to a 

direct antagonism involving close contact.of living 

Aerobacter cells with cells of the inhibited species. Con-

tinuing this series of publications on antagonism, Wynne 

and Norman (25) reached the conclusion that the direct 

antagonism theory was inadequate to explain the antag6nism 

noted in their·experiments with Aerobacter and Gaffkya. -----
They proposed an indirect antagonistic relationship aper-

ating through the production of heat-labile antibiotic 

substances. Lockhart and Powelson (2~) reported on antag-

onisms of various strains of bacteria, and concluded that 

the inhibition could not be explained by direct antagonism 

between living cells. They proposed that the exhaustion of 

some essential nutrient factor was more likely the probable 

cause for antagonism. 

In regard to microbiological problems of frozen food 

products, Borgstrom (27) discussed food poisoning and noted 

that the rich bacterial flora which is generally found in 

frozen products offered the best protection against infec-

tions. Peterson, Black, and Gunderson (28) observed that 

in frozen macaroni and cheese dinners, tremendous numbers 

of saprophytic bacteria developed, but only after extended 

incubation at room temperature. Under those conditions, 

· Staphylococci also multiplied vigorously. Additional work 

by the same investigators (29) (30) (31) showed that in 

studies carried out with bacteriological media, with 
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selected cultures, definite repressive effects were noted 

on the growth of Staphylococcus populations by a mixture of 

saprophytic bacteria. It was found that even with elevated 

temperatures·and a heavy inoculum of Staphylococcus, the 

saprophytic bacteria present always grew better than the 

· staphylococci, so as to render foods containing such mixed 

populations organoleptically unacceptable before the 

development of massive numbers of staphylococci. The retard

ing effect was attributed. to growth competition between the 

saprophytic species and the staphylococci. In addition, it 

was reported that salt concentrations above 3.5 per cent 

would iribibit growth of all species, although the sapro

phytes were inhibited to a larger degree, thus decreasing 

competition and inducing a predominance shift toward 

Staphylococcus. 

Flippin and.Michelson (32) found four Escherichia coli 

cultures that were antagonistic toward. Salmone11·a in eggs 

and egg solids. These investigators isolated nineteen 

microorganisms from various sources that showed varying 

degrees of inhibition of one or more of the Salmonella 

· species. Since this research was attempting to find a 

bacterial species that would eliminate Salmonella from 

eggs, the above nineteen strains were tested and found 

unsatisfactory because they/failed to grow on egg white, 

failed to ferment glucose, or failed to proguce an accept

able product after fermentation. They concluded that a 

nonpathogenic strain of Escherichia coli, .which produced 



15 

antagonistic action aga~nst contaminating Salmonella <;Juring 
'\, 

:.) 

the fermentation proceset in egg :white, could be the answer 

to the production of a.Salmonella-free product~ Mickelson 

and Flippin (33), expanding their work on Salmonella con

trol, found that:;Escherichia coli strains 6 .... 204-55 and 1673A 

exhibited a strong inhibition of the growth of Salmonella 

senftenberg, Salmonella organienburg, and Salmonella 

typhimurium in egg white. 

Oberhofer and Frazier (34) screened sixty-six cultures 

for their ability to influence the growth of four strains 

of Staphylococcus·aureus, and found that the more consis-

tently inhibitory cultures·were·Streptococcus faecium, 

Streptococcus faecalis, a nisin~producing strain of 

Streptococcus·lactis, and various· meat lactobacilli. Other 

cultures were found to be· less inhibitory, many were not 

inhibitory at all, and some were even stimulatory. 

Iandoto, et al. (65) found that the growth of Staphylococcus 

aureus was inhibited when grown in association with 

Streptococcus diacetilactu and other lactic streptococci. 

Freter (36) showed that, Escherichia coli, Aerobacter 

aerogenes, and Proteus vulgaris inhibited Shigella flexneri 

in broth cultures kept in an oxygen-free atmosphere. 

Inhibition was reversed by aeration or by_ the addition of 

glucose to the medium. The hypothesis was advanced that 
c 

·the predominant mechanism of the in vivo and in vitro 

antagonisms studied was based on competition for fermentable 

carbon sources in a reduced medium. 
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Shindala, et al. (37) studied the mixed culture inter-

. actions of the yeast Saccharomyces cerevisiae and the 

bacterium Proteus vulgaris. A chemically-defined-·medium 

which supports the growth of Saccharomyces cerevisiae but 

not of Proteus vulgaris·was selected. Steady state 

mixed population levels were established. An abrupt change 

in dilution rate initiated an adjustment in the population 

levels until a new steady state was reached. Several com

pounds were added to the mixed culture to determine their 

effect on the dependence of Proteus vulgaris on the yeast. 

Niacin, niacinamide, and NAD were added, and in all cases 

the dependence was broken and a competitive situation was 

created with the faster growing bacterium gaining in 

n,u.mbers while the yeast reduced in numbers until continued 

pumping diluted the added co-factor and the system was 

restored to the initial steady state. 

Hentges and Fulton (38) found that, in pure cultures, 

environmental changes had marked effects on the Shigella 

populations, while Klebsiella populations were not affected 

except at 44°C. or when aerated. In nonaerated mixed 

cultures~ under different environmental conditions, 

Klebsiella interfered wi.th the multiplication of Shigella. 

In aerated mixed cultures, the presence of Klebsiella had 

no effect on Shigella multiplication. 

Guthrie, et al. (39) studied interactions between 

Escherichia coli and Pseudomonas aeruginosa. It was deter

mined that, when glucose or glycerol was used as carbon 
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source, no interactions between Escherichia coli and 

;!'seudomo_nas aeruginosa were noted at any pH tested. It was 

reported that growth of Pseudomonas aeruginosa was increased 

when grown in a mixed system using two per cent lactose as 

carbon source, and that the growth of a pure culture of 

~s~udomonas aeruginosa. was increased if grown on mixed 

culture filtrates using lactose as carbon source. 

Gibson (40) noted pronounced microbial population 

changes when the pH of the rumen of sheep was abruptly 

lowered by intjigestion induced by a sudden change in diet 

from hay to grain. The protozoa were killed, there was a 

very large increase in the proportion of Gram-positive 

organisms, particularly. Streptococcus bovis. 

B. Review of Literature in the Bioenvironmental Engineer

:ing F:ield 

Activated sludge consists of a flocculent assemblage 

of microorg~nisms, organic matter, and inorganic materials, 

Hi.ch (41) has classified the microorganisms in activated 

sludge as including bacteria, molds, protozoa, and metazoa, 

such as rotifers, insect larvae, and worms. Pipes (42) 

classified the organisms which have significant roles in 

the act:ivated sludge process as floe-formers, saprophytes, 

predators, and nuisance organisms, this classification 

being made in accordance with their roles in connection 

wi.th waste treatment. Saprophytes were described as the 

organisms wh:ich actually break down the organic matter in 

the waste, while predators have been described as those 
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which feed upon the saprophytes. Floe-forming organisms 

were described as those which form a sludge with good 

settling characteristics .. Nuisance organisms were described 

as those which interfere with the proper operation of the 

process when they are present in large numbers. 

A considerable amount of research has gone into the 

determination of the type of microorganisms which are pre

dominant in activated sludge. Unfortunately, the results 

of the research have not been altogether satisfactory, and 

this is still an area in which a great deal of research 

needs to be done. It is not surprising to learn that the 

efficiency of biological waste treatment has not shown a 

great deal of improvement in the past when it is realized 

that the identity of the biological entities involved in 

waste treatment has not yet been fully determined. 

In 1914, Johnson (43) reported on the growth of acti

vated sludge and indicated that it was possible that 

Z22_g_!:_oea ramigera, assisted by other minute organisms, 

chiefly of animal origin, could be responsible for the pur

ification of watets. Winogradsky (44) studied activated 

sludge and found that the predominant organisms were of the 

genus Nitrosystis. 

Hotchkiss (45) made bacteriological studies of raw 

sewage and of effluents from Imhoff tanks, filter beds, and 

settling tanks, and classified the bacteria contained there

in in accordance with their physiological activity into 

proteolytic,· sulfur-cycle, and nitrogen-cycle forms. 
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Butterfield (46) isolated a bacterium, Zoogloea 

ramigera, from activated sludge and showed that such a 

bacterium was capable of stabilizing a liquid organic sub-

strata and of producing floe which was characteristic of 

activated sludge. This work, published in 1934, firmly 

established the activated sludge treatment as a biological 

process. 

Gilcrease (47) reported that large zoogloeal bacteria 

were present in sewage and that films of trickling filters 

contained.these as well as filamentous bacteria. With this 

paper, a tendency was initiated to call floe-forming organ-

isms· "zoogloeal, " •. in many cases obscuring and bypassing the 

issue of whether or not such organisms belong to the species 

Zoogloea ramigera. Butterfield, et al. (48) emphasized the 

primary importance of bacteria in the activated sludge 
' 

process, and showed that bacteria are responsible for the 

production of activated sludge. These researchers also 

noted that the primary prerequisites of the purifying 

organisms in activated sludge were, in addition to oxidizing 

capacity, the ability to grow in a liquid medium and to 

form floe. 

Butterfield and Wattie (49) isolated pure cultures of 

the predominant bacteria found in growths on the stones of 

trickling filters, and found them to be zoogloeal in nature 

and similar to the piedominant bacteria found in activated 

sludge. Furthermore, they showed that the bacteria iso-

lated from trickling filters produced a floe with the same 
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general appearance as activated sludge. Heukelekian and 

Littman (50) made a study of the morphological and cultural 

characteristics of fourteen cultures of zoogloeal bacteria 

isolated from ds many different activated sludges. These 

cultures were capable of producing floe and were found to 

be sufficiently alike to be classed either as one species 

or as one genus, indistinguishable from the zoogloeal bac-

terium, Zoogloea ramigera previously described by Butter-

field (46), Efforts were also made to isolate other floe-

forming organisms, but none was found; it was then concluded 

that natural activated sludge was comprised mainly of 

flocculent masses produced by Zoogloea ramigera. Wattie 

(51) pursued this line of investigation, and classified all 

f loc·-forming organisms as members of the species Zoogloea 

!amigera. As a result of the above described studies, 

Zoogloea ramigera came to be generally accepted as the pre-

dominant bacteria in activated sludge, being responsible 

for both floe production, and substrate removal. 

Ruchhoft, et al. (52) developed two ser:i.es of experi-

ments, one with normal activated sludge and one with acti-

vated sludge developed from a pure culture of bacteria. 

The experiments were performed using sterilized domestic 

sewage and synthetic sewage as nutrient sources, and it was 

observed that there was a remarkable similarity between the 

purification accomplished.by both systems. They concluded 

that the clarification mechanism was the same for both 
j 

·systems, 



21 

McKinney and Horwood (53) found it possfble to isolate 

from the activated sludge organisms other t:hanz'ocigloea 

ramigera which were capable Of forming a. floe similar to 

activated sludge when aerate4 in-the presence- of a suitable 

substrate. The floe-forming organisms included.Escherichia 

intermedium,· Paracolobactrum aerogenoides, Nocardia 

actinomorpha, Bacillus cereus, and a bacteriaum belonging 

to the genus· Flavobacterium. Aerobacter_aerogenes.was 

found to form a floe of the same nature as the other bac-

teria, even though it was not isrilated frbm activated 

- sludge. McKinney and Weichlein (54) isolated seventy-two 

bacteria from samples-of activated sludge taken from.the 

San Antonio municipal sewage treatment plant, the Austin 

biosorption sewage treatment plant, the Celanese Corpor-

ation activated sludge plant at Bishop, Texas, and a labor-

atory unit fed with a completely. soluble substrate. Of the 

strains isolated, twelve were capable of floe formation in 

sterile settled sewage, and fourteen formed floe in sterile 

synthetic sewage. All cultures formed floe when.incubated, 

unaerated, in the above.noted substrates. for seventeen days . 
... 

Microscopic observation-indicated that the floe was the 
. I 

normal' result of complete metabolism of .the organic sub.. ~ 
strate, and was not caused by special zoogloeal-producing 

_ bacteria. These findings confirmed the results p~esented 

by Buswe11 (_43) in 1931, who reported that a.pure culture 

-of Bacillus subtilis, _ inc up a ted in flasks of pep tone broth, 

would produce floe of sufficient density to settle. Jt is 
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possible that most, if not all, bacteria can form floe under 

proper conditions .. It is apparent from the data presented 

by the various investigators previously reviewed that 

species of bacteria other than Zoogloea ramigera can and do 

occur in acti~ated sludge, and that.it is not necessary to 

have Zoogloe~ ramigera present in order to form activated 

sludge. What is not yet known is the conditions under 

which predominance may shift toward Zoogloea ramigera, and 

whether such a shift is a desirable occurrence. 

A renewed interest in the role of Zoogloea ramigera is 

reflected in the work of Dugan and Lundgreen (55). These 

investigators recognized two species,.Zoogloea ramigera and 

Zoogloea filipendula within the genus Zoogloea, and remarked 

that both were outstanding producers of zoogloeal masses. 

They described a procedure for the isolation of Zoogloea 

ramigera, and indicated that growth of the species was 

greatly stimulated in chemically defined medium by nucleo

tides and purine and pyrimidine combinations. 

Dias.and Bhat (56) reported that Zoogloea and Comamonas 

were present in significant numbers in samples of activated 

sludge. They concluded that these two bacteria form the 

physical basis of the floe particles, and that other bac

teria are present as associated organisms. They reported 

that all organisms isolated by .them from activated sludge 

were capable of forming floe in pure culture, tut that 

Zoogloea and Comamonas ·. did so much more readily. 

There has been very little research performed to 
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systematically clarify the bacterial popqlation in acti

vated sludge. Apparently most of the energy of researchers 

· has been directed toward proving or disproving Zoogloea 

!'..!.!!!,ige.:E_~ a.s the predominant organism in activated sludge. 

Hawkes (57) mentioned. that some of the earlier investigators 

found intestinal. bacteria predominating. Allen (58) used a 

homogenizer to disintegrate the :f:locs, and found that intes

tinal bacteria.were present in negligible numbers. The 

majority of the strains isolated were members of the genera 

Achromobacterium, ~lavobacterium, and Pseudomonas. He con

cluded that intestinal bacteria were of little significance 

in the activated sludge process. 

Calaway, et al. (59) presented, in their study of the 

microbiology and ecology of sewage filtration through sand, 

the finding that the distribution of the predominant 

species varied with the filter depth. Fourteen species of 

common heterotrophic bacteria were isolated and members of 

the gener9 Flavobacteriu! and Bacillus were predomin~nt 

throughout the filter. 

Hamdy, et a.l. (60) studied the biological treatment of 

phenolic wastes using a bench scale trickling filter. It 

was found that operation in this manner would induce a 

select:i.on of phenol-resistant microflora capable of active 

reduction of p~enolic solutions in concentrations up to 

400 mg/1. The thr.ee predominating species of bacteria that 

were responsible for phenol utiliz~tion were observed to be 

a short rod, a coccus, and a spore-forming rod. These 
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Micrococcus, and Bacillus. 
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Jasewicz and Porges (61) performed laboratory investi

gations into the microbial nature of aerated dairy waste 

· sludge. It-was found that.under endogenating conditions, 

members of the genera Alcaligenes, Flavobacterium, Pseudo

monas, and Micrococcus·were predominant. Analysis of sludge 

organismswhich were actively assimilating substrate gave a 

totally different picture, .with members of the genera 

Bacillus and Bacterium predominating. McKinney and Weich

lein (54) found that.members of the following genera.were 

present: Achromobacter, Aerobacter, Alcaligenes, Bacillus, 

Bacterium,- Flavobacterium, Microbacterium, Nocordia, 

-Pseudomonas, and Zoogloea. 

Rogovskaya and Lazareva (62) examined seven different 

types of waste and found predominating organisms to be 

Bacillus, Bacterium, Microbacterium, Pseudomonas, and 

Sarcina. Dias and Bhat (56) examined seven sludge samples, 

two from an activated sludge plant and five others from 

la~oratory cultures, and reported the predominating organ

i~ms as belonging to the generaAch.romobacter, Aerobacter, 

Alcali.genes, Bacillus, Corynebacterium, · Pseudomonas, 

Spirillium, and Zoogloea, with Zoogloea.and Comamonas 

being present in significl:lnt numbers. 

Fnom the data presented by McKinney and Weichlein, 

Jasewicz and Porges, Rogovskaya and Lazavera, and Dias and 

Bhat, it can be surmised thatAchromobacter,· Alcaligenes, 
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Pseudomonas are likely to be found in activated sludge. 
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To this list·might also be added- Zoogloeal ramigera, 

although it was not reported by either Jasewicz and Porges, 

. or Rogovskoya.and Lazareva. Also present, as suggested by 

Hawkes. (56), should be Ni trosomonas and Ni trobacter, partic

ularly if the detention time in the aerator is somewhat long. 

In.1927, Morgan and Beck (63) noted.severe.bulking in 

the Des Plaines River treatment plant at Chicago. The 

sewage·arriving at the plant was found to contain as high 

as·. 10, 400 mg/1 of glucose. This carbohydrate was later 

proven to have been present because of the dumping of resi

dues emanating from the illicit fermentation and distilla

tion of corn sugar. Ruchhoft and Watkins (64) identified 

the filamentous organisms which overran the above plant 

and classified them as belonging to the genus Sphaerotilus. 

They concluded that carbohydrate wastes stimulated the 

growth of undesirable filamentous organisms in activated 

sludge . 

. Haseltine (65) found that high air requirements were 

necessary to avoid bulking and proposed that bulking was 

caused by the disruption of the balance between adsorption 

and biological oxidation. He theoreized. that overloading 

causes bulking, and indicated. that:;Sphaerotilu~ growth may 

be a secondary c1;1use of sludge bulking. Smit (66)· stated 

that bulking was materially influenced by the presence of 

carbohydrates. He showed that glucose;- sucrose, and 
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lactose were particularly deleterious, while starch had a 

much lesser effect. He also pointed out that regardless of 

the deterioration in the settling characteristics of the 

sludge, carbohydrates continued.to be metabolized with 

rapidity. · Smit also made the observation that, since the 

carbohydrate.content of the sewage in Amsterdam, Holland, 

was far below the concentration required to induce bulking, 

it followed that the real cause of ~ulking was to be found 

elsewhere. 

Smith and Purdy (67) failed to build up a culture of 

bulking sludge using sterile sewage as substrate, Also, 

they recommended chlorination of the return sludge as a 

useful method for combating bulking. Ingols and Heukelekian 

(68) studied bulking in the light of the known facts that 

bulking can be induced by the addition of carbohydrates, 

and that treatment plants bulked in the absence of appre

ciable quantities of carbohydrates. It was found that when 

there was a limited supply of nitrogen present, zoogloeal 

organisms could not completely utilize carbohydrate, leav

ing an excess to stimulate the growth of Sphaerotilus. It 

was also found that when an abundance of nitrogen was 

·present, zoogloeal organisms could compete with Sphaerotilus 

for only a short time, because the latter develops at a 

higher rate. It was also pointed out that Sphaerotilus, 

being.facultative, could favorably compete with zoogloeal 

organisms. 

The New England Association in one of its sewage 
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research reviews (69) has noted that no instances of bulking 

have been reported with carbohydrate-free sewage under lab

oratory conditions from activated sludge units operated 

continuously for over twenty-five years·at the Lawrence 

experiment station. It also reported that efforts to 

induce bulking with starch, sugar, and filamentous organisms 

had been unsuccessful. 

Ruchhoft, et al. (70) stated.that the large amount qf 

sludge which developed from sewage containing sugar could be 

the cause of difficulty in sewage plant operation. 

·up to 1940, it was assumed that all bulking was caused 

by. Sphaerotilus. Lackey and Wattie (71) indicated that 

bulking sludge was usually caused by Sphaerotilus natans, 

although other filamentous organisms could be responsible 

for bulking under certain conditions. They also indicated 

that Bacillus mycoides in pure culture sometimes grew as 

filaments in such a way that it could be mistaken for 

.Sphaerotilus. 

Littman (72) succeeded in producing bulky sludge in 

two days with a natural activated sludge fed with excessive 

carbohydrate and limited nitrogen. The predominating bulk

ing organism was identified as Sphaerotilus. Littman also 

attempted to build up a culture sludge of Sphaerotilus in 

sterile sewage, .but his efforts met with failure. 

Heukelekian and Ingols (73) accomplished bulking of 

activated sludge with sewage by diluting the concentration 

of oxygen in the air with nitrogen gas. They concluded 



28 

that under conditions of oxygen deficiency,, SphaerotiJus, 

which could grow both under aerobic and anaerobic conditfbns, 

becomes precdom:i.nant over·zooglo~a, an aer()b'e. They pointed 

out that the supply of oxygen should be sufficd.ent.not·to 

interfere with the purification mechan;i.sm; ·· and yet inade-

· quate for complete aerobic stabilization. Also,. it was 

stated that bulking in the presence of carbohydrate was due 

to ~haerotilus but not through oxygen deficiency created 

by high carbohydrate ~oncentration, rather as a direct 

specific food response since'Sphaerotilus utilizes carbohy

drate more efficiently than Zoogloea. Although this paper 

had great scientific merit, it represents a grave oversim-

plification of the biological processes involved, since it 

assumes the existence of only one bulking organism and one 

floe-forming organism,.Zoogloea ramigera. 

Ingels and Heukelekian (74) continued . their res-earch 

on bulkihg, and presented data showing bulking of activated 

sludge when agitated with a limited amount of oxygen and 

fed with carbohydrate, calcium butyrate, peptone, glycerol, 

or calcium propionate. Bloodgood {75) suggested that one 

of the causes of sludge bulking might be-the swelling of 

the zoogloeal organisms. Ruchhoft and Kachmar· (76) showed 

that Sphaerotilus in pure culture could produce a growth 

very much like bulking sludge. They worked with a strain of 

Sphaerotilus natans, which was a strict aerobe, and had an 

optimum pH range from 6-9. The results indicateq that 

bulking was a response of sludge organisms to a disturbance 



in.the biological equilibrium, the three primary factors 

involved.being sludge composition, food, and rate of oxygen 

·supply. They did not 'Consider the'appearance.of Sphaeroti~ 

lus natans as the primary cause for bulking. Logan and 

Budd (77) pointed out that bulking would occur not only 

when a system was o~erloaded, but ~lso when underloaded. 

Heukelekian and Weisberg (78) showed that activated sludge 

could bulk without an overgrowth of filamentous organisms, 

and indicated that to obtain a Sphaerotilus type of bulking 

it was necessary to feed sugar. 

Ludzack and Schaffer (79) developed activated sludge 

cultures in the laboratory using a suspension of commercial 

dog food as substrate, and using a glucose-gelatine solution. 

Each was studied at temperatures of s0 c and 3o0 c. They 

observed bulking sludge with both substrates, and noted that 

sludge was more. likely to develop·Sphaerotilus bulking at 

5°C, and concluded. that the filamentous organism had a 

better competitive position at the lower temperature. 

Dondero, et al. (80) pointed out that.the best isolation 

method for Sphaerotilus was quite different from the method 

used for bacterial surveys,on activated sludge, and that it 

was likely. that Sph.aerotilus a,ould be isolated from almost 

any sludge samp~e if the proper techniques were used. 

Various isolation techniques were presented in the paper. 

The role of ;fungus.in the production of bulking s1udge 

is not altogether clear. Gerietelli and Heukelekian (81) 

have reported on fungus causing bulking in a laboratory 
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activated sludge culture. No identification of the fungus 

was made. These investigators,proposed that·both Sphaero

~ and fungus types of bulking could be induced at the 

same loading with glucose by varying the buffering capacity 

of the system. Lackey (82) suggested that.fungi could play 

an important part in the formation of floe in activated 

sludge. Cooke (83) included samples.from several activated 

sludge plants in his survey of fungi in polluted waters. 

It was reported that.members of the general Cladosporium, 

. !{argarinomyces, Aureobasidium, Geotrichum, and Trichoderma 

were present in large numbers in activated sludge. The 

presence of fungi that coUld produce bulking in activated 

sludge was thereby noted. 

Hawkes (56) states thit fungi have not been extensively 

reported in connection with activated sludge, but that this 

may be due to lack of research rather than lack of fungi, 

He also reported that Geotrichum has caused bulking p~ob

lems at the sewage plant at Yardley, England. Cooke and 

Ludzack (84) reported that the rotifer-trapping fungus 

Zoophagus indidians caused bulking in a laboratory activated 

sludge unit. 

The difficulties of clkssifying and identifying bulk

ing organisms from activated sludge have been clearly 

demonstrated by Pipes and Jones (85). These investigators 

worked with Geotrichum for over a year under the impression 

that it was Sphaerotilus. In view of the above experience~ 

it is difficult to give credence to the various reports of 
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bulking in which the ~uthors have classified. the predomi

nating orgatiism as·Sphaerotilus without having shown posi-

. tive ·. evidence of its presence. This is particularly 

evidenced by the Widespread belief in the wate~ pollution 

control field that splliie'ro'f':fius growth would occur at low 

pH, when it has .been .conclusively demonstrated (76) that 

the optfmum pH range of Sphaerotilus is from six to nine, 

and that.this-genus is very sensitive to pH values below 

five. There is also some doubt as to the soundness of 

classifying all filamentous organisms causing bulking as 

Sphaerotilus,· since there is substantial evidence (66)(56) 

(71) (53) that other organisms,· e.g., fqngi, also. can be 

responsible. 

lhe predominance and role of yeasts in activated sludge 

is a relatively unexplored area. Cooke, et al (86) reported 

on yeasts isolated from the same samples used in Cooke's 

previous paper on fungi (83) . In the later work (86) it 

was found that the genera Candida, Rhodotorula, Turulopsis, 

and Trichosporon were present. in samples- taken from acti

vated sludge, These authors did not elaborate on the 

· possible role of the yeasts in the overall activated sludge 

process. 

The role of protozoa in activated sludge was studied 

by Purdy and Butterfield (87). They reported that a culture 

containing both bacteria and p_rotozoa would e;,how first a 

bacterial population. increase and then a decrease in number 

coincidental With a rapid increase in the protozoa. Pillai 



32 

and Subrahmanyan (88)(89) proposed that protozoa were pre

dominant.in activated sludge, at least to the point of 

being mainly responsibl~ for sewage purification. This 

concept was thereafter disproved by various investigat6rs, 

among them Heukelekian and Gurbaxani (90). Bhatla and 

Gaudy (91) in a classic~! paper explained the role of pro-

tozoa, and their interaction with 'bacteria in the diphasic 

exertion of BOD. 

Jeris and McCarty (92) .studied anaerobic digesters and 

suggested that.digester t1.psets may occur due to a change in 

predominance of the acid-forming bacteria, resulting in the 
. I 

accumulation of different substrates for which the appro-
'~W!it··· 

priate spec:ies·of methane .bacteria were not present. 

Gaudy (93) experimented with four organisms, 

Alcaligenes faecalis, Pseudomonas·fluorescens, Serratia 

marcescens, and Flavo.bacterium esteroaromaticum, He found 

that a mixture of organisms proved to be more efficient in 

substrate utilization than the pure cultures. Also, from 

the data collected, he concluded that with the four organisms 

.studied, it was not always possible to predict predominance 

in mixed populations by pure culture studies, since such 

studies gave no indication of the interplay between the 

species when grown together. 

Engelbrecht.and McI<inney (94) studied acclimated 

sludge cultures, and concluded that the chemical structure 

of the substrate fed was the controlling factor in the pre-

dominance of microorganisms when all environmental factors 
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were constant. They also concluded that activated sludges 

developed on strictly related chemical compounds had simi

lar morphological appearance and produced similar biochemi

cal changes. The conclusions stated in this paper were 

simple, straightforward, and logical, and would have repre

sented a tremendous ~dvance to our field if they had been 

borne out by factual observation. Unfortunately, they were 

not. Rao and Gaudy (95) conducted long-term studies with 

heterogeneous populations, and found that for sludge 

samples taken at different times, the relationship between 

initial solids and COD removal varies for a single sub

strate. Also, it was reported that the cell yield varied 

for a single substrate. Both of these observations wete 

explained by observation of concurrent changes in predom

inance in the system studied, thereby indicating that pre

diction of predominating organisms solely on the basis of 

the structural configuration of the substrate may not be a 

vaLid concept. 

Leal (96) studied interaction of bacterial systems 

under controlled environmental conditions and concluded 

that cell concentration and the mode of predominance in 

mixed cultures could not be quantitatively predicted based 

on studies with pure cultures. Kinqmnon and Gaudy (97) 

studied the effects of high salt concentrations on acti

vated sludge, and concluded that acclimation of sludges 

to high salt concentrations involved a selection of species 

rather than an acclimation of all the species present. 
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Gaudy, et al. (98) studied. the occurrence of the plateau in 

BOD exertion, and formµ.lated four theqries,ex:plaining the 

existence of the plateau. One of the theories:was that the 

plateau was caused by a change in predominanc~ that would 

occur in a heterogeneous ~ystem after the exogenous sub

strate had been exhausted. 

Cassell, Sulzer, and Lamb (99) · studied corltinuous flow 

.·· systems developed. from.natural sewage populations using 

.skim milk as substrate. They observed that all parameters 

which reflected biological activity fluctuated continuously, 

and concluded that the fluctuations were the result bf 

microbial interactions. They succeeded in establishing 

different predominating populations at high and low deten

tion times. They also concluded that when two mixed pop

ulations competed and neither had great selective advantage, 

the mixed culture would be unstable. 

The short analysis of the literature·which has been 

presented serves to emphasize the many areas of biological 

science in which species predominance is of considerable 

interest. Also noted is the deficiency of basic work that 

has .been published dealing with causes and effects of 

changes in predominance. No doubt, much more research work 

.in this area needs to be done and should be done to allow 

scientists to predict and control microbial predominance 

patterns in the many different situations .in which such 

control would be beneficial. 



CHAPTER III 

THEORETICAL PRINCIPLES 

A. General 

The theoretical principles included in this chapter 

are as follows: theory of enzyme kinetics, bacterial growth 

kinetics, theory of microbial batch kinetics, and steady 

state kinetics without recirculation. These theories have 

been included as a necessary background for the kinetic 

considerations as applied to predominance patterns in con

tinuous and discontinuous systems, and for the use of 

kinetic growth constants in studying and predicting rela

tive bacterial population densities. 

B. Th,eory of Enzyme Kinetics 

A discussion of classical enzyme kinetics is included 

here because microbial growth kinetics are based essen

tially on kinetic formulations for enzyme systems. Micro

bial growth can be considered to be the result of a large 

number of enzyme reactions, and as such, the overall 

reaction rate could be considered to be that of the rate

limit:ing step. 

In an enzyme reaction, it is assumed that an inter

mediate enzy"me-substrate complex is formed. The following 
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reaction may then be written: 

+ [s] + [i,J 
where 

[EJ= concentration of enzyme; [P] = product 

~] = substrate concentration 

~~ "'' enzyme-substrate complex 

k1 , k2 , k3 = velocity constants 

The rate of formation of ES is 

[E~ is the concentration of the uncombined 

enzyme. 

The rate of disappearnce of ES is 

d d~i = k2 [Es] + . k3 [E~ 
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(1) 

(2) 

(3) 

At steady-state, the rates of formation and disappear-

ance of ES are equal: 

(4) 

Rearranging 

(5) 

where Km is the Michaelis constant. From Equation (5) 

~sJ = (7) 
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The initial velocity of the reaction, V, is given by 

the expression: 

(8) 

When [sl is made so high in relation to [E] that all 

of the enzyme is present as ES, the velocity of the 

reaction is Vmax 

v max (9) 

By subs ti tu ting for [Es J in Equation (6) , and substi-

tuting the value of V given in Equation (8), the 
max 

Michaelis-Menten equation is obtained: 

v Vmax~ 

Km + [s] 
(10) 

From Equation (9) it is seen that when V • 1/2 V , max 

K is equal to the concentration of the substrate that 
m 

gives half of Vmax 

Lineweaver and Burk (100) proposed that Equation (10) 

be inverted and factored to obtain the following equation: 

1 v 
1 

v max 

Since the equation for a straight line is 

y =ax+ b 

(11) 

it is possible to plot Equation (11) using 1/S and 1/V axes 

and obtain a straight line where the line cuts the vertical 

axis (1/V) at a point which gives 1/V and has a slope of max 

K_/V . ml max 
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C. Relationship between Bacterial Growth Rate and Substrate 

Concentration 

The relationships which govern bacterial growth kin-

etics have been formulated by Monod (101), who proposed the 

following equation: 

µ.max 8 
K + S s 

where L1. is the growth rate, ll is the maximum growth r rmax 

(12) 

rate, Sis ~he concentration of the limiting growth factor, 

and K is a saturation constant numerically equal to the s 

substrate concentration at which the growth rate is 1/2 of 

the maximum value. 

The Monod equation is of an empirical nature. It is, 

however, to be noted that the equation is similar to the 

Michaelis-Menten equation for enzymatic reactions. In the 

light of such similitude, the Monod equation could be con-

sidered to be that of the rate-limiting reaction in the 

conglomerate of enzymatic reactions that constitute bac-

terial growth. 

In this report, the Lineweaver-Burk plot of the Monod 

equation and the kinetic growth constants derived therefrom 

have been determined for each pure culture and used to 

study and predict predominance patterns in mixed cultur~s. 

D. Microbial Batch Kinetics 

In the log growth ~base, bacterial growth can be 

represented by the following equation: 

dx = fL x 
dt 

(13) 



where x is the concentration of organisms and µ. is the 

exponential growth rate. 

Rearranging and .solvi'ng :: 

LL = ! dx = d · ln x 
r. x dt dt 

· Equation (14) is the exponential growth equation. 
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(14) 

. Tr specific growth r.~te is related to the generation 

time, , by:, 

:µ.· = ln 2 

T (15) 

Solving:. 

X = 0~693 = 0.301 

' J,1 (3 
(16) 

where (3 is fL for common logarithms. 

. E. Steady State Kinetics without Recirculation 

In a continuous flow reactor without recirculation, 

the J,tinetics of the process can be formulated by performing 

a materials balance for cells and substrate. 

In a. materials balance. for ce-lls: 

[ ra~e of cell] 
increase 

. dx 
- = L.L'. x - Dx dt ~ 

[ rate of] 
growth [ rate c;>f J 

outflow 

(17) 

where Dis ~he dilution rate, i.e., the reciprocal of the 

detention time. 

by. 

Equation: (17) can·be expressed in the followiqg form: 

· dx = x( fL: µiax s) - D x (18) 
dt K . +- S 

.S 

substituting the µ. value from the Monod Equation· (l~) . 
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In a materials balance for substrate: 

of increase.l =irate.·· of]:;... f rate: ofl -[rate of substrate]·· 
substrate J L input,·:. ~ output J consumption 

DS - f.L y (19) 

where SR is the substrate concentration of the inflow, S 

the substrate concentration of the effluent, and Y the cell 

yield. 

. Equation (19) can also be expressed as: 

dS = D S - D s - ( ~ )( ~max S ) (20) dt R Y .· KS + S 
! 

by substituting the Monod equ~tion for µ. into Equation (19). 

and 

In the steady state 

dx = 0 
dt 

dS 
dt 0 

(21) 

(22) 

dx .dS Since, in the steady state, dt and dt. = 0, the steady state 

equations can be derived from the equations given above. 

From Equation (17)',. when ~~· = 0 

fJ. = D 

dS From Equation (19) when dt 

D S + ~ U = DS yr R 

0 

Substituting (23) into (24) and rearranging 

x = Y (SR - S) 

(23) 

. (24) 

(25) 

Equation (25) indicates that the cell concentration in 

the reactor depends· upon yield and the incoming and outgoing 
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substrate concentration. 

Substituting Equation (12) into Equation (23) • and 

. solving for S, 

S = K ( D ) 
s JJ.max - D 

(26) 

Equation (26). indicates that the substrate concentra

ti6n in the effluent depends upon the dilution rate and the 

growth rate co~stants. 

An examination of Equations (25) and (26) reveals that 

when Y, IL and K are known, the concentrations of cells ,max s 

and substrate in a reactor can be predicted for different 

dilution rates, at a given inflowing substrate concentra-

tion. 



CHAPTER lV 

MATERIALS AND METHODS 

A. Description of Equipment 

1. Batch Runs 

ln batch experiments, flasks of special design were 

used to measure growth rates. These flasks were of 250 ml 

capacity. Matched test tubes were attached_to the flasks 

by ground glass jo~nts to facilitate making optical density 

readings. Optical densities were measured by inverting the 

flasks and placing the test tubes into a spectrophotometer. 

The flasks, each containing 60 ml of fluid 1 were incubated 

on a water bath shaker (Research Specialties Company) main

tained at 25°C and operated at a constant speed of ninety 

strokes per minute. The optical dens;i.ty flasks·used are 

shown in Figure 1. 

All optical densities:were read using a Bausch and 

Lomb.Model Spectronic 20 spectrophotometer. All absorbancy 

readings pertaining to growth rate measurements were made 

at a wave length of 540 mµ.. 
2. Continuous Flow Experiments 

The equipment used in continuous flow experiments is 

shown in· Figure 2. It consisted of a growth medium 
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Figure l - Flasks used for optical density measurements 
in batch e:,cperiments. 
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Figure 2 - Continuous flow r e actors . f~ 
1!l,. 



reservoir, a continuous flow reactor (the chemostat), two 

air filters, an air flow meter, a water bath, a pump for 

pumping water through the water jacket of the chemostat 

(Beckman Model 746 solution metering pump) and a low flow 

pump (Sigmamotor, Inc. AL-2-E) to introduce growth medium 

into the reactor, 
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In several of the experiments the chemostat was placed 

over a magnetic stirrer, and a small magnet was placed"in-

side. The magnet was then rotated at a constant speed to 

increase the mixing inside the reactor. 

B. Synthetic Waste 

The synthetic waste used in the experiments consisted 

of a carbon source and the salts listed in Table I. 

TABLE I 

CONSTITUENTS OF A SYNTHETIC WASTE 

(NH4) 2so4 500 mg/1 

M. . g so4 ·1H2o 100 mg/1 

Mn so4 ,H2o . 10 mg/1 

FeC13 '6H20 0.5 mg/1 

CaC12 7.5 mg/1 

KH2Po4 526 mg/1 

~HP04 1070 mg/1 

Tap Water 100 ml/1 

Distilled Water to volume 
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C. Analytical Techniques 

1. Chemic::tl Oxygen Demand 

The COD of the samples.was determined in accordance 

with the procedures· inc;:licated.in "Standard:Metnods for the 

· Examination of Water and Wastewater" (102) (103). Silver 

sulfate was used in all determinations as a catalyst. 

2. Biological Solids 

The concentratton of biological solids was determined 

by the membrane filter techniq,ue (HA, 0. 45 JJ.. filter manu

factured by the Millipore Filter Co.). The filters were 

placed on alumina:tion <;Ushes, oven-dried at l03°C for two 

hours and placed in a desiccator for at least two hours 

before tare weight.was determined. Measured Samples were 

filtered through tared filters; under vacuum, submitted to 

the same drying ~rocedures and weighed. From the difference 

in weight, the concentration of biological solids was 

determined. 

3. Oxygen Uptake 

The oxygen :uptake of the samples,was determined using 

a Wat'burg · respirometer (Gibs~:>n Medical Electronics) oper

ated at 25°C with a standard oscillating velocity of 110 

. strokes/min.. Forty ml samples·. were used in all experiments. 

4. Glucose ---
Glucose determination was made by the Glucostat.test 

in accordance with.the procedures outlined.in the Glucostat 

· Manual of the Worthington.Biochemical Corporation.(104). 



5. Sorbitol 

Sorbitol determinations were made using periodate 

oxidation, in accordance with the following procedure, 

. which has been previously used by Komolri t (105) : 

a. Place an aliquot containing 0~05-0.3 mg sorbitol 

in a test tube. 
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b. Make up the sample to 2.0 ml with distilled water. 

c. Add 0.1 ml of ION H2so4 . 

d. Add 0.5 ml of 0.1 M periodic acid. 

e. · Allow five minutes to react, and add O. 5 ml of 

O.lM sodium arsen~te. Mix, and wait 10-5 minutes. 

f. Make up volume to 10 ml by adding 6.9 ml of 

absolute alcohol. 

g. Take 1 ml of the above solution, place in a test 

tube and add 10 ml of chromotropic acid solution. 

h. Heat in a boiling water bath for 30 minutes under 

diffused light. 

i. Cool to room :temperature, and read optical density 

at a wave length of 570 mµ. 
The chromotropi.c. acid reagent is prepared by dissol

ving 1 gm of the chemical in 100 ml of distilled water; the 

solution is then filtered. A sulfuric acid solution is 

prepared by adding 300 ml of concentrated H2so4 to 150 ml 

of distilled water. This solution is cooled and added to 

the first solution to make up a volume of 500 ml. The 

resulting reagent is then stored in a brown bottle . 

. When the sorbitol determination is performed, at least 



.48 

two blanks and several sets of standards are run concur-

rently with the unknown sam:ples ~ 

6. Sucrose 

Sucrose determinations were performed. by the resorcinol 

method indicated by Roe (106) .. The procedure is as follows: 

a. The resorcinol reagent is prepared by d~ssolving 

0.1 gm of resorcinol and 0.25 gm of thiourea in 100 ml of 

. glacial acetic acid. 

b, The acid solution is prepared by mixing five parts 

of concentrated. HCl with one part of distilled.water. 

c. Two ml of a sample containing from 0.04 to 0.16 mg 

of sucrose are placed in a test tube. 

d. Add 1 ml of resorcinol reagent. 

e. Add 7 ml of HCl solution.. 

f. He.at in a water bath at so0 c for ten minutes. 

g. Read at a wave length of 520 mµ., after thirty 

minutes of heating. 

7. Volatile Acid Determinations 

Volatile acids were determined.using a Model 810 gas 

. chromatograph (F & M .. Scientific Company). A 1/4" glass 

column packed with Polypak-2 (Hew~ett-Packard Co., Avondale, 

Pa.) ~as u~ed. The carrier gas utilized was helium. 
l ... 

Hydrogen. was supplied at 20 psi, and air· at _33 :psi. H~lium 

.was supplied at the rate·of 100 ml/min at 60 psi. fhe 

detector temperature- was 275°C, ·the injector temperature 

was 30o0 c, an.d the oven temperature· was 200°c. 



D. Bacteriological Techniques 

1: .sterile Techniques 

.All media, glassware i;tnd equipment used in contact 

with bacterial cultu~es were sterilized. for:fifteen to 

sixty minutes at 15 ·psi .and 121°c .in an autoclave, or at 

160°C for no less than.two hours in an oven. 

2. PlateCounts 
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The enumeration and d;ifferentiation of bacteria was 

accomplished using the E;ipread plate surface counting 

technique. Difeo nutrient agar :with·0.5% Bacto agar added 

:was used in all cases. After proper dilution of a sample, 

0.1 ml was placed upon the agar surface in a petri dish. 

The dish was placed on a turntable, and the sample was 

spread evenly over the agar surface by rotating the turn

table :while holding a.curved glass rod.on the $Urface. The 

glass rod.was sterilized by immersion in ethyl alcohol or 

isoprophl alcohol followed by fli;tming. 

In all cases, duplicate plates were prepared. These 

were counted, using ~uebec Colony counter, after being 

incubated.at 2s0 c. 

E. Bacterial Cultures 

The pure cultures of bacteria used in these studies 

.were.either isolated.from sewage or known to be present in 

sewage. These organisms were .selected. for study because 

their growth characteristics when placed on an agar·surf-ce 

were such as to allow rapiq enumeration and accurate 



identification. The organisms used were as follows: 

Pseudomonas aeruginosa 

Serratia marcescens 

Escherichia coli, strain K-12 

An organism tentatively identified as Escherichia 

. intermedia 

An unidentified organism, hereafter called Yellow 

organism 

An unidentified organism, hereafter called Blue 

organism. 

F. · Experimental Protocol 

1. Batch Studies 
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Bacterial cultures were maintained (at a constant 

temperature·of 25°C) in shake flasks (90 strokes/min) con

taining 60 ml of medium. Every four to five days the 

cultures were transplan.tedby removing 5 ml to another 

flask containing 55 ml of growth medium which contained 

sufficient substrate to yield 1000 mg/1 of carbon source 

when the transfer was accomplished. Culture purity was 

checked after every transfer by making streak plates. 

Approximately eighteen hours before each experiment, trans

fers were made of each of the cultures to be utilized, in 

accordance with the procedure outlined above, and the seed 

used in the experiment was taken from these flasks. In 

all of the culture transfers as well as in all of the 

experiments performed in connection·with this research, 

sterile techniques·were scrupulously observed, 
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2. Kinetic Growth Rate Studies 

The kinetic growth rate studies were carried out by 

pipetting two to four ml of the seed culture into the opti

cal density flasks containing sufficient salts medium, 

buffer, and substrate for a final volume of 60 ml. These 

flasks contained various substrate concentrations from 

100 mg/1 to 1000 mg/1. Duplicate flasks for each substrate 

concentration were used. The optical density of each sus-

pension was read immediately after inoculation, and the 

flasks were placed in the water bath shaker which was main

tained at a constant temperature of 25°C. Optical density 

. readings were taken at hourly intervals until no additional 

change in absorbancy was observed. 

3. Growth Rate Comparison Experiments 

The growth rate comparison experiments·were performed 

. in a manner similar to the growth rate studies described 

above. Six optical density flasks were prepared, two con-

taining one substrate, two containing a .second substrate, 

and the remaining, a mixture of both substrates. Three of 
'-· 

the shaker f1asks (one of each duplicate set) were seeded 

with the organism acclimated to one .substrate, while the 

other three flasks were seeded with the same organism 

acclimated to the second substrate. Optical densities were 

then read, and the change in absorbancy was followed for 

each flask throughout the growth cycle. 

4. Studies on Biochemical Behavior 

For the biochemical behavior experiments, a large 



container of the salt medium-buffer-substrate mixture was 

seeded with the culture to he studied. Sixty ml portions 

52 

of the culture were transferred to sterile 250 ml Ehrlen

meyer flasks and placed in the shaker. Forty ml portions 

were added to sterile Warburg flasks, and 60 ml portions 

were added to optical density flasks. The oxygen uptake was 

followed with the Warburg apparatus and samples were col

lected periodically from one of the flasks for plate counts. 

Flasks were removed from the shaker every one to two hours 

and the contents filtered and analyzed for COD and specific 

substrate. Similar procedures were followed with two or 

three organisms in mixed culture experiments. Experiments 

on sequential substrate removal were also performed in this 

manner, with two substrates being added to the culture. 

5. ~tarvation Experiments 

The starvati.on experiments were carried out by prepar

ing two cultures of bacteria grown on glucose in the manner 

already described. After inoculation, twenty~four to 

thirty-six hours were allowed until it became certain that 

all substrate was exhausted and the cultures were in the 

endogenous phase. Thirty ml of each of the "endogenating" 

cultures were placed on the shaker at 25°C, and samples 

were removed each twelve to twenty-four hours for plate 

counts. For the control systems, the procedure was the same 

except that the cultures were not mixed. 

6. Continuous Flow Studies 

In the continuous flow studies, after the entire 
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assembly had been properly sterilized, tb.e chemostat was 

inoculated and the cells allowed to grow for twenty-four 

hours in batch culture before a feed_ flow rate was estab

lished. Aeration was provided at a flow rate of 1000 cc of 

air per minute. After a feeding flow rate was set, the 

chemostat was allowed to equilibrate through at least three 

detention.times. After that time, effluent samples.were 

checked for steady-state conditions by means of optical 

density. After such conditions were achieved, as shown by 

three consecutive samples having identical optical density, 

sampling was begun by collecting the required volume for 

analysis· in a.tube placed in an ice bath. These samples 

-were filtered through a Millipore filter; the filtrate was 

then analyzed for substrate and volatile acids. To assay 

for viable pop·ula tion, a one ml sample was collected direct

ly from the reactor by means of a sterile pipette. These 

determinations also served to check the purity of the 

aerating culture. 



CHAPTER.V 

RESULTS 

A. General 

The results herein presented cover a very broad area 

in which some topics may appear somewhat unrelated. This 

situation arises because of the essentially explo~atory 

nature·of the work which necessitated involvement in a more 

diversified effort than would be justified by research in a 

more narrow.or specific area. The results could have been 

presented in several different ways; however, the order 

chosen appears to t~e writer to provide for a unified and 

easily followed report. The results are presented in five 

general sections: 

1. Batch studies with pure cultures 

2. Batch studies with mixed cultures 

3, Continuous flow studies with pure cultures 

4. Continuous flow studies with mixed cultures 

5. Species predominance control experiments. 

A presentation of the results of each particular sub

section is followed by an analysis of the results of the 

subsection. It.was felt that this mode of presentation 

would allow a more unified discussion of the research 
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findings in the general discussion of results in Chapter VI. 

B. Batch Studies with Pure Cultures 

1. .Kinetic Growth Rate Studies using Glucose as Substrate 

The investigation of the kinetic growth rate constants 

for each pure culture studied was the basic starting point 

in this work. Figure 3 shows the growth rate curves of the 

Blue organism at different initial glucose concentrations. 

As expected, a greater total growth resulted from higher 

substrate levels. The same results plotted on semi-log 

paper are shown in Figure 4. The slope of the straight 

line portion of the semi-log plots represents the logarith-

mic growth rate and is used to calculate the specific growth 

rate, J-L. The average value of the specific growth rate at 

each substrate concentration computed from at least two 

experiments similar to the one shown in Figures 3 and 4 are 

plotted against substrate concentrations in Figure 5. This 

figure represents a Monod plot which permits the graphical 

determination of the kinetic growth rate constants. Values 

of 11 and K for the Blue organism are shown in Figure 5. rmax s 

Figure 6 shows an arithmetic plot of optical density 

vs. time for the organism ?seudomonas aeruginosa. The same 

results plotted on semi-log paper are shown in Figure 7. 

The plot of specific growth rate vs. substrate concentra-

tion is shown in Figure 8. It is noted that all of these 

cur~es bear a close relationship to those of the Blue 

organism~ al though the calculated 11. is somewhat lower rmax 

and the K8 highe:r than that of the Blue organism. 
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Figures 9, 10, and 11 represent the growth curves and 

Monod plot for the Yellow organism. This organism exhibited 

a low JJ.max and a high Ks. It was the organism which exhib

ited the highest Ks value of those studied. This organism, 

however, was very difficult to study as it tended to floe-

culate at times for no apparent reason and it was deemed 

unsuitable for continuous flow studies because it would 

attach itself to a great degree to the walls of the reactor 

vessel. Regardless of the specific behavior of this organ-

ism, ~tis felt that the kinetic growth rate constant 

values computed are reasonably accurate because in the 

experiments shown no flocculation was observed. 

Figures .12 and 13 show growth curves for the organism 

~err a ti~ marcescens. Figure 14 shows the Mon.od plot with 

the calculated values of IL and Ks. rmax 

The growth curves for Escherichia intermedia are shown 

in the arithmetic plot of Figure 15. A plateau in growth 

can be observed in this figure, particularly at the sub-

strate concentrations of 500 mg/1 and above. The semi-log 

plot in Figure 16 is used to determine the values of the 

primary growth rate which is plotted vs. substrate concen-

tration for Escherichia intermedia in Figure 17. 

Figures 18 and 19 show the growth curves of an experi-

ment performed with Escherichia coli. The kinetic growth 

rate constants for this organism are shown in Figure 20. 

A tabulation of the results obtained in this section 

is given in Table II. 
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TABLE II 

KINET~C CONSTANTS AND CELL YIELD FOR SELECTED ORGANISMS USING 

GLUCOSE AS SUBSTRATE 

K 
Generation Cell Yield Cell Yield 

Organism Jl-max s Time (hrs) mg solids/mg glucose viable cells/mg glusose 

Blue 9 organism 0.375 22 0.80 0.697 1.42 x 10 

Pseudomonas 
4.25 x 10 9 aeruginosa 0.340 40 0.89 0.482 

Escherichia 9 
interme-dia 0.325 90 O. 93 0.578 1.49 x 10 

Serra ti a 9 
marcescens 0.290 55 1.04 0.447 1.41 x 10 

Yellow 9 
organism 0.220 230 1.37 0.473 2.65 x 10 

Escherichia 9 
coli. K-12 0.170 20 1.77 0.424 1.06 x 10 __ , --

.....:) 

CJl 
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Analysis 

The organisms under consideration are listed in Table 

II in order of decreasing LL values. This was done ,max 

because it was felt that II. would be a principal pararmax 

meter in attempting to predict predominance patterns in 

mixture of cultures. The organisms can be classified into 

three types according to 11. values: rmax 

1. Fast-growing organisms: Blue organism, Pseudo-

monas aeruginosa, and Escherichia in.termedia. 

2. Medium-fast growing organisms: Serratia 

marcescens. 

3. Slow-growing organisms: Yellow organism, and 

Escherichia coli. 

The relationship between I/. and K is not clearly rmax s 

defined by the data collected. There does not appear to be 

any set pattern of~ values that can be related to the 

ru. of each organism. It was noted that the two lowest r max 

Ks values correspond to the organisms with the highest and 

lowest II of the strains studied. It was also noted rmax 

that organisms with a high Ks value would exhibit a sig-

nificant decrease in their growth rates at low substrate 

concentration. It could therefore be possible that predom-

inance patterns might be altered at low substrate concen-

tr.ations if an. organ.ism having a high~ value were present 

in a mixed culture. 

In. attempting to compare the yield va·lues with µmax, 

it was noted that the yield, based on weight of biological 
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solids produced, was highest in those organisms with high 

U. • while it was notably lower in the medium fast and r max' · 

slow-growing organisms. The yield was calculated on the 

assumption that all of the carbon source had been removed 

from the medium when the culture showed no further growth. 

Pseudomonas aeruginosa, however, did not follow such a pat

tern. Considering the yield as viable cells per unit of 

substrate, it is seen that there is no apparent pattern in 

the distribution of yields. 

It is interesting to note that the plateau in the 

growth curve of Figure 15 (Escherichia intermedia) substan-

tiates, µsing an optical density curve, the existence of 

the plateau in oxygen uptake observed by Bhatla (107) for 

the same organism. 

2. Kinetic Growth Rate Studies using Sorbitol as Substrate 

The organisms that were studied using sorbitol as sub-

strates were: Blue organism, Serratia marcescens, and 

Escherichia intermedia. As Pseudomonas aeruginosa and 

Yellow organism did not grow on sorbitol, they are not con-

sidered in this section. 

Figure 21 shows the growth curv·es for the Blue organ-

ism plotted on semi-log paper. The exponential growth rate 

is plotted vs. substrate concentration in Figure 22 for 

this organism. 

Figures 23 and 24 show the growth rate curves and 

Monod plot for Serratia marcesceris. 
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Figures 25 and 26 show the growth rate curves and 

Monod plot for Escherichia iriterniedia. · Al though the 

arithmetic g:l'.'owth rate plot for this organism.is not shown, 

it was noted that there was no evidence for the plateau in 

growth that was observed when. glucose·· was used as substrate. 

A tabblation of the results obtained. in this section 

is given iri. Table III,. where the organisms are listed. in 

order of decreasing 11 values. ,max 

Analysis 

An examination of the kinetic constants and ·yield 

values contained in Taple Ill indicates that the values 

obtained using sorbitol as substrate were similar to those 

obtained with glucose .(Table II) . If the three organisms 

considered. were classified based on their ll values· on ,max 

sorbitol, Blue organism and Escherichia intermedia would be 

classified as fast growers, and Serratia marcescens would 

be a medium fast-growing organism. In relation.to the~ 

values obtained, it appears that Ks for Escherichia inter

media'on sorbitol is somewhat lower than that observed with 

.glucose. 

Of interest is the observation that no growth plateau 

was registered with Escherichia intermedia. · Such a plateau 

is represented, .in glucose metabolism, by the period of 

time necessary for the organism to accl:imate itself to the 

metabolic intermediates accumulated. The absence of a 

plateau for the· same organism insorbitol may indicate that 

no intermediates·were produced.and accumulated during 
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metabolism of that carbohydrate. 

TABLE III 

KINETIC CONSTANTS AND CELL YIELD FOR SELECTED ORGANISMS 

USING SORBITOL AS SUBSTRATE 

· Generation Cell Yield 
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fLmax K Organism s 'rime (hrs) viable cells/mg sorbitol 

Blue organism O .350 37 0.86 1.26 x 109 

Escherichia 
109 intermedia 0.345 55 0.89 1.16 x 

Serratia 
10 9 marcescens 0.283 30 1.06 1.58 x 

3. Use of Reciprocal Plots for. the Determination of il . F=max 

and K ---s 

Reciprocal plots similar to those recommended by Line-

weaver and Burk (100) are ofte,n used for the calculation of 

U and Ks. In order to compare the values obtained rmax 
using both procedures, plots of 1;µ against 1/S were made 

:for the computation of the kinetic constants of the organ

isms studied, Figure 2.7 .. illustrates the use of the 

· Lineweaver-Burk plot for one of the organisms (Serra tia 

ma:rcescens) ~ with glucose as substrate. The results are 

~resented in Table IV. 
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TABLE IV 

KINETIC CONSTANTS FOR.SELECTED ORGANISMS CALCULATED 

BY THE RECIPROCAL·PLOT.METHOD 
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Glucose Sorbitol. 

Organism f.Lmax Ks fl-max K s 

Blue organism 0.387 16 0~362 17 

Pseudomonas 
aeruginosa 0.331 13 

Escherichia 
intermedia 0.342 69 0.345 28 

Serratia 
marcescens 0.286 35 O .290 20 

Yellow organism 0.285 322 

Escherichia coli 0.167 13 

Analysis 

Comparison of the results presented in Tables II, III, 

and IV show that in most cases. the values of n obtained rmax 
by either method were, with the exception of the Yellow 

organism, similar in magnitude. In this case, the determi-

nation of ll. by the Lineweaver-Burk plot would place the ,max 
organism among the medium-fast growers rather than with the 

slow-growing group. 



In the comparison of K values obtained from the two s 

types of plots, it was seen. that in. some instances, e.g. , 

the Blue organism and Escherichia coli on. glucose, and 
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Serratia marcescens on sorbitol, the differences-were very 

small. Only in the case of the Yellow organism were the K . s 

differences large. With the Yellow organ.ism, it would seem 

that if the experiments had.in.eluded substrate concentra-

tions beyond 1000 mg/1, K values, as well as LI. values, s ·· rmax 

may have been more comparable. However, it was not pos-

sible to use higher substrate concentrations because ~lie 

organism.tended to flocculate at higher-substrate con.cen-

trations. 

The use of reciprocal plots for the determination of 

Ks and ll has been studied extensively by Ramanathan rmax 

(108). He found that such plots gave better results than. 

those obtained with regular Monod,plots, particularly inso-

far as K determinations were concerned. In the experi-s . 

men.ts .herein reported, it is believed. that reciprocal plots 

provided a better approximation. of the growth constants. 

In subsequent analyses in which comparative growth rates 

were considered, the values obtained from the Lineweaver-

Burk plot were used. 

In the classification of organisms by their 11. rmax 

values as fast growers, slow growers, and medium-fast 

growers, it should be pointed out that these terms imply 

only a very rough approximation of their growth character-

istics. This classification, however, :was found to be 



useful in the presentation and comparison.of results of 

mixed culture experiments. 

4. Acclimation Experiments 
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These experiments were undertaken to determine if the 

various species of bacteria being studied would grow on a 

variety of carbohydrates. Two to four ml of a bacterial 

suspension grown on glucose were transferred. to flasks con

taining. 1000 .mg/1 of various carbohydrates· and incubated on 

the shaker at 25°C. Several transfers were attempted if 

the organism did not grow·on the first seeding of a specific 

carbohydrate in order to make certain of the results. The 

cultures that did not grow were allowed to incubate for at 

least one week before being discarded. The carbohydrates 

used were sorbitol, glycerol, galactose, sorbose, sucrose, 

ribose, mannitol, and fructose. The results of these 

experiments are shown in Table V. 

Analysis 

It is noted that the fast growers, Blue organism and 

Escherichia. intermedia, grew on all of the substrates which 

were examined. On the other·hand, the medium-fast grower, 

Serratia marcescens, did not grow on sorbose, While Yellow 

organism metabolized only a few·of the carbohydrates. 

Those organisms with a high J.L-max on glucose grew· well on 

all substrates used, while those with a lower J.L-max did not 

grow with some of the carbohydrates. Pseudomon.as aerugi

nosa, however, is the exception among the microorganisms· 

studied, because it did not grow on any of the substrates 
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tested with the exception of.glycerol, fructose, and manni-

tol. Because of its high J-Lmax on glucose and because of 

its lack of ability to grow·on many of the carbohydrates 

tested, Pseudomonas aeruginosa was used extensively in 

mixed cultures experiments to determine the behavior·of the 

culture when incubated.with other organisms in the presence 

of a substrate that.it could not assimilate. 

TABLE V 

ABILITY OF BACTERIAL CULTURES TO. UTILIZE 

VARIOUS SUBSTRATES 

. Sor.bi- Gly- Ga lac- Sor- Su- Ri- · Manni-
Organism tol cerol tose bose crose bose tol 

Blue 
organism + + + + + + + 

Serratia 
marcescens + .+ + - + + .+ 

E h . J. sc eric ia 
inter media + + + + + + + 

I 
Pseudomonas 
aer:uginosa - + - - - - + 

I 
Escherichia 
coli. --- I<-12 + + 

Yellow 
organism + + - - - - -

Fruc-
tose 

+ 

+ 

+ 

+ 

+ 
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5. Growth Rate Comparison Exper:i,men.ts 

Tpese experiments were carried out by acclimating an 

organism to two different substrates and transferring the 

acclimated seeds to shaker flasks containing each substrate 

and a mixture of the substrates. Six curves were thus 

obtained. The semi-log plots used to calculate specific 

growth rates {J.L) are not presented; however, the results of 

such calculations are shown on the arithmetic plots. In all 

cases, substrate concentrations of 700 mg/1 were used with 

the flasks containing both substrates· prepared in such• 

manner that 350 mg/1 of each substrate were present. 

Results from·the first of these experiments are pre

sented. in Figure 28. The organism used was Escherichia 

intermedia, and the two substrates were glucose and sorbi

tol. It can be seen that theµ values of tbe glucose-

~acclimated set and the sorbi tol-acclimated set were very 

· similar. In both cases, i.e., with sorbitol-acclimated and 

gl.ucose ... acclimated. seed, there was· some indication of a 

secondary growth cycle in the flasks containing glucose. 

No plateau was observed in the growth curves with sorbitol 

or with glucose-sorbitol substrate.for sorbital-acclimated 

seed. However, a distinct break in the growth pattern was 

observed in the glucose~sorbitol system with a glucose

acclimated seed. Jt is interesting to note that two types 

of growth plateau may be operative in the glucose

acclimated system; e.g., one in the _glucose control, 

possibly caused by secondary uptake·of intermediates 
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Exponential. growth rate comparison of 
Escherichia interniedia on glucose and 
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produced during metabolism of glucose and a second in the 

glucose-sorbitol curve probably caused by sequential sub

strate removal of each substrate origin~lly placed in the 

system. 
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The results of an experiment using Blue organism grown 

on glucose and sorbitol are presented in Figure 29. For 

both systems the growth rates on single substrates (glucose 

or sorbitol) are approximately the same. The growth rate 

in the multicomponent system for sorbitol-acclimated cells 

is somewhat. lower than its glucose-acclimated counterpart. 

A slight plateau in the growth curve can be observed in the 

two-substrate, glucose-acclimated system; no plateau was 

noted in any of the remaining curves. 

Figure 30 shows the results obtained in an experiment 

with Serratia marcescens grown on glucose and sorbitol. The 

exponential growth rates were higher for the sorbitol

acclimated set using glucose as substrate and lower on the 

glucose substrate, No plateau was observed in any of these 

curves, and a distinct lag period was observed. on sorbitol 

with glucose-acclimated cells. 

In Figure 31, the results for a system consisting of 

Blue organism on glucose and glycerol are presented. The µ.. 
values on glycerol for both sets of experiments are similar. 

The exponential growth rates for the glucose-acclimated 

cells in the glucose and glucose-glycerol systems are higher 

than those of the glycerol-acclimated set. Both multicom-

. ponent substrate curves exhibited a plateau reg~rdless of 
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the acclimation history of the cells. 

In Figure 32 the growth of Escherichia intermedia in a 

glucose-glycerol system is shown. While the µvalues for 

glucose and glucose-glycerol are very similar for both 

systems, the µ. on glycerol in the system acclimated to glu

cose was slightly higher than for the system acclimated to 

glycerol. Growth plateaus were observed in both glucose

glycerol curves, indicating sequential substrate removal. 

A lag period was observed in the growth curve on glycerol 

for cells acclimated to glucose.• 

In Figure 33 the results of an experiment with 

Serratia marcescens grown on glucose and glycerol are pre

sented. No plateau was observed in this e~periment, and it 

was seen that an acclimation period was required for the 

glucose--acclimated organisms in the glycerol medium. In all 

cases, growth rat~s for glycerol-grown cells were higher 

than those for glucose-grown cells. 

In Figure 34 the growth curves for Blue organism on 

glucose and galactose are shown. A growth plateau can be 

noted in both two-substrate curves. A short lag was 

discernible in the curve for galactose inoculated with 

glucose-acclimated seed. For both sets, growth rates on 

glucose and on the combined substrates were considerably 

higher than on galactose. 

The results of a Blue organism system on glucose and 

sorbose are sh6~n in Figure 35. In the glucose-acclimated 

system, it is noted that a long period of acclimat!on to 
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sorbose was required. Also, an extensive growth plateau 

can be seen in the two.;..substrate curve. Only a short growth 

plateau was observed. in the two-substrate system for 

sorbose-acclimated organisms. As with galactose, growth 

rates on glucose or glu~ose-sorbose were considerably 

higher than on sorbose, regardless of the previous history 

of the cells. 

In. Figure 36 results of an experiment using Blue 

· organism with glucose and sucrose are presented. In this 

experiment, allf.L values for the sucrose~acclimated system 

were higher than those of the glucose-acclimated system. A 

growth plateau was observed in the two-substrate curve with 

glucose-acclimated seed, and a small lag period was detect-. 

ed in the sucrose curve ... No plateaus or lags were noted in 

the sucrose-acclimated set, and all growth rates were 

essentially the same. 

Results obtained with Serratia marcescens on glucose 

and sucrose are shown in Figure 37. Tbe µ values of the 

sucrose-acclimated systems were slightly higher than those 

for the glucose-acclimated set. No plateaus were observed, 

although a lag in the sucrose curve for glucose-acclimated 

cells was noted. 

The growth of Blue organism on glucose and ribose is 

shown in Figure 38. A prolonged growth lag was observed 

in ribose for the glucose-acclimate'd cells, Growth 

plateaus were observed in both two.;..substrate systems, 

although the plateau was much more marked with.the glucose-
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acclimated cells. 

In Figure 39 the growth of Serrati~ marcescens on 

glucose and ribose is presented. This organism grew at a 

much slo.wer rate on ribose · than on glucose. A lag was 

noted. in the growth on ribose with the glucose-acclimated 

seed. A very slight plateau was observed in the two-

substrate curve seeded with glucose-acclimated microorgan

isms. Ribose--acclimated cells grew more rapidly on glucose 

than did glucose-acclimated cells. 

Results for a system in which Blue organism was grown 

on sorbitol and sucrose are presented in Figure 40. A short 

lag was observed in both single substrate curves for non

acclimated cells. A plateau was observed. in the two

substrate curve for the sucrose-acclimated system. 

Figure 41 shows the growth curves for Blue organism in 

the presence of fructose and ribose. Growth rates for all 

three parallel cases were very similar. The two-substrate 

system exhibited a plateau when seeded with fructose

acclimated cells. A lag was noted. in the ribose curve with 

fructose .... acclimated organisms, and it is noted that fructose 

was used more readily by ribose--acclimated cells than was 

ribose. 

Figure 42 shows the results of a.n experiment using 

sucrose and mannitol as substrates. These curves show no 

appreciable plateaus or lags and in general, the growth rate 

on the combined system wal3 nearly the same as that observed 

on the single carbon source to which the cells .were acclimated. 
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Analysis 

The previous history of a population of cells might 

conceivably have several effects upon subsequent growth of 

the population when placed in new medium. Cells grown on a 

substrate requiring inducible enzymes should be able to 

utilize that substrate without a lag.and, depending upon the 

amount of substrate available and the proportion consumed 

before maximum induction is achieved, might reach a higher 

growth rate than could be reached by non-acclimated cells. 

Prior growth on a closely related subrtrate might shorten 

the lag period if fewer enzymes needed to be induced. Prior 

growth on a related compound also might lead to more rapid 

growth on a new substrate which could be utilized through 

two pathways, one induced by the previous substrate. Cells 

placed in mixtures of substrates after. prior growth on one 

of the substrates may be expected to behave quite differ-

. ently, depending upon which substrate had been previously 

used and whether one substrate is capable of repressing 

synthesis of enzymes required to utilize the other. Several 

of these effects were noted.in the experiments just 

described. 

Lag periods in growth curves for acclimated and non

acclimated seeds may be compared as an indication of con

·stitutivity or inducibility of enzyme systems. Olucose was 

used constitutively, i.e., without a lag, by all three 

· organisms regardless of the previous history of the cells. 

Neither galactose, fructose, nor mannitol was subject to a 
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significant lag in growth when non-acclimated cells were 

used,· al though in all three cases growth was· slightly more 

rapid with an acclimated inoculum (Fj,gures 34, 41, and 42). 

It might be concluded.from the data obtained that enzymes 

for utilization of these carbon sources are very rapidly 

induced. In contrast, both ribose and sorbose were used 

only after very long periods, approximately five hours for 

sorbose with Blue organism (Figure 35), three hours for 

ribose with Blue organism (Figure 38), and three to four 

hours for ribose·with Serratia marcescens. Enzymes for 

utilization df these c~rbon sources are therefore not 

rapidly induced and, i:n :the case of Serratia ma.rcescens at 

least, growth on ribose continued to be quite slow. Lag 

periods with non~acclimated cells were observed for sorbi-

tol, glycerol, and sucrose, with all three organisms. 

These were generally less pronounced than those for ribose 

or sorbose, and varied with the organisms used. 

A diauxic lag, or diphasic growth curve, was observed 

in many of the two-substrate systems (Figures 28, 29, 31, 

32, 34, 35, 36, 38, 39, 40, 41). This type of growth curve 

is an indication of sequential .substrate removal which has 

been described for heterogeneous populations by Gaudy, 

Komolrit, and Bhatla (109), and by Gaudy, Gaudy and 

·Komolrit (110) for Escherichia coli. However, it has been 

shown by these authors that substrates may. be removed 

sequentially without detectible effects upon growth 

kinetics. Since substrate removal was not measured in this \ . . 
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set of experiments, only evidence based on growth kinetics 

can be considered. In all cases where diphasic growth 

occurred, previous acclimation of the cells to the sub

strate which was presumably subject to repression affected 

the severity of the disruption of growth. In several cases 

the diauxie in growth was completely eliminated. These 

included: glucose-sorbitol with: Escherichia intermecUa, 

glucose-ribosewithSerratia marcescens, and glucose

sucrose, sucrose-sorbitol, and fructose-ribose with Blue 

organism. In other cases, the diauxic lag was decreased 

but not eliminated. These included: glucose-glycerol with 

·Escherichia intermedia, glucose-sorbitol, glucose-glycerol, 

glucose-galactose, glucose-sorbose, and glucose-ribose with 

Blue organism. In the latter two systems a very prolonged 

lag occurred with glucose~acclimated cells and the lag was 

reduced drastically by growth of the inoculum on sorbose 

and ribose, respectively. These results indicate that 

.induced enzymes can he retained during periods when synthe

sis of new enzyme is repressed. If the period of repression 

is not prolonged until complete dilute-out has occurred, 

initiation of growth on the previous carbon source can be 

greatly facilitated. 

In general, fl, values for these experiments varied 

within the series of experiments and in comparison to values 

reported in Tables I I and IV. Since the present set of 

experiments was not designed specifically for measurement 

of kinetic constants, this variation may possibly be 



114 

explained on the basis that the µvalues- obtained were. not 

fLmax values; i.e., substrate may have limited during parts 

of the experiments. Also,· some variations in growth.rates 

. for single cultures were noted. in experiments separated by 

considerable time intervals. This was attributed. to pos

·sible mutations of the cultures. However, within a single 

·experiment, in which single populations were used as 

inoculum, valid comparisons of growth rates can be made. 

The lowest growth rate-obtained was that for: Serratia 

marcescens on ribose. The cells used in this experiment 

were capable of very rapid growth, as evidenced by their 

growth on glucose. lt would appear that this organism 

simply utilizes r;ibose at a slow rate and that the rate is 

increased only slightly by prior growth on ribose. 

Other·substrates which appeared_ to support.slow growth, 

in comparison with that on other substrates used with the 

·· same· population, were glycerol, galactose and sorbose in 

experiments with Blue organism .. This organism also grew 

comparatively slowly on ribose. 

Comparison of growth rates within experiments.reveals 

·both postulated effects of acclimation onµ. With Blue 

organism, µvalues for acclimated cells were higher than 

those for non~acclimated cells with.glucose, sucrose, sor

bi tol, and manni tol. This enhancement of growth r.a te by 

acclimation depends upon the identity of the second sub-

. strate of the pair, since it was observed.with glucose only 

when compared to glycerol-grown cells and with.sorbitol only 
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when compared to sucrose-grown cells. The observed differ

ences are sufficiently large to be significant. It is 

possible that growth on certain substrates produces cells 

which are acclimated not only to that substrate, but also 

to a specific rate of growth which cannot immediately be 

adjusted to a new rate when the substrate is changed, 

In·th:ree cases, growth rate on one substrate was 

enhanced by prior growth on a different substrate. This 

was observed for Serratia marcescens acclimated to glucose 

and placed in sorbitol, and. for the same organism accli

mated to ribose and placed. in glucose. Both of these cases 

may. indicate utilization by the new substrate of enzymes 

induced by the previous substrate, The effect was partic

ularly noticeable in the glucose-ribose system, and may 

indicate increased use of the pentose shunt due to prior 

growth on ribose, In the third case, Blue organism, accli

mated to sucrose and placed in glucose, may afford further 

support of the mechanism advanced above, i,e,, the persis

tence of established growth rates, In this experiment 

(Figure 36) cells grown on sucrose had significantly higher 

µ 1 s on both glucose and sucrose than did glucose-grown 

cells. However, the same organism, in an experiment using 

sucrose and sorbitol (Figure 40), did not grow as rapidly 

on sorbitol as on sucrose. In general, growth rates on 

sucrose were consistently higher than on any other substrate 

used, and prior growth on sucrose may tend to increase 

·growth rates on substrates which can be utilized without a 
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signif icari.t lag. 

6. n:; Determination of Equivalent Operation.al Con.di tion.s. for 

the ShaRer,·WarburgApparatus and Chemostat 

In the many experiments performed in connection with 

this work, it was necessary and desirable, at times, to 

incubate cultures under different agitation and aeration. 

con.di tions. A. series of experiments was .~esigned to deter

mine the rates of growth and substrate removal on the shaker 

flask apparatus, in the Warburg apparatus and in the chemo-

stat in order to find conditions which would be closely 

equivalent regardless of the apparatus used in a particular 

experiment. Pure cultures of bacteria were used as test 

organisms, and optical density measurements, biological 

solids production, and COD removal were used to assess the 

behavior of the test organ.ism under the various experimental 

conditions. All experiments were carried out at a constant 

0 temperature of 25 C. 

In experiments involving the water bath.;..shaker and the 

Warburg apparatus, it was found that the behavior of the 

test organisms in both systems was very similar when the 

shaker was operated at 110 oscillations per minute. In 

comparing the performance of the shaker and the c,hemostat, 

operated as a batch system, it was determined that both 

types of equipment yielded comparable results when the 

shaker was operated at 90 strokes per minute and the 

chemostat aerated at a rate of ],.000 cc per minute. In all 

experimen,ts herein reported, the equivalent rates of 
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agitation and aeration determined were utilized. 

7. Biochemical Behavior of Pure- Cultur,es on .Gluc.ose l:lnd 

Sorbitol 

In.these experiments, COD.removal, oxygen uptake, bio-

logical solids concentrations, and substrate removal were 

used. as parameters to assess the biochemical behavior of the 

pure cultures studied under growth.conditions using glucose 

or sorbitol •s sole carbon source. Figure 43 Shows the bio-

chemical behavior of Blue organism usirig glucose as the 

carbon source; The organism grew very rapidly, as can be 

· seen from the solids curve. In like manner, the COD and 

glucose GOD 'curves· show.· that the substrate was removed from 

the medium at a fairly rapid rate. Also noted. from these 

results is.the.fact that considerable amounts of in.termedi-

ates and/or end products were,produced during the glucose 

·removal period. Such intermediate production may be 

·discerned by comparing the COD curve with the glucose COD 

utilization.curve. 

Results for an experiment in which Pseudomonas 

· aeruginosa was used employing glucose as substrate are 

presented in Figure 44. Rapid COD and glucose COD removals 

were-noted in this experiment,· and. comparison.of the two 

curves shows that.large amounts of metabolic.intermediates 

were-produced. The biologicJl solids curve parallels the 

oxygen.uptake curve. 

In Figure 45, results·. for an. experiment using 

Escherichia intermediawith glucose as·substrate are 
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presented. In this experiment, considerable amounts of 

intermediates were produced. The oxygen uptake curve shows 

the plateau that is characteristic of this organism. 

Plateaus were also noted in the biological solids curve and 

the COD removal curve. The same plateau effect in optical 

density measurements was also noted during the experiment, 

but is not shown in the figure. The beginning of the 

plateau effect, as noted. in the solids, COD and oxygen 

uptake curves, coincided with the elimination from the 

medium of the glucose furnished as substrate. 

From Figure 46 it can be seen that the organism 

·serratia marcescens produced considerable amounts of meta

bolic intermediates and/or end products during the substrate 

removal period, when glucose was used as substrate. Exam

ination of Figure 47 shows that a very limited amount of 

material was excreted into the medium during growth by 

Yellow organism on glucose. 

Results of an experiment using glucose as substrate 

and Escherichia coli as test organism are shown in Figure 

48. It can be seen that this organism grew very slowly. 

Comparison of the COD and the glucose COD removal curves 

indicates that Escherichia coli produced metabolic inter

mediates and/or end products, although to a lesser extent 

. than did Blue organism, Pseudomonas aeruginosa, Excherichia 

intermedia, or Serratia marcescens. 

Figure 49 shows the biochemical behavior of Blue 

organism growing on sorbitol. Examination of the COD 
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removal and the sorbitol COD utilization curves shows that 

· little or no intermediate accumulation occurred. 

Results of an experiment using sorpitol as substrate 

and Serratia marcescens as test organism are shown in 

Figure 50. These results were very similar to those shown 

in Figure 49 in that no metabolic intermediates were 

· produced. 

Analysis 

Examination of Figur€S 43-48 indicates that Blue 

organ:ism, Pseudomonas aeruginosa, Escherichia intermediEi., 

and Serra tia marcesce:ns introduced large amounts of meta-

bolic intermediates into the medium when incubated in the 

presence of glucose. In regard to the clas~ification of 

organisms in accordance with their fl_ values presented 
rmax 

earlier, it can be seen that three of the four organisms 

mentioned above were included among the fast growers. The 

fourth organism, Serratia marcescens, was classified as a 

medium-fast grower. From Figures .47 and 48 it can be·seen 

that Yellow organism and Escherichia coli were less active 

in the production of intermediates; Yellow organism had 

previously been classified as a medium~fast grower and 

Escherichia coli had been classified as a slow grower. It 

is interesting to note that the fast growers·produced more 

intermediates than the slow growers; these observations 

suggest a possible relationship between the fL max of an 

organism and its ability to take up glucose at a fast rate 

while introducing;.relatively large·amounts of metabolic 
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intermediates into the medium. Such a relationship might 

work to the disadvantage of the fast grower if it were 

growing together with a slow grower. However, there is the 

case of Yellow organism (Figure 47) where very few inter

mediates were produced although the organism was classified 

as a medium-fast grower, thus indicating that. the µ..max 

intermediates relationship may not be applicable to every 

organism that is capabie of utilizing glucose as a sole 

· source of carbon. The possibility of bacterial interaction 

in mixed systems through metabolic inter·mediates is explored 

later in this report. 

From Figures 43, 45, and 46 it can be surmised that 

the metabolic intermediates introduced into the medium were 

rapidly metabolized after the glucose·was exhausted. This 

indicates the presence in the cells of the requisite 

enzymes for the assimilation of the intermediate products. 

These enzymes may have been constitutive or, if they were 

inducible, they were apparently synthesized while glucose 

was still present in the medium. In any event, there was 

no discernible acclimation period. An exception to the 

usual behavior of the cultures is noted in the case of 

Escherichia. intermedia (Figure 45), where the cells were 

unable to assimilate the intermediate products .without a 

lengthy acclimation period as evidenced by the diphasic 

nature of the COD, biological solids, and oxygen uptake 

curves. It is surmised that the plateau observed between 1 

the two phases of metabolic activity represents the time 



necessary for the cells to acclimate to the metabolic 

products. The particular behavior of .Escherichia .intermedia, 

which has been previously reported.for this and other 

organisms· (107) (111) (112),. may be explained by the fact that 

. the organism may not possess constitutive enzyme for the 

assimilation of the .intermediates and that a considerable 

amount of time was needed .. for the synthesis of these 
i 

enzymes. A second explanation for the plateau phenomenon 

could .be that .. the intermediates produced by Escherichia 

intermedia are different in chemical nature from those pro-

duced by other strains. Such an explanation, although 

possible, is not probable,. and it is not confirmed by the 

gas chromatographic analysis of metabolic products from 

Eschericbiaintermedia presented later in this report. 

From Figures 49 and 50 it can be seen that. there is an 

absence of metabolic intermec:liates·when sorl:;>itol is the sub-

strate, as determined by comparison of COD and sorbitol COD 

curves. 

The lack of intermediates accumulated.when,Escherichia 
\ 

intermedia was grown on sorbitol may point to the- possibil-

ity that glucose and sorl?itol are metabolized by completely 

different pathways. Bhatla and Gaudy have shown that the 

· accumulation of intermediates when this organism is grown 

·on glucose can be· accounted for as volatile acids. However, 

the mechanism by which volatile acids .are produced from 

glucose metabolism under aeropic conditions is not altoget-

her·clear. Strecker (113), has.noted that•Escherichia coli 
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can convert pyruvic acid to acetic and formic acids. In 

experiments with yeast, Maxon and Johnson (114) have shown 

that yeast converted glucose to ethanol when an excess of 

dissolved oxygen was presen~ and theorized that the oxida

tive enzymes of yeast could be saturated and the glycolytic 

enzymes which were present would account for the fermenta

tion products detected. Based on the above observations, 

it could be suggested. that the bacteria may produce acetic 

acid during growth due to a mechanism similar to that pro

posed by Maxon and Johnson. This would indicate that 

acetic acid intermediates would be produced only by 

facultative organisms; three of the identified organisms 

that have been used in the present work (Escherichia coli, 

Escherichia intermedia, and Serratia marcescens) are known 

to be facultative. 

If the pathway for sorbitol metabolism is different 

from that of glucose, it may be such that it does.not pro

vide the opportunity for fermentative utilization resulting 

in vol.a tile acid production. Horwitz and Kaplan· (115) have 

isolated and purified from Bacillus subtilis the enzyme 

o~sorbitol dehydrogenase, which is capable of converting 

sorbitol to fructose, with additional enzymes subsequently 

converting fructose to ~ylitol and to xylulose, thereafter 

entering the glucuronate-gulonate pathway. Such a metab

olic route might explain the lack of volatile acid inter

mediates when sorbitol is utilized. 

Another possible mechanism to explain the lack of 
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metabolic intermediates in sorpitol metabolism could be 

that.the first enzymatic reaction, which converts sorbitol 

to fructose is rate-limiting. In such a case, the fructose 

· metabolism following the glycolytic pathway would not tend 

to utilize the fermentative.route because the oxydative 

enzymes would not be saturated.with reduced substrate. 

lt is in.teresting to note that. a considerable portion 

.of the COD in the medium c~n still be present after the log 

growth phase has ended. Figure 51 illustrates such a case 

·with Escherichia intermedia in the presence of glucose. In 

this case, approximately. :68 per cent of the 90D applied was 

present after the growth curve no longer fi·tted a straight 

· line· when plotted on semi-log paper. The same relationship 

was observed in most cases studied, with 50 per cent or more 

of the applied COD present at the end of the log growth 

. phase. 

8. Sequential Substrate Removal 

In experiments to examinE!i the possibility of sequential 

substrate·removal for the test organisms, biological solids 

concentration, COD removal, glucose COD, and sorbitol COD 

curves were utilized to study the biochemical growth 

xesponse of various pure cultures acclimated to sorbitol 

and grown in a glucose-sorbitol medium. Figure 52 shows 

the results obtained from.an experiment using Blue·organism. 

The COD uptake and biological solids curves were similar to 

those,usually observed for a culture.incubated with a single 

carbon source. However, analysis of the substrate removal 
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curve indicated.that sorl;>itol was not metabolized. to a 

··.significant extent until the glucose· had. been removed. from 

. the medium. 

In Figure 53 results·of asimilar experiment· performed 

with Escherichia. intermedia are shown.. The diphasic growth 

characteristic of the organism when using glucose was not 

observed when grown on glucose·and sorbitol in. combination. 

Examination of the substrate.removal curves shows that sor

bitol remained in the medium until the glucose was removed. 

In the same manner, Figure 54 indicates that::serrat.ia 

marcescens metabolized glucose before using sorbitol. 

Analysis 

Examination of t·he data. collected reveals that with 

.the three·organisms studied, glucose was removed before sor

bitol. Metabolism of sorbitol.is shown in these experi

ments (Figures 52, 53, an.d 54). to take· place immediately 

after glucose exhaustion,. with~ut evidence for a diphasic 

curve· for either COD utilization'.or biological solids con

centration. Relating these observations to the previous 

glucose-sorbi tol medium .experiments reported in the growth 

rate comparisonexperimen.ts, it can besurmised that 

·sequential substrate removal did take place with the exper

.imen:ts using sorbi tol--acclimated seed shown in Figures 28, 

29, and 30. Acclimation to· sorl:>itol, however, did prevent 

the effect from being observed as a growth ·plateau .. in the 

two;.;.substrate systems shown in Figures 28--30. It is 

obvious that.if the same experiments reported in this 
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section were to be performed using a seed acclimated to 

glucose, the same basic biochemical response would have 

been registered, but most likely with a period of acclima

tion noted between the two phases of active substrate 

uptake. These experiments provide excellent confirmation 

of the work of Gaudy, Komolri t, and Bha tla (109), and Gaudy, 

Gaudy, and Komolrit (110), who first studied the causes and 

effects of sequential substrate removal and proposed the 

mechanisms of the suppression of an existing enzyme system. 

These experiments also attest further to the fact that 

. sequential utilization of glucose and sorbitol is of f~irly 

general occurrence. 

Gaudy, Gaudy, and Komolri t (110). have reported on 

sequential substrate removal by a pure culture of Escher-:

ichia coli using a glucose-sorbitol me~ium. Since enzyme 

repression now appears to be common for a variety of organ

isms growing on the substrates herein employed, the 

phenomenon of sequential substrate removal may. be expected 

to affect all or most of the species.in a system. There

fore, it seems likely that little or no predominance change 

would be expected from the effect of this mechanism in a 

mixed culture, unless one of the carbon sources could not 

.be utilized by one or more of the species present. 

C. Batch Studies with Mixed Cultures 

1. MixedCultures--Two Organisms on Glucose 

The experiments in this section were performed by 

setting up three different systems at the same substrate 
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concentration: one for each pure culture and one for the 

mixed system: . Viable cqunt determinations and oxygen uptake 

measurements were made for all systems, a,s well as COD 

removal, glucose COD utilization, and biological solids 

production. The biochemical behavior of the pure cultures 

was not investigated, since the properties.of these systems 

had been studied.earlier. Approximately 500 mg/1 glucose 

were used as a carbon source in these experiments. 

The results have been organized for presentation in 

five different sections, as follows: a. mixtures of two 

fast-growing organisms; b. mixtures of a fast-growing ~nd a 

medium fast-growing organism; c. mixtures of a fast-growing 
\ 

and a slow-growing organism; d. mixtures of two medium 

fast-"-growing organisms; e. mixtures of a medium fast-growing 

and a slow~growing organism. 

a. Experiments Including Mixtures of Two Fast-growing 

Organisms 

Figure 55 shows viable count determinations of the 

pure cultures and the mixed system for an experiment using 

Pseudomonas aeruginosa·and Escherichia intermedia. From 

this figure it can be seen that the growth patterns of the 

pure cultures and of each individual culture in the mixed 

system were similar. Escherichia intermedia in pure 

culture showed its typical secondary growth after a plateau, 

but such was not observed in the mixed culture. Figure 56 

shows the biochemical behavior of the mixed system. It is 

noted that no secondary oxygen uptake took place in the 
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case of the mixed culture, although the plateau in oxygen 

uptake was quite evident for the pure culture, COD and 

glucose were removed very rapidly in the mixed system. An 

examination of the oxygen uptake curve shows that during 

the period of glucose.removal, oxygen uptake in the combined 

system was approximately equal to the sum of the oxygen 

uptake for the individual organisms. 

Results of an experiment using the two fast-growing 

cultures, Blue organism and Pseudomonas aeruginosa are 

shown in Figures 57 and 58. The viable counts show that 

there was little difference between the mixed and pure 

culture growth curves, although the mixed curves end with 

somewhat lower numbers of viable cells. Figure 58 indi

cates a very rapid uptake of·COD and glucose with a corres

pondingly rapid increase in biological solids. Inspection 

of the oxygen uptake curves shows a slightly more rapid 

uptake for the mixed system (for 2 1/4 hours) than the sum 

of the pure culture systems. The cell yields obtained from 

these and all other experiments in this group are given in 

Table V. 

b. Experiments with Mixtures·of Fast and Medium-fast 

Growing Organisms 

In this group of experiments·serratia marcescens was 

combined with Blue organism(Figures 59 and 60), with 

.Escherichia intermedia {Figures 61 and 62), and with 

Pseudomonas aeruginosa (Figures 63 and 64). In all of these 

experiments the mixtures responded. in a very similar manner. 
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There was rapid glucose and COD removal with production of 

metabolic intermediates and/or ~nd products. The viable 

count growth curves (Figures 59, 61, and 63) show that in 

all three cases the numbers of each of the organisms in the 

mixed systems were lower than.their·respective numbers· in 

the pure culture controls, with the depressirig effect being 

most marked in the case of Serratia marcescens. From 

Figure 62 it may be noted that the oxygen uptake plateau 

was not present with the mixed culture .system, although it 

could be detected from the Escherichia intermedia pure 

culture data. 

Figures 65 and 66 show. the results of an experiment.in 

which Escherichia intermedia was combined with Yellow organ

ism. From Figure 66 it can be seen that no oxygen uptake 

plateau was observed in the mixed system. An increase in 

the activity of the mixed system may be noted from the 

oxygen uptake curves. From Figure 65 it may be seen that 

afte~ a period of growth, the viable population of Yellow 

organism died. off more rapidly. than· did. Escherichia 

intermedia. 

In Figures 67 and 68 results of an experiment includ

ing Blue organism and Yellow organism are shown. The 

viable cell counts ·(Figure 67) · shew that. Yellow organism 

grew very little when incubated. in a mixed culture,with 

Blue organism. 
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c. Experiments·Employing. Mixtures of Fast-growing and 

Slow-growing Organisms 

A mixture of J?seudomonas aeruginosa and· .Eschericllia 

coli was used with the results·shown in Figures 69 and 70. 

It may be seen that the oxygen uptake of the mixed system 

was larger than the sum of the u~takes of the pure cultures 

up. to 5 1/2 hours (Figure 70). From the viable counts 

(Figure 69) it may be seen that although no effect was 

observed on the growth of Escherichia coli in mixed culture, 

its lag phase appeared to be reduced. 

d. · Experiments Incluc;:ling Mixtures of Two· Medium-fast· Grow-, . 

ing Organisms 

Results of the experiments in which.Serratia marcescens 

was combined with Yellow organism are shown in Figures 71 

and 72. The viable count data as well as the oxygen uptake 

data show. that the Yellow organism did not grow to any 

appreciable extent in the mixed System. 

e. Experiments Employing Mixtures of Medium-fast Growing 

Organisms and Slow-growing Organisms 

Results of an experiment with Serratia marcescens and , 

Escherichia coli are shown in Figures·73 and 74. Growth of 

both organisms in the mixed·system in terms of viable count 

was somewhat depressed in relation to the pure culture 

controls. 

Results of an experiment with Yellow organism and 

Escherichia coli are shown· in Figures 75 and 76. An in-

crease in activity was noted in the mixed system, as 
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indicJted by the oxygen uptake of the mixture which is some-

what larger than the sum of the uptakes of both organisms µp 

to 6! hours. From Figure 75 it may be seen that the viable 

numbers of each organism.in the mixture were very close to 

those for each organism alone at the end of the experimental 

run, although Yellow organism in the mixeq system appeared 

to grow better during the first hours of the experiment. 

Table VI includes the cell yields obtained in these experiments. 

Analysis 

From the data shown it may be surmised that those 

organisms in the first group of experiments participated in 

.direct competition for the available substrate without any 

apparent antagonistic effects. As might have been predict-

ed, the mixtures were very active and removed substrate at 

a very rapid rate. The Lt values of the cultures used rmax · 

were very close together; no gross effect on predominance 

patterns was expected and none was observed. 

The three experiments in the fast medium-fast group 

· that included Serratia marcescens showed a remarkable 

uniformity of results (Figures 59-64). In these three 

experiments it is evident that no antagonism was present 

and that the primary mechanism in their growth response was 

direct competition for the available substrate. However, 

in these cases there was some difference between the 11. rmax 

values for each pair of organisms,. with the result that. the 

slower-growing organism, Serratia marcescens, was depress-

ed in its growth to a noticeable degree. An interesting 



TABLE VI 

CELL YIELD IN MIXED BATCH EXPERIMENTS USING TWO 
ORGANISMS AND GLUCOSE AS SUBSTRATE 

mg solids/mg glucose 
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Yield A Yield B Yield mixed 
Figures 55-56 
A Pseudomonas aeruginosa 
B Escherichia intermedia 

Figures 57-58 
A Blue organism 
B Pseudomonas aeruginosa 

Figures 59-60 
A Serratia marcescens 

·B Blue organism 

. Figures 61-62 
A Serratia marcescens 
B Escherichia intermedia 

Figures 63-.64 
A Serratia marcescens 
B Pseudomonas aeruginosa 

Figures 65-66 
A.Escherichia intermedia 
B Yellow organism 

Figures 67-68 
A Blue organism 
B Yellow organism 

Figures 69-70 
A Pseudomonas aeruginosa 
B Escher!_chia coli K-12 

Figures.71-72 
A Serratia marcescens 
B Yellow organism 

Figures 73-74 
A Serratia marcescens 
B Escherichia coli K-12 

Figures 75-76 
A Escherichia coli K-12 
B Yellow organism 

0.480 0.680 

0.697 10 .482 

0 .390 0.610 

0.447* 0.578* 

0.470 0.470 

0.578* 0.473* 

0.697* 0.473* 

0.450 0.424* 

0.478 0.462 

0.447* 0.424* 

0.420 0.460 

* Yield obtained .from previous experiments 

0.500 

0. 630 

0,480 

0.472 

0 ~ 490 

0.680 

0.676 

0,489 

0.496 

· O .460 

0.472 
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growth response is noted. from Figure. 67,. where· Yellow 

organism in mixed culture grew·very little, the effect in 

this case being so severe that it could have·been the 

result of antagonism. 

In the case of Escherichia. intermedia and Yellow 

organism, it was.seen from Figure 65 that the initial 

numbers of Escherichia. intermedia were very l.ow .in compar-

ison with those of Yellow organism, but that the numerical 

ratio of organisms .was greatly reduced at the end of the 

growth period. Also noted. was a decrease in the numbers of 

Yellow organism after all substrate had been removed from 

the medium; ho•ever, it is believed that this effect was 

due, not to further antagonism, but to flocculation of the 

cells. 

From the experiment performed with a fast grower, 

Pseudomonas aeruginosa, and a slow grower, Escherichia coli 

.(Figure 69), it can be seen that a prediction of predomi-

nance based on direct substrate competition with IL as a rmax 
parameter would be essentially accurate. No antag.onistic 

effect was detected.in this experiment. In the case of the 

·serratia marcescens-Yellow organism mixture (Figure 71) it 

was noted that no growth was observed with Yellow organism. 

Clearly, prediction of relative numbers on the basis of 

tl. values·would not suffice.for this·system. These rmax · 

results may be explained.by an antagonism of Serratia 

marcescens for Yellow organism; however, it is to be 

remembered that the latter organism is a very difficult one 
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to work with and that the viable Gount response shown may 

not represent the true situation in tbe mixture because of 

the tendency of the organism to flocculate and to become 

attached to the walls of the reaction vessel. 

An examination of the viable count results of the two 

experiments involving mixtures of slow and medium-fast 

growing organisms· (Figures 73 and 75) does.not reveal any 

particular growth advantage for the organisms tested. How-

ever, it is of interest to note .·that in mixed systems, a 

reduction of the lag phase in the growth of the individual 

organisms may sometimes be observed, as can be seen in 

Figure 75 for the Yellow organism. 

Over-all analysis of the predominance patterns and 

their relation to predictions based on L1 values for ,max 

each specific organism allows the tentative conclusion that 

L1 values may be of gr. eat importance in the 'IC)rediction r~x l r 

of the predominating species in mixed systems. In systems 

of two organisms with similar fimax values, or where the 

difference in magnitude is not significant, generally no 

unexpected predominance ratios.were noted. If there was 

an appreciable ~ifference in.the respective maximum growth 

rates of the organisms, the one with the 'highest tJ rmax 

would generally predominate. A study of the results of 

these experiments did not allow for conclusions to be drawn 

concerning the influence of K in predominance changes, . s 

other than the observation that it did not appear to be of 

significance at the substrate levels utili.zed. Any 



prediction con~erning predominance patterns based. on 

relative fLmax values• must be: limited. to cases where no 

antagonistic relationships are prevalent. 
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In reference to the activity of the bacterial systems, 

as measured by oxygen uptake, it has. been .. noted that in 

almost all cases investigated.the oxygen uptake of the 

mixed culture was slightly larger. than.the sum of the 

oxygen uptakes of the individual pu~e cultures. This small 

increase in oxygen uptake may be attributed to the fact 

that in most cases the seeds of the mixed cultures contain

ed more viable cells than than the pure culture controls. 

Greater cell numbers would result in a greater uptake of 

oxygen as registered in the pure and mixed culture oxygen 

curves. 

In the patch experiments, a possible antagonistic 

relationship was noted with the Yellow organism and Serratia 

marcescens system (Figure71) and with the Yellow organism 

and B;Lue organism system ,(F.igure 67) . In both experiments 

growth of Yellow organism was very limited in the mixed 

culture. No other cases of antagonism or deleterious 

relationships were noted in the experiments in this section. 

It is interesting to note that in the mixed system 

experiments in which Escherichia intermeqia was present, no 

oxygen uptake plateau was detected. (Figures 62 and 66). It 

seems likely that under the experimental conditions, i.e., 

the competitive situation, the organism did not have time 

to acclimate to its·own intermediates·before they were 
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assimilated by the second organism in the mixture. · Also 

interesting is the observation that in mixed systems where 

Yellow organism was present, few metabolic intermediates 

· were produced (Figures 66, 68, and 76). It has been noted 

previously that Yellow organism.(Figure 47) did not elab-

orate large amounts of intermeqiates, put it now seems 
\ 

apparent that .. it can assimilate some of the intermediates 

excreted by the second culture in the mixture. 

2. Mixed Cultures. Three Organisms on Glucose 

Experiments were carried out by mixing cultures of 

three organisms in a s·ingle vessel. Viable counts were 

measured, during growth, for the mixed system as well as 

for pure culture controls. Glucose at 1000 mg/1 concentra-

tion was used as carbon source. 

Figure 77 shows the results of an experiment with Blue 

·organism, Serratia marcescens, and Pseudomonas aeruginosa. 

Growth of Serratia marcescens was depressed in the mixed 

system. Blue organism, which grew the most rapidly in pure 

culture, remained close to its pure culture viable numbers. 

Pseudomonas·aeruginosa remained.low in numbers although its 

·lag period was somewhat decreased in the mixture. 

The results of an experiment with Yellow organism, 

Escherichia intermedia and Serratia marcescens are shown in 

Figure 78. The viable numbers of Serratia marcescens and 

Yellow organism were depressed, while Escherichia intermedia 

remained close to its pure culture.numbers after completion 

of substrate removal. In the mixture, Escherec·hia· intermedia 
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did not evidence the lag it exhibited. in the pure.culture 

control. 

Figure 79 shows the results of an experiment with 

· · Escherichia coli, Yellow org.anism, and Serra tia marcescens. 

It can be observed that the viable counts of all three 

were depressed. 

Analysis 

From these experiments it can be seen that predominance 

· predictions in batch systems based on II values can be ,max 

extended.to include systems of three organisms. The exper-

iments illustrated.in Figures 78 and. 79 show curves and 

final population densities related to the II values for ,max 

the organisms. In Figure 77 it was noted that :pseudomonas 

aeruginosa was subject to a lag period. for which no expla-

nation has.been found. This resulted in a lower number of 

this species than would have been predicted. This experi-

ment serves to illustrate the difficulties of predominance 

prediction, since it is obvious that lag periods such as 

the one experienced with Pseudomonas aeruginosa could 

invalidate the predictions. 

It is important to note that the relative population 

densities of the original seed in a batch culture could be 

a determinative factor in the total population distribution 

at the end of the growth period. In cases where the initial 

seed counts differ, the actual population relationship at 

the end of the growth period may change, although the pre-

dominance profile in a qualitative sense may be·expected to 
. \ 
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remain. the same as predicted· by consideration of the I I . · rmax 

values. In regard to this matter, it appeared important to 

investigate the b~havior of a system in which organisms with 

different II values and,, with a wide dispati ty in initial rmax 

numbers were grown in association. Such a systel)l,. with 

Serratia marcescens and Escherichia coli was studied, and 

the results are shown in Figure 80. The experiment serves 

to demonstrate how rapidly changes in predominance can be 

brought about if the conditions for such changes are 

favorable. 

3. Mixed Culture Combination of Two Organisms Growing on 

Various Substrates 

In these experiments, two organisms were placed 

together and fed a single carbons source that could not 

sustain growth of one of the cultures. Substrate at 700 

mg/1 carbohydrate was used in the mixed systems. 

Figure 81 shows the results of ~n.experiment with 

Serratia marcescens and Pseudomonas aeruginosa, using sor-

·bitol as substrate. Pseudomonas aeruginosa could not be 

acclimated to sorbitol and did n,pt grow in its presence, 

as shown by the tontrol curve. In the mixed culture, how-

ever, a slight increase in numbers of Pseudomonas aerugi-

nosa was observed. After the experiment had been concluded, 

the viable count was about.twice that of the initial seed. 

Figure 82 shows the results for a system of Serratia 

marcescens and Pseudomonas aeruginosa growing on sucrose. 

It is seen that Pseudomonas aeruginosa g:rew on sucrose in 
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the mixed population with Serratia marcescens. COD and 

sucrose COD curves show the production of considerable 

amounts of metabolic intermediates. 

A number of other experiments along the same lines as 

the two reported above were attempted, These included 

Serratia marcescens and Yellow organism on sorbitol, 

Escherichia intermedia and Pseudomonas aeruginosa on sorbi-

tol, Blue organisma and Pseudomonas aeruginosa on sorbi tol, 

Blue organism and Yellow organism on sorbitol, Blue organism 

and Pseudomonas aeruginosa on sucrose, Serratia marcescens 

and Pseudomonas aeruginosa on ribose. None of these exper-

iments indicated that the second organism could grow. in 

associatio~ with the first, with the possible exception of 
I 

an experiment using Blue organism and Pseudomonas aeruginosa 

on sucrose where Pseudomonas aeruginosa grew to a very 

limited extent. 

Analysis 

These experiments show that, when in association with 

another organism which can use a particular substrate for 

growth, a second orgLanism which cannot use the substrate in 

pure culture can register a growth response. However, based 

on the experiments performed, such a statement should be 

approached with caution in vie~ of the numerous failures 

experienced in attempting 1D show the phenomenon using dif-

ferent bacteria and various substrates, It appears that 

· such an effect is a particular response occurring only under 

a very restrictive·set of circumstances. It is noted that 
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the effect was realized only with a Pseudomonas aeruginosa

Serratia marcescens system, and that the non-growing species 

possessed a high maximum growth rate with glucose, while 

Serratia marcescens grew slower on glucose. These growth 

rate conditions appear to be necessary if the phenomenon is 

to be explained by prescribing to Serratia marcescens the 

role of producer of intermediates while assuming that 

Pseudomonas aeruginosa, a fast grower, assimilates very 

rapidly a portion of the intermediates introduced into the 

medium. It may be surmised that the effect may not be 

duplicated using a fast grower, because it might be expected 

to take up the intermediates without giving an opportunity 

for the Pseudomonas aeruginosa to utilize the intermediates. 

There is some evidence in Figure 82 to substantiate this 

explanation, However, it might also be possible that the 

growth of Pseudomonas aeruginosa was not due.entirely to 

metabolism of intermediates as a carbon source. It may be 

that the intermediates provided an energy source which 

aided in inducing enzymes to metabolize sucrose. 

More difficult to explain is the Pseudomonas aeruginosa 

growth represented in Figure 81. The explanation involving 

growth on intermediates may not be.valid in this case, 

because·as was shown in Figure 50, no intermediates accum

ulated in the system in which Serratia marcescens·was 

growing on sorbitol. 

4. Starvation Experiments 

These experiments were performed .. to study the behavior 
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of pure cultures and mixed cultur~s in the absence of 

exogenous substrate. Figure 83 shows the control experi

ments for pure cultures of Pseudomonas aerugin.0!3a, Serratia 

marcescens, and Blue· organ.ism. 

Figure 84 shows the behavior of a mixture of 

Pseudomonas aeruginosa and Serratiamarcescens. The latter 

organism was observed to decrease in numbers at a higher 

·rate than.·its control, while Pseudomonas aeruginosa was 

· noted .. to b~ slowly increasing in viabte numbers. 

Figure 85 sho•s a system with Serratia marcescens and 

Blue organism, and Figure 86 shows· a syi:;tem with Pseudomonas 

aeruginosa and Blue organism. The curves· in Figure 85 do 

not show a significant change in behavior when compared 

with their pure culture controls, while essentially no 

decrease in. viability was observed for either of the 

species in the mixed system shown in Figure 86. 

Analysis 

lnspection·of the 1ure culture controls {Figure 83) 

sho•s that all three cultures tested underwent a slow 

· decrease in viability during a period of thirteen days of 

endogenous ~espiration. In one of the mixed culture exper

iments (Figure.85) no interaction between the two species 

·• was observed. The organisms behaved in a· manner similar to 

that observed in the pure(,_cul ture controls (Figure 83) . 

Results of the experiment involving amixture of 

Pseudomonas aeruginosa and Blue organ:ism (Figure 85) indi

cated no decrease.in viable'numbers as a result of 
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incubation in the absence of a carbon source. From these 

observations it may be surmised that the difference in the 
\ 

behavior of each culture in the mixed system and in the pure 

culture controls results from the associative relationship 

of both species. In this case, a beneficial relationship 

was developed, with the cultures in the mixed system main-

taining their original levels of viable population density. 

In the experiment with Pseudomonas a.eruginosa and 

Serratia marcescens (Figure 84) the organisms in the mixture 

behaved in a distinctly different·. manner when compared with 

their controls. Via.ble numbers of Serratia marcescens 

decreased at a greater rate than the decrease of the same 

organism observed :in its control,. while Pseudomonas ~

ginosa experienced a period of growth. Since there was no 
\ 

exogenous source of nutrients that could provide for such 

growth, it may be surmised that Pseudomonas aeruginosa 

obtained its carbon source from·Serratia marcescens. It is 

possible that Pseudomonas aeruginosa interacted with the 

other organism in such a manner as to lyse some of the 

cells, and then assimilated. the :released nutrients for .its 

own benefit. Such an explanation could account for the 

increased die~off observ,d in the Serratia marcescens 

viable count curve ,(Figure 84) . At this point, it is inter-

esting to note that the same mixture of organisms produced 

growth of Pseudomonas aeruginosa-on sorbitol {Figure·Bl) 
\ 

even though the latter organism could not utilize sorbitol. 
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D. Continuous Flow Studies with Pure Cultures 

1. Dilution Curves Using Methyl.;..red Dye 

To check mixing conditions in the chemostat reactor, 

dilute-out experiments were- performed with a solution of 
·, 

methyl-·red at pH 2 .0 using three different flow rates. The 

concentration of the dye solution was measured by optical 

density at a wave length of 570 mµ. Experiments were 

performed with and without a stirring magnet. in the reactor. 

Figure 87 shows the theoretical and observed dilute-out 

curves for a chemostat without the magnet, while Figure 88 

shows the same curves for the chemostat in which the liquid 

was being stirred by a magnet. As can be seen from the 

figures, the ~ixing conditions in the reactor were veiy 

close to the theoretical values. 

2. DilutE:-02t1t with One Organism 

In.these experiments, pure cultures of microorganisms 

were grown at different dilution rates in a chemostat. 

Viable counts, substrate determinations (Glucostat) and 

volatile acid analyses were performed. Glucose was used as 

carbon source in all cases. The experiments were carried 

out by setting the pumping system at a small flow rate, 

resulting in a low dilution rate (D) and increasing D after 

steady state conditions were attained for each successive 

rate. 

The theoretical formulations (Equations 25 and 26) in 

Chapter III were utilized to plot the theoretical substrate 

and cell density dilute-out curves. The kinetic constants 
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used were those calculated from patch experiments as shown 

ia Table II. In addition, theoretica~ curves based upori 

kinetic constants.computed by the Lineweaver-Burk reverse 

· plot method (Table IV)· have· been included in the figures 

( labeled "Theoretical L-B''') . 

· Figure 89 shows the results of a dilute'-oUt experiment 

.using Serratia marcescens. In the same figure, theoretical 

curves calculated for X and. S h~ve been plotted. During 

the experimental run it was noted .. ;that Serratia marcescens 

had a tendency to become attached to the walls of the 

reactor and to produce considerable a111ounts of foam. At 

high dilution rat~s the organism did.not dilute out well. 
\ 

.Volatile acid analyses were not made during this experiment. 

:Results of the dilute'-out e.xperitne.nt using Pse.udonio.ria·s· 

ae.rugfnosa· are shown ;in Figure 90 .. In this experiment, 

where no magnetic stirrer was used to increase mixing, 

Pseudo.mona·s· aeruginosa showed a tendency to become attached 

.to the walls of the reactor. The system responded to an 

increasing dilution rate by releasing increasing amounts of 

the substrate in the effluent, but the maximum effluent 

glucos~ concentration recorded was considerably less than 

the amount.being introduced with.thE;i feed. Viable count 

determinations show that the observed values were lower at 

low D values than those computed from theoretical formula-

tions using t4m.ax · and Ks values· obtained. in batch studies. 

Also noted was the tailure.of the organism to dilute out to 

a significant extent. 
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Figure 91 shows the results of an experiment using 

Blue organism. In this case, magnetic stirrer assistance 

was provided to increase agitation and mixing in the reactor 

in an effort to reduce cell attachment to the walls. 

Results indicate that under the experimental conditions 

employed, Blue organism gave a better dilute-out curve than 

that observed in the two previous experiments. Also noted 

was a better recovery of glucos~ in the effluent and a 

general location. of the observed curves that more closely 

approximated the theoretical curves. Volatile acid 

analysis showed that acetic acid was being produced at all 

dilution rates investigated, but that its concentration 

tended to be higher at low D values than at high dilution 

rates. 

Results of an experiment using Escherichia intermedia 

are shown in Figure 92. Magnetic stirrer assistance was 

utilized in this run. The data showed that the theoretical 

curves were reasonably close to the observed values. Acetic 

acid was the only volatile acid intermediate detected from 

gas chromatographic analysis, and its concentration was 

noted to be higher near the "theoretical" point of dilute

out. Again, fewer problems of foaming and cell wall attach

ment were noted in this experiment than in the first two 

experiments reported, where no magnetic stirrer was used. 

Magnetic stirrer agitation was considered to reduce, but 

not to completely eliminate, the problems presented by the 

physical behavior of the cells in the aerating liquor. 
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Analysis 

If a comparison is made between the theoretical and 

observed dilute-out values. from the experiments in which no 

magnetic stirrer was used .(Figures 89 and 90), it can be 

seen that no close correlation in the values was obtained. 

Glucose found in the effluent was noted to be much lower, 

particularly in Figure 90, than that. theoretically predict-

·ed at high dilution rates. Also important, and related to 

the glucose uptake at high D values, is the observation 

that cell concentration in the reactor was not reduced to a 

significant extent by an increase in the dilution ratio .. A 

number of factors are considered to have been responsible 

for these effects, such as the tendency of the bacterial 

cells to attach themselves to the walls, to flocculate and 

precipitate to the bottom of the reactor, and to induce the 

production of foam. Although dilute-out experiments with 

dye· (Figure 87) had previously indicated that a good degree 

of mixing.was obtained in the chemostat, it was deemed 

necessary to increase agitation of the aerating liquor to 

· prevent the above noted problems. This was accompl'ished. by 

introducing a small magnet into the chemostat and rotating 

it throughout the experimental runs at a speed of 200 RPM 

approximately, the chemostat itself being placed upon a 

magnetic stirring device. 

In the experiments reported in Figures·. 91 and 92, the 

glucose recovered at high D values was found.to be close to 

that being fed.into the ·system. In the ca~e of Blue 
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organism (Figure 91), substrate recovery was as high as 87 

per cent of the applied substrate, and in the case of 

Escherichia intermedia (Figure 92), it was 84 per cent of 

the applied glucose. The substrate curves in both experi-
1 

ments approximated the shape of the theoretical curves, but 

were somewhat displaced to the right . 

. The observed and theoretical viable count curves for 

The both Figure 91 and Figure 92 iere of similar shape, 

rapid dilute-out effect took place at about the same D 

values as predicted, but total elimination of the cells was 

not accomplished. The number of cells detected in the 

reactor, however, were relatively few, particularly in the 

case of Blue organism (Figure 91). From the observed 

curves it is noted that at most Dvalues the cell density 

values were higher than those for the theoretical curves. 
\ 

Such positioning of the viable cell curve can also be seen 

in Figure 89. From these observations it can be surmised 

that the continuous flow yields·derived.from most of these 

experiments were higher than those computed from batch 

experiments. 

In certain cases, such as the experiment with 

Escherichia intermedia (Figure 92), if a higher II. were rmax 

to be .assumed than that obtained from batch experiments 

(i.e., 0~420), a better fit of the observed values to the 

theoretical relatiohship would be obtained. Thus the pos-

sibili ty must be entertained that II in continuous flow rmax 

cultures was higher than the values obtained from batch 
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experiments. 

An over--al,1 view·of these.experiments allows it to be 

concluded. that a complete dilute-out of the cells is very 

difficult to obtain under the experimental conditions 

employed, although the performance of the system was 

improved by the magnetic stirring device. Long "tailing off" 

of viable count may be expected in experiments similar to 

these, resulting in the uptake of some of the glucose fur-

·nished even at high dilution rates. The comments presented 

.above serve to emphasize the difficulties encountered in 

working. with living cell systems of this type.. Character-

istics of the cultures and physical. limitations of the 

equipment used may prevent a close correlation between 

theoretical and observed values. 

From Figures 89-92 it may be seen that the theoretical 

X and S curves obtained from value computed from Monod's 

plot (Table II) ·an.d from reverse plots (Table IV) fall very 

close to each other. The conclusions derived.from these 

· experiments are not, therefore, materia,lly changed by using 

the values calculated by either method. 

The nature of the intermediates produced during glucose 

metabolism yd th natural heterogeneous populations has been 

investigated by Krishnan (116). He found that the inter-

mediates consisted largely of volatile acids, with acetic 

acid being the major component. Gas.chromatographic analy-

·ses·of samples.taken. from continuous flow experiments 

con.firm Kris.hnan' s findings· and point· to acetic acid as 
I 
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being the only volatile acid present in more than trace 

amounts. 

From the Escherichia intermedia experiment {Figure 9Z) 

it can be noted that the intermediates produced were pri~ar-

ily acetic acid. Since the intermediates and/or end prod'-

ucts for this organism were no different than for any other 
I 

strain studied, the plateau with Escherichia intermedia 

must be the resul·t of peculiar metabolic characteristics 

of this organism when using acetic acid. Acetic acid was 

excreted into the medium at all dilution rates, with an 

increase in quantity being observed during the actual 

dilute-out of the cells from the system. The same effect 

. was observed using Blue organism (Figure 91). 

E. Continuous Flow Studies with Mixtures of Pure Cultures 

1. Dilute-out Experiments with Two Organisms 

These experiments were carried out in a manner similar 

to those presented in the previous section, except that two 

organisms were used. Figure 93 shows the results of one 

such experiment using a mixture of Serratia marcescens and 

Blue organism. The magnetic stirrer was not used during 

this experiment. The viable count curves show ·that certain 

population density levels were established at low dilution 

rates with the viable numbers of Blue organism being higher 

than those.of Serratia marcescens. At high dilution rates, 

Blue organism diluted out as expected; however, Serratia 

marcescens did not diminish in numbers. Visual inspection 

of the reaction vessel during the experimental run revealed 
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that a dense growth·of Serratia marcescens had become 
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attached to the walls and bottom .. The concentration of glu-

cose in the effluent was very low, as can be seen from the 

glucose curve in Figure 93. Acetic acid analyses showed 

that the maximum amount of intermediates was :produced during 

the period when Blue organism was still in the system. 

Figure 94 shows the results of an experiment with 

Pseudomonas aeruginosa and Blue organism; magnetic stirring 

was employed. Both organisms diluted out well, and most of 

the tlucose appeared in the effluent at high dilution rates. 

No volatile acid analyses were performed in connection with 

this experiment. 

Analysis 

The Serratia marcescens-Blue organism system (Figure 

.93) behaved in a very peculiar way in that no dilute-out 

effect. was observed with Serratia marcescens. It appears 

that this behavior can be explained by the heavy growth of 

the organism on the walls of the vessel. Such attachment, 

which was also observed to a lesser extent in the pure 

culture experiment with this organism (Figure 84), indi-

cates that Serratia marcescens may not be a very satisfac-

tory species to work ~ith under these conditions. 

It is obvious that in cases such as this, methods must 

be devised to maintain the cells in a dispersed state if 

predominance predictions based on lL . are to be valid. ,max 

It·is very possible that in such experiments the predomi-

nating organism at high dilution rates would be the one 
(_ 
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capable of covering the inner vessel surfaces rather than 

those growii:i.g at high~r rates. This e.ffect also demon-

·stratas a method whereby one organism can gain a competitive 
. . \ 

advantage over another in a natural ecological system. In 

the waste water field this phenomenon plays a very important 

role in trickling filters, and possibly also.in activated 
L 

sludge units. 

Predictions of cell distribution at low dilution rates 

based on the kinetic growth rate constants already computed 

(Tables II and III) would indicate that Blue organism should 
' 

predominate over Serratia marcescens. As can .be seen from 
\ 

Figure 93,. Blue organism was more numerous than Serratia 

marcescens. It is difficult to draw valid conclusions from 

further predominance predictions for the experiments, since 

Serratia marcescens, which should have diluted out first, 

did not do so for the reasons stated above. 

Volatile acid analyses for the Serratia marcescens

Blue organism.experiment indicated that acetic acid was 

present in measurable amounts. It is apparent. from 

Figure 93 that the major amount of acetic acid being pro-

duced was due to Blue organ.ism. 

An examination. of the kinetic.constants (Table IV) 

. shows that Ks values for Ps.eudomon.as aerugin.osa an.d Blue 

organ.ism (Figure 94) were very similar, while their Ll. r·max 

values differed somewhat (0.331 and 0.387, respectively). 

Based on these values, the prediction. of predominance for 

the combined system would be that Blue organism might be 
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expected to predominate at low D values and Pseudomonas 

aeruginosa should 4ilute out.slightly. faster. An ~xamina-

tion of Figure 94 shows that, as expected, Pseudomonas 

aeruginosa did begin to dilute out more rapidly, but at low 

di:l.ution rates, i.e. , O .1, it was slightly more numerous 

than Blue organism. 

2. Shock Load Response w1 th· Two or More Pure Cul t.ures in. 

a Mixed System 

These experiments.were carried out by·incubating the 

organisms in a chemostat under steady state, continuous 

flow conditions and imposing on. the system various quali'."' 

tative and quantitative shock loads. Figure 95 shows the 

results of an experiment with Serratia marcescens and 

Pseudomonas aeruginosa at a constant dilution rate of 0.150. 

A steady state condition wa~ obtained at the glucose 1•vel 

of 500 mg/1 before change in the feed. The.viable count 

showed a higher concentration. of Pseudomon.as aeruginosa 

than Serratia marcescens. The· system was then subjected to 

a quantitative shock load by incre~sing th• glucose concen

tration in the feed.to 1000 mg/1. The system responded 

initially by showing an. increase in the numbers·of Serratia 

marcescens while retaining the same population level of 

Pseudomonas aeruginosa. After a period of time;,he 

numbers of the latter organ.ism were seen. to rise. 

Although no glucose was detected in. the effluent, as a 

result of the shock, a·small amount of acetic acid was 

produced. 
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The last shock to the system consisted of a change in 

the carbon source to 500 mg/1 sorbitol. The system showed 

a temporary increase in the sorbitol concentration of the 

effluent, while the acetic acid concentration decreased to 

zero. Serratia marcescens showed an increase in density 

under the new conditions While Pseudomonas aeruginosa 

responded with a decrease in its viable numbers. 

Results of an experiment using Escherichia intermedia 

and Serratia marcescens are presented in Figure 96. An 

.initial dilution rate of 0.166 was used, and the feed con

centration was 500 mg/1 glucose. After a steady state had 

been approximated, the substrate concentration of the feed 

was changed to 1000 mg/1 glucose. The viable numbers of 

both organisms increased, the relative increase in Serratia 

marcescens (which doubled nearly five times), being propor

tionally larger than that of Escherichia intermedia (which 

doubled approximately once). A small amount of acetic acid 

was detected in the. effluent under the shock conditions, 

although no glucose was found. A subsequent decrease in 

the glucose feed to 500 mg/1 brought about a return to 

approximately the same conditions in the system that were 

observed during the first phase of the experiment. A qual

itative shock load of 500 mg/1 sucrose resulted in a small 

decrease in the numbers of Serratia marcescens followed by 

a recovery, while imposition of a hydraulic shock load 

(D = 0.285) produced a decrease in the number of Escherichia 

_intermedia, followed by a recovery to its previous 
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population density. Some decrease in the numbers of the 

other organism was noted. 
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An increase in the acetic acid concentration in the 

effluent coincided with the observed decrease in viable 

numbers of Escherichia intermedia. 

In Figure 97 results of an experiment with Pseudomon.as 

aeruginosa and Blue organism, using a dilution. ratio of 

o .143, are presented. Aftei:r a steady state had been estab

lished, a quantitative shock load (500 mg/1 to 1000 mg/1 

glucose) brought about the establishment of higher popula

tion. levels. A decrease in glucose to 500 mg/1 resulted in 

a decrease in Pseudomonas aerugin.osa numbers coupled with a 

numerical increase in the Blue organ.ism viable count. To a 

qualitative shock (500 mg/1 sorbitol) the system responded 

by a further increase in Blue organism and a small decrease 

in Pseudomonas aeruginosa. Acetic acid was noted during 

the first and second phases of the experiment, and it was 

seen to approach zero after the substrate feed was reduced 

to 500 mg/1 glucose. 

In Figure 98 results of an experiment using Pseudo

monas aeruginosa, Blue organism, and Serratia marcescens 

are presented. The dilution. rate used was 0.201. Pseudo

monas aer.u_ginosa responded to the quantitative shock loads 

by maintaining its population density at approximately the 

same level, and to the sorbitol shock by a reduction. in 

viable numbers. 

Blue organis'm showed an increase in numbers followinf; 
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the 1000 mg/1 glucose shock and· a decrease in via_ble numbers 

after the feed had been returned. to 500 mg/1 glucose. It 

remained at this latter level after·sorbitol was substi-

tuted as. the carbon source. Serratia marcescens did not 

show a significant increase. in viable numbers until after 

sorbitol was applied. Neither sorbitol nor glucose was 

detected in the effluent, and acetic acid was found only 

during the first two phases of the experiment. 

Analysis 

In the initial steady state portion of the.two-organism 

experiments (Figures 95-97) predictions for the relative 

distribution of the bacterial species based on the batch 

kinetic constants were correct in two out of three cases. 

For example, in the experiment using Pseudomonas aeruginosa 

and Serratia marcescens (Figure 95) an examination of the 

respective 11 values indicated that under steady state rmax -

conditions Pseudomonas aeruginosa would predominate over 

the other o~ganism. This was also observed with Escherichia 

intermedia and Serratia marcescens (Figure 96). It may be 

concluded. that when. two organisms are placed together under 

steady state conditions, the predominating organism can be 

predicted with a reasonable degree of certainty, partic-

ularly if the It. values for the two organisms concerned ) rmax 
are quite different, and if no antagonistic relationships 

are present. However, the results shown in Figure 98 

could not be predicted by consider~tion of fLmax values. 

In this experiment, using Pseudomonas aeruginosa, Serratia 
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marcescens and Blue organism, the prediction that Blue 

organism would predominate, followed closely by Pseudomonas 

aeruginosa with lesser numbers of Serratia marcescens was 

not confirmed. It seems apparent that, under these experi-

mental conditions, there was a more complex interrelation-

ship between the organisms than was predicted by simple 

substrate competition based on 11. values. Furthermore, 
rmax 

Figure 97 shows that predictions based on 11 did not rmax 

hold valid in the case of Pseudomonas aeruginosa and Blue 

organism. In this case, after the initial steady state had 

been obtained, Pseudomonas aeruginosa was shown to be the 

predominating organism, and it remained so through the 

1000 mg/1 quantitative shock even though its L1 was rmax 

lower, 

It now becomes apparent that in some of these experi-

ments a particular interaction between cer_tain organisms 

takes place that cannot be explained on the basis of sub-

strate competition. This unexplained interaction occurred 

only in cases which involved the organism Pseudomonas 

aeruginosa. An antagonistic effect from Pseudomonas 

aeruginosa is, therefore, strongly suspected, 

From Figure 97 it can be noted that different popula-

tion levels for Blue organism and Pseudomonas aeruginosa 

were present during the two periods where steady state con-

ditions were established at 500 mg/1 glucose, Such behav-

i or may also be seen in Figure 98 wi.th Blue organism. 

This phenomenon cannot be explained by kinetic theory, and 
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therefore it seems likely that the effect is a reflection 

of the antagonistic effect assigned to Pseudomonas aerugi

nosa. 

In the case of Escherichia intermedia and Serratia 

marcescens shown in Figure 96 and in the case of Blue organ

ism and Pseudomonas aeruginosa shown in Figure. 97, the 

system response to the shock load from 500 to 1000 mg/1 

glucose was the establishment of new steady states in which 

both cultures showed a higher cell density. In Figure 97, 

however, a decrease in glucose feed to 500 mg/1 concentra

tion did not result in a return to the previously noted 

levels of cell density but caused a further decrease in 

Ps.eudomonas .aeruginosa numbers and an increase in Blue 

organism. In fact, this second steady state in Figure 97 

resulted in producing population densities that match 

predictions made based upon kinetic constant values. This 

· behavior is most surprising,. and it is interesting to 

postulate that the deleterious effect of Pseudomonas 

aerugi:nosa was somehow removed to a large degree after the 

second shock load, with the resulting conditions now being 

similar to those observed in Figure 94 at the fast~dilution 

rates. It seems possible that if one organism exhibits an 

antagonistic effect over another, it may do so by elabor

ating some substance which is produced in greater or lesser 

amount, depending upon the rate at which it is growing. 

An examination of Figure 95 shows that after the first 

shock load (1000 mg/1 glucose) the population level of 
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Pseudomonas aeruginosa remained static until just prior to 

the next shock while the number of Serratia marcescens 

showed an increase. The same phenomenon is observed in 

Figure 98 where, in response to a quantitative shock load, 

the numbers of Serratia marcescens and Blue organism 

. increased while Pseudomonas aeruginosa remained static, 

Although such behavior can be attributed to special char

acteristics of Pseudomonas aeruginosa, the possibility of 

establishing different relative population densities as a 

result of changes in substrate concentration is evident, 

In analyzing the acetic acid concentration in these 

experiments, it may be observed that the method utilized to 

test for steady state in a continuous flow system, e.g., 

steady optical density for at least three detention times, 

may not be sufficiently accurate. In Figure 98 the acetic 

acid curve during the first 500 mg/1 glucose feeding period 

definitely shows that a complete steady state situation had 

not been attained even though all other measurements showed 

no significant change. Gas chromatographic acetic acid 

checks, which can be performed within a very short.time, 

should give definite confirmation of a steady state 

condition. 

The determination of acetic acid values provided an 

interesting insight into the biochemical behavior of these 

systems when shock loaded. It can be seen that. in response 

to the quantitative shock load the level of intermediates 

in the system increased, followed by a decrease until steady 
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state was established (Figures 95 and 97). Acetic acid 

also appeared in the effluent after qualitative and 

hydraulic shock loads, as can be observed from Figure 96. 

In general, it may be said from the effluent analyses per

formed that the continuous flow systems developed could 

absorb the various shocks applied, but nQt without some 

deterioration and subsequent recovery of the effluent 

quality. 

F, ~ecies·Predominance Control ExEeriments 

In batch systems, experiments were performed by adding 

25 ml of a culture of Blue organism to a sewage seed placed 

in 1000 mg/1 glucose, using a three-liter open vessel aer

ated by means of diffusers. After twenty-four hours the 

culture had turned a bluish color characteristic of the 

Blue organism. A. streak of the mixture revealed what 

appeared to be a pure culture of Blue organism. The same 

situation was maintained for forty-eight additional hours 

through two 24-hour feeding cycles, after which the mixed 

liquor turned brown in color, and streaks on nutrient agar 

revealed that the test organism was no longer the predom

inating species. 

In an attempt to effect a predominance change in 

batch systems once a natural heterogeneous population had 

been established, 25 ml of a culture of Blue organism were 

added to the batch system during one of the regular waste

and-feed periods. Although the experiment was repeated 

several times, no changes in predomin.ance were observed as 
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result of the culture addition. 

In an attempt to induce a change in predominance with 

a continuous flow system, one of the regular chemostats 

used in the Bioengineering laboratories was chosen. The 

system was operating on .500 mg/1 glucose under a steady 

state condition. A heterogeneous microbial population was 

-present, the system having been developed from.sewage seed. 

Every twelve hours 5 ml of a heavy suspension of Serratia 

_marcescens · '}lere introduced. direct~_Y .. into the aerating 

liquor by me.ans of a pipette. This procedure was followed 

for seven days. For another week after the above procedure 

:was followed, 4 ml of Serratia marcescens suspension were 

added four times a day. During the entire experimental run 

frequent plate counts were made. ~o change in the physical 

appearance of the aerating liquor was noted, and the plate 

counts failed. to reveal the presence of. Serratia marcescen.s 

cells . 

. Analysis 

The experiments reported in this section were of a 

very exploratory nature, and it is not felt that any con-

clusions may. be derived from them. It may be noted, how

ever3 that in a batch system a short-term predominance 

shift was attained by adding a massive .inoculum of an 

organism· with a. hi_gh fl max to the original sewage seed. In 

similar batch systems it was not possible to induce.a pre

dominance change after the origin.al seed had developed an 

established bacterial population. It is interesting to 

/ 
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note that even after a large population of Blue organism 

had been established by massive inoculations, it did not 

maintain its predominance for more than forty-eight hours. 

Such results would indicate the difficulties involved, not 

only in inducing predominance changes, but also in maintain

ing the population selected for a period of time. 

In continuous flow units, none of the predominance 

.changes attempted was successful, It would appear that the 

competitive situations in a steady state system are less 

susceptible to predominance changes induced by seed addi

tion. It seems likely that in the open system, most of the 

added cells were diluted out before they had an opportunity 

to become established in the aerating liquor. 

In the batch systems, a blue color identified the 

presence of Blue organism. The use of color patterns to 

detect massive predominance changes has been suggested by 

Rao and Gaudy (95), and Cassell,, Sulzer, and Lamb (99). 

This method, however, should be viewed with caution, because 

other factors (which do not necessarily involve predominance 

changes) influence color in bacterial cultures. For 

example i the organism he:rein termed "Blue organism" because 

it imparts a bluish tint to the mixed liquor, does so only 

during an active growth phase. 



CHAPTER VI 

DISCUSSION 

. In. this section it appears desirable to mention the 

most common. problems encountered in the actual execution. of 

the experiments. The paramount difficulty in carrying out 

experiments involving pure culture·systems was maintaining 

the purity of the species by avoiding contamination .. It is 

.necessary to emphasize that the greatest. care must be taken 

·in every sitep of the experimen.ts to ensure that no contam

ination. is introduced. The smallest deviation from good 

sterile techniques may result in.the loss of one or more 

experiments because of contamination difficulties. It is 

to be noted.that the. usual method of determining purity is 

by streaks or plate counts, and. these tests take a certain 

amount of time to develop, thus in many cases making it 

impossible to determine if cult~res remain pure until after 

an experimental run has·been completed. Difficulty was 

experienced in sterilizing the media and the .equipment, and 

keeping the system uncontaminated in continuous flow runs, 

possibly because· of the long time in.volved in. each run. It 

is in connection with. con.tin.uous flow. experiments that care 

in employing pure culture techniques should be. maximized. 

217 
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The experiments herein reported, batch as well as con-

tinuous flow, were devoid of detectible contamination, 

There were times during the work when contamination was 

detected. In all of these cases the experiments were dis-

carded and re-run. 

The use of the kinetic growth rate constants in the 

· pred ictio'n. of :Q_:redominance patterns in batch and continuous 

flow systems are two of the subject~ upon which this report 

is intended to cast some light. In batch systems it was 

found possible to predict the predominating organism when 

two or three species of qacteria were incubated together, 

based on II values. Such predictions, however, must be ,max 

qualified by several conditions, as follows: 

1. It is necessary that no organism exhibit a sign.if-

icant antagonistic effect on the other culture or 

cultures during growth. Such antagonism would not 

permit a predominance based on competition for the 

available substrate. Cases of antagonistic effects 

have been noted in Figures 67 and 71. 

2. It is necessary that no significant growth log 

occur with one of the cultures. Such a case is 

illustrated by Ps.eudomorias· aer.uginosa, where a lag 

of over two hours was observed for the organism 

(Figure 77) . 

3. It is desirable that the initial bacterial 

seed consist of approximately the same number 

of each organism. It is possible that in a case 



where a disproportionate number of cells in one 

of the bacteri-1 seeds exists, the gualitative 

predominance prediction:may not be correct, 

, although it is to be noted. that.the ratio of 

the yia'.ble numbers·for both species will change 

through the growth period. An,example of this 

effect is shown. in Figure:65 with Yellow·organism 

and. Escherichia.intermedia, 

In view of the results obtained from batch systems, 

it may. be surmised that.the possibility exists that.pre-

diction of predominance patterns for systems containing 
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. more than.. three organ.isms may be accomplished by following 

the same procedures as presented in this report. 

· From several continuous flow experiments in. which no 

antagonistic relation.ship appeared to take place, it was 

found to be possible to predict predominance patterns 

based on an evaluation of 11. values· for each of the rmax 

organisms. Figures 93, 94, 95, and 96 show·that.such pre-

dictions are possible. Certain.:limitations and qualifica-

tions for such predictions must be stated. These are: 

1. Sufficient agitation should be maintained 

.in the aeration vessel to prevent excessive 

· attachment of cells to the reactor walls and 

bottom, or such growth must be removed by 

other,means without altering. the existing.steady 

state conditions. 



2. Predictions may not be made for systems con-

taining more than two organisms. It is very 

possib+e that such predictions could be made, 

but no evidence for such an extension is pre-

sented in this report. The only triple contin-

uous flow experiment reported (Figure 98) was so 

strongly influenced by antagonistic relation

~hips that it could not be used as a basis for 

surmising further possibilities of predicting 

predominance, 
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The evidence collected in this work points to the pos-

sible importance of using ll values of organisms obtained rmax 

in pure culture studies to predict predominance in mixed 

systems. The Ks for the organisms was found, in.the batch 

runs, to be of little significance in the prediction of 

predominance in most cases examined. However, the high Ks 

value for Yellow organism could explain its restrained 

growth or decrease in some mixed experiments (see Figures 

65, 67, 71, and 78) . It is possible that Ks could play an 

important role in predominance patterns. at substrate levels 

s ubstaTJ:tially lower than those utilized in this work. It 

is also possible that Ks values could be of importance in 

steady state systems, or during some transient state condi

tions. This latter possibility, however, could not be 

evaluated in the present study, since the difference in Ks 

for the organisms employed in continuous flow experiments 

was not great. 
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It was anticipated that the elaboration of metabolic 

intermediates derived.from glucose metabolism would have an 

effect on the determination of predominance patterns. An 

example of such an effect may .be noted in the growth of 

Escherichia intermedia. In the mixed systems including 

this organism, it may be·seen that no secondary oxygen 

uptake took place as was noted in the pure culture. It can 

be surmised that other organisms in a mixed culture were 

able to metabolize the intermediates excreted by Escherichia 

intermedia, thus benefiting from the association, e.g., 

Figu~es 56 and 62. It is also possible that ~he lack of 

growth noted with Yellow organism. (which did not accumulate 

intermediates ouring growth on glucose) when in a mixed 

culture with Blue organism and- Serratia marcescens (Figures 

67 and 71) may be due to some metabolic intermediate or end 

product introduced into the medium by the latter organisms. 

Gas chromatographic analyses showed.that acetic acid 

was produced as a metabolic intermediate of glucose utili

zation in all cases tested. No other volatile acid was 

detected. On.the other hand, metabolism of sorbitol yielded 

no acetic acid at all; thus pointing to the possibility that 

glucose and sorpitol are metabolized by different pathways. 

In the case of Escherichia intermedia,. the intermediates 

· produced did not appear to be different from those produced 

by the other organisms; therefore, it seems· that acetic 

acid is ,roduced in a majority of cases, and that Escher

ichia intermedia is not capable of utilizing this acid 
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immediately without a period of acclimation or synthesis of 

new enzymes. This organism is apparently one of the few 

. that.requires a lengthy acclimation process in order to 

metabolize acetic acid. In this stuqy, _glucose and the 

intermediates produced were always metabolized sequentially; 

however, this. was reflected as a plateau in the o:,~ygen up

take curve, COD removal curve, ~tc., only in the case of 

Escherichia .intermedia. A similar plateau effect caused by 

the need. for an acclimation period in tbe two-substrate 

systems has been shown in several of the growth rate compar

ison experiments. 

The case of Pseudomonas aeruginosa is a very interest

ing one, As shown in several of the batch mixed culture 

runs,. no antagonistic relationships were noted when this 

·organism.was combined with other·species. However,. in con

tinuous flow experiments. (Figures.97 and 98) there was a 

depressing effect on the numbers of other organisms grown. in. 

association with Pseudomonas aeruginosa. In addition, the 

endogenous experiments presented in Figure 84- show a 

decrease in the number of Serratia marcescen.s, :while 

Pseudomonas aeruginosa increased in .. density. Another 

unusual response of this organism is that.it grows in the 

presence of sorbitol when grown in association with 

Serratia marcescens, although it cannot metabolize sorbitol 

by itself. 

· From the observations on· Pseudomonas aerugin.osa. in 

combination with other species, it may be surmised that this 
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organism benefits, under certain conditions, from its 

association with other cells. The beneficial effect may 

not necessarily be one conferred.on Pseudomonas aeruginosa 

py the other organisms, .but may be due to a detrimental 

effect of Pseudomonas·aeruginosa on the others. This detri-

·mental effect may involve a product excreted.by Pseudomonas 

aeruginosa. It seems possible that. the soluble pigment 

produced by Pseudomonas aeruginosa is an agent causing the 

relationships noted. If such a product or pigment is able 

to induce lysis, or to retard growth of other cells, the 

effects observed would be explained. In continuous flow 

experiments, the substance could decrease growth of other 

stra:ins, resulting in higher relative numbers of Psei'U:cforiion:as 

aeruginosa. In the endogenous runs, the organism.could 

benefit from products of cell lysis from the other species. 

It also seems possible that a substance excreted by 

Pse4domonas aeruginosa could accelerate lysis or reduce the 

uptake by the other intact cells of carbon made available 

by lysis. 

In the case of the tnixed culture experiments using 

sorbitol as a carbon source, where Pseudomonas aeruginosa 

grew in the presence of Serratia marcescens, the effect. may 

·have taken place as a result of intermediates produced by 

the latter organism .. Another possibility could be that a 

substance excreted by Pseudomonas aeruginosa could induce 

lysis in some·Serratia marcescens cells, \\lith.the cell 

lysis products being assimilated by Pseudomonas aeruginosa. 
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A third, but remote, possibility could be that Serratia 

marcescens elaborated some product which permitted 

Pseudomonas aeruginosa to induce the necessary enzyme(s) to 

grow on sorbitol. 

The foregoing discussion concerning the behavior of 

Pseudomonas aeruginosa in combination with other organisms 

is highly speculative, but it is felt that many of the 
) 

effects noted may be related to the soluble pigment produced 

by this organism. This aspect could be. investigated by 

studying the effect of the soluble pigment on the growth 

and metabolic patterns of the organisms which.were used in 

association with Pseudomonas aeruginosa. Such investiga~ 

tions were not undertaken in the present research, since 

the aim was to gain a broad insight into predominance pat-

terns. It is realized, however, that the Pseudomonas 

aeruginosa mixtures could pr,ovide extremely valuable sys-
\ 

terns for more penetrating study, especially if continued 

research indicates that other so1uble pigment producers 

exert a suppressing influence on the growth of a wide var-

iety of other organisms. The effect in itself is worthy of 

study from a basic standpoint, However, in order to justify 

study·from an engineering standpoing, the phenomenon would 

have to be exhibited by other organisms as well as 

Pseudomonas aeruginosa. 

In analyzing the results of the dilute-out experiments 

with single organisms in comparison with the theoretical 

values predicted using J-Lmax and Ks determined from batch 
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experiments, it was noted. that.a close fit.was never real.,.. 

ized. Even in those experiments·where magnetic stirring 

was utilized (Figures 91 and. 92), the observed and theor

etical curves did not ~oincide. There was, however, a 

similarity in the shape and trend of the curves. The 

observed substrate values·were seen to be generally dis

placed to the right along the dilution rate axes. The 

observed cell concentrations were higher than.those of the 

theoretical curves (see Figure 92). It is perhaps.proper 

to theorize that the behavior of a system such as the one 

shown in Figure 92 is due either to practical experimental 

deficiencies in the equipment, or to specific properties of 

the bacteria that do not produce a completely. dispersed 

system in the reactor. It could be that both aspects are 

interrelated, and that better results could be obtained.by 

the utilization of a.larger chemostat provided.with several 

air diffusers.to increase mixing. These observations under

line the practical difficulties in dealing With living 

bacterial systems, and suggest that.a clearer understanding 

of the limitations of the theory when applied. to practice 

is needed. in order that results may be analyzed in a more 

. meaningful manner. 

The shock load respons~_of.mixed systems indicates 

that a change .in predominance may be obtained with a quali

tative shock load, as in the case of Pseudomonas aeruginosa 

~nd Serratia marcescens when placed on sorbitol (Figure 95). 

Also iriteresting is the observation that it is possible to 
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change the relative composition of the population by means 

· of a quantitative shock load (Figure 97) . 

The present work was necessarily of an exploratory 

nature,· since this·areaof investigation is extremely broad 

.and very diffuse. Also, although.considerable work on 

species predominance has been accomplished in some basic 

and appliedmicrobiological areas, the amount of work 

.accomplished is small in-relation to the ultimate importance 

of this area. Much of the work which has been reported is 

of little direct use in the water pollution control field. 

· While the present study has· admittedly only "scratched the 

·surface," it .has shown that. gross estimates of species pre

dominance do appear to be attainable using closely control

led model systems under experimental conditions. (temper

ature, substrate levels, dilution rates, etc.), approaching 

those present in biological treatment facilities, and it is 

possible to draw the tentative conclusions given in the fol

lowing_chapter. 



. CHAPTER VI I 

CONCLUSIONS 

1. .The values of µ.. max for pure cultures can be used 

to predict.predominance patterns in a qualitative sense in 

batch and continuous flow· systems of two or three individual 

organisms when no antagonistic interactions are evident· in 

the system 

2. No significant role in the prediction of predomi-

nance patterns .was evident for the constant K at the sub.s 

strate levels utilized. 

3. The growth plateau observed using a pure culture· 

system with a two""'substrate carbon source appears. to be 

the result of sequential .substrate removal and may or may 

not be ma:sked or enlarged by.acclimation of the seed. 

4. The work with Escherichia intermedia confirms the 

work of Bhatla and Gaudy (91) on the causes of the growth 

plateau observed with pure cultures. 

5. The sequential substrate removal in a glucose-

sorbitol system observed by Gaudy, Komolrit, and Bhatla 

(109) for heterogeneous populations.has been substantiated: 

by similar behavior observed with.a variety of pure 

cultures. 
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6. Acetic acid comprised the bulk of the volatile acid 

intermediates accumulated during glucose metabolism by the 

bacterial cultures examined. 

7. An interrelationship between Pseudomonas aeruginosa 

and other organisms has been detected. Such a relationship 

is beneficial to the gro.wth of Pseudomonas aeruginosa in 

the presence or absence of exogenous substrate. It is sug

gested that the soluble pigment produced by Pseudomonas 

aeruginosa may play a significant role in the establishment 

of this effect. 

8. The curves derived from the theoretical formula..:. 

tions for steady state kinetics using constants determined 

in batch studies were found to be similar to the observed 

curves in shape arid trend but not in detail, particularly 

at high dilution rates. 

9. Changes in predominance or in relative numbers of 

bacterial species present in continuous flow systems can be 

brought about in response to quantitative, qualitative, and 

hydraulic shock loadings. 



. CHAPTER. VII I 

SUGGESTIONS FOR FUTURE WORK 

It is felt that the following research ideas would be 

of value in undertaking future investigations: 

1. · Since the constant. K may play an important role s 
in predominance predictions at low substrate levels, it· 

appears important to study such an effect. 

2. In order to ascertain if quantitative predominance 

predictions may be made based on bacterial kinetic growth 

rate constants, it is suggested that additional work be 

performed using simple model batch systems of two or three 

organisms. 

3. It appears desirable to study more complex mixed 

culture systems involving several .bacterial species to 

determine if gross predominance predictions may be made 

using such systems. 

4. In order to gain additional information on the 

behavior of mixed.bacterial s.ystems·when subjected to quan-

titative, qualitative and hydraulic shock·loads, it is felt 

that additional continuous flow:work in this area would be 

of considerable interest. 

229 
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5. An interrelation.ship between Pseucfomon.as aerugi-

· nosa and other organisms, particularly Serratia marcescens, 

has been. detected in. this work. It would be of interest to 

continue research. into. the causes·and results of this 

· effect. 

6. It is suggested that exploratory work be under-

taken into the influence of bacteriophage action upon mixed 

bacterial systems. In the water pollution.control field, 

results of this. type of work could be of considerable 

interest in determining. the role of bacterial viruses in 

the selection of natural bacterial populations. 
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