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CHAPTER I
INTRODUCTION

A. Basic Concepts and Misconceptions

The initial paper by Gaudy (1) showing sequential removal of
glucose and sorbitol by a sorbitol-acclimated heterogeneous microbial
population encouraged various researchers in the pollution control
field to embark on further investigation of this phenomenon. However,
causation for this phenomenon is rather comb]icated, involving basic
metabolic regulatory mechanisms at the level of enzyme synthesis and
function, and it has become apparent that some investigators have
tended to oversimplify, and indeed ignore, the basic control mechanisms
which are operative during substrate interactions. It is felt that
this failure to consider the control mechanisms which lead to the mani-
festation of sequential substrate removal has led to some misinterpre-
tation of experimental results and, in some cases, to incorrect conclu-
sions. It is of the utmost importance to realize that the term
"sequential substrate removal," considered by itself.and not in context
with the parameters of the biological system in which it was obtained,
is entirely inadequate to describe the intrinsic behavior of a biologi-
cal system.

Consider, for example the fo110wing illustration. An investigator
reports that a given organism pregrown on sorbitol and then placed in a

glucose-sorbitol mixture eliminates these substrates sequentially with



the glucose being utilized first. Another investigator using the same
organism pregrown on sorbitol reports concurrent utilization. These
seemingly divergent results can be completely compatible. To appreciate
this fact it is necessary to consider the observed substrate removal
patterns in relation to two very important cbntro] mechanisms; these
are repression of enzyme synthesis and inhibition of enzyme function.
If the first investigator had utilized a Tow initial biological solids
concentration and if glucose catabolites complietely repressed the
formation of the enzymes necessary to remove sorbitol, then the result
would indeed have been sequential substrate removal. If, on the other
hand, the second investigator had started with a high concentration of
biological solids, which consequently would have provided the system
with a high initial "enzymatic capébi]ity“ to remove sorbitol, the
compounds would have been removed concurrently provided that the enzyme
system necessary for the degradation of sorbitol was not inhibited by
glucose or by any of the catabolites from glucose. Therefore, where
catabolite repression is exerted but there is no inhibition of pre-
formed enzymes, any pattern of substrate remova1, within wide Timits,
may be obtained, simply by varying the initial biological solids con-
centration.

If a microbial population is placed in contact with a dual carbon
source where the metabolites from one source both repress and inhibit
the formation and function; respectively, of the enzyme system
necessary for the utilization of the other substrate, a wide range of
substrate removal patterns can be obtained. The particular response
observed will depend upon the initial bioTogica1‘soTids concentration,

the initial "enzymatic capability" of the cells to utilize each of the



substrates, and also on both the degree of repression and the degree of
inhibition present. Only if an enzyme system necessary for the utjli-
zatijon of one of the compounds is both completely repressed and com-
pletely inhibited will it always be possible to observe completely
sequential substrate removal in the dual carbon source medium.

One should now appreciate that there are many factors which must
be considered in evaluating what is truly meant by a report of sequen-
tial substrate removal. Even when the metabolic control mechanisms
involved are considered, there has been a failure on the part of some
researchers to fully appreciate the basic concepts involved. For
example, consider the following statement by Stumm-Zollinger (2):

Catabolite Fepression has been observed more frequently than

catabolite inhibition. Both responses lead to diauxic

growth and sequential substrate utilization.

The inadequacy of the Tatter part of this statement will be discussed
below. Another illustration of this failure to understand control
mechanisms is provided by Prakasam and Dondero. They said (3):

When in a population all of the cells are subject to enzyme

repression, the result is to delay the utilization of some

available substrate.
Both of these statements indicate that the authors do not realize that
repression or inhibition need not be an "all or nothing" phenomenon. A
system can be repressed and still produce the enzymes necessary to
degrade some compound, but they will be produced at a rate less than
that which would be found in an unrepressed system; an enzyme system
which is partially inhibited will still function, but not at its
maximum rate. Also, a biological population can undergo complete
repression but if theré is no enzyme inhibition and if the initial

biologfcal solids concentration employed provided a relatively large



complement of enzymes necessary to degrade some compound, that compound
would still be removed.

An example of how failure to consider the basic control mechan-
isms can lead to a rather gross misinterpretation of experimental
results is provided in an article by Prakasam and Dondero (3). Their
experimental results and the conclusions they derived from them will
now be presented. Then their results will be analyzed in a manner
which this author believes to be more rational and more in keeping with
sound metabolic principles.

Their first series of experiments were performed on a heterogen-.
eous "young cell" culture which had been acclimated to sorbitol
(adapted sludge) by successive transfers of a small inocuium to fresh
sorbitol medjum (1,000 mg/1) every 12 hours over a three day period.

If one assumes that these adapted cells completely utilized the sorbi-
tol with a 60% yield, the procedure which they used to recover the
cells and resuspend them in the experimental units (320 ml of adapted
sludge washed thrice and then resuspended in a total volume of 3 liters
from which 500 ml portions were dispensed to 1 liter flasks) would have
resulted in an initial biological solids concentration (neglecting any
losses) of 64 mg/1. This would be the maximum amount of cells which
could have been present, Sorbitol COD in the glucose-sorbpitol combined
unit (initially containing 300 mg/1 of each compound) was determined by
subtracting the anthrohe equivalent COD from the total COD. However,
glucose utilization was accompanied by the release of metabolic inter-.
mediates, and hence, the subtraction method of calculation provided
only an approximation of sorbitol removal. It was concluded that "...

the utilization of sorbitol seemed blocked at least partially if not



completely by glucose." (3)~

An additional experiment was performed in which 20 uc of l4c-
sorbitol were added to 50 ml of a young cell adapted sludge suspension
containing 300 mg/1 each of glucose and sorbitol. The initial biologi-
cal solids concentration was 110 mg/1. It was found that 14C02 was
produced at the rate of 4 x 104 counts per hour during the first 3.5
hours. This rate then increased, and 13 x 10% counts were recorded
between the fifth and sixth hours. Although glucose removal was not
measured, they indicated that previous measurements had shown that it
would be removed in about 4 hours. From these resuits the following
was concluded (3):

These results were interpreted as proof that the utilization

of sorbitol by the adapted sludge was very largely, although

not completely, suppressed in the presence of glucose.

The biological solids for their final experiment were obtained
directly from the activated sludge unit of a sewage treatment plant.
The experimental reactors contained 5 uc of 14c-sorbitol in a volume of.
50 m1; a 150 mg/1 concentration each of glucose and sorbitol in the
combined unit; 300 mg/1 of sorbitol in the sorbitol control unit; and
an initial solids concentration of 245 mg/1. Oxygen uptake was
measured in a Warburg apparatus with an initial biological solids
concentration of 2,450 mg/1 being utilized in conjunction with total
initial substrate concentrations of 300 mg/1. They found that the
14002 from the combined system during the first 4 hours produced a
tota]‘of about 8.5 x 104 counts, and the rate of production was nearly
constant. After this time, the rate of 14002 pfoduction increased.
Glucose removal in the combined system was not measured. Oxygen uptake

occurred at a decreasing rate throughout its measurement (40 hours) in



the combined unit and in the glucose and sorbitol controls. On the
basis of this expériment the authors said the following (3):

In contrast to the suppression of sorbitol metabolism by

adapted sludge, the treatment-plant activated sludge

utilized the sorbitol in the presence of glucose as readily

as in its absence,

In summarizing all of their experiments, they concluded that
". . . although the adapted sludge showed the effects of repression by
glucose, the activated sludge was able to attack both substrates
immediately and simultaneously." This "difference" in the behavior of
the two populations was explained as follows (3):

The simplification of the population during adaptation pro-

vided an explanation for the repression of -sorbitol metabolism

by glucose.

If one now applies a more rational method of analysis to the
results obtained by these investigators, some interesting conclusions
can be drawn. Because of the Tow initial solids concentration (less
than 64 mg/1) and because of the indirect method used to estimate
sorbitol removal in their first series of experiments, there is no way
to ascertain whether the reported blockage resulted from any inhibition
of the preformed sorbitol enzyme system. However, their data do seem
to indicate that'the synthesis of sorbitol-degrading enzymes was com-
pletely or very nearly completely repressed in the presence of glucose.
Alternatively, there could have been no repression but complete inhibi-
tion of any new enzymes synthesized. This would not seem to be too
likely an alternative since it would allow the cell to waste energy and
amino acids by synthesizing enzymes which it could not use.

In the experiment with the aéﬁpted young cell culture utilizing

radioactive sorbitol, it would appear that the synthesis of sorbitol-

degrading enzymes was completely repressed because the rate of 14002



production was constant during the time that the glucose was being
‘metabolized. However, since 14C02 was produced, it is obvious that the
sorbitol-degrading enzyme system present initially was still function-
ing and, therefore, was not completely inhibited. In fact, there may
have been no inhibition at all. This cannot be determined because a
sorbitol control system was not run.

It is surprising that in the experiment employing the activated
sludge solids, where the entire purpose of the investigation was to
determine the effect of glucose on sorbitol metabolism, that glucose
removal was not measured. In an effort to estimate the time required
for glucose removal, the data of Stumm-Zollinger (4) have been employed.
She found that a field activated s]udgé taken directly from a domestic
wastewater treatment plant had a specific glucose removal rate of
4.6 mg per minute per gram (dry weight) sludge. If one applies this
figure to the combined unit of Prakasam and Dondero, it can be seen
that the glucose would have been removed in 133 minutes {}50/(456)
(09245}]. This neglects any additional removal caused by new synthesis
of glucose-degrading enzymes. In contrast to this, examination of the
14C02 production in the combined unit shows that the sorbitol was not
removed unti]l aftef 10 to 12 hours.

Although the Warburg studies run in conjunction with the 14C02
measurements should have provided additional information concerning the
time required for removal of each of the substrates, the selection of a
biological solids concentration in the Warburg flasks of 2,450 mg/1
insured that this information would not be obtained. By again utiliz-
ing the removal rate reported by Stumm-Zollinger (4), it can be seen

that the glucose would have been removed from the combined unit in



~ 13.3 minutes and from the Warburg flask containing only.glucose in
26.6 minutes. There is really no accurate way to extrapolate from the
14CO2 data to the time required for sorbitol removal in the Warburg
sorbitol control. However, the data do-indicate that the sorbitol
should have been removed within 3 hours or less. It is not too sur-
prising then that they found that oxygen uptake occurred at a contin-
ually decreasing rate in all units throughout the 40 hour period of
observation. |

In summary, very few conclusions can be drawn from the experiment
with the activated sludge solids. The synthesis of sorbitol-degrading
enzymes may or may not have been completely repressed in the presence
of glucose. A comparison of the 14C02 curve from the combined system
with that of the sorbitol control system indicates that there was
very Tittle if any inhibition.

This extended discussion of the work of Prakasam and Dondero (3)
emphasizes the pitfalls encountered when workers attempt to draw
generalized conclusions concerning metabolic behavior purely from the
observed substrate removal patterns. Indeed, it is apparent that all
of the results reported by these authors could have been obtained from
a pure cu]tufe system which underwent.complete repression but not com-
plete inhibition merely by varying the initial biological solids
_concentrations and the initial cellular content of sorbitol-degrading

enzymes .

B. Objectives of This Investigation
The primary objective of this study was to evaluate the extent of
substrate interaction in a glucose-sorbitol and a glucose-galactose

medium in contact with heterogeneous microbial popu1ations: and to



determine whether an increase in the age of the system would relieve
the inhibition and/or repression which was present initially. This was -
dohe in an attempt to ascertain whether engineering confro1s (e.g.,
possible control of "cell age") could be employed to eliminate the
deleterious effects on overall waste treatment efficiency which can
roccur when certain substrate combinations are encountered.

To eliminate many of the problems which can arise owing to
predominance changes, the studies relating cell age to substrate
removal patterns were extended to include pure culture systems. Based
upon the nature of the substrate removal curves which were obtained
during experimentation, estimates of the extent of the repression and
inhibition of sorbitol-degrading enzymes by glucose catabolites were

also made.



CHAPTER II
LITERATURE REVIEW

Although the previous chapter contained some discussion of various
factors which should be considered when interpretingvsubstrate removal
patterns, it did not explore in detail all of the factors which con-
tribute to the complexity of the problem. Hence the first part of this
chapter will be devoted to a more detailed analysis of a few additional
mechanisms which can-be of importance. No attempt will be made to
review all of the control mechanisms known to be operative in bacteria.
An excellent review, for those seeking a summary of these mechanisms,

has been given by Grady (5).

A. Additional Concepts Pertaining to Control Mechanisms

1. Permeases

Permease competition or interference with the transport of a sub-
strate molecule into a bacterial cell by another substrate can cause
substrate interactions. The necessity of transport systems for various
monosaccharides was first suggested by Douderoff et al. (6). They

isolated a strain of Escherichia coli capable of normal growth on mal-

tose but unable to utilize glucose. Since all the intracellular

enzymes necessary for glucose metabolism were present, it was postulated
that a specific transport system for glucose must be present for utili-
zation of an extracellular supply of this compound. The work of Cohen

and Monod (7) provided a direct demonstration of the existence of such

10



11

selective bacterial transport systems (permeases)m

2. Glucose-Galactose Interactions in Escherichia coli

A sufficient amount of information is available pertaining to the
effect of glucose on galactose uptake in varioqs strains of 55 coli to
illustrate, among other things, interference at the level of transport.
Horecker et al. (8) studied a mutant which lacked galactokinase and,
therefore, could not grow on galactose. However; it did possess a
transport system for galactose. Resting cells became saturated when
the external galactose concentration reached 2 x 10-° M, at which point
the internal concentration reached 6 x 1072 M. This was nearly 5% of
the total dry weight of the cell.

The uptake of 14C-ga]actose, when its external concentration was
varied from 1074 M to 1070 M, was only slightly affected by the addition
of 1074 M (18 mg/1) glucose. However, the addition of 0.005 M
(900 mg/1) glucose §trong1y inhibited the uptake of galactose and
caused the rapid and complete loss of 14C-ga1actose in cells which had
been previously equilibrated with this compound in the absence of
glucose (8).

Growth of this mutant strain on succinate in the presence of
traces of galactose produced cells with a smaller capacity to accumulate
galactose than when the cells were grown on succinate alone. This
reduced capacity for galactose accumulation was Shown to be caused by
an increase in the rate of loss of galactose from the cells rather than
by a decrease in the rate of galactose uptake. Hence the organism con-
tained an exit mechanism for galactose, different from simple diffusion,
which was, at least to some extent, independent of the entry process.

When the organism was grown on glucose and traces of galactose, there
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was also a reduced capacity to accumulate galactose; however, in this
case the rate of exit was unchanged over that found for growth on
mannose but the rate of entry was reduced. This would imply that glu-
cose catabolites partially repressed the formation of the galactose
transport system required for entry (9).

Rogers and Yu (10) also studied a strain of E. coli which lacked
galactokinase; it was be1ieved'that it also lacked galactoside permease.
It appeared that galactose uptake occurred through a glucose permease |
system. In the presence of equimolar amounts of glucose or 2-deoxy-D-
glucose (0.02 M), galactose uptake was inhibited 33 and 37%, respective-
ly. When the galactose concentration was decreased to 0.005 M the
addition of 2-deoxy-D—g1ucdse raised the percentage inhibition to 77%.
Galactose uptaké;was also inhibited by 3-0-methyl-D-glucose. Thus glu-
cose and a variety of nonmetabolizable glucose derivatives inhibited
galactose uptake, and the extent of inhibition was a function of their
relative concentrations. Since galactose uptake in equimolar concen-
trations of -glucose and galactose need not be significantly affected
(8), it would also appear that absolute as well as relative concentra-
tions may influence the extent of interference with uptake manifested;
Alternatively, strain variations may have produced the observed differ-
ences.

Upon consideration‘of the resuits thus far presented, Adhya and
Echols (11) felt that glucose inhibition of the induction of the
enzymes specific to galactose utilization was exerted mainly at the
tranﬁport stage, and hence, that the primary mechanism of glucose
control was not catabolite repression. When they added glucose to a

culture of E. coli at a concentration (1072 M) ten times that of
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galactose, the uptake of galactose was virtually stopped. ‘The effect
of glucose on the levels of transferase (galactose-l-phosphate uridyl
transferase) in four different strains constitutive for the gal enzymes
was also investigated. The percentage transferase activity found for
growth on glucose was 47%, 43%, 70%, and 54% of that found with each of
the respective strains grown on a mixture of glycerol plus fucose (a
gratuitous inducer for the gal enzymes). When a strain of E. coli was
grown on lactose and glucose, thus providing the galactose intracellu-
larly by virtue of the breakdown of lactose by the intracellular enzyme
g-galactosidase, the levels of transferase and epimerase were 40% and
87% of those found with growth on galactose alone. Since these enzymes
both belong to the gal operon and hence are coordinately induced or-
repressed, it is evident that considerable error was present in the
enzyme assays. Although the authors were overenthusiastic in trying to
prove that catabolite repression was not very significant in repressing
the induction of the gal enzymes, it is apparent that glucose inhibi-
tion of the formation of the gal enzymes does occur to some extent at
the level of inducer transport into the cell,.

Further support for glucose-galactose interactions at the trans-
port Tlevel has‘been given by Anraku (12). He has also studied galactose
transport in mutant strains of E. ggli_]acking galactokinase. When the
cells were subjected to an osmotic shock there was a reduction o6f about
50% in the capacity for galactose uptake. A protein factor was
released into the shock fluid which complexed with galactose, and when
the shocked cells were incubated with the protein factor, active uptake
of galactose was restored° In subsequent work (13), the purﬁfied

protein factor was found to be a galactose-binding protein which would
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also bind glucose. Dissociation constants for .the binding of these two
compounds were nearly equal with a value of approximately 1076 M, A
number of other sugars and sugar derivatives were also examined, but

none of them were bound by the protein.

3. Glucose-Glycero] Interactions in Escherichia coli

An examination of glucose-glycerol interactions in E. coli
illustrates that substrate interactions may arise as the result of the
inhibition of a preformed intracellular enzyme system. Lin et al. (14)
have demonstrated that E. coli can grow on glycerol oniy"if the enzyme
glycerol kinase is present. Further work (15) with several mutants
which lacked glycerol kinase showed that no accumulation of 14C-g1ycero]
was possible. However, mutants whi ch possessed glycerol kinase but
lacked L-a-glycerophosphate dehydrogenase, when exposed to 14C-g1ycero1,
accumulated Targe quantities of radioactive material which was pkesent
almost entirely as L-a-glycerophosphate. Hence glycerol kinase not
only mediates the first reaction in the dissimilatory pathway., but it
is also responsible for trapping the glycerol which enters the cell by ‘
facilitated diffusioﬁn Thus the membrane transport system is one in
whﬁch the specific membrane carrier cata1y2es the equilibration of
intracellular and extracellular glycerol concentrations with no expend-
iture of metabolic energy (16).

In additional work by Zwaig and Lin (17), a mutant E. coli strain
was isolated which was capabie of incorporating glycerol while growing
on glucose. Studies indicated that the parental cells grown on glucose
were replete in an intermediéte which severely inhibited glycerol
metabolism in wild-type cells but not in the mutant cells. That the

difference in behavior between the two types of cells refiected the
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properties of their respective glycerol kinases was indicated by the
finding that the kinase of the mutaht was inactivated at pH 9.5, a
condition under which the activity of the wild-type enzyme was nearly
maximum. Several giycolytic intermediates were tested for their
inhibitory effect on the glycerol kinase isolated from the wild-type
cell. Only fructose 1,6-diphosphate was found to be inhibitory. The
actual role of fructose 1,6-diphosphate as the physiological inhibitor
of -glycerol kinase was evident from the fact that the mutant produced

an enzyme which was not inhibited by the diphosphate.

4. Glucose-Lactose Interactions in Escherichia coli

An example of the way in which both catabolite repression and
interference with transport can affect substrate removal is available
from studies with E. coli utilizing lactose and glucose. In 1959, Cohn
and Horibata (18) found that the synthesis df g-galactosidase in a wild-
type strain of E. coli was completely prevented by glucose when
5 x 1004 M ™G (methylthiogalactoside) was used as inducer. Howevek,

when the TMG concentration was increased to 2 x 1072 M, the glucose

- repression was reduced by nearly 50%. It was also observed that pre-

induction of g-galactoside permease positive cells would reduce the
degree of repression to about 50%. Preinduction of permease negative
cells could not reduce the strong repression by glucose.

Subsequent work by Mandelstam (19) with a mutant strain of E. coli
constitutive for g-galactosidase (i~) showed that the organism was still
subject to repression by glucose catabolites, and the degree of repres-
sion increased as the level of catabolites from glucose was ﬁncreésed in
nitrogen-deficient medium. Loomis and Magasanik (20) were able to show

that the regulator gene which determines the inducer sensitive region’



16

of the lac operon was different from that which determines the
catabolite-sensitive repression of the operon. In mutants which were
not subject to catabolite repression (CR™), the formation of the prod-
ucts of the lac operon was highly insensitive to repression by catabo-
1ites derived from diverse carbon sources.

Later work by Loomis and Magasanik (21) with the CR™ strain of
E. coli showed that when the cells were suspended in medium containing
glucose and lactose, the synthesis of g-galactosidase initially occurred
at a Tow rate which increased with growth in the medium (this was not
transient repression). Hence it was evident that giucose had an effect
on induction by 1072 M lactose even in CR™ cells. Further work with a
lact CR strain of E. coli showed that preinduction of the lac operon
for five minutes with 103 M isopropy1-thio-B—ga]aétoside allowed
induction by 10=2 M Tactose in the presence of glucose. Furthermore, a
high concentration of lactose (8 x 1072 M) was shown to overcome
diauxie, suggesting that the lac operon was induced before giucose
depletion. Both of these observations were explained as resuiting from
an increased internal concentration of lactose in the presence of glu-
cose. Thus it became apparent that there was an interference by glu-
cose with the uptake of lactose.

In summary, it s apparent that glucose can affect the expression
of the lac operon by at least two distinct mechanisms. One is by
reducing the internal concentration of inducer (21), and the other is
by catabolite repression of.the lac operon depending upon. a functional

CR gene (20).
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B. Substrate Removal Patterns in Heterogeneous Cultures

Now that most of the control mechanisms which can lead to different
substrate removal patterns have been introduced, it is appropriate to
examine how their operation may be manifested in a manner significant
to the engineer. In 1962, Gaudy (1) showed that the mechanisms of
induction and repression were not unique to a few species but Were of
sufficient generality to affect the performance of a heterogeneous
population. When a small inoculum of sorbitol-acclimated cells devel-
oped from a sewage seed was added to a glucose-sorbitol medium, it was
observed that the glucose was utilized in preference to the sorbitol.

Subsequent studies (22) were then undertaken to determine the
effect of "cell age" on substrate removal in a glucose-sorbitol medium.
01d cells were defined as sludge which had been taken from a batch-
operated unit which had been in operation for at least 21 days. Inter-
mediate age cells were developed by'taking a small portion of old cells
and inoculating a batch unit which was then operated as an old cell unit
for 3 days; on the fourth day the cells were harvested for experimenta-
tion. Young cells were cells which were maintained primarily in Tlog
growth by repeated transfers of a small inoculum to fresh medium. In
all experiments,; glucose was measured by anthrone, total substrate by
the COD analysis, and sorbitol in the combined unit (glucose plus sorbi-
tol) by subtraction of glucose COD from total COD.

Both old and young g]ucoseQacc1imated cells were found to remove
the glucose from the combined units prior to the utilization of the

sorbitol. Examination of the sorbitol removal curves in the sorbitol
‘contro] units revealed that the cells had no initial ability to utilize

sorbitol. Therefore, the results can be explained on the basis of the
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complete repression, in the presence of glucose, of those enzymes
necessary to degrade sorbitol (22).

01d cells acclimated fo sdrbito] were found to remove the sub-
strates in the combined system concurrently. The initial solids level
employed was such that the sorbitol was removed from the sorbitol con-
trol within 3 hours, and substrate removal approximated zero order
kinetics. This would mean that very 1ittle new synthesis of sorbitol-
degrading enzymes occurred, and therefore, even if the glucose in the
combined unit had repressed the formation of the sorbitol enzymes, this
could not have been detected. Sorbitol removal in the combined unit
required 4 hours and followed zero order kinetics. Hence the sorbitol
enzymes appear to have been somewhat inhibited by glucose catabolites
(22).

Intermediate age cells were also found to remove the substrates
concurrently. As long as glucose was present in the combined unit, the
rate of sorbitol removal was constant, and, hence, there apparently was
a complete repression of any further synthesis of sorbitol-degrading
enzymes. The initial COD removal rate in the sorbitol control was
about 70 mg/1/hour. The sorbitol removal rate in the combined unit
during glucose removal was about 50 mg/1/hour. Hence the preformed
sorbitol enzyme system was only subject to about 29% inhibition. The
rate of giucose removal per unit of biological solids was somewhat
higher with these cells than with the old sorbitol-acclimated cells.
The converse was true for the sorbitol removal rate (22).

It appears that large quantities of intermediates were produced
when the young sorbitol-acclimated cells were metabolizing glucose

(22). Since the sorbitol concentration in the combined unit was
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determined by subtraction of glucose COD from total COD, this Ted to an
apparent increase in the sorbitol concentration during glucose metabo-
lism. This rise in the apparent sorbitol COD when the subtraction
method of calculation is used has also been noted by others (3, 23).
Therefore, it is impossible to estimate the extent of repression or
inhibition, and a discussion of heterogeneous young cell systems
acclimated to sorbitol will be deferred until somewhat later.

Subsequent work by Gaudy et al. (24) used a periodate oxidation
followed by reaction of the formaldehyde produced with chromotropic
acid to measure sorbitol concentrations. Since glucose reacts at only
1/10 the rate of sorbitol, it is possible to correct for the glucose
without a significant error in the sorbitol determination. However,
periodate selectively cleaves a molecule between adjacent carbons which
have any combination of hydroxyls, aldehydes, ketones, or primary amine
groups (25). Therefore, whenever large quahtities of intermediates are
produced from glucose there exists the possibility that they can also
react with periodate (shown repeatedly in Chapter IV). Hence, whenever
the periodate reaction is employed to measure sorbitol in the presence
of glucose and if there are no provisions taken to measure the inter-
ference, if any, from glucose intermediates, the results are implicitly
dependent upon the assumption that no feactive intermediates were pro-
duced.

Further studies of old cell systems acclimated to various compounds
were conducted by Gaudy et al. (24). When an instantaneous shock load
of glucose was added to a culture removing sorbitol (measured directly),
there appeared to. be a complete repression of any further synthesis of

the enzymes necessary to remove sorbitol. However, there was only a
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slight inhibition of preformed sorbito] enzymes° When the experiment
was repeatéd in the absence of an exogenous nitrogen source, the effect
of -glucose on sorbitol removal was essentially the same. In an inter-
esting experiment with old mannitol-acclimated cells under nonprolif-
erating conditions, it was found that the cells had Tost the ability
to utilize glucose, and the glucose did not interfere with mannitol
removal; this means that glucose did not affect mannitol transport.
Studies on an ol1d cell system acclimated to glycerol (26) showed that
glucose was unable to produce any inhibition of the preformed glycerol
enzymes.

When a young cell heterogeneous population acclimated to sorbitol
was examined by Gaudy et al. (27) it was found that approximately
130 mg/1 of sorbitol were removed in the presence of glucose. The
glucose control unit was analyzed for total COD, anthrone-reactive
material (glucose plus carbohydrate intermediates), and periodate-
reactive material. Small amounts of intermediates were produced,
including a total of 30 mg/1 of periodate-reactive material. If the
same amount of periodate-reacfive material was produced from glucose in
the presence oft.sorbitol, the amount of sorbitol éctua11y removed in
the combined unit would have been 160 mg/1. If there had been complete
repression but no inhibition of the existing sorbitol enzyme system,
the data presented for the sorbitol control indicates that 275 mg/1 of
sorbitol would have been removed from the combined unit. in the presence
of glucose. If one assumes complete repression of enzyme synthesis,
then the existing sorbitol enzyme system was inhibited by about 42%.
If repression was less' than complete, the degree of inhibition would-

have been higher. Since the figure from which this data were obtained
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has not been published, it has been reproduced in the appendix.

When glucose was added instantaneously to a young cell culture
actively metabolizing sorbitol (24), it was found that sorbitol removal
was completely blocked until the glucose was removed. This result
could indicate that the enzymes necessary for sorbitol utilization were
completely inhibited. On the other hand, if 30 mg/1 of the periodate-
reactive intermediates had been produced from the glucose which was
introduced (as was the case in the control system of the preceding
experiment (27))the sorbitol enzymes could have been inhibited by 77%.
If as much as 130 mg/1 of periodate-reactive intermediates had been
produced from the added glucose, the resulting mode of sorbitol removal
could have ensued because of complete repression of further sorbitol
enzyme synthesisbwithout any inhibition of preformed enzymes. Hence
small quantities of periodaté-reactive intermediates can have a serious
effect on the observed degree of blockage.

Bhatla and Gaudy (28) also extended the investigation of glucose-
sorbitol interactions to dilute systems. When a young cell system
acclimated to glucose was used as seed in a BOD-bott]e containing 5 mg/1
glucose and 5 mg/1 sorbitol, it was observed that the glucose Was
removed prior to the sorbitol and oxygen uptake was diphasic. When a
sorbitol-acclimated seed was used, glucose was nearly exhausted before
sorbitol removal began, but in this case there was no diphasic oxygen
uptake. Thus it would appear that glucose catabolites caused repres-
sion of the synthesis of the enzymes required for sorbitol degradation
even.at Tow concentrations.

Additional studies with young cell systems acclimated to compounds

other than sorbitol and then exposed to glucose have also been made.
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Krishnan and Gaudy (26). found that when glycerol-acclimated cells were
placed in a glucose-glycerol medium, no glycerol was removed prior to
glucose removal. The preformed enzyme system for the degradation of
glycerol was shown to be completely inhibited. Komolrit and Gaudy (29)
found that when a shock Toad of glucose was added to a young cell cul-.
ture metabolizing dulcitol, there was a partial inhibition of the
enzymes required for dulcitol metabolism. Grady and Gaudy (30) have
investigated the effect of glucose on the utilization of various amino
acids. 'In the cases of glutamic acid and aspartic acid, amino acid
removal was slightly retarded when mixed with glucose. Glucose was
found to have no effect on histidine removal. "

Yu (31) has recently completed a study encompassing bo;h batch
and continuous flow experiments. From the results of the batch studies
using a variety of combined carbon sources, he concluded that when
growth on one of the compounds as a sole carbon source proceeds at a
significantly faster rate than growth on another compound or when growth
on one compound leads to the accumulation of a significantiy higher
level of metabolic intermediates, the presence of that compound in a
combined substrate system will retard the removal of the other sub-
strate. Cells were also harvested for batch experiments from a contin-
uous flow reactor fed glycerol and operated at various dilution rates

'1. It'was found that it was

ranging fron 0.25 hr™! to 0.0052 hr
impossible to make genera]iied statements concerning the effect of cell
age on the substrate removal patterns in glucose-glycerol medium.

It would appear, however, that one facet of Yu's work (31) is
subject to some criticism. At no time was the production of perﬁodate-

reactive intermediates from glucose investigated, even though the
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periodate reaction was used to measure glycerol in the presence of
glucose (32). Although it is obvious that this was generally not an
important consideratidn (certainly not important enough to invalidate
any of the conclusions obtained from overall consideration of the
entire series of experiments in glucose-glycerol medium) there were a
few times when it should have been considered. The most prominent
example can be Tound by examination of Figure 141. It was observed
that the reductfon of total COD in the g1uco§e control during the first
8 hours was 100 mg/1 and the intermediate Tevel at this time was
420 mg/1; all 520 mg/1 of glucose COD had just been removed. During
the same time periéd the COD removal in the combined unit was 225 mg/1,
glucose removal 500 mg/1, "glycerol" COD had increased by about 40 mg/1,
and the "intermediate" COD Tevel was 225 mg/1. The author conciuded
that glycerol removal was not initiated until the glucose was exhausted
from the medium. If this was the case, why was the amount of COD
removal in the combined unit more than double that of the glucose con-
trol, and why was the ”intermedia@e“ tevel in the combined unit about
half of that in the glucose control? One logical explanation of the
results of this experiment is that periodate-reactive intermediates were
indeed produced from glucose, and the level of production would seem to
| be nearly 195 mg/1 (420 - 225). In this event, the glycerol concentra-
tion in the combined unit would actually have decreased by 155 mg/1
during the course of glucose removal.

Su (33) studied the utilization of mixtures of carbohydrates by
investigating a total of 1& different substrate combinations. Experi-
ments were run with ce1ls‘écc1imated to each substrate in each pair,

and four different substrate removal patterns were observed. These
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were: 1) concurrent removal accompanied by monophasic growth,

2) sequential removal accompanied by diphasic growth, 3) sequential
removal accompanied by monophasic growth, and 4) concurrent removal
accompanied by diphasic growth caused by inhibition of enzymes by
metabolic intermediates. Of the 33 experiments in which he character-
ized the growth patterns, 20 were of type 1, 11 of type 2, 1 of type 3,
and 1 of type 4. Since almost all of»the experiments were conducted
with a relatively low initial biological solids concentration, this was
primarily a study of the repression of enzyme synthesis caused by
various substrate combinations.

Grady (5) performed an extensive study on(the metabolic control
mechanisms operative in heterogeneou5»microbiaf populations which were
able to degrade L-lysine. In all batch experiments, glucose retarded:
the removal of lysine due to metabolite repression of:lysine-degrading
enzymes. This effect was also exerted by excreted metabolic products
of glucose degradation and was not relieved until the concentration of
those products was reduced. Preformed enzymes were subject to only
minor inhibition. Preinduction offered only é small degree of protec-
tion against the repression caused by glucose and the omission of
ammonia nitrogen from the system did not overcome it. Fructose
retarded lysine removal only slightly and caused no inhibition of
enzyme activity. Ribose was found to produce a slight increase in the
rate of lysine removal due to greater efficiency in the production of
enzymes. Under all conditions studied in the continuous flow experi-
ments (carbon or magnesium *imited), glucose and fructose caused a
significant degree of repression of synthesis of the enzymes for lysine

degradation. The initial response to ribose addition was an increase
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in the enzymatic capability for lysine removal, but once ribose
degradation began there was a slight repression effect.

Chian and Mateles (34) operated a continuous flow reactor fed a
mixture of glucose and butyric acid (1 gm/1 each) along with a smail
amount of yeast extract. As the dilution rate was increased to about
0.3 hr-1, increasing quantities of butyrate were present in the efflu- -
ent. There was a discontinuity, however, and at slightly higher dilu-
tion rates (0.35 hr'l) all of the butyrate was metabolized. At higher
dilution rates, butyrate was again released into the effluent. It was
not until the dilution rate reached 0.85 hr‘l, that glucose was first
detected in the eff]uent; and at this time only about 4% of the incoming
butyrate was being utilized. When a mixed feed of glucose and lactose
was used, a similar pattern of preferential use of glucose was observed,
but in this case there was no discontinuity in the release of lactose
into the effluent.

The final series of articles dealing with substrate interactions
in heterogeneous populations which will be considered are those of
Stumm-Zollinger (2, 4). A number of criticisms pertaining to her work
have already been given by Grady (5), and since this author is in com-
plete agreement with him, not all of these criticisms will be repeated
here.

Several experiments to determine the effect of glucose on galac-
tose utilization were performed (2). When galactose-acclimated cells
were exposed to galactose, the rate of substrate removal was 2.5 mg/1/
minute. When the cells wera expgosed to galactose in the presence of
glucose, the rate of galactose removal was 0.66 mg/1/minute. Hence

glucose inhibited the activity of preformed galactose enzymes by about
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75%. From another experiment, it was concluded that activation of
galactose enzymes takes place within 50 minutes and that the presence
of glucose does not repress their formation. However, this was con-
cluded from an experiment in which the same time was required for the
initiation of galactose removal in the galactose control as in the
combined unit, and during this‘time the glucose was exhausted from the
combined system. Therefore, the possibility that glucose did repress
galactose enzyme formation certainly exists. When a Tow solids
inoculum was used for experimentation, it was observed that no removal
of galactose occurred during the 11 hours required for glucose removal.
When all of these results are considered together, one serious question
is raised. If galactose enzymes are produced in the presence of glu-
cose within 50 minutes, and if they are only subject to 75% inhibition
in the presence of glucose, why was no galactose removed from the
combined growth system during the 11 hour period of glucose removal?
It would seem that glucose did, indeed, repress the formation of a
ga]actose-degrading}enzyme system.

Additional experiments with glucose-galactose systems were again
performed by Stumm-Zo]]ingeF-(4)o However, it appears that the legend
given for Figure 3 applies to Figure 3a only, and that the galactose
removal curves depicted in Figures 3b, 3c, 3d, and 3e are opposite to
the legend. For example, Figure 3b (according to her legend) clearly
shows that the rate of galactose elimination is enhanced in the
presence of glucose. Yet she states that Figure 3b shows that the rate
of galactose removal is reduced in the presence of glucose. Since
Figure 3a was reproduced from previous work (2), the most obvious

conclusion is that she changed symbols for the galactose systems
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without realizing it. Hence the following paragraph will be stated
under this assumption.

Because Stumm-Zollinger (4) was quite concerned over the loss of
diversity of species obtained during acé]imation to a particular com-
pound, she isolated 50 bacteria in a nonselective manner from river
water. Each inoculum was then cultured for several days on nutrient
broth supplemented with glucose and galactose. The isolates were then
recombined and used for experimentation. She concluded that ". . . the
rate of galactose elimination is not affected by the presence of glu-
cose in this mixed culture." This is then followed by the statement
that "for unknown reasons, the onset of galactose elimination is delayed
by 80 minutes in the presence of glucose." To illustrate that galac-
tose removal was not affected by glucose, she found it necessary to
ignore the first six data points which she obtained for the galactose
concentrations in the combined system. Had the galactose removal curve
been drawn in a manner somewhat related to all of the data points, it

would be obvious that glucose did, indeed, inhibit galactose removal.

C. Substrate Removal Patterns in Pure Cultures

Numerous investigators have studied substrate interactions in pure
culture systems operated under both batch and continuous flow condi-
tions. However, only two reports, which are directly related to the
results to be presented later, will be discussed here.

Gaudy et al. (35) studied a young culture of E. coli acclimated to
sorbitol. Sorbitol removal in the combined unit (glucose plus sorbi-
tol) was determined by subtracting glucose COD from total COD. When
the cells were placed in the glucose-sorbitol medium, the substrate

removal patterns indicated that glucose catabolites completely
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repressed any further synthesis of sorbitol-degrading enzymes. The
degree of inhibition of the preformed sorbitol enzyme system cannot be-
stated with certainty, but the high initial biological solids concen-
tration employed (255 mg/1) would suggest that the inhibition was
nearly complete. When a similar experiment was performed under non-
proliferating conditions, there appeared to be no sorbitol removal
during the course of glucose removal, and this was once again caused by
the inhibition of the preformed sorbitol enzymes.

Tsay (36) recently completed a study utilizing two strains of

E. coli and a strain of Achromobacter sp. exposed to various substrate

combinations. While this author is in general agreement with most of
her results, there are several points which merit discussion. A
periodate reaction was used to measure sorbitol in the presence of
glucose. The production of periodate-reactive intermediates from
glucose was found to be insignificant wHen this was checked using
young cell cultures. No further checks were made in the ageing experi-
ments, and thus it was assumed that these intermediates were never
produced. However, results to be presented later clearly show that
increased ageing of a pure culture can lead to the production of
periodate-reactive intermediates. With one strain of E. coli (pre-
sented in Chapter IV) it was found that fhe periodate-reactive inter-
mediates went from none with young cells to nearly 40% (measured as
sorbitol COD) of the added glucose COD with aged cells. Hence, the
possibility of these intermediates must be considered when interpreting
the results given for the ageing experiments. |

Finally, this author must disagree with the extent of the reported

counterflow of sorbitol. For example, Figure 5a shows that 175 mg/1 of
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"sorbitol" were released due to the presence of glucose., The initial
optical density was 0.103 and this corresponded to a viable count of
5.3 x 108 (37). Assuming that the wet weight of each cell was. 10~12 gm
and that the moisture content was 80% (38) this would correspond to an
initial biological §olids concentration of 106 mg/1. The initial
sorbitol concentration in the combined unit was 1,000 mg/1, and at the
pofnt of maximum "counterflow" the extracellular "sorbitol" concentra-
tion increased to 1,175 mg/1. Since this was more sorbitol than was
present initially, it could only haVe come from unmetabolized sorbitol
"carried over" in the inoculum. However, this would require the

106 mg/1 of initial biological solids to have an internal storage of
sorbitol sufficient to yield an exogenous concentration of 175 mg/1.
This is impossible. A comparison of Figure 5a (sorbitol counterfliow
175 mg/1 at the timevof glucose removal) with Figure 6a (sorbitol
counterflow 20 mg/1 at the time of glucose remova]) with Figure 25a
(sorbitol removal 165 mg/1 at the time of glucose removal) for cultures

of Achromobacter sp. subjected to the same experimental and pre-

experimental conditions clearly illustrates that experimental error
played a more important role than was considered in the ana]ysi§ of
results. This is further illustrated in Figure 13 in which sorbitol
removal during the first hour of experimentation varied from 100 mg/1
(initial glucose concentration 1,000 mg/1) to a counterflow of 55 mg/1
(initial glucose concentration 200 mg/1). Therefore, it appears that
the extent of sorbitol counterflow reported must be viewed with caution.
This rather extended discussion of the results reported by Tsay
(36) should not be construed as invalidating the wgrk which she per-

formed or the conclusions (with the possible exception of the extent of
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sorbitol counterflow) which she made. Indeed, it was shown that

increased ageing of E. coli or Achromobacter sp. did not lead to a de-

crease in the extent of enzyme inhibition found with young cell cul-
tures of these organisms. Substrate interactions arising as a result
of the combination of numerous different compounds were also shown. In
addition, a means of uti1izing substrate removal curves for the estima-
tion of the metabolic control mechanisms which were operative during
the course of substrate interactions was also given.

The preceding review of the literature illustrates that substrate
interactions can readily be understood on the basis of the metabolic
control mechanisms involved. Sequential substrate removal can arise
from catabolite repression or catabolite inhibition of preformed
enzymes or interference with transport or from other causes or from any
combination of several mechanisms. Merely looking for the presence or
absence of sequential substrate removal and failing to consider the
metabolic control mechanisms which were involved has been shown to be
an inappropriate way to attempt to evaluate the environmental factors

which may affect substrate interactions.



CHAPTER III
MATERIALS AND METHODS
A. Microbial Populations

1. Heterogeneous Populations

The heterogeneous populations which were utilized in this study
were developed from an inoculum of primary clarifier effluent from the

municipal sewage treatment plant at Stillwater, Oklahoma.

2. Pure. Cultures

The pure cultures employed in this study were obtained from the
Department of Microbiology at Oklahoma State University. The organisms
utilized were as follows.

Escherichia coli, strain K-12

Escherichia coli, strain 45

" Serratia marcescens

An organism tentatively identified as Escherichia intermedia.

This was the same strain as that studied by Bustamante (39).
An unidentified organism which will hereafter be called Blue organ-

jsm. This was also the same strain as that studied by Bustamante (39).
B. Daily Growth Conditions

1. Heterogeneous Populations

a. Sorbitol-Acclimated Cells. Seventy-five ml of sewage were

31
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added to a reactor containing (total volume 3 liters) the following
medium: sorbitol, 2,000 mg/1; (NH4)2 504, 1,000 mg/1; MgSO4 * 7Ho0,
200 mg/1; MnSO4 . H20, 20 mg/1; FeCly - 6Hy0, 1 mg/1; CaC12, 15 mg/1;
1 M potassium phosphate buffef (pH 7.0), 20 m1/1; and tap water

100 m1/1. This medium will hereafter be referred to as the standard
mediﬁma Filtered air was provided through a single diffuser at a rate
of 5,000 ml per minute. Temperature control was not provided; room
temperature was 22 + 20 C.

When a dense microbial population had developed, the culture was
defined as being 1 day old, and it was then subjected to the following
mode of operation. One Titer of mixed liquor was withdrawn, and the
femaining liquor was a11owed.to settle quiescently for 1 hour. An
additional 1 liter of "supernatant" was then withdrawn. Aeration was
then restarted, and concentrated standard medium plus distilied water
were added to yield the volume and concentrations previously given.
This feeding procedure was repeated daily, and each succeeding day of
batch operation was defined as increasing the cell age by one day. It
was from this reactor that the cells which were used for periodic
experimentation were taken. Observation of the settling characteristics
and color were made and recorded daily.

Because the term "cell age" presents various connotations to
different researchers, it is emphasized that the definition of cell
age which was presented in the preceding paragraph is merely an opera-
tional definition. Whenever a biological population is aged by batch
operation, there is no direct relationship between chronological time
and physiological time, and such a direct relationship is not impiied

by the use of the term "cell age." Each day of batch operation was
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defined as increasing the cell age by one day merely because this was
felt to be the simplest method of describing the chronological age of
the system.

b. Galactose-Acclimated Cells. The galactose-acclimated cells

were grown in a manner identical to that given for the sorbitol-
acclimated cells except that the standard medium containéd galactose as
the sole carbon source at a concentration of 2,000 mg/1. In addition

to daily observation of color and settling characteristics, spread
plates on Difco nutrient agar were also made several times during the
period of operation of the unit. The plates were incubated at 250 C

for 48 hours and were then stored at 2° C to permit further differentia-

tion of the colonies which had developed.

2. Pure Cultures

a. Apparatus. The reactor and other equipment which were utilized

to perform one particular batch ageing experiment with a pure culture
of E. coli are shown in Figure 1. Since the actual "set-up" varied
considerably from experiment to experiment, only the general features
of the equipment will be described. The 4 liter reactor (Sargent
#34530) was fitted with a ground glass top which contained 4 ground
glass joints. In all cases, sterile air, which had been passed through
two glass wool filters, was supplied to a diffuser through one joint
and escaped through another. The actual use of the other 2 joints
depended upon the number of feed reservoirs and upon the manner of with-
drawing cells. In all cases, the effluent from the reactor was passed
through a "free-fall" cylinder before it was exposed to the atmoépheren
Conneftions necessary to add feed or to withdraw cells were never

“broken" (except where a large enough feed reservoir could not be used)



Figure 1.

Photograph of equipment used to age a pure culture of Escherichia coli.

Pe
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during the course of an experiment. Prior to assembly, all fittings
and joints were carefully wrapped and the components of the reactor and
the feed reservoir(s) were sterilized at 15 psi and 121° C for a period
of 2 hours. Once the reactor was aséemb]ed and inoculated, there was
1ittle chance of contamination.

b. Ageing of Blue Organism. The ageing of a pure culture of Blue

organism in essentially the same apparatus as shown in Figure 1 was
performed with the standard medium using the‘dai1y operating procedure
previously described for the heterogeneous populations with the excep-
tion that feeding occurred only once every 48 hours. The unit was fed
for the first time 48 hours after it had been inoculated, and the cul-
ture was defined as being 2 days old at that time. Each 24 héﬁr
period, thereafter, was defined as increasing the age by one day.
Aeration was supplied at the rate of 5,000 ml/minute, and no tempera-
ture control was employed (room temperature was 22 + 29 C). Spread
plates (Difco nutrient agar) were made each time the unit was fed.
Since this organism has no distinct morphological characteristics when
grown on an agar plate, any colony which appeared "different" from the
rest was used to inoculate a sterile 250 ml flask containing 50 m1 of
standard medium, and this was then aerated on a reciprocal shaker. The
formation of a blue color due to excreted metabo1ic products was
accepted as an indication of purity. Microscopic examinations of India
ink s1ides were also frequently made. At no time was any contamination
detected.

c. Growth and Ageing of the Other Pure Cultures. Various methods

were employed for the growth or ageing of the other pure cultures

studied. Therefore, the actual method of ageing or growth will be
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described when the results obtained with these organisms are presented.
In all cases the ageing was pekformed'undér aerobic conditions. When-

ever Escherichia coli or Escherichia intermedia was studied, spread

plates on EMB agar were always made to check for possible contamination.

The purity of cultures of Serratia marcescens was checked by incubation

of spread plates on Difco nutrient agar at 259 C; development of red
colonies was taken as an indication of purity. At no time was an
experiment performed with a pure cuTture without spread plates being

made and examined for contamination.

C. Experimental Protocol

Regardless of the origin of the cells to be used for experimenta-
tion, i.e., heterogeneous or pure cultures, the experimental protocol
was the same. However, one point should be emphasized. Although the
pure culture cells were not handied aseptically once they had been
harvested for experimentation, the experimental reactors in which they
had been grown or aged were always operated:under aseptic conditions.
Since fairly high solids concentrations were used and experiments of .
relatively short duration were performed, it was felt that there was no
need to protect against the possibility of minute contamination from
outside sources once the cells had been harvested.

Immediately prior to performing an experiment, the cells were
collected either from that portion of the mixed liquor which was wasted
each time a batch unif was fed or from a reactor containing cells which
had been expressly grown for the particular experiment to be performed.
The ce]]é were then centrifuged for 15 to 20 minutes; the supernatant
was discarded, and the cells were resuspended in 0.05 M potassium

phosphate buffer. The cells were then used to seed reactors of 1 liter
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volume which contained the following:

a. Glucose control. This reactor contained glucose as the sole
carbon source.

b. Sorbitol or galactose control. This reactor contained sorbi-
tol or galactose és the sole carbon source.

¢. Combined unit. This reactor contained glucose and sorbitol
or galactose as the carbon sources.

d. Shocked unit. This unit initially contained sorbitol or
galactose as the sole carbon source. After growth was underway for
some time, glucose was added as an instantaneous shock load. A shocked
unit was run for most but not all experiments.

The inorganic constituents of the experimental reactors were
always the same (except for one experiment described Tater) as those
present during the growth or ageing of the cells to be used for experi-
mentation. In all cases, this provided a ratio of fnorganics to carbon
source in excess of that found in the standard medium. Sterile carbon
sources were always added to the reactors, and the air supplied to the
diffusers was first passed through glass wool filters. All glassware
was carefully cleaned and heat dried prior to use. These precautions
minimized opportunities for contamination. The temperature during
experimentation was always the same as that which was used to grow or
age the cells. | _

At the start of each experiment, equal portions of the cells were
added to the experimental reactors and samples were then immediately
removed and centrifuged. For many experiments samples were also with-
drawn for optical density readings. The centrifuged samples were then

passed through 0.45 u membrane filters. A portion of the filtrate was
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immediately added to a COD flask containing potassium dichromate. The
remaining filtrate was frozen for later analysis. This sampling

procedure was repeated frequently during the course of each experiment.
D. Analytical Techniques

1. Biological Solids

For some experiments, biological $o1ids were determined gravi-
metrically by filtration through 0.45 p membrane filters as described
in Standard Methods (40). Biological solids were also determined in
some cases by optical density readings at 540 my with a Bausch and
Lomb Spectronic 20. Optical density readings on samples diluted 3
parts of sample to 8 parts disti]]éd water were also frequently made.
For some experiments, all three methods of solids determination were
utilized. For any given experiment, the biological solids concentra-
tions have been presented either as optical density readings (in which
case the designation "Optical Density of Biological Solids" has been

employed) or as gravimetric measurements.

2. Chemical Oxygen Demand

The COD test was performed exactly as described in Standard

Methods (40).

3. Glucose

In all cases, the glucose concentrations were measured by the
enzymatic Glucostat test; method 1-A was used for all analysis (41).
Glucose standards were run each time the test was performed, and the

results are expressed as equivalent COD values.
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4. Galactose

Galactose concentrations were determined by the enzymatic Galacto-
stat test according to the procedure given by the Worthington Biochemi-
cal Corporation (42). Galactose standards were run each time the test

was performed, and the results are given as equivalent COD values.

5. Sorbitol

The procedure for the determination of sorbitol was a slight
modification of that preVious]y presented by Komolrit (43). Proof that
the method herein reported yields results identical to those obtained
by the method of Komolrit will be presented in Chapter IV. When the
procedure herein reported was checked using sorbitol concentrations
varying from 50 to 250 ug, the linear correlation coefficient between
sorbitol concentration and optical density was found to be 0.9997. The
procedure is as follows.

a. Place an aliquot containing 50-250 ug of sorbitol in a test
tube.

b. Make up the volume to 1.0 ml with disti]]ed water,

¢. Add 0.1 ml of 10 N HyS04.-

d. Add 3 ml of 0.0167 M (0.9583 gm/250 m1) periodic acid and mix
well, |

e. Allow the reaction to proceed for exactly 10 minutes, and then
add 3 m1 of 0.167 M (5.4167 gm/250 m1) sodium arsenite and shake'vﬁgor-
ously for 2-3 seconds.

f. Wait 10 minutes.

g. Add 2.9 ml of distilled water to make up the total volume to
10 m1.

h. Take 1 ml of the above solution and place in a test tube.



i. Add 10 ml of chromotropic acid solution.

j. Heat for 30 minutes in a boiling water bath in the dark.

k. Cool to room temperaturé and read optical density at a wave-
length of 570 mu.

The chromotropic acid.reagent was prepared as described by
Komolrit (43). Duplicate blanks and standards were run with each
analysis, and a correction for glucose was applied as previously

described (43). A1l sorbitol concentrations are expressed as equiva-

lent COD values.
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CHAPTER IV
RESULTS
A. Heterogeneous Populations

1. Ga]actose-Acc1imated Cells

The results which were obtained using the batch heterogeneous
populatidn acclimated to galactose are presented in Figures 2-9. In
all cases, a description of the characteristics of the batch unit from
which the cells were taken for experimentation (a portion of the wasted
mixed 1iquor) and a description of the colonies which developed on the
spread plates which were made are also présented° The glucose control
units in Figures 3, 4 and 5 and all of the units presented in Figures 6,
7 and 8 contain a curve which has been designated as apparent sorbitol
COD. These units were the only ones which were examined for periodate-
reactive compounds, and the absence of these curves in the remainder of
the experiments is due to the fact that a periodate analysis was not
performed. These curves represent periodate-reactive intermediates
excreted into the medium during the metabolism of glucose and/or gajac-
tose. The periodate analysis was performed on 1 ml samples of filtrate
exactly as described by the method given for sorbitol analysis in
Chapter III. The reason, and it is emphasized that this is the only
reason, that it has been designated as "apparent sorbitol COD" is
because sorbitol was used as the standard in the preparation of the

standard curve relating optical density to concentration. It should be
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Figure 2. Metabolic response of a 1 day old culture of galactose-acclimated
ceiiso
The microbial population in the batch unit had not completely
developed at the time of this experiment; hehce, the cells were
harvested for experimentation while actively growing. An examina-
tion of 12 spread p1atés revealed that about 80% of the popU]ation
cbnsisted of two different species. In all, about 6 different

species of organisms were detected.
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Figure 3. Metabolic response of an 8 day old culture of galactose-acclimated
cells.
By the time this experiment was performed the cells in the unit had
started to flocculate; however, the supernatant was still not clear.
The color of the mixed Tiquor was yellow-green. An examination of
2 spread plates revealed that about 50% of the population consisted
of a single species not detected in the previous experiment. The
other predominating organisms appeared to be the same as the 2
predominating species of the previous experiment. In all, about

6-7 different species were present.
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Figure 4. Metabolic response of a 15 day old cQ]ture of galactose-acclimated
cells. |
The cells in the batch unit were flocculated and the mixed liquor
was green-brown in color. An analysis of 4 spread plates revealed
that about 9 different species were present, and there was no one
speciés which could be considered predominant. A very few col-
onies identical in appearance to those which predominated in the

previous experiment were present.
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Figure 5. Metabolic response of a 21 day old culture of galactose-acclimated
cells. |
The appearance and sett]ing.characteristics of the mixed liquor
were essentially the same as in the previous experiment. An
examination of 3 spread plates revealed that one of the species
which was present in the preceding experiment comprised about
50% of the population. The remaining population consisted of

an'approximately equal distribution of 4 different species.
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Figure 6. Metabolic response of a 28 day o]d culture of galactose-acclimated
cells. |
At the time this experiment was perfokmed, the sludge had started
to bulk, and the mixed Tiquor was dark green in appearance. An
examination of the colony characteristics on 4 spread plates
-revea1ed that the organism which predominated in the preyious
experiment accounted for only about 25% of the total population.
The remaining organisms consisted of a re]étive]y even distribu-

tion of 4-5 different species.
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Figure 7. Metabolic response of a 35 day old culture of galactose-acclimated
cells,
When the culture was 31 days old it was very badly bulked and
virtually no settling occurred. At the time of this experimenf,
however, the bulking was greatly reduced and settling had almost
returned to normal. The color of the mixed liquor was still
dark green. An examination of 4 spread plates revealed that
about 75% of the population consisted of a single species. The
appearance of the colonies of this species was identical to that
of the predominatihg species in the 8 day old culture. The

remainder of the population consisted of 5-6 different organisms.
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Figure 8. Metabolic response of‘a 42 day old culture of galactose-acclimated
cells.
At the time this experiment was performed, the settling charac-
teristics were very good, and the color of the mixed 1iquor was
green-brown. The organism which predomfnated in the previous
experiment still represented about 50% of the total population.
The remainder of the population tonsisted of an approXiméte1y

equal distribution of about 5 different types of organisms.
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Figure 9. Metabolic response of a 48 day old culture of galactose-acclimated
cells.
By the time this experiment was performed the color of the mixed
Tiquor had changed to yellow. .Sett1eab111ty was still good. An
examination of 3 spread plates revealed that a minimum of 9
different species were present, and there was no species which

could be considered predominant.



INDICATED ANALYSIS (mg/I)

600 800
BIOLOGICAL /
400 SOLIDS . ) B'%ﬁécs“ 600
[} K
GLUCOSE R GALACTOSE
p * CONTROL y cop CONTROL
200 \\ P ' : 400
ngggse : . GALéggo;\g

0! - 200
1200 : 1200

COMBINED UNIT " SHOCKED UNIT
IOOOm\ = \ 1000

. 1 \ _

‘ : \ BI0LOGICAL
Ol
500 = i susose 1 N\ _ 800
600 / coD 600
GALACTOSE

- 4 COD

400 Ay 3 400
GLUCOSE
200 I oo A 200
i GALACTOSE
GLUCOSE CcoD L
cOoD i
oL | 0
2 4 6 8 ) 2 4 6 8 10

TIME (hrs.)

BIOLOGICAL SOLIDS (mg/l)

/C



58

recalled that periodate selectively cleaves a molecule between adjacent
carbons which have any combination of hydroxyls, aldehydes, ketones, or
primary amine groups; and, thereforé, there is no reason to suspect
that these intermediates were actually sorbitol. The necessity for
performing this analysis will become apparent when the results obtained
from the heterogeneous population acclimated to sorbitol are presented,
and, hence, a discussion of these curves will be deferred until that
time. |

An examination of the results presented in Figures 2-9 reveals
several characteristics which were common to most or all experiments.
In every case, the glucose was removed from the glucose control prior
td the time required for galactose removal in the galactose control.
The observation that there was never any lag in glucose removal
Strongly suggests that the cells possessed constitutive enzymes for
glucose. Intermediates were aTways prodUced during the catabolism of
glucose, and large quantities of these compounds were produced in the
glucose controls represented in Figures 3-8. In every experiment, the
addition of glucose as an instantaneous shock Tload resulted in the
inhibition of galactose removal. This inhibition could have resQ]ted
from catabolite inhibition and/or transport interference. Ga]actdse
removal in each of the control units represented in Figures 3-9 was
essentially Tinear. This indicates that the galactose was being
removed by preformed enzymes and that no additional synthesis of a
galactose degrading enzyme system occurred. Therefore, it is Togical
to conclude that there was also no synthesis of the galactose enzymes
occurring in the combined unit durihg the course of glucose removal, .

and, hence, the mode of galactose removal was apparently only the
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’ resq]t of the inhibition of the preformed enzymes necessary for
galactose removal. The maghitude of this inhibition can be discerned
simply by comparing the galactose removal curves in the combined units
with the corresponding curves in the control unjts.

It is only in the galactose control unit represented in Fiéure 2
that galactose removal occurred at a continually increasing rate. This
indicates that there was a continual increase in the content of the
enzymes required for galactose utilization. Therefore, the difference
between the galactose removal curves in this unit and the combined unit
of Figure 2 cannot be attributed only to inhibition of preformed
enzymes because in addition to whatever enzyme inhibition occurred in
the combined unit, the nature of the galactose removal curve suggests
that there was also a complete or very nearly complete repression of
synthesis of the galactose enzymes during the course of glucose removal.

The results which were obtained from each of the combined units are
presented in Table I. In this tabie, the rates of galactose removal in
the combined unit are compared with the rates of galactose removal in
the galactose control for various times after the start of the experi-
ment. The ratio of the galactose removal rate in the combined unit to
the rate in the control unit has been calculated for each time period.
The rates given for the data of Figure 2 represent both the effect of
inhibition and repression. Since there apparently was no synthesis of
the galactose enzymes during glucose removal, the rates for the remain-
der of -the expefiments represent only the inhibition of the preformed
enzymes necessary for galactose utilization. In each case, the inhibi-
tion was strongest during the early stages of the experiment, and as

increasing quantities of glucose were removed the rates of galactose
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TABLE I

COMPARISON OF THE GALACTOSE REMOVAL RATE IN THE COMBINED UNIT WITH THE
CORRESPONDING RATE IN THE GALACTOSE CONTROL

Glucose = Galactose 'Combined Ratio of

in comb. control unit rate in
Fig. Age Time - unit rate rate comb, to
No.’ days hrs mg/ 1 mg/1/hr.  mg/1/hvr, control
0.5 535 50 12 .240
1.5 476 70 12 .172
2 1 2.5 391 - 82 12 .146
3.5 277 86 12 . 140
4.5 140 95 31 .326
0.5 463 115 28 244
3 8 1.5 289 112 55 491
2.5 118 102 73 .715
3.5 0 v 97 85 . 876
0.5 494 82 41 .500
4 15 1.5 325 82 41 .500
2.5 172 82 51 .610
3.5 57 82 66 .805
0.5 472 96 20 .208
5 21 1.5 288 96 32 - ,333
2.5 129 96 43 .448
3.5 13 96 . 57 .94
0.5 462 119 33 277
6 28 1.5 267 119 60 . 504
2.5 109 119 72 .605
3.5 0 - 119 12 .605
0.5 483 86 27 314
7 35 1.5 318 86 33 .384
2.5 157 86 52 . .605
3.5 0 86 67 .779
0.5 447 108 24 222
8 42 1.5 253 108 29 .268
2.5 61 108 57 .528
3.5 0 108 95 - .880
0.5 438 86 17 .198
9 48 1,5 291 86 19 221
2.5 143 86 36 419
3.5 0 86 56 .651
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removal 1in the’combined units increased.

The response of each of the shocked units to the instantaneous
addition of glucose is summarized in Table II. The rates of galactose
removal immediately prior to the addition of glucose are given, and
they are compared with the rates of galactose removal for various times
after the addition of glucose. The ratios of the various rates after
the addition of the shock are also shown. It can again be seen that in
all cases glucose inhibited the removal of galactose, and oncebagain
the trend was toward»]ess inhibition as increasing quantities of glu-
cose were consumed.

The data presented in Table III prdvide a more direct means of
making an "overall" comparison of the results obtained from each experi-
ment. Although there was a small variation in the initial glucose and
galactose concentfations from experiment to experiment, these initial
concentrations were sufficiently close so that the method of calcula-
tion chosen does provide for a meaningful comparison. Columns ‘4 and 5
refer to the time given in column 3. The data in column 7 refer to the
time given in column 6. A glucose concentrationbof 100 mg/1 was chosen
as the "reference point" merely for convenience; the selection of this
value made it possible to accurately determine the times given and
still provide for removal of over 80% of the glucose. The results
presented in columns 10 and 11 are both 1nd1cafive of the extent of
interference of galactose removal in the presence of glucose. It is
obvious from these results and from those presented in Tables I and II
that increased cell age had no apparent effect upon the degree of
inhibition encountered. In fact, the 42 and 48 day old cells were

subject to about the greatest degree of inhibition found. The data
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TABLE II

COMPARISON OF THE GALACTOSE REMOVAL RATE IN THE SHOCKED UNIT
WITH THE RATE IMMEDIATELY PRIOR TO THE SHOCK

Time Rate at Rate Ratio of -
after Glucose time of after rate after
Fig. Age shock present shock - shock to rate
No. days hours mg/ 1 mg/1/hr. mg/1/hr. before
0 118
2 1 0.5 507 26 .220
1.5 388 -39 - .330
2.5 207 51 432
0 138
3 8 0.5 478 34 .261
1.5 292 52 .377
2.5 105 60 .435
0 94 -
0.5 507 48 .510
4 15 1.5 350 _ 27 .287
2.5 194 47 .500
3.5 35 85 .905
0o - : 95
5 21 0.5 468 14 .147
1.5 295 ’ 40 .421
2.5 116 72 .758
0 144
6 28 0.5 466 43 .298
1.5 246 68 472
2.5 28 . , 87 .604
0 97
7 35 0.5 476 : 37 .382
1.5 302 42 .433
2.5 127 62 .639
0 123
8 42 0.5 445 28 .228
1.5 238 , 46 .374
2.5 33 75 .610
0 106
0.5 455 28 .264
9 48 - 1.5 338 : 25 .236
2.5 219 36 .340
3.5 99 54 .510




TABLE 111

COMPARISON OF THE EXTENT OF GALACTOSE REMOVAL IN THE PRESENCE OF GLUCOSE FOR ALL
EXPERIMENTS WITH THE HETEROGENEOUS POPULATION ACCLIMATED TO GALACTOSE

1 2 3 . 4 5 6 7 8 S 10 11

Fig. Age Time when Gal. removed Gal. removed Time after Gal. removed Gal. removal Col.6 x Ratio of Ratio of
no. days glucose = comb. unit control unit shock when shock unit rate at col.8 col.4:col.5 Col.7:col.9
100 mg/1 in in this  in this time glucose =120 in this time time of shock
comb. unit time mg/1 mg/1 in shock mg/1 mg/1/hr
hours mg/1 unit, hours

2 1 4.8 65 365 3.05 . 118 118 360 .178* .328

3 8 2.6 - 127 294 2.55 120 138 352 .432 .341

4 15 3.1 136 254 3.1 127 94 292 .535 .435

5 21 2.72 79 260 2.6 90 95 247 .304 .364
6 28 2.57 134 304 2.17 125 - 144 312 .441 .401

7 35 2.85 106 245 2.65 - 119 97 257 .420 .463

8 42 2.28 65 246 2.18 84 123 268 .264 313

9 48 2.8 - 65 24l 3.5 110 106 371 .270 .297

*Not a measure of enzyme inhibition.

¢Q
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indicate absolutely no trend in the magnitude of inhibition observed,
and this strongly sﬁggests that the results were due to whatever popu-
lation happened to be predominating at the time of the experiment.
This conclusion is supported by the results obtained from observation
of the unit and from the spread plates, which definitely showed that

the population was a dynamic one and that it underwent many changes.

2. Sorbitol-Acclimated Ce]]s

Observation of the color and settling characteristics of the
heterogeneous population acclimated to sorbitol indicated that thié
unit also underwent several changes in predominance. The color of the
mixed Tiquor was initially yellow. Some floc began to form after 6
days of operation, and the mixed liquor became green by the 9th day.

By the time the unit was 14 days old, the settleability had become

very good and the color had changed to grey. By the 24th day of opera-
tion, the mixed ]1quor‘exh1b1ted_a green-brown color. The sludge
started to show signs of bulking on the 29th day, and by the 36th day
settleability was virtually nonexistent; during this time the mixed
liquor was green. The cells remained in a bulked condition during the
remaining period of operation, but the mixed liquor did undergo ﬁwo
more color changes. By the 38th day the color had changed to grey, and
it again changed to a green-grey by the 45th day.

The results which were obtained using the cells that were har-
vested for experimentation from a portion of the wasted mixed Tiquor at
various times during the operation of the batch unit are presented in
Figures 10-18. In the figures for the glucose controls there are
curves which‘have been designated as apparent sorbitol COD. These

curves represent periodate-reactive intermediates which were formed
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during the catabolism of glucose. They were designated as apparent
sorbitol COD only because sorbitol was used as the standard when the
periodate test was performed; This designation is not meant to imply
that the periodate-reactive intermediates were actually sorbitol. It
should be recalled that abundant quantities of these intermediates were
also produced in the glucose control Jnits when galactose-acclimated
cells were studied, and, hence, prior growth of the cells on sorbitol
was not directly responsible for the production of these intermediates.
However, since a periodate analysis was also used to measure sorbitol
concentrations, the results of that analysis presented in the combined
units and in the shocked units after glucose addition include both
sorbitol and those intermediates produced from glucose which react with
periodate; therefore, these curves have been labeled “sorbitoT“ COD to
indicate that they represent the sum of sorbitol and periodate—reactive
glucose intermediates. A comparison of the COD and sorbitol COD curves
in the sorbitol control units indicates that only very small quantities
of intermediates were produced, and, in some cases, the curves were
identical. In these units the designation sorbitol COD has been used.
The sorbitol COD curves are assumed to represent the actual sorbitol
concentrations because it seems unlikely that sorbitol could be con-
verted to some periodateéreactivé intermediate which would react at
such a rate as to yield sorbitol concentrations nearly identical to the
COD values at all times.

The fact that the observation of periodate-reactive intermediates
produced from glucose was not the result of the introduction of some
unknown factor which resulted from the modification of the sorbitol test

given by Komolrit (42) is shown in Table IV. Several samples from the
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TABLE IV

STATISTICAL COMPARISON OF THE RESULTS OBTAINED BY USING TWO DIFFERENT
ANALYTICAL TECHNIQUES FOR MEASURING PERIODATE-
REACTIVE COMPOUNDS

1 2 3 4 5 | 6
' Sorbi tol Sorbitol Col. 3- Difference
Fig. Time coD ' coD . col. 4 squared
No. hours  (Komolrit) (Heidman)
10 3 127.6 126 1.6 2.56
5 103.4 101.6 . 1.8 3.24
-0 5.5 10.47 -4.97 . 24.70
12 2 176.9 174.2 2.7 7.29
3 151.2 148 3.2 10.24
' 0 2.93 5.4 -2.47 6.10
13 3 182.8 190.5 -7.7 59.29
4 215.5 215 0.5 0.25
5 186.1 177 : 9.1 82.81
0 3,96 15.3 -11.34" 128.59
1 126.2 - 129 -2.8 7.84
2 198 192 : 6 36
14 3 216 210 ” 6 36
: 4 196.5 ‘ 188 8.5 72.25
5 170.3 164.6 5.7 32.49
6 151 144.8 6.2 38.44
15 2 147 151 -4 16
3 127.7 121.2 6.5 42 .25
0 7.14 12.3 -5.16 26.62
18 2 139.5 143.2 -3.7 13.69
'3 128.9 126.5 2.4 5.76
'Z 2763.73 2746.07 18.06 652.41
degrees of freedom = 20
Student's t = 0.682
t g5 for 20 df = 2.086
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glucose control units for 6 different experiments were‘ana1yzed exactly
as described by the procedure given by Komolrit, and the results of-
that analysis are presented in column 3. The results which were
obtained by the method for sorbitol analysis used throughout this study
and previously described in the analytical techniques section in Chap-
ter III are presented in column 4. A statistical analysis for paired
observations (44) indicated that there was no significant difference in
the results obtained.

An examination of Figures 10-18 reveals that in every experiment
the rate of glucose removal at any given time in the glucose control
was greater than the corresponding rate of sorbitol removal in the
sorbitol control. There was never any 1ag in glucose removal in the
control units, and thus it appears thdt the population at alil times
contained constitutive enzymes for the metabolism of glucose. The
utilization of glucose was always accompanied by the release of meta-
bolic intermediates and/or end products and the quantities of these
compounds were frequently quite Targe. Because the "sorbitol" COD
curvés in the combined and the shocked units do not actually represent
sorbitol, a simple examination of. these curves by themselves is quite
misleading. Therefore, a method to evaluate the contribution of the
periodate-reactive intermediates produced from glucose in these units
was employed. The assumptions which were made in determining these
correctiohs were as follows:

a. Any given amount of glucose removal in the combined or in the
shocked unit produced a quantity of periodate-reactive intermediates
from glucose identical to that quantity produced for an equivalent

amount of glucose removal in the glucose control unit.
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b. No periodate-reactive intermediates were produced from
sorbitol.

c. At any time up to the exhaustion of glucose in the combined or
in the shocked units, the actual sorbitol concentrations could be
determined by subtracting the periodate-reactive intermediates produced
from glucose (calculated according to assumption a) from the “sorbitol"
COD values. Once the glucose has been removed, there is no way to know
if the "sorbitol" COD curve represents removal of glucose metabolites
prior to sorbitol removal or sorbitol removal prior to removal of glu-
cose metabolites or concurrent removal of all periodate-reactive com-
pounds .

Although the results of the experiments with the galactose-
dcclimated cells were slightly different from those obtained with the
sorbitol-acclimated cells since there was a small production of
periodate-reactive intermediates from galactose, whereas none were
produced from sorbitoi, the systems are of sufficient similarity to
show that the assumptions given above can be justified. The results
presented in Table V were obtained from the experiments with the
galactose-acclimated cells previously given in Figures 6, 7 and 8,

The concentrations of glucose and galactose removed from the combined
or shocked units at any given time are presented in columns 4 and 5,
respectively. The data in columns 6 and 7 indicate the amount of
periodate-reactive intermediates, expressed as sorbitol, which were
produced in the control units for substrate removals equivaient to
those observed in the combined or shocked units. For example, the
results from the combined unit of Figure 6 indicate that after 2 hours,

389 mg/1 of glucose and 90 mg/1 of galactose had been removed from this



COMPARISON OF THE QUANTITIES OF PERIODATE-REACTIVE INTERMEDIATES PRODUCED IN THE

TABLE V

VARIOUS UNITS BY THE GALACTOSE-ACCLIMATED POPULATION

1 2 3 4 5 6 7 8 9

Fig. Unit Time Glucose Galactose "Sorbitol" "Sorbitol" Sum of “Sorbitol"

No. hours cob cop COD from COD from control COD in

: removed removed glucose galactose coD's stated

control control unit

0 0 0 5 2 7 5

1 207 36 98 10 108 109

Combined 2 - 389 90 143 18 161 178

3 513 166 175 29 204 216

6 3.5 570 200 184 30 214 226

3 0 438 5 40 45 61

3.5 105 460 60 40 100 112

Shocked 4 212 482 100 40 140 157

4.5 321 511 128 38 166 193

5 429 546 157 35 192 220

0 0 0 6 6 12 11

1 160 26 88 11 99 100

Combined 2 321 58 142 16 158 167

3 481 113 181 21 202 229

3.5 563 145 192 23 215 242

7 3 0 294 6 31 37 52

’ 3.5 87 310 56 32 88 91

4 173 327 93 32 125 131

Shocked 4.5 260 348 122 33 155 169

5 347 373 149 32 181 208

5.5 434 399 170 32 202 237

6 520 434 188 32 220 260

6.2 560 449 192 32 224 263

0 0 0 4 2 6 8

1 196 18 91 6 97 97

Cormbined 2 392 52 139 11 150 156

2.8 548 95 160 13 173 188

8 3 0 364 4 21 25 37

3.5 102 375 58 20 78 78

4 207 391 94 20 114 118

Shocked 4.5 311 414 122 19 141 158

5 415 442 142 16 158 182

5.5 519 476 157 14 171 199

5.65 550 486 160 12 172 200

QF
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unit. For equivalent amounts of glucose and galactose removal in the
control units, 143 mg/1 of periodate-keactive intermediates expressed
as sorbitol were producéd in the glucose control, and 18 mg/1 of
periodate-reactive intermediates were produced in the galactose control.
If the previously given assumptions were true (modified to include the
periodate-reactive intermediates produced from ga]actbse) one would
expect to find 161 mg/1 (column 8) of periodate-reactive intermediates
in the combined unit. The amount found by direct measurement was
178 mg/1. A comparison of the values presented in column 8 with the
corresponding values in column 9, clearly indicates that while the
assumptions concerning the equivalent production of intermediates did
not give exact results, a good approximation of the actual values in
the combined and shocked units could be made. It should be noted that
it was necessary to include the periodate-reactive intermediates
produced from galactose in the calculations; whereas one of the assump-
tions given for the calculation of sorbitol concentrations was that
these intermediates were not produced from sorbitol. However, since
the largest quantities of periodate-reactive intermediates were pro-
duced from glucose, it would seem that the results definitely substan-
tiate the assumption that the actual sorbitol concentrations (within a
magnitﬁde of error no greater than that shown in Table V) in the com-
bined and shocked units can be calculated by using the assumptions
previously given.

The calculated sorbitol removals in the presence of gliucose for
all of the combined units shown in Figures 10-18 are given in Figure 19.
An examination of Figures 19A - 19E reveals that sorbitol removal

occurred at a continually increasing rate in the control units, and



Figure 19.

Comparison of -sorbitol removals in the control units with the cal-
culated values of sorbitol removal in the combined units.
The solid Tines represent the sorbitol removal curves for each
of the control units and they were reproduced from the corre-
sponding figures.
The dashed 1ines represent the sorbitol removal curves in the
combined units, and they were determined in accordance with the
assumptions previously described.
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hence the divergence of the sorbitol removal curves could have resulted
from both repression of enzyme synthesis and inhibition of enzyme func-
tion. Since the sorbitol removal curves for the control units presented
in Figures 19F-19I were all 1inéar, it can be assumed that there was
also no synthesis of the sorbitol enzymes in the combined units during
this time, and, therefore, the difference in the removal curves can be
attributed to inhibition of preformed enzymes (catabolite inhibition
and/or inhibition of sorbitol transport into the cell. In any event,
glucose was found to retard the removal of sorbitol in all systems.

The effect of the addition of glucose on sorbitol removal for all
of the shocked systems presented in Figures 10-18 is shown in Figure 20.
The dashed Tines indicate what the response in the units would have
been if the addition of glucose had caused complete repression of any
further synthesis of sorbitol degrading enzymes but had not inhibited
the activity of the preformed enzymes. It can be seen that in every
case the addition of glucose resulted in the inhibition of the pre-
formed sorbitol enzyme system. Whether the variations in the sorbitol
removal patterns in the presence of glucose (linear, concave upward, or
concave downward) are significant or whether they resulted from experi-
mental error because of the indirect method of calculation used, is not
known. Hence definite conclusions beyond that of the existence of
partial inhibition at all times cannot be drawn.

The data'presented in Table VI provide a means of comparing the
results of all of the experiments presented in Figures 10-18. The
vatues for sorbitol presented in columns 4 and 7 were obtained from the
calculated values in Figures 19 and 20, respectively. Columns 4 and 5

refer to the time in column 3, and column 7 refers to the time in



Figure 20. Calculated sorbitol removals in the shocked units.
The dashed lines represent the rates of sorbitol removal at the
time the shock was applied.
The sorbitol removal curves shown from 2 hours prior to the shockr

to the time of the shock have been reproduced from the corre-

sponding figures.

The sorbitol removal curves shown after the addition of the shock

have been calculated in accordance with the assumptions previously

described.
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TABLE VI

COMPARISON- OF THE AMOUNTS OF CALCULATED SORBITOL REMOVAL IN THE PRESENCE OF GLUCOSE FOR ALL
EXPERIMENTS WITH THE HETEROGENEQUS POPULATION ACCLIMATED TO SORBITOL

1 2 3 4 5 6 1 8 9 10 - u
Fig. Age Time when Sorbitol Sorbitol Time after Sorbitol Sorbitol Col.6 x Ratio of Ratio of
No. days glucose = removed removed shock when removed rate at col.8 «col.4:co0l.5 col.7:col.9

100 mg/1 comb. unit cont. unit. glucose = shock time of
in comb. in this in this 100 mg/1 in unit in shock
unit time time shock unit this time mg/1/hr
hours mg/1 mg/1 hours mg/1
10 2 3.7 28 236 2.28 65 107 244 .119 . 266
11 6 5.13 40 186 3.13 126 68 213 .215 .592
12 10 2.55 75 183 1.72 188 155 267 .410 .704
13 14 3.28 143 210 2.4 179 167 400 .681 .448
14 19 2.16 66 139 1.7 114 103 175 © 475 .651
15 24 1.83 103 190 1.98 138 157 311 .542 .444

16 29 2.58 99 206 2.65 7 161 110 292 .480 .551

17 _ 36 3.43 - 116 375 3.6 267 113 407 .309 .657

18 45 2

.28 55 210 2.2 152 102 224 .262 ©.679

cQ
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column 6. The values presented in column 11 provide a means of
determining the extent of inhibition of :the preformed sorbitol enzymes
(assuming complete repression) caused by the rapid addition of glucose.
As previously expiained, the ratios in column 10 are not all measures
of enzyme inhibition alone. Because of the involved method of calcu-
lating the sorbitol concentrations in.the combined and the shocked
units, the ratios presented in columns 10 and 11 should certainly not
be considered as exact values. Therefore, it would be inappropriate to
attempt to make specific comparisons among units on the basis of these
“ratios.  However, it is apparent that glucose or glucose catabolites
always inhibited the preformed sorbitol enzymes, and the extent of this
inhibition appears to be unaffected by the time of operation of the
patch unit. Although the values in column 11 did increase during the
period from 2 to 10 days, the values obtained for the remaining time

of operation were entirely random. It could perhaps be argued that the
changes in the extent of inhibition which occurred during the course of
the first three experiments were attributable to an increase in cell
age. However, when the results of the entire 45 day period of opera-
tion are considered together, the particular response observed would
seem to be due to whatever organisms - happened to be predominating at

the time of each experiment.
B. Ageing of Pure Cultures

1. Blue Organism

The results which were obtained from the batch operation of a unit
containing a pure culture of Blue organism are presented in Figures 21-

25. The cells for each experiment were obtained from that portion of
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the mixed Tiquor which was removed prior to feeding, and they remained
completely dispersed throughout the period of operation of the unit. A
shocked unit was not studied in the experiments shown in Figures 21 and
22. At the time this series of experiments was performed, the author
was unaware of the probTems which can arise when periodate-reactive
intermediates are produced from glucose, and, hence, an analysis for
periodate-reactive intermediates in the glucose control units was not
made. Later experimentation with a young cell culture of this organ-
ism revealed that no periodate-reactive intermediates were produced
from glucose. Since the total quantity of intermediates produced by
the older cells was slightly less than was obtained from the young
ce]Ts, there is no reason to believe that periodate-reactive inter-
mediates were produced. As will be shown later, when increased ageing
leads to the production of periodate-reactive intermediates there is a
corresponding increase in the production of total intermediates.

Instead of a sorbitol control unit, Figure 25 shows the results
which were obtained from 2 flasks which contained chloramphenicol in
addition to the substratésa Prior to the addition of substrate, the
cells were aerated for 30 minutes in the standard medium (minus the
carbon source) to which 100 mg/1 of chloramphenicol had been added.
Glucose was then added to one flask and sorbitol to the other tec yield
final concentrations of 500 mg/1 of each compound. Only optical den-
sity was monitored. From these results it can be discerned that the
cells contained the enzyme systems necessary for the femova] of glucose
and sorbitol prior to exposure to either of thesé compounds .

An examination of the sorbitol removal curves in the combined

units shown in Figures 21-25 reveals that in every case sorbito]
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removal proceeded linearly in the presence of glucose, Variations in
the initial biological solids concentrations reéu]ted in variations in
the initial "enzymatic capabilities" to remove sorbitol, and, hence,
the actual removal rate varied somewhat from experiment to experiment.
That the cells possessed a functioning preformed enzyme system for
sorbitol removal at the start of the experiments can be seen from the
results obtained from the chloramphenicol unit shown in Figure 25.

Therefore, sorbitol removal was not dependent upon synthesis of sorbi-

tol enzymes, and the constant sorbitol removal rates in the presence of

glucose indicate that the synthesis of the sorbitol enzymes probably
was completely repressed. It is readily apparent that increased ageing
of the cells did not result in a relief of the repression mechanism.

An examination of the shocked systems shown in Figures 23-25

reveals that sorbitol removal in the presence of glucose was again

essentially linear. A comparison of the sorbitol removal rates immedi- .

ately prior to the shock with the corresponding rates after the shock
indicates that the preformed sorbitol enzyme system was inhibited 36%,
43%, and 46% (assuming complete repression) in the shocked units
represented in Figures 23-25, respectively. Since the sorbitol removal
rate was‘changing quite rapidly prior to the addition of glucose, it
was very difficult to obtain accurate estimates of the rate at the time
the shock load was administered, and the variations in the degree of
inhibition appear to be attributable more to experimental error than to
any difference in the performance of the biological systems. Since the
rates of sorbitol removal in the presence of glucose were essentially
linear, it would appear that the previous conclusion that further

synthesis of sorbitol enzymes in the presence of glucose was blocked is
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substantiated. It would also appear that glucose did not inhibit the

transport of sorbitol into the cell because there was no increase in the

sorbitol removal rate as the glucose concentration decreased. This
conclusion is also supported by the results obtained from the combined
units.

To verify that the degree of inhibition encountered was not a
result of the age bf the cells (since the unit had been in operation
for 12 days before inhibition was first accurately measured by including
a shocked unit in the experimental protocol) a 1 ml portion of cells
was withdrawn from the batch unit on the 24th day of operation and
transferred aseptically to a flask containing 50 ml of standard medium.
After 24 hours, 1 ml from the flask was transferred to fresh medium and
this’procedure was repeated daily. After a total of 4 transfers to
fresh medium had been made, 12 flasks were inoculated on the 5th trans-
fer, and an experiment was conducted with the young cells on the
following day. The results ére given in Figure 26. The degree of
inhibition in the shocked unit was determined to be 44%, and once again
the patterns of substrate removals in the combined and shocked units
were the same as had been observed in the previous experiments..

On the basis of the substrate removal responses which were
obtained with the Blue organism, it is apparent that the extent of
enzyme repression and the extent of enzyme inhibition manifested by an
organism need not be related. In all cases, glucose appeared to cause
100% repression of sorbitol enzymes, but thé degree of inhibition
encountered was only about 42% (average value). It is also readily
apparent that increased ageing of the unit had absolutely no effect

upon the degree of repression or inhibition encountered.
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"2, Escherichia coli, Strain K-12

Additional experiments with a batch-operated culture of E. coli,
strain K-12, were also performed. The organisms were grown on the
standard medium, and they were fed once every 24 hours. The daily
operating procedures (reactor volume, feed cbncentrations, etc.) were
the same as those used in the previous experiments. The temperature
was maintained at 350 C. After the unit had initially "grown up," it
was defined as being 1 day old, and each succeeding 24-hour period was
defined as increasing the age by 1 day.

The results obtained from an experiment with 2 day old cells are’
presented in Figure 27. Glucose utilization did not result in the
production of any periodate-reactive intermediates, and, therefore,
there was no interference with any of the sorbitol determinations. COD
removal and biological solids production in the combined unit were
diphasic, and the production of the enzymes necessary to degrade sorbi-
tol appears to have been completely fepressed in the presence of glu-
cose. The linearity of sorbitol removal in the shocked unit during the
period of -glucose removal also suggests that further synthesis of sor-
bitol degrading enzymes was completely repressed. Furthermore, the
Tinear removal indicates that glucose did not interfere with sorbitol
transport into the cell. The addition of glucose to the shocked unit
inhibited the preformed sorbitol enzymes by 77%.

The batch culture lysed some time betwéen the 8th and 9th day of
operation. At the time the culture would normally have been fed for
the 9th time; the biological solids level had become extremely Tow -and
~ the "mixed liquor" was practically transparent. A sample was with-

drawn and passed through a 0.45 u membrane filter. When 1 ml of the
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filtrate was added to a flask containing an actively growing culture
of E. ggli}‘1ysis again occurred within 8 hours.

The batch unit and feed reservoirs were emptied and all components
of the reactor were sterilized. Operation of the batch unit was
reinitiated with an inoculum of E. coli, strain K-12, which had been
grown from the same slant as the first inoculum. The unit was then
operated exactly as previously described for this organism.

The results of an experiment with cells taken from an 8 day old
unit are presented in Figure 28. It can be seen that a very small
amount of periodate-reactive intermediates was produced from glucose.
Therefore, the curves in the combined and shocked units have been
labeled "sorbitol" COD because they include this small quantity of
intermediates in addition to sorbitol. Once again it appears that the
presence of glucose caused a complete repression of further synthesis
of the enzymes necessary to degrade sorbitol. When a correction for
the periodate-reactive intermediates produced from glucose was applied
to the shocked unit, it was found that glucose addition had inhibited
the preformed sorbitol enzyme system by 79%. Therefore, the results of:
increasing the age from 2vdays to 8 days were negligible.

Approximately 3 hours after the batch unit had been fed for the
10th time, an excessive amount of foaming began to occur. Once again
the unit underwent lysis, and the viable count dropped from 1.78 x 109
to 4 x 10% within 9 hours. When a sample of membrane filtrate which
had been obtained from the unit was added to a flask containing an
actively growing culture of E. coli, the cells lysed within several
hours. No further attempts to age a pure culture of E. coli by this

method of batch operation were undertaken.
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From the results presented thus far, it is apparent that increased
ageing of a population by extended batch operation has not resulted in
any apparent differences in the degrees of repression or inhibition
observed. However, after a certain period of time a batch operated
unit reaches equilibrium with respect to biological solids concentra-
tion, and although the age may be defined as increasing with an increase
in the time of operation of the unit, the physiological age of the
cells can be expected to reach an equilibrium point. For example,
after a batch unit had become floccuient, the mode of operation utilized
in this study resulted in a wasting of 1/3 of the cells each time the
unit was fed. Therefore, the average retention time for a cell became
constant, and increasing lengths of batch operation did not result in a
corresponding increase in physiological age. To determine if an
increase in cell age could result in changes in the extent of repres-
sion or inhibition encountered, it was felt that additional methods of
ageing should be conducted in such a manner that the physiological cell
age would be directly related to age expressed as a function of time.
Consequently a reactor was prepared as follows: sorbitel, 7,500 mg/1;
1 M phosphate buffer (pH 7.0), 50 m1/1; all of the salts, except
(NH4)ZSO4, at a concentration 2.5 times that given in the standard
medium; (NH4)ZSO4 at a concentration 0.25 times that in the standard
medium; and tap water, 100 m1/1. The resuiting COD:N ratio was
slightly greater than 160:1. The reactor was inoculated with 5 ml of
actively growing E. coli, strain K-12, and was then aerated for 8.75
days. The temperature was maintained at 350 C during this time. When
the cells were harvested for experimentation the pH was 6.85. An

analysis of the filtrate revealed that 5,800 mg/1 of periodate-reactive
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material expressed as sorbitol were present. In all probability, a
signﬁficant portion of this material was sorbitol.

The results of the experiment (in double strength standard medium
in which the buffer concentration had been increased to 50 m1/1) in
which these cells were utilized are presented in Figure 29, The
apparent sorbitol COD in the giucose control unit at time zero was the
result of "carry over" of periodate-reactive material with the cell
inoculum. Examination of the glucose control unit reveals that glu-
cose removal was accompanied by the release of large quantities of
metabolic intermediates and/or end products, and a significant portion
of this material reacted with periodate. This is in marked contrast to
the results obtained with actively growing young cells of this organism
(Figure 27). The lag in sorbitol removal in the control system was
greater than the time required for glucose removal in the combined
system. Therefore, the results presented for the combined unit do not
provide proof that glucose repressed the synthesis of sorbitol enzymes.
It should be noted that once glucose was removed from the combined
unit, the rate of “sorbitol” COD removal was significantly greater than
the rate of sorbitol removal in the control. It is readily apparent
that this method of ageing resulted in compiete loss of the initial

ability of the cells to utilize sorbitol.

3." Escherichia coli, Strain 45

Because of the lysis which was encountered with E. coli, strain
K-12, subsequent studies were undertaken with a different strain. To
ascertain the performance of a young cell culture of this strain, an
experiment was performed with cells which had been grown by daily

transfers (for 3 days) of a 1 ml inoculum to 50 mi of fresh sorbitol
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medium. Eighteen hours prior to the experiment, a portion of the cells
was used to inoculate 1 liter of standard medium and this was aerated
at 359 C. The cells were then harvested and used for experimentation.
The results are presented in Figure 30. Small quantities of periodate-
reactive intermediates were produced from glucose, and, therefore,

the designation "sorbitol" COD has again been employed in the combined
and shocked units. From the results presented for the combined unit,
it would appear that the synthesis of the sorbitol enzymes was com-
pletely repressed in the presence of glucose, and the preformed enzymes
in the shocked unit appear to have been inhibited by 83% when the
glucose was added. Therefore, the response of a young cell cuiture of
this organism was essentially the same as that observed with E. coli,
strain K-12.

Various methods of ageing this organism were investigated. A
reactor containing 1.5 1 of standard medium (buffer increased to 30
m1/1) was inoculated with 25 m1 of an actively growing culture of
E. coli. Temperature was maintained at 35° C, and the culture was
aerated for 4.5 days. The cells were then harvested for experimenta-
tion. The results are presented in Figure 31. Although the cells had
been grown in sorbitol, the length of the endogenation period resuited
in a complete loss in the initial ability of the cells to utilize this
compound. In marked contrast, the cells rapidly removed the glucose.
Because the cells had Tost all or part of the enzymes necessary to
utilize sorbitol, the results observed for the combined unit do not
provide proof of repression of enzyme synthesis. It should be noted
that all of the "sorbitol" COD in the combined unit was removed in

slightiy over 6 hours. During this same time period, the sorbitol COD
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in the control unit was only reduced by 28 mg/1.

In an effort to prevent the Toss of the ability of the cells to
utilize sorbitol, the following method of ageing was employed. A
reactor containing 2,000 mg/1 sorbitol, 1.5 times the concentration of
salts in the standard medium (thus providing sufficient inorganic
constituents for an additional 1,000 mg/1 of sorbitol), and 2 times the
normal concentration of buffer was inoculated with E. coli, strain 45.

After the unit had "grown up" it was fed 50 mg/1/day of sorbitol. No

cells were wasted. Evaporation of the medium caused by aeration enabled

the feed to be added (plus distilled water) so that the fluid volume of
the reactor was returned to its initial volume at each feeding. Feed-
ing occurred once every 24 hours, and the temperature was maintained at
359 C. When the unit was to have been fed for the 7th time, the cells
were harvested for experimentation. The pH of the reactor at this time
was 6.75.

The results obtained from the experiment with these cells are
presented in Figure 32. It is readily apparent that the cells had an
extremely low complement of the enzymes necessary to remove sorbitol.
In the time‘required for the remcval of 550 mg/1 of glucose, only 15
mg/1 of sorbitol were removed in the antro1, Hence, once again, the
resuits obtained from the combined unit are nhot proof that glucose
repressed the formation of sorbitol enzymes. The production of-
periodate-reactive intermediates totally obscured any slight reduction
of sorbitol which may‘have occurred in the presence of glucose. The
"sorbitol" COD was removed from the combined unit brior to any signifi-
cant amount of sorbitol removal in the sorbitol control. |

A second unit (1 day younger) identical to the one just described
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had been operated concurrently with the other one. Since it was
apparent that the cells had essentially lost their ability (relative to
glucose) to remove sorbitol, the feeding procedure was modified in this
~unit on the 7th day. At this time, the physiological condition of the
cells was the same as that of the cells harvested for the previous
experiment. Concentrated sorbitol was added to yield a final concen-
tration of 700 mg/1, The unit was then aerated for an additional 24
hours, and on the 8th day a portion of the cells were harvested. The
reactor pH was 6570

Figure 33 shows the results obtained with these cells. A large
enough component of sorbitol enzymes had been resynthesized so that a
measurable rate of sorbitol removal in the sorbitol control unit was
observed from the beginning of the experiment. The addition of glucose
to the shocked unit caused a rise in the "sorbitol" COD, and when the
correction for periodate-reactive intermediates from glucose was
applied, the response still appeared to be 100% ‘inhibition of the pre-
formed enzymes. Therefore, the failure of sorbitol to be removed from
the combined unit in the presence of glucose cannot be unequivocally
attributed to the repression of sorbit01 enzymes., Thus when the aged
culture had been given enough sorbitol so that the initial sorbitol
removal rate in the control unit was such that it could be measured,
the response was one of total inhibition of preformed enzymes and
probably total repression of enzyme synthesis. Once again, increased
cell age was found to provide no relief from the extent of inhibition
associated with the young cell culture. In fact, the inhibition appears
to be somewhat greater than was found previously (83%). It is possible,

however, that this was the result of the error inherent in applying the
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correction for the periodate-reactive intermediates produced from

glucose.

C. Substrate Removal with Young Cell Cultures

1. Escherichia coli, Strain K-12

An additional experiment with E. coli, strain K-12, was performed
to ascertain whether a reduciion in the glucose removal rate caused by
decreasing the temperature relative to that used in previous experi-
ments with this organism (359 C) would result in a relief of the
repression or inhib{tion which was observed when this compound was com-
bined with sorbitol. A young cell culture was grown by daily transfer
of a small inoculum of cells to fresh sorbitol medium. The temperature
was maintained at 25° C. The results obtained using the cells har-
vested for experimentation are shown in Figure 34. No periodate-
reactive intermediates were produced from glucose, and, therefore, the
sorbitol COD curves are true measurements of the sorbitol concentra-
tions. A comparison of the initial biological solids concentration in
the glucose control with that found in the experiment with E. coli
given in Figure 27 (92 mg/1), shows that the initial biological solids
concentration was double that previously utilized; however, & greater
time was required for glucose removal. The substrate removal patterns
in the combined unit indicate that the synthesis of sorbitol enzymes
was completely repressed in the presence of glucose. The results
obtained from the shocked unit show that the preformed enzymes were
inhibited by about 81%. The level of inhibition present in the shocked
unit in Figure 27 was 77%. Therefore the decrease in the glucose

removal rate, which resulted from a lower temperature, did not alter
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the extent of repression or inhibition previously observed.

2. Serratia marcescens

A c@]ture of Serratia marcescens was grown by daily transfer of
a 1 ml inoculum to 50 ml of fresh sorbitol minimal medium. Afﬁer a
total of 4 transfers, 1 liter of double strength standard medium was
inoculated, and after 24 hours a portion of the cells was harvested
for experimentation. The temperature was maintained at 250 C. The
results of the experiment are presented in Figure 35. The rate of
glucose removal in the glucose control at any time was significantly
greater than the rate of sorbitol removal in the sorbitol control for
the corresponding time. Examination of the results for the glucose
control unit reveals that large quantities of periodate-reactive inter-
mediates were produced, and the apparent sorbitol COD reached a maximum
of 158 mg/1. The rise in "sorbitol" COD in the combined unit during

the course of glucose removal was 140 mg/1. Thus it would appear that

glucose completely repressed the formation of the sorbitol enzymes. At

the point of glucose removal in the shocked unit, the "sorbitol" COD
had risen by 65 mg/1 over that concentration observed when the glucose
was first added. Application of the assumptions previously outlined
for calculating.-the interference from periodate-reactive intermediates
reveals that the true sorbitol removal in the shocked unit in the
presence of glucose was 75 mg/1. This corresponds to a linear removal
rate of 37.5 mg/1/hour. The rate immediately prior to the shock was
155vmg/]/houro Hence, the degree of inhibition of the preformed
sorbitol enzymes, when averaged over the entire time period of glu-

cose removal, was 76%.
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3. Escherichia intermedia

A culture of -Escherichia intermedia (tentative identification)

was grown at 300 C by daily transfer of a 1 ml inoculum to 50 ml of
standard medium. After 3 transfers, the cells were used to inoculate

1 1iter of standard medium, and a portion of these cells were then
harvested for experimentation 20 hours later. The results obtained
from the experiment with these cells are presented in Figure 36. No
periodate-reactive intermediates were pfoduced from glucose, and, hence,
all sorbitol COD curves are true measurements of sorbitol. An examina-
tion of the results obtained from the combined unit reveals that the
repression of sorbitol enzymes in the presence of glucose may have been
less than complete because it appears as if sorbitol removal occurred
at a continua]]y_increasﬁng rate. However, a straight line could be
drawn through the data points given at 1, 2, 2.5, 3, and 3.5 hours with
a linear correlation coefficient of -0.986. Thus if the initial data
point were in error, a straight line would adequately represent the
removal of sorbitol in the presence of glucose. An examination of the
shocked unit reveals that the sorbitol removal rate in the presence of
glucose was 64% of the rate immediately prfor to glucose addition. -

To ascertain whether the repression of the sorbito! enzymes was
less than complete, an additional experiment with young cells accli-
mated to sorbitol was performed. The glucose concentrations in the
combined and shocked units were increased to extend the period of
sorbitol removal in the presence of glucose. The results of this
experiment are presented in Figure 37. In the combined unit, sorbitol
removal in the presence of g]ucoée was nearly linear. Thus it would

.appear that the repression of the sorbitol enzymes was complete or very
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nearly complete. The reduction in the sorbitol removal rate in the
shocked unit caused by glucose addition was 40%. The linearity of.
sorbitol removal in the presence of glucose in the shocked units of
this and the preceding experiment suggests that glucose did not inter-

fere with the transport of sorbitol into the cells.



CHAPTER V
DISCUSSION

A. Substrate Removal in Relation to Control Mechanisms

As stated in the introduction, the classification of substrate
removal patterns as sequential or concurrent without consideration of
the metabolic control mechanisms which dictated those patterns can lead
to completely erroneous conclusions concerning biological behavior.
However, it is equally important to understand that substrate removal
patterns do not constitute absolute proof of the expression of a par-
ticular control mechanism. For any pattern 6f substrate removals
observed, several interpretations of the control mechanisms which were
operative are possible. Consider, for example, the results obtained
from the combined unit which were presented in Figure 25. The constant
sorbitol removal rate in the presence of glucose was attributed to the
functioning of the preformed sorbitol enzymes (inhibited by a constant
amount) and to the complete repression of further sorbitol enzyme
synthesis. However, other mechanisms could have been operative. It is
possible (but extremely unlikely) that there was no repression, but
that increasing catabolite inhibition was caused by the continually
increasing rate of glucose utilization. If the increasing percentage
of inhibition was "balanced" by increased enzyme synthesis, linear
substrate rembva1 could have resulted. Alternatively, the linearity

could have resulted from a combination of complete repression, varying
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catabolite inhibjtion, and varying transport interference. At the
beginning of the experiment, gTucose could have caused a rather signif-
icant fnterférence with sorbitol transport, but the catabolite inhibi-
tion of preformed enzymes could have been rather low. As increasing
quantities of glucose were removed, the increased flow of glucose
‘catabolites may have 1ncreésed the extent of catabolite inhibition, but
this effect on sorbitol utilization could have been negated by
increased sorbitol transport which resulted from.the continually
decreasing external concentration of glucose. Finally, it is conceiv-
able that the extent of repression, catabolite inhibition, and trans-
port .interference could all have varied in such a manner as to yield
the linear substrate removal pattern observed.

When the results obtained from the shocked unit presented in
Figure 25 are considered separately and not in relation to the combined
unit (for purposes of illustration) it is again apparent that several
possible control mechanisms could have interacted to produce the
results obtained. The simplest and most Togical interpretation of the
mode of sorbitol removal in the presence of glucose is that further
synthesis of sorbitol .enzymes was completely repressed and that the
preformed sorbitol enzymes were inhibited by a constant degree as the
result of catabolite inhibition. Consequently, glucose could not have
meésurab]y interfered with sorbitol ﬁransporto However, as in the case
of the combined unit, there could have been no repression but contin-
IUal]y increasing inhibition, or complete repression and a "balancing"
of catabolite inhibition with transport interference, or a rather
involved interaction among the mechanisms of incompiete repression,

increasing catabolite inhibition, and decreasing transport interference.
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Therefore, the Statement in Chapter IV that the pkeformed sorbitol
enzyme system was inhibited by 46% should be viewed as one which
accurately describes the nature of sorbitol removal in the presence of
glucose in relation to the most logical and probable control mechanisms
and not one which is unequivocally correct in terms of the basic con-
trol mechanisms which could have been operative.

When the results obtained from the combined and shocked units of
Figure 25 are considered in conjunction, the most logical explanation,
by far, is that further synthesis of sorbitol enzymes was completely
repressed in the presence of glucose and that the inhibition resulted
from a constant degree of catabolite inhibition. Although it is
possible that catabolite inhibition and transport interference could
have "balanced" in each case to yield linear removals, the probability
of this occurrence would seem to be very low. The combination of no
enzyme repression and continuously increasing inhibition could have
produced the substrate removal patterns observed, but if this were the
case, the cells would have wasted energy and amino acids synthesizing
enzymes which would have been inhibited at a continually increasing
rate; therefore, this is a "self-defeating" combination of control
mechanisms and as such would appear to have had 1ittle chance of having
developed in the evolutionary process. Finally, the possibility of the
complex balancing of incomplete repression, increasing catabolite
inhibition, and decreasing transport interference cannot be eliminated,
but the probability that all of these mechanisms could have "balanced"
in both the shocked and combined units appears very remote.

The preceding discussibn illustrates that an explanation of sub-

strate removal patterns in terms of control mechanisms, while perhaps
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not absolutely correct in terms of biochemical mechanisms, can be
entirely adequate from an engineering viewpoint. Therefore, the fact
that one cannot (from ?xperiments of the type conducted here) determine
with absolute certainty the exact control mechanisms which were opera-
tive, should not discourage practical utilization of these mechanisms
in explaining the observed behavior of a biological systemc‘ For
exampTe, the explanation that the presence of g]ucése completely
represses further synthesis of sorbitol degrading enzymes and inhibits
the preformed enzymes by a constant percentage enables the engineer to
calculate the amount of sorbitol removal that can be expected to occur
at any time. It is for this reason that all of the results presented
in Chapter‘IV were discussed in terms of enzyme repression and inhibi-
tion, for it is only if one uses descriptions that can subsequently be
transformed into meaningful mathematical relationships that the results
can be of any tangible vaiue for the prediction of substrate removal

rates.
B. Heterogeneous Galactose-Acclimated Cells

The experiments with the heterogeneous population acclimated to
galactose were primarily measurements of inhibition of preformed
enzymes. In every case, except for the results in Figure 2, the rates
of galactose remgval in the control units were essentially constant.
Therefore, there was no apparent synthesis of the enzymes necessary for
galactose removal. In every experiment, the glucose was removed from
the combined unit within the time period required for galactose removal
in the control, and, therefofe, it would appear that the results

obtained in the combined units of Figures 3-9 should be interpreted
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entirely from the viewpoint of inhibition of preformed enzymes. In

all of the shocked units 6f Figures 3-9, the rate of galactose removal
up to the point of glucose addition was constant. Therefore, if there
was no new syhthesis of the galactose enzymes during the time period

of glucose removal (either because there was no new synthesis occurring
anyway or because of complete repression) the galactose removal curves
after glucose addition can be used to calculate the true inhibition of
the preformed enzymes. If there was some new synthesis of the galac-
tose enzymes occurring during the course of glucose removal, then the
degrees of inhibition would be underestimated when the removal rates
after the addition of the shock are compared to their respective removal
rates prior to the addition of glucose.

As indicated previously, numerous investigators (8, 10, 11, 13)
have reported that glucose inhibits galactose transport in E. coli.
Therefore, in any study of the inhibition of galactose removal, one
must recognize that this is a possible cause. It has also been shown
(11) that glucose catabolites only partially repress the enzymes of the
gal operon. This also could be an important factor in some of the
shocked units where the galactose removal rate after glucose had been
removed 1ncreaséd to a rate greater than that observed prior to the
shock, for it is possible that galactose enzyme synthesis may have been
occurring during glucose removal. Finally, Stumm-Zollinger (2)
observed linear removal of galactose in the presence of glucose when a
high initial solids inoculum wds used. This would indicate that the
inhibition which she observed was due almost entirely to catabolite
inhibition, and consequently the effect caused by transport interfer-

ence was small or entirely absent.
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When one considers all of the possible mechanisms by which the
presence of glucose can influence the mode of galactose removal, it
becomes apparent that some caution must be exercised when interpreting
the results of an experiment in which these compounds were present.
The results presented in Figure 5 provide a good example of a case in
which all of the mechanisms just discussed were probably operative to
some extent. The rate of galactose removal in the shocked unit prior
to the addition of glucose was 95 mg/1/hour. The ratios of the rates.
after the shock to the rate before the shock continually increased and
reached 0.905 (glucose = 32 mg/1) after 6 hours of experimentation.
Since the ratio of the rates was 0.147 when the glucose concentration
was 468 mg/1, one might conclude that the inhibition observed was
primarily the result of transport interference, and that catabolite
inrhibition had little if any effect. However at 8.5 hours, the rate of
galactose removal was 150 mg/1/hour. Therefore, it is entirely possi-
ble that there was some synthesis of galactose - degrading enzymes
during the course of glucose removal. If this were the case, then
catabolite inhibition would have been exerted to a greater extent than
was attributed to it on the basis of the observation of the ratios of
the rates. Indeed, the results obtained from the combined unit indi-
cate that this was the case. As previously indicated, the Tinearity
of substrate removal in the galactose control unit implies that there
was no synthesis of galactose enzymes in the combined unit during the
time period of glucose removal. At 3.5 hours, when the glucose concen-
tration was nearly zero, the ratio of the rate of galactose removal in
the combined unit to the rate in the control unit was 0.594. Theﬁe-

fore, the results from the combined unit clearly indicate that
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catabolite inhibition played an important role in determining the amount
of inhibition of galactose rehova] observed. This indicates that the
percentages of inhibition, which can be calculated from the ratios
presented in the last column of Table II, may be regarded as the mini-
mum estimate of the true extent of the inhibition of the preformed
galactose enzymes. Only if no galactose-degrading enzymes were synthe-
sized during the course of glucose removal do these ratios provide the
means of calculating the actual inhibition of the preformed galactose
enzyme system at any time.

Now that the complexity of trying to determine which metabolic
control mechanisms were operative in the glucose-galactose experiments
by examination of the substrate removal curves has been amply demon-
strated, it should be apparent what the values in columns 10 and 11 in
Table III actually do or do not represent. One would expect that the
values in these two columns would be equal only 1f:‘ a) glucose caused
a complete repression of-the synthesis of the galactose enzymes,

b) there was no interference with the transport of galactose into the
cell, and c¢) that there was no variation in the degree of catabolite
inhibition during the course of glucose removal. The values in column
10 are probably true estimates of the extent of inhibition of preformed
enzymes which resulted from a combination of catabolite inhibition and
transport interference, but this is only true.of the values in column
11 if there was no further synthesis of the galactose enzymes during
the course of glucose removal.

In view of the results which suggest the dual operation of two
distinct inhibition mechanisms, i.e., catabolite inhibition and trans--

port interference, it would seem that an additional criticism of the
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work of Stumm-Zollinger (4) may be warranted. When she performed her
experiment with the young cef{Fpobuiation acclimated to galactose, the
inftﬁa] substrate concentrations were approximately 200 mg/1 each of
glucose and galactose, and it was observed that glucose inhibited galac-
tose utilization. However, when the experiment with the reconstituted
population was performed, the initial substrate concentrations were

only 10 mg/1 of each compound, and she concluded (wrongly) that there
was no inhibition. Interference with galactose transport could have
played an important role when the initial substrate concentrations_were
200 mg/1, but it should be recalled that Horecker et al. (8) have shown
that 10 mg/1 of glucose had virtually no effect on galactose uptake with
E. coli. Therefore, the experiments were so designed that transport
interference could have ﬁontributed to the inhibition in the first
experiment but probably not in the second. It is apparent that the
results of both of these experiments could have been essentially dupli-
cated with a pure culture where the predominant inhibition mechanism

was the interference by glucose with the uptake of galactose. This
1Tlustrates another important consideration necessary‘for stddies of
inhibition of preformed enzymes; where transport interference plays an
important role, variations in the ratios and quantities‘of the sub-
strate concentrations present at the start of an experimeht will pro--
vide varying degrees of inhibition. Therefore, substrate concentra-
tions and their respective ratios must be considered whenever a
comparison between systems Within an experiment or between systems in

di fferent experiments are made.

The results of the experiments with the galactose-acclimated cells

show that the designation of cells as young or old (in accordance with
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the length of the batch operation period) is irrelevant to the degree
of inhibition to be expected. Glucose was found to inhibit galactose

removal even though the age of the culture was varied from 1 to 48 days

during the period of experimentation, and the extent of inhibition

which was observed at any particular time was entirely unpredictable.

The variations in the extent of inhibition were found instead to be

correlated to the frequent variations in the species of organisms

present.

C. Heterogeneous Sorbitol-Acclimated Cells

Since periodate-reactive intermediates were produced from glucose
in every experiment with the heterogeneous sorbitol-acclimated popula-
tion, it was necessary to employ several assumptions when the amount of
interference was calculated in the combined and shocked units. Al-
though the results presented in Table V indicate that the assumptions
which were made provided a means of obtaining good estimates of the
interference in each of these units, exact values were not obtained.
Therefore, it would be unrealistic to attempt to make a precise evalu-
ation of the sorbitol removal curves presented in Figures 19 and 20 on
the basis of the probable mechanisms which produced the various shaped
removal curves, for much of the variation in the sorbitol removal
curves may have been more the result of experimental error than the
result of any differences in the control mechanisms which were opera-
tive at the time of each experiment.

There is another method by which the amount of sorbitol removal
in the combined and shocked units may be estimated. If the assumption
that any given amount of glucose removal in the combined or in the

shocked unit produced a quantity of periodate-reactive intermediates
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from glucose identical to that quantity produced for an equivalent
amount of glucose removal in the glucose control unit is true, then

it should also be true that any given amount of glucose removal in the
combined or in the shocked unit produced a reduction in the total COD
identical to that reduction for an equivalent amount of glucose removal
in the glucose control unit. Therefore, at any time during the course .
of glucose removal in the combined or shocked unit, any reduction in
total COD in excess of that calculated from the gliucose control unit
may be attributed to a reduction in COD caused by sorbitol removal. If-
the sorbitol control unit indicates that the reduction in COD and sor-
bitol COD was the same, i.e., no intermediates, then the COD removal in
the combined or shocked unit in excess of that attributable to glucose
removal may be assumed equal to the sorbitol COD removed.

Before proceeding further, it is advisable to examine the assump-
tions just given and see what is actually implied in their use. First,
even though the assumptions concerning the production of equivalent
amounts of périodate-reactive intermediates for equivaient amounts of
glucose removal may have been true,.it is not absolutely necessary that
there were equivalent reductjons in COD values. However, if the |
amounts of sorbitol removal calculated using the assumptions concerning
COD values are widely divergent from those removals obtained using the
assumptions concerning the equivalent production of periodate-reactive
intermediates, there is no reason to believe that either set of assump-
tions was true. On the other hand, if the values for sorbitol removal
calculated according to the COD assumpfions are the "same" as those
obtained using the periodate-reactive assumptions, this is additional

evidence to support (but not prove) the validity of the assumptions



128

which were made to calculate the amount of periodate-reactive inter-

. mediates produced from g1ucosé in the combined and shocked units.
Secondly, it would be absurd to expect to obtain identical answers by
these two methods; the introduction of a separate method of calculation
(COD method) introduces an additional source of experimental error, and
when this is coupled with the error inherent in "reading" the values
from the plotted curves, it is readily apparent that the two methods of
calculation can be expected to yield only approximately the same
answers. Consider the results presented in Table VII for the combined
unit of Figure 14 (discussed in the following paragraph). If the
values in columns 4 and 5 are 99% accurate (+ 1% error), the value in
column 6 is correct within approximately + 20, If the values in
columns 7 and 8 are 99% accurate, the value in column 9 is correct
within approximateTy‘i 10. Therefore, the value in column 10 (column 6
-column 9) can be expected td be correct within about + 30. Since
there was also some error inherent in obtaining the value presented in
column 11, the values in columns 10 and 11 should be considered the
"same." It was felt that differences of 40 or less between the values
in columns 10 and 11 should not be considered significant because of
the error inherent in the method used to obtain them,

The results obtained by applying the assumptions concerning the
equivalent reductions in COD to each of the combined units which were
presented in Figures 10-18 are presented in Table VII. The values
given in column 10 represent the reduction 1n.tota] COD in each of the
combined units which can be attributed to sorbitol removal.  An examina-
tion of all of the sorbitol controls presented in Figures 10-18 reveals

that intermediate production was very small and in most cases



TABLE VII

COMPARISON OF THE SORBITOL REMOVALS IN THE COMBINED UNITS OBTAINED BY UTILIZING TWO DIFFERENT METHODS OF CALCULATION

FOR ALL OF THE EXPERIMENTS WITH THE HETEROGENEOUS SORBITOL-ACCLIMATED POPULATION

1 2 3 4 5 6 7 8 9 10 11
Fig. Age Glucose Initial COD at coD Initial COD in gluc. CoD Col.6- Sorbitol COD
No. days removed CoD gluc. removed CoD controi for removed col.9  removed

at gluc. comb. 100 mg/1 comb. glucose renoval glucose from Table VI
100 mg/1 unit comb. unit control given in control column 4
comb. unit unit col. 3

10 2 443 1129 866 263 543 307 236 27 28

11 6 443 1132 877 255 552 332 220 35 40

12 10 448 1123 863 260 550 358 192 68 75

13 14 446 1138 840 298 557 393 164 134 143

14 19 452 1125 940 185 550 - 398 152 33 66

15 24 436 1112 801 311 552 308 244 67 103

16 29 458 1140 760 380 559 266 293 87 99

17 36 503 1167 657 510 598 202 396 114 116

18 45 443 1108 827 281 534 296 238 43 55

~7T
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nonexistent. Therefore, the values in column 10 essentially represent
true sorbitol removals, and any attempt to convert the COD removals to
equivailent sorbitol removals by uti]izing the results in the sorbitol
control units would introduce more error than benefit. The sorbitol
removals were calculated in such a manner so that the results could be
directly compared to those presented in column 4 of Table VI (repro-
duced in column 11). In all cases the values are quite close, and the
differences between them could easily have resulted entirely from
experimental error rather than as a result of any inherent differences
emanating from the use of two separate sets of assumptions. Therefore,
the validity (allowing for small errors) of the assumptions concerning
the periodate-reactive intermediates used in calculating the sorbitol
removals in the combined units has been further substantiated.

When the assumptions concerning the equivalent reductions in COD
values were applied to each of the shocked units presented in Figures
10-18, the results given in Table VIII were obtained. Again the method
of calculation was such that the COD reductions given in column 10 could
be directly compared with the values given in column 7, Table VI, and
reproduced here in.column 11, A éomparison of the values presented in
columns 10 and 11 reveals that only the differences obtained from the
experﬁménts in Figures 11 and 17 appear large enough to perhaps be
attributable to something beyond the normal variations induced as the
result of experimental error. An examination of Figure 11 indicates
that the glucose was not added as a shock lToad until 7 hours after the
experiment was initiated, and its concentration did not reach 100 mg/1
until after 10 hours. Therefore, the differences in this case might be

attributable to the occurrence of a sufficient change in the metabolic



TABLE VIII

COMPARISON OF THE SORBITOL RtNOVALS IN THE SHOCKED UNITS OBTAINED BY UTILIZING TWO DIFFERENT METHODS OF CALCULATION

FOR ALL OF THE EXPERIMENTS NITH THE HETEROGENEOUS SORBITOL ACCLIMATED POPULATION

1 2 3 4 5 6 7 8 9 10 11
Fig. Age Glucose coD COoD at cob Initial COD im gluc. (COD Col.6- Sorbitol COD
No. days removed at = after glucose = removed coD control for removed col.9 removed

’ glucose shock 100 mg/1 shock glucose removal = glucose from
100 mg/1 shock unit control given in control Table VI
shock unit unit col.3 col.7

10 2 449 1380 1097 - 283 543 304 239 44 65

11 6 470 <1444 1145 299 ‘552 321 231 68 126

12 10 455 1202 839 363 550 354 196 167 188

13 - 14 454. 1261 948 313 557 389 168 - 145 179

14 19 460 1401 1160 241 550 401 149 92 114

15 24 450 1233 874 359 552 308 244 115 138

16 29 480 1342 920 422 559 258 301 121 161

17 36 518 1271 698 573 598 187 411 162 267

18 45 451 1145 763 382 534 240 142 152

294

T1€T
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patterns of the cells in the shocked unit durihg the 7 hour period so
that intermediate production from glucose varied somewhat from that
response observed in the glucose control. The Targest difference in
values appears in the results obtained from Figure 17. The majority
of this discrepancy was probably the result of an error in the initial
COD value obtained immediately after the shock. The addition of

618 mg/1 glucose COD produced an increase of only 565 mg/1 bf total
COD. Thus it appears that the COD value immediately after the

shock was in error by 53 mg/1. If this were the case, the di fference
in the values in columns 10 and 11 would amount to only 52 mg/1.
Therefore, with the possible exceptions of the shocked units in Figures
11 and 17, the assumptions concerning the equivalency of periodate-
reactive intermediate production were égain supported. Even in Figures
11 and 17, the results did not differ sufficiently to complietely
invalidate the assumptions utilized in obtaining them. Although there
was some decrease in the extent of enzyme inhibition encountered in the
experiments presented in Figures 11-13, the extent of inhibition
present after this time was entirely random. When the degrees of
inhibition obtained up to the time of bulking are considered together
(Figures 11;16) there is no noticeable trend in the results. Thus
although there was a rather significant change in the characteristics
of the microbjal population after the first 28 days of batch operation
(resulting in the establishment of a predominating population having
the characteristics of fungi) there still is 1ittle evidence to indicate
that increased.ageing can produce a decrease in the extent of inhibi-
tion associated with young cell cultures. It would seem that the

results were due, instead, to whatever organisms happened to be
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predominating at the time of each experiment. The results presented

in Figure 19A-E suggest that in all cases the synthesis of sorbitol-
degrading enzymes in the presence of glucose was completely or very
nearly completely repressed, and, hence, cell age appeared to provide
no decrease in the extent of repression. Gaudy et al. (22, 24) also
found that there was no relief of the repression mechanism in old or
intermediate age sorbitol-acclimated systems. Therefore, it appears
that complete or very nearly complete repression of sorbitol enzyme
synthesis in the presence of glucose is a very general phenomenon.

This response was also observed with all of the pure cultures examined
in this study. Although §ubstrate removal in young cell populations
has, in genéra], been found to be strongly inhibited in the presence of
glucose as a result of enzyme inhibition, this has not always been
observed, For example, Gaudy etvai. (27) found that in one case the
preformed sorbitol enzymes in young cells were only inhibited by about
42% (assuming complete repression) in the presence of glucose. Dulcitol
removal with young dulcitol-acclimated cells (29) and in some cases
glycerol removal with young glycerol-acclimated cells (31) have also
been shown to be only partially inhibited in the presence of glucose.
This prbvides additional proof that cell age is not responsible for the
degrees of inhibition observed. Instead, it would seem that the
development of young cell heterpgeneous populations tends to favor a
selection of biological species where enzyme inhibition may be more
pronounced, and for this reason significant degrees of inhibition have
frequently been observed with such cell populations. When one considers
that the degree of inhibition of the preformed sorbitol enzymes

observed with each of the pure cultures was strictly a function of the



134

organism studied, it is evident how the varying degrees of enzyme
inhibition observed with the heterogenequs sorbitol-acclimated popula-

tion can be directly related to predominance changes.
D. Pure Culture Systems

1. Blue Organism

It could be argued that the numerous predominance changes which
occurred during the operation of the batch unit with heterogeneous
populations acclimated to sorbitol resulted in the presence of a rather
young cell population at all times. However, the results obtained with
the pure cuiture of Blue organism clearly indicate that increased cell
age caused by extended batch operation did not result in a change in
the degrees of enzyme repression or inhibition observed. Although this
unit never became flocculent and hence 2/3 of the cells present were
wasted at each feeding, it was fed only once every 48 hours, and,
therefore, the average retention time for the cells should have been
essentially the same as for the heterogeneous populations which did
.f1occu1ate but were fed once every 24 hours. As exp]éined at the
beginning of this chapter, the substrate removal patterns can be
explained on the basis of several control mechanisms. However, when
the results are examined on the basis of the most logical and most
probable mechanisms, it can be concluded that sorbito] enzyme synthesis
was always completely repressed while glucose was present and that the
degree‘of inhibition of preformed sorbitol enzymes was constant.
Transport interference appeared to play no part in the inhibition
mechanism. The results from this series of experiments offer conclu- .

sive proof that increased cell age attained by extended batch operation
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did not result in any change in the metabolic control mechanisms which

were operative.

2. Escherichia coli

When increased ageing as a résu]t of batch operation was studied
with E. coli, strain K-12, it was again found that increased cell age
did not induce any changes in the extent of repression or inhibition
encountered. The problem of lysis of this culture made it impossible
to extend the Tength of the study beyond the experiment with an 8 day
old culture. Hence, the limited time span makes it impossible to
conclude that prolonged batch ageing could not affect the degree of
repression or inhibition. However from the results discussed thus far,.
there is no reason to believe that increased ageing would have produced
any changes. Since compressed air was utilized to aerate the batch
unit and since thefe was no way to remove any bacteriophage which could
have been present, the apparent reason for the lysis was the introduc-
tion of an E. coli phage into the unit. It will be recalled that when
filtrate from the lysed unit, which had been passed through 0.45 u mem-
brane filters, was used to inoculate young cell cultures of the organ-
ism, they also underwent lysis. Since the actual cause for the lysis
was in no way related to the objectives of the research reported
herein, no attempt was made to determine if phage or some other factor
was responsible.

The results which were obtained from the culture of E. coli,
strain K-12, which had been grown in nitrogen-limited sorbitol minimal
medium (COD:N slightly greatef than 160:1) and then allowed to
"endogenate" in this medium, indicated that the cells had completely

lost the enzymes necessary to metabolize sorbitol when they were
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examined 8.75 days after the medium had been inoculated. In contrast,
“the cells still had a marked ability to remove glucose. This observa-
tion indicates that the glucose-degrading enzymes were much more
resistant to degradation than were the sorbitol enzymes. Although the
“sorbitol" COD remaining in the batch unit at the time the cells were
harvested was in excess of 5,800 mg/1, it is conceivable that the sorbi-
tol had been converted to some periodate-reactive intermediate and,
therefore, that the cells had not always been aged in the presence of-
an .inducer (sorbitol). However, the method of ageing utilized by Tsay

(36) in which 10,000 mg/1 of sorbitol were added daily to E. coli cells

in nitrogen-Timited medium, insured that the inducer was present, and
she also found that increased age resulted in a Toss in the ability of
the cells to utilize sorbitol. Therefore, even by ageing the cells in
the presence of an inducer, it was not possible to prevent the loss of
all or part of the enzymes necessary for sorbitol utilization.

Similar results were obtained from the experiment with E. coli,
strain 45, in which the cells had been grown in sorbitol and then
allowed to "endogenate." When the cells were harvested, it was found
that glucose removal was quite rapid, but th@ cells had virtually no
initial ability to metabolize sorbitol. Thfs again indicated that all
or part of the sorbitol enzyme system was subjected to degradation
during the endogenous period but that the glucose eniymes were much
more resistant. However, as in the experiment with the nitrogen-
1imited cells, the results obtained from the combined unit did not
offer proof that glucose catabolites were able to repress the synthesis
of the enzymes necessary to degrade sorbitol because the glucose was

removed from the combined units prior to any sorbitol removal in the
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sorbitol control unit.

Even in the experiment (Figure 32) with the cells which had
received 50 mg/1/day of sorbitol during the ageing process, the rate of
sorbitol removal was so low compared to the rate of glucose removal
that it was not possible to determine whether there was any sorbitol
removal in the combined unit during the course of glucose removal.

Thus even though there was excess nitrogen present in the medium
throughout the ageing process, the small quantity of inducer (sorbitol)
added daily was insufficient to maintain a sorbitol enzyme system of
sufficient quantity so that its "metabolic capability" could be
measured. Once again, it was observed that the glucose enzyme system
was much more resistant to degradation during ageing than was all or
part of the sorbitol enzyme system. McGrew and Malette (45) reported
thét 50 mg/1/day of glucose was just sufficient to provide for the
maintenance requirements of 375 mg/1 of E. coli. Clifton (46) reported

that between 24 and 48 mg/1/day of glucose was required to meet the

daily maintenance requirements of 100 mg/1 of E. coli. Since the cell
popuiation was initially grown on 2,000 mg/1 of sorbitol prior to the
addition of the 50 mg/1/day of feed, it would appear that even the
maihtenance requirements of the cells were not being fulfilled, and
this provides a possible explanation of the reduction of the sorbitol
enzymes to such a 1ow']eve1u

When the aged cells were provided with sufficient sorbitol to
return the sorbitol enzyme system to a level at which sorbitol removal
could be measured (Figure 33), it was again observed that synthesis of
the sorbitol enzymes was probably completely repressed in the presence

of glucose. The preformed sorbitol enzymes appeared to have been
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completely inhibited. Studies by Tsay (36) with this organism
indicated that interference with sorbitol transport into the cejl was
not an important mechanism, and, hence, the inhibition evidently
resulted from catabolite inhibition. Since the sorbitol enzymes with

a young cell culture of this organism were only inhibited by 83%, it is
possible that increased age may have resulted in a slight increase in
the degree of inhibition present. However, since there was some pro-
duction of periodate-reactive intermediates from glucose in this experi-
ment, the apparent complete inhibition may have been entirely the
result of unequal intermediate production in the glucose control and
the shocked unit for equivalent amounts of glucose removal. In any
event, it is certainly obvious that the aged cells did not undergo a
loss in the extent of enzyme inhibition encountered in the presence of

glucose.,

3. Escherichia intermedia

In the two experiments with the young cell cultures of Escherichia
intermedia, the addition of g]ucosé as an instantdneous shock was
found to inhibit sorbitol removal by an average of 38%. Since the
sorbitol removal rate was constanf in the presence of glucose, it
appears that the inhibition of substrate removal was the result of
catabolite inhibition. This conclusion is further substantiated by the
fact that although the shocked unit in Figure 36 received 552 mg/1
glucose COD when the sorbitol COD concentration was 650 mg/1, whereas,
the shocked unit in Figure 37 received 850 mg/1 glucose COD when the
sorbitol COD concentration was 400 mg/1, this large difference in the
respective concentrations of these compounds immediately after addi-

tion of the glucose shock did not result in any significant difference
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in the degrees of inhibition encountered. If glucose had been able to
interfere with sorbitol transport, there shou]d have been a much greater
degree of inhibition manifested in Figure 37 than in Figure 36.

When the extent of enzyme inhibition observed with the young cell

cultures of Escherichia 1ntermedia (average value 38%) is compared with
that found with a young cell culture of E. coli, strain 45 (83%), it

is evident that two organisms as closely related as these are still
subject to widely varying degrees of inhibition. Therefore, it is not
possible to predict the degree of inhibition to be expected from a
particular organism by knowing the response of a related organism.

When one considers the dynamic state of a heterogeneous population, it
is .readily understandable hdw various degrees of 1nhib1tion can be

observed at various times.

E. Engineering Controls

Briefly summarizing the results obtained from all of the glucose-
sorbitol systems, it can be discerned that the glucose caused complete
or very nearly complete repression of enzyme synthesis at all times
(where repression could be measured) and that the degree of enzyme
inhibition encountered appeared to be related only to the predominating
species of organisms present. There was’no»indication that repression
or-inhibition was proportional to the age of the system. Therefore,
one may be tempted to conclude that since cell age played no role in
the results obtained, it is not possible to employ engineering control
of this parameter to reduce the repression or inhibition which may be
encountered with certain substrate combinations. However, the results
must be analyzed in relation to the type of treatment process which
they represent. When this is done, it is apparent that engineering

controls can indeed be employed provided that intelligent design
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procedures are used in selecting the treatment process.

Digressing momentarily, it will be recalled that Chian and Mateles
(34) observed that glucose and butyrate could be removed concurrently
in a completely mixed continuous flow reactor operated at a dilution
rate of 0.35 hr'l, but higher dilution rates left increasing quantities
of butyrate in the effluent. Komolrit and Gaudy (47) found that sorbi-
tol-fed continuous flow reactors operated at a 4 hour detention time
could withstand glucose shock loads provided that the magnitude of the
shock was not too great. In one experiment, when the feed was changed
from 1,000 mg/1 sorbitol to 1,000 mg/1 sorbitol plus 1,000 mg/1 glucose,
there was only a slight rise in the effluent COD and no change in the
effluent sorbitol concentration. When the detention time was changed
to 2 hours and the experiment repeated, the sorbitol Tevel remained at
slightly over 1,000 mg/1 for almost 12 hours after the shock was
applied. At a detention time of 16 hours, the system was capable of
receiving more severe shock loads with no disruption of sorbitol metab-
olism. The dependence of multicomponent substrate removal on detention
time has also been demonstrated with pure cultures. It has been shown
(34) that when fructose andvg1ucose were the growth 1limiting nutrients,

pure cultures of E. coli or Pseudomonas fluorescens consumed both

sugars at Tow dilution rates, but the fructose was attacked slightly
or not at all at high dilution rates. Harte and Webb (48) have shown

that Klebsiella aerogenes removed glucose and maltose at Tow flow

rates, but at high flow rates only glucose was removed. Since it has
been demonstrated that the degree of repression of an enzyme subject to
catabolite repression is dependent on the rate of metabolism of the

repressing substkate (49), it seems reasonable that decreasing dilution
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rates allow for concurrent substrate removal and provide the system
with the ability to withstand shock loads of 1imited magnitude.

In all of the experiments reported in this work, the rate of
glucose removal was not subject to any engineering control, i.e., the
glucose was removed as rapidly as was possible for the combination of
organisms and conditions present. Thus this entire series of experi-
ments represents what would occur in an activated sludge unit which was
designed so that "plug flow" occurred, and it is readily apparent that
this type of -design cbu]d lead to severe problems when certain sub-
strate combinations are encountered. Hence where substrate inter-
actions may arise, one should consider selecting a mode of operation
in which the rate of metabolism of a compound known to produce repres-
sion can be placed under engineering control. Completely mixed
continuous flow activated sludge systems (carbon-limited) in which the
rate of metabolism of a repressing substrate can be controlled by
selecting an appropriate d11ution rate would appear to offer much

greater possibilities of attaining suitable engineering control.



CHAPTER VI ke
CONCLUSTONS

1. An ana]ysfs of the results obtained from the heterogeneous
populations, which were aged by prolonged batch operation, gave no
indication that enzyme repression or inhibition was proportional to the
age of the system. Instead, the extent of repression or inhibition
appeared to be entirely random. Also,the studies with pure culture
systems indicated that increased age could not relieve the enzyme

inhibition or repression found with young cells.

2. When E. coli was aged by methods other than the standard batch
operation, it was frequently found that part or all of the enzymes
necessary for sorbitol degradation were éssentia]ly lost. In all
cases, the cells still maintained the ability to utilize g]ucoseo:
Therefore, all or part of the sorbitol enzymes were more easiiy |
degraded during the ageing process than were the glucose enzymes.

3. The repression of the enzymes necessary for sorbitol utiliza-
tion by glucose catabolites appeared to be a very generallphenomenon,
and, in all cases, the repression was essentially complete.

4. Inhibition of the preformed sorbitol enzymes did not appear to
result from interference with sorbitol transport by glucose.

5. The degree of enzyme inhibition encountered varied with each
of the pure cultures studied, and there was no way to predict the

degree of inhibition expected with an organism on the basis of the
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results obtained from a related organism. This variation helps explain
why the degrees of inhibition encountered in heterogeneous populations
can vary widely,

6. Preinduction of the enzymes necessary for sorbitol metabolism
appeared to offer no protection against repression. .

7. In all cases,_the utilization of galactose by the heterogen-
eous populations was inhibited in the presence of glucose. This
inhibition appeared to be the result of both transport interference and

catabolite inhibition.



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

From an applied engineering point of view, there wouid seem to be
Tittle which would be gained by extending this study. Although it may
be possible that increased cell age could relieve the repression or
inhibition normally associated with young cells, this would certainly
appear to be the "exception" and not the general case. Consequently,
the design of a treatment plant to 1nsurevthe presence of old cells is
meaningless from the viewpoint of eliminating repression or inhibition
mechanisms. It would appear, therefore, that any future work would be
better directed to studies with cdntinuous flow reactors where the raté
of metabolism of a repressing compound can be controlled by the choice
of an appropriate dilution rate.

From a more theoretical point of view, the following would be of
interest:

1. Other substrate combinations could be investigated to
determine if an increase in cell age would result in a change in the
extent of repression or inhibition associated with young cell cultures.

2. Additional pure cultures of organisms should be studied to
determine if the complete repression of sorbitol enzymes by glucose
catabolites is as general an occurrence as it appeared to be in this
study.

3. The Tloss of all or part of an enzyme system necessary for the
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utilization of a compound to which a cell has been acclimated as a

result of increased age is of significance. This aspect should be

further investigated with both heterogeneous and pure culture systems.
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