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CHAPTER I -
- INTRODUCTION
AL Nature and Importance of the Problem

It is well knowﬂ that the United States of America
has become aware of the need for improved water pollution
control for it is impossible to watch televisibn5 listen
to the radio, or read a'hewspaper-or magazine without
beiﬁg exposed to the_problem. 'Unfértunatelya as‘is_then
the case in a campaign desighed to overcome apathy, Sééfe
tactics haﬁe been‘used,by;implying that the United States
is rﬁnningbout of.waterQ‘When'in‘faCt itkié nét{‘ A recent
study projected that by tﬂe‘year‘2QOO the total withdrawal
will be fdurefifths énd”the,USed return aboﬁt two-thirds
of the total U. 8. stresm flow (1). Thus, the problem is
not of quantity so much as quality, and the solution will
lié in betfer»treétmént:allOWing water reuse.

Waste water treaﬁment will notvbe'inéxpénsiVe; - The
Federal Water Pollution Contrdi Administratidn has esti-
mated that $26 to $29 billion»wili be‘needed over the next
five yéars in 6fder,tb Cléan up the rivers (2). If this
cost is to be‘met, as it'muSt, it will fail upon the
Shoulders of the people, through takes and increased con-

sumer costs. In an effort to reduce the economic impact,

1



Robert L. Coughlin, & senior economist with the FWPCA, has
recommended that industrial management consider: 1) ap-
plying process control to waste prbduction and waste water
discharge, 2) anticipating waste reduction requirements
in the design of new facilities, and 3)  making use of
cooperative waste treatment facilities (2).

While the idea of using cooperative waste treatment
facilities is not new,‘the_increasinglj stringent enforce-
ment Qf water pollution control regulations has given
additional impetus to it. Within the last decade greater
communication has been.initiéted'among government, indus-
try, and designers, through discussions concerning combined
treatment of municipal and industrial Wastes in which the
legal, technical, and econoﬁic aspects‘df such a venture
“have been analyzed (3)”(4);v While some cities might have
reserVatiOnsvabout accepting industrial wastes, others,
such as Milwaukee, feel that it is their obligation to
provide waste treatment to theirbindustries Just as they
do for their private citizens, and, therefore, set few
restrictions on waste discharge (5). Other cities prefer
to design and operate their plants for specific wastes; an
example is Kalamazoo, Michigan,'which recently opened a
new secondary waste treatment facility to treat combined
wastes from the city, paper mills, and a pharmaceutical
company (6). There are many other examples including
plants that accept cannery wastes as well as those that

treat packing house, tannery, and laundry wastes (7) (8).



Many advantages are cited for combined waste treat-
ment (9) (10). 1) There is a cost séving to both the
industry and the municipality. The industry avoids in-
creasing its tax valuation and funds that would have been
required for capital improvements are released for other
purposes. (Recent tax laws, such as the one in Oklahoma,
however, make it more advantageous for the industry to
build its own plant by allowing a complete writefoff of
construction costs on state incoﬁe tax.,) 2) The costs

of waste treatment, paid as sewer charges, are tax deduct

§

ible. %) The municipality can borrow construction funds
at a lower rate of interest. 4) The municipal waste can
often provide nutriénts required for treatment of the
industrial waste. 5) Thelpeople who run the municipal
plants are "experts' and this promotes an effluent of
superior guality.

Because it is often difficult or inconvenient for the
city to serve all of the industries in an area, a new>con~
cept for industrial parks has been devised, in which the
developer provides the waste treatment in order for the.
industries to benefit from the economic advantages of
cooperative efforts. Bayport, a new heavy industrial
district in Harris County, Texas, will encompass many
industries, particularly chemical manufacturing and
fabrication, and will provide central waste water treat-
ment (11). Activated sludge will be used and all sanitary

and anmenable industrial wastes will be treated there after



the industries have given pretreatment to their own ultra-
high strength or exotic wastes.

The key to all of these combined waste water treat-
ment schemes is compatibility. The wastes that enter a
biological treatment process must be compatible, and, thus,
there are difficulties involved with the discharge of cer-
 tain industrial wastes ﬁo é combined treatment plant (12).
It is obvious that hazardous substances, or substances
that can damage fhe physiCal plant should not be dis-
charged, nor should substances that can impair the plant
processes, such as acidé, cyanideé, métél ions, oils, and
brines. Not so obvious;bbut just as important, are those
wastes which by their strength:or character would impose
an overload or shock load upon the treatment facility.
Shock loads are'dften given slight consideration when the
disadvantages of combiﬁed treatment are diSCusSed; however,
they can be extremely important to the efficiency and per-
formance of aﬁ activated sludge treatment plant.

A shock load is any rapidly occurring or immediate
change in the chemical or physical environment of a waste
treatment systém (13). Such changes, which can seriously
affect the established metabolic patterns of the reactor,
are generally divided‘into three major types. A '""'quanti-
tative shock load', the one ordinarily thought of when the
term "shock load" is used, is usually a rapid increase in
organic loading due to an inflow of a high concentration

of substrate to which the sludge is acclimated or to which



it needs no acclimation, though it could also be a rapid
decrease in concentration due to a hydraulic shock. This
type of shock load is concerned only with a change in the
amount  of substrate, not a change in its charactef. The
second type, the '"toxic shock load'", involves an influx of
compounds or elements which inhibit or damage the existing
metabolic pathways or disrupt the physi@logical condition
of the microbial population; this'type includes pH changes.
The final type of shock is the "qualitative" shock, which,
as the name implies,'involﬁes a change in the chemical
structure of the substrate. Since the total organic load-
ing may also increase during the change, this type‘of
shock can involve some of the dohditioné ofvthe quantita-
tive shock. Qualitative.shbck ldads'are partiéularly
important ﬁo installatioﬁs like'induStrial parks where
eachvcontributing'induétry may be supplying a unique type
of compound to the.treétment plant, fér as process sched-
ules shift and change, so would the character of the
loading on the treatment‘plant.

Since an activatedvsludge plant is a mixed community
of micro-organisms, there are‘several possible responses
when a gualitative shock load is placed upon the system:

1) shift in the predominance of the microbial community
to one better suited for degradation of the new compound,
2) the opening of new metabolic‘pathways for the destruc-
tion of:the compound by the utilization of enzymes already

present or thé manufacture of new enzymes, 3) the



prevention of the manufacture of the enzymes necessary for
the déstruction of some substrate élready present in the
waste stream, thus allowing its escape in the effluent, or
4) a decrease in the activity‘of enzymes present within

the cells, again allowing the escape of some compound which
preﬁiously had been métébolized."Thus, it is obvious that
qualitative shock loads can have,great‘effects upon the
efficiency of the activated sludge process, particularly
since industrial wastes may restrict the number of species
present. These substrate interactions COmevabout as a
result of metabolic control mechanisms, which are opera-
tive within microbial celis for the,regulation of their
energy yielding and réquiring processes.

Induction, repression, metabolite repression, and
inhibition are important metabolic control mechanisms
which are thoroughly documented in the next chapter, but
which, by way of introduction, will be briefly mentioned
here. Induction is an increase in the differential rate
of synthesis of an enzyme when a compound, the inducer, is
present. Generally, the inducer is the substrate of the
enzyme. Repressidn is a decrease in the rate of synthesis
of an enzyme resulting from the presencevin cells of a
repressor molecule.  If the repressioh acts on catabolic
enzymes and if it is produced by intermediates of catabol-
ism, it is termed metabolite repressioh. Inhibition is
defined as a decrease in the rate Qf activity of pre-

formed enzymes.



otudies have been in progress for several years in the
Bioenvironmental Engineering Laboratories at QOklahoma State
University to discover the extent and nature of these mech-
~anisms in natural midrobial populations.> In 1962 Gaudy
(14)vfdund that induction and repression occur in activated
sludge syStems3.latérs'he and his.co;Workers showed evi-
~dence for an inhibition mechanism 0perative on degradative
enzymes (15) (16). More recently these studies have been
extended to systems involVing mixtufes of carbohydrates and
mixtures of cérbohydrates-and‘amino’écids (17) (18).

Preliminary studies were performed to assess the ef-
fect of glucose upoh the utilizatibn of amino acids by
bacterial populations adapted to the amino acids. The
source of the organisms was sewage. Those studies showed
that glucose exerted an effect upon the removal of lysine,
and this report presents the results of a detailed inves-
tigation of that effect as well as the effects of other
carbohydrates. This study was>performed with cultures of
‘organisms‘maintained on-lysine; because the aim was to
understand better thévcontroi meéhaﬁisms operating on an
enzyme system responsible for‘thé ufilizatioh of the pri-
mary energy source. Sincé that énZyme'system is required
for the survival'bf the population, it could be éonsidered
as an example of spéciaiized enzyme systems found in orga-
nisms degréding industfial wastés Qf'reétrictive'nature.
In this way, it is'hoped thatvendugh basic data caﬁ be

gathered so that eventﬁally the design engineer will know



what types of interactions to expect in the specialized
enzyme systems of the organisms in industrial waste water
treatment facilities when those facilities are subjected

to shock loads.
B, Purposes of the Study

One purpose of this study was to determine the nature
of the céntrolmechanisms opérative upon the enzyme systems
responsible for the‘degradation of iysine. This portion of
the work was carried out in batch experiments in which
cells were grown on lysine mixed with either glucose, fruc-
tose or ribose. The experiments_were designed. to differen-
‘tiate between repression of 'enzymé_synthesis, inhibition
of enzyme activity, énd'predomihance‘shifts in the popula-
tion. _in the cases where the”results indicated the opera-
tion of.controi meéhaniSﬁs; thoSe medhaniSms were
characterized further by éssessingbthe effeCts of pre-
induction to one substraté and of the removal of ammonia
nitrogen from the systém upon operatiqn of thé mechanisms.

Aﬁother'purpose was to.determine whether the control
mechanisms obsefved under batch grdwth COnditidné'would
also be found.under continuous'flow conditions. The ex-
periments were’performed at two different flow rates uéing
two different growth limiting substances in order to assess
the séverity of the response as a function of growth con-
ditions. It is hoped that the continuous flow experiments
will provide additional evidence as to the importance of

control mechanisms in actual waste water treatment systems.



CHAPTER II

THEORBTICAL CONbIDERATIONS OF METABOLIC
CONTROL MLCHANISMS

- A. Generdl Comments

Biologists' understanding of metabolic control mech-
anisms, one aspent bf molecular biology, is undergoing
rapid and significant changes because of the great re-
search effort being expended’on:it.' No attempt will be
made here tonreview the entire field because that task
would be much beyond thé scope of ﬁnis report, but some
basic aspects will be»presentéd. For more detailed infor-
mation on this subject, and as a guide to persons reading
in this area for the first time, the author highly recom-
mends the book by J. D. Watson (19) as well as review
articles by Maas and McFall (20), Ames and Martin (21),
and Vogel and Vogel (22).

Metabolic control mechanisms are the natural result
of evolution because they allow more efficient energy
utilization within cells. For example, if an énergy
- source were not avallable to a cell there would be no need
for the enzymes required to use that source, and they
would not be>made since their production‘would be inéffi-

cient. However, as long as the cell possessed the genetic
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"blueprint? for the enzymes, they could be made on demand.
Enzymes of this type are called "inducible' and the com-
pound that triggers their synthesis is called the " inducer."
Likewise, it would be inefficient for a cell to make the
enzymes necessary to synthesize a metabolic building block,
such as an amino acid, if that building block were sup-
plied exogenously to the cell. Thus, if the amino acid
(the end product of a metabolic pathway) were present in
the cells it would function as a '"corepressor'" and prevent
(repress) the'Synthesis of the enzymes necessary to make
it. There is another special type of repression, called
metabolite repreSsion which 1s based on the premise that
if an easily degradable energy source were present the
cell would have no need for the enzymes necessary to
degrade a more difficult source, and, thus, their synthesis
would be repressed. Mechanisms involved in the manufac-
ture of enzymes are often referred to as '"coarse' controls
because they affect only the quantities of enzymes but not
their activities. Thus, a pathway could continue func-
tioning for some time (until the enzymes were diluted out
by growth, or were destroyed) even if the end product were
present in excéss.v Enzyme inhibition, however, is a "fine'
control and gives an instant response by altering the rate
of activity of enzymes.

A1l of the information needed to determine the struc-
tures of all Ofvthe enzymes that can be‘produced by a cell

is perpetuated in the chromosomes, which are made of DNA.
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In order to be of use to the cell, it nust be possible for
that information to be tran$ferred to the enzyme synthe-
sizing devices, called ribosomes. The route of that in-
formation transfer has been célled'the"central dogma'' and
goes through steps from DNA to‘messenger RNA to protein
(19). In other'wdrds, the'DNA9 the'master blueprint, is
transcribed onto a working prinﬁ9'thé'RNA, which is then
translated at the ribosdmes for‘prOduCtionjof the final
product, the protein (enzyme);'.In 1961 Jacob and Monod
(23) proposed the ""operon" model to ”summafiie and express
conveniently the propertiés_of the different factors which
play a specific.ro1e in the control of protein synthesis. "
This‘mddel Was developed frbm’studies on the enzyme. sys-
tem for degradation of lactose, whose genes are collec=-
tively_called_thefflac"operbn. Some of the features of
the system were based upon speculation and while some have
been proven, others remain in the realm of speculation.
The basic aspects of the model (amended to bring it up to
date) will be presented here‘merely as a background upon
which to build an engineering study of control mechanisms
and their engiﬁeering.application. Many of the speculative
and controversial points do not affect the engineering
significance and, thus, wiil not be'discussed here. If
the reader is interested in those points, he is urged to

‘consult the above reviews.
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Figure 1 is8 a diagrammatic representation of protein

synthesis as set forth by the operon model. Ames and

Martin (21) have listed certain attributes of the model:

1.

The bacterial chromosome (DNA) is organized

~into clusﬁers Of.genés, called bperons. The

enzymes. coded for by an operon have related

functions, such as individual steps in a

paﬁhway, énd are regﬁlated together.

The informatidn iﬁ,the bperon is transcribed
into a moleculé of messenger BNA of the same
length as the.opéron;i | -
The.expressionbbf thé genesuiﬁ'the operon is
regulated by a small region, called the op-
erator, located at bne_énd_of the-operon;

It is not“knoﬁn whethér the operator region
is transcribed into RNA. | | |
Induction is an increasevin the differential
rate éf synthésié of an enzyme (the rate
with respect to synthesis of the total pro-
tein in the cell). As shown in Pigure 14,
an inducible enzyme i1s not normally pro- _
duced (in'physiologiéally éignificant
amounts) , because the products of the
regulator gene; repressors, interact with

the operator and‘preveﬁtvenZyme‘syﬁthesis.

‘When an inducer enters the cell (Figure 1B)



Figure 1. The Operon Model for Inducible Enzyme ojnthe51s
A) Under conditions when the inducer is mnot in the medium the repressors are
“active and bind with the operatocr preventing mRNA and protein synthesis.
B) When the inducer is present it combines with the repreusors making them
inactive and allowing mRNA arq protein qynth051s. (Modified from
Watson) (19). . '
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it reacts with the repressors, making themnm
inactive allowing protein synthesis. There
has been some uncertainty as to whether the
repressors act to prevent transcription

into RNA or translation into protein,
althoﬁghvthe'former site of action is gen-
erally accepted (from an engineering point
of view the result is the same).

5. Repression is a decrease in the differential
rate of synthesis of enzymes. Under normal
conditions the products of the regulator
gene for this type of system are inactive and
allow protein syntheéis; but when the end-
product of the biochemical pathway controlled
by the operon (corepressor) is present in
large amounts it combines with the inactive
repressor to form an active repressor and
prevent protein éynthesis,

©. Coordinate repression: The ratio of the
amount of any enzyme to that of any other
of the same operon is constant regardless
of the degree of repression or induction.

Recently, the fépressor molecule for the lac operon

was isolated and shown to be a protein (24). Gilbert and
Miller-Hill performed the isolation and showed that it was
bound to the DNA of the operator except when the inducer

was present, when no repressor was found on the DNA (25).
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Further experiments showed that no RNA was involved, in-
dicating that the repressor can bind directly with the
operator region of the DNA, as proposed by Jacob and Monod
in their model.

A region not originally proposed by Jacob and Monod
is shown adjacent to the operator in Figure 1. This
region was termed the promoter and has been located be-
tween the regulator gene and the operator on the lac
operon by Ippen, et ai, (26). They stated that the site
is essential to operon expression, and proposed a scheme
whereby it serves as the initiation point for transcrip-
tion, possibly by acting as a binding site for the enzyme
that forms the messenger RNA (RNA polymerase). If this
were true, then by biﬁding to the operator, the repressor
could directly block the progress of the RNA polymerase
into the structural genes of the operon and, thus, the
action of repression would be at the level of

transcription (26).

C. Allosteric Interactions ~ Enzyme Inhibition

1. Biosynthetic Inhibition

The control mechanisms mentionedvaboVe are all
"coarse'' controls because they affect only the formation
of new enzymes without changing the rétes of activity of
the enzymes left in the cells. In a biosynthetic pathway,
if the end-product of the pathway were added to the

medium, new enzyme synthesis would stop (due to répression)
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but the enzymes left would continue making the compound
unless some other mechanism were available to stop their
activity. Such a meqhanism has evolved and is termed

" feedback" or "end-product' inhibition (27). The end-
product of a pathway inhibits the activity of the enzyme
at the first committed step (i.e,, after the-laét branch
point) in the pathway so that its presénoe can shut-off
the eﬁtire pathway after that enzyme. Thus, the control
acts in a manner analogous to feedback in an electronic
circuit. This mechanism is quite wide spread and its
existence 1in many pathways in micro-organisms has been
well documented (28).

This mechanism at‘first appeared‘to-be paradoxical
because the inhibiting.compounds bore no structural simi-
larity to the substrates of the enzymes that they inhibe-
ited and the inhibition could not be explained by
classical enzyme kinetics. Monod and Jacob emphasized the
fact that the inhibitor did not need to be a steric
analogue of the substrate by referring td the inferadtion
between enzyme and inhibitor as allosteric inhibition (29).
The exact natﬁré of this interaction has been the subJject
of much research and much controversy and is as yet un-
resolved (29). The model propdsed by Monod (30) and his
colleagues assumes separate, rather than overlapping,
substrate and inhibitor sites with the inhibitor acting to

change the conformation of the Substrate—binding site.
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2. Inhibitions in Energy Metabolism

In‘addition to biosynthetic‘pathways allosteric
interactions are also involved in energy metabolism. Most
examples have been found in non-bacterial systems where
ATP, ADP, and AMP are generally the metabolites exerting
the control. The enzyme for the phosphorylation of
glucose, phOSphofructokinase,'fructose diphosphate
phosphatase, citric acid cycle enzymes, and pyruvate
carboxylase ére»ail involved in allosteric interactions
buf some are activated by the interacting metabolite while
others are fepressed (29); Some examples in bacterial

systems have been found also.

% . Catabolic Inhibition .

Gaudy and his co-workers (15) (31), using both

heterogeneous populations and a pure cuiture of Escherichia

coli, have shown the existence of an inhibition mechanism
in catabolic pathways which 1s possibly analbgous to feed-
back inhibition in biosynthetic pathways. Zwalg and Lin
(22) found that fructose-1, 6—diphbsphate was a feedback
inhibitor of the catabolic enzyme glycerol kinase in

E. coli. Using both E. coli and Achromobacter sp., Tsay

(33) showed that the introduction of glucose into the
growth medium exerted a rapid inhibition of utilization of
either sorbitol or glycerol. Thus, it appears that a
"fine' control is available in catabolic as well as ana-

bolic pathways, allowing the immediate cessation of the
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degradation of one compound when a metabolic product accu-~
nulates in the medium or inside the cell, or when a second
compound is present Whose,degradstion is easier and leads

to the same inhibiting metabolite.
D. Metabolite Repression

There is one‘final area df,¢ontrol meshanisms which
is extrémely important tsvﬁhe'fieldsof waste water treat-
ment . Metsbolité :epression:causés a.decrease in rate of
‘synthesis of the enzymesvnésded to degrade one compound
when another;iﬁére'easilyydegraded compound is added to
the medium. vIn~1947‘Monodf(B4) published a paper in which
he discussed the histbrical aspects of the phenomenon and
presented evidénce fsr its cause. One of the earliest
recorded observations of the‘phenomenon’was made ih 1898

when Katz hoted that the production of amylase by a

Penicillium strain would occur in the absencejof any
carbohydrate but was slightly decressed in the presence of
lactose or maltose. and completelj3inhibited in the pres-
ence of sucrose. InsléOl, Diensrt found that glucose had
an inhibitory éffectsupon the fsrmation of galactozymase

by yeast, a fact which was confirmed by Euler and Johannson
in 1912 and strongiy emﬁhasized by Stsphénson_and Yudkin

in 19%6. Pinally, iﬁvl94l whén'Monod (34) discovered
"diauxie theISystemstis stuqy of these effects was made

possible.
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1, Diauxie

Dufing an inveetigation of the influence of carbo-
hydrates on bacterial growth rates, Monod (34) observed
that with some mixtufes of'oompounds the growth curves
eXhibited two successive;eomplete growth cycles, sepa-
rated by a lag.. He labeied,this phenomenon"diauxic
growth" . A similar effect by carbohydrates on breakdown
of protelns was rnoted and ‘summarized by Gale in 1945 and
| termed the"glucose effect" by Epps and Gale. In further
studles of dlauXWe Monod found that the carbohydrates
could be diVided into two groups, AN and”B”s but that
the compositioh of the gfoups varied somewhat depending
upon the bacterial species,being useds"“A"compounds
resulted in diauxic growth’when placed ih a medium with a
"B'" compound, with_the"A” compound beihg used first. A
few special compounds, such as fructose and mannose, when
used for growth of E, coli straim H did not give diauxie
with glucose, and also did not exert it upon any of the''B"
compounds. Monod (54) drew several conclu51ona from his
work 1) Cla851flcatlon 1n the"A” “'B” series did not
appear to be associlated w1th the conflguratlon of the
compound. For example, in E, coli H glucoue, fructose,
mannoee, and mannltol were all A compounds while galactose,
arebinose, xylooe, rhamnose, maltose, lactose, sorbitol,
and dulcitol were all B eompounds, 2) "The A compounds
were attacked by constitutive eoiymesfwhiie the B com-

pounds were attacked by inducible ones. 3) Each cycle in
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diauxic growth corresponded to exclusive utilization of
one of the two compounds. 4) A compounds were attacked
during the first cycle and B during the second. 5)
Adaptation to B did not suppress diauxic growth but it
sometimes shortened the lag. 6) The effects could be
understood only as a result of a repression by A compounds
of the synthesis of the inducible enzymes required for the

utilization of the B compounds.

2, Catabeclite Repression

During the ﬁext fourteen years much work was done in
the field of metabolic control mechanisms so that in 1961
the annual symposium at Cold Spring Harbor was on that
subject. At that meeting,Magasaﬁik (25) presented d paper
in which he summarized the WOrk'that'had been done on the
glucose effect. He also presented a theory for the mecha-
nism responsible for the observed reductioh in the‘rate of
formation of enzymes sensitive to the effect when glucose
was placed in the medium. Sincé the effect was not spe-
cific for glucose but could be caused by any‘energy source
that could serve efficlently as é sourcé of intermediate

metabolites, he suggested the name catabolite repression..

8. Previous Hypotheses. Before presenting his own

theory Magasanik (35) discussed the various hypotheses that
had been proposed for catabolite repression. In 1953,
Cohn and Monod ascribed the inhibitory effect of glucose

on the formation of B-galactosidase to interference with
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the transport mechanism for the inducer. However,
Magasanik pointed out that the mechanism could not explain
-the effect on other enzymes, such as histidase, which was
repressed even when histidiné»was inside the‘cell. In
1955, Spiegelman and his coworkers éttempted to explain
the effect by suggesting that during growth on glucose the
formation of glucose-degrading enzymes preempts the cell's
internal supply of»amino‘écidS»énd-nucleétides. However,
in 1956, Neidhardt and‘Méga‘sanvik showed that Suppleme‘ntam
tion of these constituénts caused an acceleration of pro-
tein synthésis’but did not relieve the glucose effect.
Another hypothesis, propoéed by Englesberg in 1959, at-
tempted to explain the effect by assﬁming that metabolism
of glucose lowers the level of inorganic phosphate in the
cell and, thus, prevents the synthesis of inducible
enzymes. This theory assumed that the synthesis of RNA
for inducible enzymes was‘more sensitive to a lack of in-
organic phosphate than that for constitutive enzymes, but
Magésanik pointed out that thére was no evidence for that.
Besides, not all inducible enzymes are glucose-sensitive
(repressed by glucbée) nor are all glucose-~sensitive

enzymes inducible.

L. MagaSanik‘s Theory. The first fact cited in sup-
port of Magaéanik's theory-of catabolite repression was
that all glucoseesensitiVe'enzymeé are cépable of convert-
ing their substrates to metabolites which‘the‘cell can

also obtain independently and more readily by metabolisn
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of glucose (35). The secohdvasseftion was that those
metabolifes are normally.forméd.from'g1UCose at a rate
more.than sufficient-to $a£urate the capacity of the cell
to cbnvert'them_to Synthetic ?roducts, so‘that a cell
“growing on a miXture of g1quSe and some more slowly
deégradable compdund>Wbuld not pf6fit”fr§ﬁ‘thé manufacture
of the enzymes‘ﬁeeded fdr:thelbreékdbwn of the latfer; A
cell.capable of'disﬁéﬁsing with thé_manufaéture of extra
enzymes wQuld hé&e én e¢§nbmic‘advantage, particularly if
the éonservéd compound were somethingvlike an amino acid
which could be used directly in synthesis. Magasanik and
his coworkers noted the similarity between this catabolic
control mechanism and»répression‘exerted‘by the ultimate
product of a biosynthétic‘pathWéy'on the énzymes which
catalyze the individual_reactions:ofithevpathway. ‘In 1957,
they formulated the éoncept that'éatabolites which are
formed rapidly'from,glucoée‘accumU1éte in the cell and
repress the formation of enzymes.thSe activities would
only augment the alféadylérge pool_bf those cbmpounds,
This'interpretatiOn led to the name*'catabolite

repression."

C. Supportlng Concepts..\If'the theory of catabolite

repre851on were valld then any condltlon leadlng to a
decrease in the rate of blosynth681s of protein or nucleic
acid without a comparaole reductlon in the rate of
_catabollsm should 1ead to an 1ntracellular accumulatlon

of metabolltes and an 1ncreased repre881on of catabollc
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enzymes. That compounds normally degraded too slowly to
exert catabolite repression can repress under those condi-
tions was demonstrated by Magasanik and his coworkers (35)

using guanine-requiring mutants of Aerobacter aerogenes

and E. coli. The validity of this point was confirmed by
Mandelstam‘(in 35) with nitrogen-starved cells (whose
continued siow synthesis of protein was due to turnover)
that could produce B“gaiactosidase only in the absence of
an energy source and with oeils grown under nitrogen-
limitetion in continuous culture (36).

One fundamental question concerning the theory was
whether different méfabolites were responsible for the
repression of different enzymes. -When cells were placed
in ammonia-free medium with glucose and histidine, the
~repression of histidine degrading ehzymes was lifted:
although thé synthesisfof inositol dehydrogenase was still
repressed, indicatingvdiffefent'corepressors (55)e On
this same point, McFall aﬁd Mandelstam (37) demonstrated
that different metabolites:éerved as corepressors for
three differént enzymes -and that glucose repressed only
when 1t gave rise to éufficieht amounts of the specific
corepressor. They'advocated expanding the éoncept some-
what by changing the name to "metabolite repfession.”

Since Magasanik's paper (35) was presented at the
same conference in which the operon model was discussed,
there was speculation concerning the involvement of the

regulator gene in metabolite repression. During the
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discussion, Brdwn (in %25) presented data demonstrating
that cells withbmutatiOns in the regulator gene for
B~galacfosidaSe formed the enzyme aﬁ a maximal rate in the
abgence of the inducer but were still_sensitive to the
repression exérted by glucose in the‘absenée or presence
of inducer. Although this indicated that the product of
the regulator gene was not involved in metabolite repres-
sion, it did not negate.the pbssibility that the mechanism
works by acting eventually on the opefator gene. McFall
and Mandelstam‘(56) (37) also presented evidence that the

repression is exerted independently of the regulator gene.

3. Basic Mechanism

Nakada and Magasanik»have-stﬁdied the basic mecha-
hisms of:met3501ite“représsion; By using 5-fluorouracil,
which is»incorporated int61m~RNA, causing fhe subsequent
synthesis of inactiﬁe protein, and by-separating the in-
duction phasé from the phase'df‘énzyme_synthesis; they
obtained evidence thét’iﬁduction stimulated the formation
of m-RNA specific for PB-galactosidase while metébolite
repression slowed the’fo:mation of the m-RNA (%8). Once
inductioﬁ had occufred, thé'subsequent synthesis of
B-galactosidase in»iﬂduder—free‘médium was not affected
by the presence or absence of repfessing metabolites (39).
This, therefore, excluded the possibility that repression
by metabolites was due to the inhibition of the release of

enzyme from ribpsomes as postulated by Hauge, McQuillan,
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vorson (in 3%9), If induction took place in
the fresencé of glucose but before the metabolic products
of glucose had begun to accumulate, the cells acquired
their full capacity for'Bmgalactosidasé synthesis, demon-
strating directiy that the corepressor'was not glucose
itself but a metabolic producf (%39). McFall and
Mandelstam (40) had éuggested‘that glucose exerted its
effect on the lac system by virtue of its rapid conversion
to galactose, but by using the same type of experiment
that they had used with glucose, Nakada and Magasanik (39)
showed that it was also necessary for galactose to be
metabolized to exert its effect.

Nakada and Magasanik (39) summarized the nature of
metabolite repression as observed in the lac system. The
metabolites from g1ucoSe inhibit, but do not completely
block, the synthesis of ngalactosidase m-RNA, and the
level of those metabolites determines the rate at which
the RNA is synthesized. The level of m-RNA, in turn,
depends only updn the rate of Synthesis because it decays
exponentially at the same ratevirrespective of the prés~
ence or absence of inducer or metabolite corepressor and
irrespective of the raﬁe of proﬁein synthesis or rate of
energy metabolism. Since the differential rate of
B-galactosidase synthesis is deﬁermined by the proportion
of m~-RNA specific for it in the total cellular m-RNA, the
level of metabolite corepressors will determine the rate

of enzyme synthesis.
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4, Relationshiﬁ to the Operon Model

One area of continued interest is the relationship
between metabolité repression and the operon model.
Evidence had been presented that the repression was
exerted independently of thevregulator gene product postu~
lated to be involved in induction. In 1964, Léomis ahd
confirm that fact. The‘experiments'were designed to rule
oﬁt the possibility of any allosteric character of the
regulator gene»product‘andvshowed that the repression
appeared to depend upon the level of the metabolite
(corepressor) but not upon the level of the regulator gene
product.

In 1965 a mutant was isolated with insensitivity to
metabolite repression (42>a The character of the mutant
suggested the presence of another regulator gene which
determined the metabolite~sensitive repression of the lac
operon. This gene (labeled the CR gene) controlled a
cytoplasmic factor which was specific for the lac operon
and controlled the rate of synthesis of both B-
galactosidase and B—galactoside permease (involved with
transport into the cell)y thus, it resembled the regulator
gene postulated in the operén model (45), Carrying the
analogy further, the éperon modél would predict a genetic
region contiguous to the lac operon serving as an operator
for the CR gene product. Since an chmutant strain (one

which has a deletion mutation in the operator region
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making it insensitive to normal repression) was still

sensitive to metabolite repression, the product of the CR
gene probably does ndt interact with the classic operator
(41). BStudies are currently underway in Magasanik's lab-
oratory to determine the nature and location of the opera-

tor region for metabolite repression.

5. Involvement of the Reduction of Internal

Inducer Concentration in Diauxie

Additional studies with the lac system revealed an-
other method by which glucose could affect the rate of
expression of the operon when it was‘discovered that
glucose could reduce the internal concenﬁration of in-
ducers for the operon (44). Pre-induction or a high con-
centratibn of lactose (8 X’lOPZM) could overcome diauxie
caused by glucose. Both results are consistent with an
increased level of lactose in the cells, in the first case
from increased permease activity, and in the second from
the higher external concentration of lactose. Loomis and
Magasanik (44) pointed out that other groups had,shdwn
that pre—indﬁction of permease would help to overcome the
severe repression exerted by glucose. They suggested that
diauxie was actually caused.bj two phenomena acting to-
gether.v Metabolite repression reduced the basal level of
permease so that insufficient activity was present'to
overcome the ability of glucose to reduce the internal

concentration of inducer.
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Adhya and Echols (45) presented evidence that inhibi=-
tion at the level of inducer transport is a possible pri-
mary mechanism of diauxie in the case of the galactose
degrading enzymes. They stated that glucose did not in-
hibit induction of the galactose enzymes if glucose and
galactose were produced intracellurlarly by the hydrolysis
of lactose. HowéVer, the déta presented in their Table 4
for a galactbside permease constitutive mutant does not
verify thiS‘Because it shéwé that the level of transferase
in cells grdwn on 1aétose plus glﬁCose was 40% of the level
in cells grown on galadtose'and that the level in cells
grown on galactose plus glucose was 50% of the unrepressed
level (45). Though it appears’bbvious that a repression
had occurred in_bbth cases, it is.poSsible that their
statement was based on the failure to obtain a complete
repressibn of synthesis. ' The growth curve on galactose
plus glucose for the mutant was not diauxic as it was in
the wild'type. Probably, therefore,'the effecﬁ that they
observed was similar to that reportedfby LoOmis'and
Magasanik (44), wherein the severe repression characterized
by diauxic growth on glucose plus lactose was caused by a
combination of the effect on transport and metabolite
repression. Thus, six years after Magasanik (35) had dis-
missed -the proposal Qf Cohen and Monod that interference
with the transport mechanism of the inducer was involved
in diauxie, new evidence has been presented showing that

it is partially, but not entirely, the cause in some cases.



O Attempts to Identify the Metabolite Corepressor

Some attenmpts have been made to identify the metabo-
lite that acts as the corepressor to trigger metabolite
repression. In the f-galactosidase system of E. coli,
glucose, galactose, gluconate, or thelr direct derivatives
were not required for repression because when anaboliem
was reduced in an lsomerase-negative strain repression was
caucsed by fructose, lactate, xylose, and succinate (the
former group of.Cbmpouﬂds could ﬁot be formed from the
latter in that mutant) (46). Also, compounds of the Krebs
cycle did not appear to bé reQuier since glucose gave
rise to repression in a mutantbunde: cbnditi@ns where the
formatioﬁ of Krebs dycle‘compounds'was severely restricted.
Loomis and MagasannV (46) Suggested that’ if metabollte
“repression were caused by a Slngle comoound that it would
probably be related to the pentoses and trioses of inter~
mediate metabolism.

Dobrogosz (47) (ﬂ8) and . Oklnaka and Dobrogosz (49)
showed an a85001at1 on’ ovtheen metabol¢t° repression of
Bmgalactosidése and the oxidative decarboxylation of
pyruvate. When cells were placed uhder anaerobic condi-
tions, metabolite repression was shut off for one to c¢ne
and one-half generations, then‘switched back on, but if
nitrate or pyruvate were provided when the anaerobic con-
ditions were imposed, then the repression continued. When
oxygen, nitrate, or hydrogen ions were avallable as elec-

tron acceptors, pyruvate decarboxylation proceeded at a
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rapid differential rate and repression occurred, but in
the absence of the acceptors, the decarboxylation proceeded
slowly and there was no repression. Their interpretation
of those results was that repression increased in propor-
tion to the efficient dissimilation of pyruvate to acetate
and CO, with the accompanying production of ATP and other
"high-energy'" compounds. Based on several considerations
they postulated that one or more of the energy rich com-
pounds might function directly or indirectly as the pri-
mary signal or corepressor for initiating metabolite
repression. - This is an interesting proposai,p especially
in light of the fact that ATP is thought to be involved
with allosteric interactions of some enzymes, as dis-
cussed previously. If ATP is involved in such interac-

" tions, then a similar allosteric activation of an inactive
CR gene product would provide a satisfying unity to con-
trol mechanisms., If this were true, however, then it
would appear that many cases would have been reported in
which a single compound serves as an effective repressor
for several enzymes. Instead, as was pointed out earlier,
both Magasanik (35) and McFall and Mandelstam (37) have
shown that different metabolites Were required for differ-
ent enzymes. This gquestion will probably not be resolved
for some time because the level of metabolites and level
of ATP in the cell are related in such a way that when

the level of metabolites is high, the level of ATP is apt

to be high also.
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Mandelstam and Jacoby (50) presented evidence for the
involvement of sPecific compounds in the repression of the
first three enzymes of the mandelate degrading pathway.
The first three énzymes in the pathway were determined by
an operon and were inducible by mandelate, but they were
repressible by benzoate (the end-product to which they
gi#e rise), catechol (the end-product of the second group
in the pathway), and by svuccvinate (the final product of
the pathway).

7 Transient Repression

There is one other area that should be briefly men-
tioned in the theoretical considefations of metabolite
repression, and that is "transient repression.' When
cells from certain strains of E. coli were transferred
from a medium containing glycerol to one containing glu-
cose and an inducer of B-galactosidase, there was no delay
in the resumption of growth, but the cells did not make
detectable amounts of B-galactosidase for a period of
approximately one generation, after which fhey recovered
the ability to form enzyme (51) (52). This effect was.
also observed for galactokinase and tryptophanase. The
extent of recovery was to abéut 15% of the differential
rate of synthesis established when glucose was not in the
medium (53). The cause of the severe transient repression
was thought to be the high internal level of metabolites

that was produced when gluéose was added to the system
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(53). Following the addition of glucose, there was a
rapid increase in the concentrations of glucose-6-phosphate,
6-phosphogluconate, fructose-l, 6-diphosphate, and NADPH,
but as these pool sizes decreased the severe repression
was released and the less severe repression took over.

Genetic studies showed that transient repression was
distinct from metabolite repression because it required a
functional operator, and éould be genetically abolished in
strains that still'showed_metabolite repression (54).
Tyler, Loomis, and Magasanik (55) found transient repres-
sion to.be independent of a mutation in the CR gene which
made the mutant insensitive to metabolite représsiona
Palmer and Moses (56) used two strains with ﬁutations in
the regulator gene to demonstrate that when the cell was
made constitutive transiént repression was abolished,
although metabolite_repxession had been shown to bé active
under those conditions. They postulated that perhaps
transient repression was éaused'by intéraction of the
metabolite corepressor and the regulator gene product so
that the affinity ofvthe‘repressor for the operator was
increased.

Other differences between metabolite and transient
repression are that the phosphorylated compounds impli-
cated in transient repression presumably do not enter the
conmmon metabolic‘pool involved in metabolite repression,
and that transient repression appears to be effective as

soon as the new compound enters the cell while at 37° about
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eight minutes of protein synthesis elapse before metabo-
lite repression begins (55). Therefore, Tyler et al. (55)
concluded that transient repression is a general phenome-
non which effects the differential rate of B-galactosidase
synthesis immediately upon the addition of many compounds
to cells growing in another carbon sourcej; does not result
from a reduction in the internal level of inducer; and is
apparently elicited by a mechanism distinct from that

which mediates metabolite repression.

8. Summary

In general, it appears that metabolite repression
works in a manner analogous tb the control mechanisms of
induction and repression postulated in the operon model.
The evidence indicates that inducible catabolic enzymes
are controlled by two regulator genes; one of which (CR
genentyﬁe) is sensitive to the level of a corepressor
whose structure is unknown, so that when the level of the
corepressor (probably anintermediary metabélite) is high
the CR gene product is activated causing a decrease in the
rate of inducible enzyme synthesis° It is currently not
known how the reduction is caused. Regardless of the
particulars of the mechanism, the effect is to reduce the
rate of synthesis of the.enzymes needed to degrade one
compound when another more easily degraded compound is

placed into the medium.



CHAPTER III
LITERATURE REVIEW

A1l of the concepts presented in the previous chapter
were developed using pure cultures of microorganisms; how-
ever, biocenvironmental engineers must often work with
natural or heterogeneous microbial populations, particular-
ly in waste water treatment. As Gaudy (31) pointed out in
the introductory remarks of a paper presented before the
American Society for Microbioiogyg working with such popu-
lations had perhaps limited basic research into microbial
mechanismsenuifosterediadepéﬁdehce on certain ""platitudes”
by engineeréo One such over-simplification that_had been
prevalent for some time.was that because waste waters have
a variety of carbon sources and organisms, each species
will pick‘out the substrate iﬁ can metabolize best, and
removal of all exogenous carbon sources will proceed con-
currently. However, exposure to Monod's concepts of
diauxie led Gaudy to quesﬁion that ""platitude' and initi-
ate experiments which have shown that the control mecha-
nisms that apply to pure cultures have broad applicability
and are exerted in natural populations as well., This 1lit-
eratcure reviéw is concerned chiefly with the expanding area

of research into control mechanisms as found in natural
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populations plus additional information on pure cultures

that is applicable to continuous flow operation.
A, Batch Systems

The preferential utilization of glucose by a sorbitol-
acclimated culture was the first published example of
metabolic contrel mechanisms in heterogeneous populations
(14). Glucose was totally removed from the system before
the metabolism of sorbitol began, but the lag between the
utilization phases was not severe enough to céuse diauxic
growth or diphasic oxygen vptake.

The effect of cell age (defined by operational param-
eters) on the response of the system was studied next (16).
01d cells (those that héd been grown in a batch unit with
wastage of one—ﬁhird of the mixed liquor every day for at
least 2ldays) failed to show the sequential substrate
removal exhibited by young cells (2 ml of seed used to
reseed 60 ml of fresh medium every day for three days)
while intermediate-age cells (a small portion of old cells
were washed and resuspended in fresh medium, then fed like
the 0ld cells for three days) showed an intermediate sub-
strate removal response. In the last system sorbitol
removal continued in the presence of gliucose but at a
decreasing rate until all glucose was gone, then proceeded
at an increasing rate. O01d cells that had been seeded
into flasks and grown under “"new cell' conditions gave the

new cell substrate removal response, indicating that the
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change in response of the system with age was not due to a
shift in the population away from cells poSsessing the
responsible control mechanism. The cause of the cell age
phenomenon - -is still under investigation.

In the experiments in which the cell age phenomenon
was diScbvered, the initial cell concentration was high,
yet sorbitol metabolism waé stopped in spite of the prior
acclimation to the substrate (16). In order for that to
occur, the aétivity of the enzymes already present must
have beeﬁ altered. This implied‘that an inhibition of
enzyme activity was occurring as well as a répression of
synthesis. The resultsfof tWO‘other types of experiments
led to the postulation of the catabolic inhibition mecha-
nism discussed in the previous section. First, in both
heterogeneous and'pure cultures, sequential substrate
removal occurred in a large inoculum under nonéproliferating
bconditionso Since little or no enzyme synthesis could
occur under those conditions, the only possible relevant
mechanism was inhibition.(lB)° The second type of experi-
ment involved a "severe' shock load in which the shock
compound was injected into a culture actively metabolizing
another substrate (57) (58). Using young cells it was
shown that the metabolism of sorbitol, mannitol, or
dulcitol was blocked immediately by the addition of glu-
cose. When a unit degrading sorbitol was shocked with
galactose, there was an initial blockage of sorbitol

utilization, followed by concurrent removal of the two
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substrates with sorbitel removal occurring at a diminished
rate. A lactose shock had no effect upon the removal of
sorbitol, and lactose removal did not start»until all
sorbitol was gone. When a ribose degrading unit was
shocked with glucose, there was no immediate effect upon
ribose metabolism, but as the rate of glucose metabolism
increased, the rate'of ribose metabolism decreased. The
results of these experimeﬁts were additional evidence for
the existence of the catabolic imhibition mechanism and
emphasized the‘bread Character;of'control‘mechanisms in
general. | |

Su (17) recently completed a study on the utilization
of mixtures of carbohydrates-by heterogenequs populations
in which he investigated.la differentvcombinatiOns of - sub=-
sfrates.' Experiments were fuﬁiwith-cells acclimated to
each substrate in each pair..’He ebserved four different
patterns of substrate removal: 1)i-concufrent removal
accompanied by monophasic growth, 2) sequential removal"
aceompanied by diphasic growth, 3)‘.sequential‘removal
accompanied by monophasic growth, and 4) concurrent
removal accompanied by diphasic growth caused by inhibi-
tion of enzymes by metabolic intermediates. Of the 33
experiments in which he eould characterize the growth
patterns, 20 were of type 1, 11 of type 2, one of type 3,
and one ef type 4. Thus, it is clear that substrate
interactions caused by metabolic control mechanisms is a

widespread phenomenon in natural pepulations.
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In a study preliminary to this report, it was shown
that glucose slightly’décreased the rates of removal of
‘glutamic acid and aspartic acid (18). In both cases the
substrate removal was éoncurrent, although ié was obvious
that an interaction had occurredo' Because amino acids
generally were removed thCurrently with'glﬁcose, it was
necessary to devélbp a more sensitive method for detecting
-a repression or inhibition effect'iﬁ-mixtures of carbo-
’.hydrates.and amino'acidsh The method developed for the
present studies will be discussed in the nexf chapter.

Prakasam and Dondero (59) (60) acclimated sewage seed
to sorbitol in a manner identicél to that used by Gaudy
(14) in order‘to check his repoft of éeQuential substrate
removal. Usiﬁg the young cell fechnique, they confirmed
independently the effect of gluéose‘on sorbitol removal.
Since the results depended on an indirect determination of
sorbitol by calculation, they élso performed experiments
using radioactively labeled sorbitol which substantiated
their previous data. ‘They also performed labeled sorbitol
utilization experiments with activated sludge directly
from a sewage treafment_plaﬁt (60),' Removal of sorbitol
occurred more quickly in the mixéd unit than itidid in‘the
control, but since né data were given for glucose utiliza~
‘tion in the mixture or for sludge growth it is difficult
to evaluate their results;"Howévef, in light of Gaudy’s
(16) findings of the sludge age effect,'it is not surpris-

ing that concurrent removal appears to have occurred,
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since cells in activated sludgebare often quite old. In
fact, the oxygen uptake data for the activated sludge in-
dicates'very low activity, characteristic of an o0ld sludge.
Although they were aware of the cell age phenomenon, they
made no mention of it in connection with this finding.

Prakasam and Dondero evaluated the diversity of the
microbial communities in the sewage with which they started
and in the adapted cultures with which they ran the
sorbitol removal experiments. As would be anticipated,
they found a divergence between the types of organisms in
the two systems. They then said (60):

The simplification of the population during

adaptation provided an explanation for the

repression of sorbitol metabolism by glucose.

..o In a truly mixed population, whatever

enzyme repression takes place appears to affect

only a part of the population, leaving the re-

mainder free to attack the available substrates

immediately.
The author must disagree with fhe'implications of these
statements. Actually, a population selected for growth
on one compound offers the ﬁost severe test of the impor-
tance of the repression or inhibition phenomena. In such
a selected population, the only organisms present are
those that can grow on the.original substrate or its .
excreted metabolic products. Those that‘have been
"discarded" are those which cannot use the substrate.
Since only extraneous organisms are missing, their absence
should have no effect upon the operation of the control

mechanisms involved with a substrate that they cannot use.

In a "truly mixed population" the only way that the
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"remainder' can be free to attack the substrate is if
that remainder has the genetic capability to use that sub-
'strate. If it has that ability, it will be present in the
selected population, and, thus, its effect will still be
measured. It is much more likely that the concurrent
reﬁoval observed in the actiVatédrsludge was due to the
sludge age phenomenon instead of the divergence in popula-
tion that ékisted'between it and the adapted culture.
Stumm~Zollinger (61) (62) has also studied metabolic
control mechanisms in heterogeneous populations. In her
first paper (61) she considered the kinetics of substrate
utilization as related to growth, but unfortunately her
final equatioh wasvincorrect° She integréted -dS/dt =
(1 /7)Boe" "

the correct equation is -AS

(Bo /y)(1 + th); however,
(Bo/y)(1 - YY), Although

and thained =AS

i}

]

this could have been a'fypographical error, her use of the
equation is open to question., She said that a plot of
log(-AS) versus time gives a linear relationship for

t>> 0 however9 in order for- (1 - eut) to be approx1mately
(less than 5% error) equal to (-eut)‘(the condition needed
to make a simple log plot) t must be greater than_6 hours,
a condition rarely met in hef experiments. Even more
critical is her statement that"the‘rate of bacterial
growth, as an approximate measure of the1rate df enzyme
formation, is determined over a peridd'of several genera-
tion times' (61). That growth raté could represent the

rate of enzyme formation would be a valid assumption for
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enzymes in a single substrate system or for the total
enzyme compiement in a multi~component system, but it is
not valid for the specialized enzymes needed to degrade
one compound in a multi-component system. It cannot be
assumed that the rate of growth will represent the rate of
synthesis of a particular enzyme when the object of the
study is to determine the existence of a control mechanism
(repression) which exerts its effect by altering the rate
of synthesis with respect to the rate of growth.

Because of the above statement, it would appear nec-
essary for readers to evaluéte independently the data from
Stumm-Zollinger's growing systems, but unfortunately not
.enough-data'were presented to allow this. The data showed
that glucose exerted no inhibitory effects upon the
activity of benzoate'degrading enzymes, but, in the growth
experiment, no substfate removal data were presented for
the control reactors so that it is impossible to determine
whether any repression occurred in the mixed reactof.
Glucose exerted an inhibitory effect upon the removal of
galactose in cells acclimated to galactose, but the experi-
ﬁeht performed with glucose-acclimated cells was inconclu-
sive. The same time was required for the initiation of
galactose removal in the galactose control as in the mixed
unit, so it was concluded that glucose had no effect upon
the formation of galactose degrading enzymes. Unfortu-
nately, since all glucose was removed from the mixed

reactor before the initiation of galactose removal in the
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control, it is impossible to determine whether glucose
exerted any effect. In such a mixture, where an inhibi-
tion of activity had been shown to occur, an assay for
galactose degrading ability in the absence of glucose would
be necessary in order to distinguish between inhibition
and repression. This same argument applies for the growth
experiment which showed diauxic growth. Such an assay
will be discussed in the next chapter. Glucose had no
effect upon the activity of pre-formed phenylalanine
degrading enzymes but did repress the synthesis of those
enzynes in a growing system. Although it was claimed that
benzoate exerted the same effect upon phenylalanine de-
grading enzymes, only a diphasic growth curve was presented
and this could be interpreted as showing growth on
phenylalanine'firste In an interesting experiment, it was
shown that phenylalanine served as the nitrogen source for
growth on glucose in an ammonia-free medium, and that a
lag‘period.was required before phenylalanine degradation
commenced after the utilization of glucose,

Although Stumm-Zollinger's experiments could have made
a contribution to the biocengineering knowledge of control
mechanisms, they were ruined by her failure to realize the
importance of comparing the change in removal rate with
respect to a unit change in cell mass in the mixture to
the corresponding change in the control. It also appears
that she did not realize that metabolite repression can

result merely in a decrease in the rate of synthesis of an
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enzyme, and need not necessarily cause a complete cessa-
tion. When only a decrease occurs, concurrent removal will
still be found, although repression is still operative.
Methods of evaluating results to‘take this into account
will be discussed in the next chapter.

The same general comments épply to Stumm-Zollinger's
second paper (62).. She said that in a growing culture
repreésion is indicated if the rate of substrate utiliza-
tion stays constant despite an increase in solids, again
not recognizing that repression does not have to be a
complete cessation of synthesis. Her results suffer from
her failure to consider the fadt that her controls and
mixtures had different concentrations of érganismsg par-
ticularly in the tryptophan expérimenta All of the exper-
iments presented on galactose used substrate and cell
concentrations such that little growth could occur, so
that they were measurements of IiInhibition of activity,
and as such agree with her previous paper. The reconsti-
tuted bacterial river water community exhibited a delay in
the utilization of galactose in the presence of glucose,
which perhaps was caused by a repression mechanism, but no
explanation was offered. Stumm-Zollinger's conclusions
agree with Prakasam and Dondero (60) that acclimation
leads to enrichment of a few species; however, as pointed
out in the discussion of their results, this is not nec-
essarily a disadvantage.

Because Toerien and Kotze (63) thought that metabolite
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repression might play an important role in anaerobic
digestion of sewage and industrial wastes, they isolated a

strain of Bacillus cereus from a laboratory anaerobic

digester and studied the effects of glucose, fructose,
galactose, and soluble starch on the activities of protease
and various intermediary metabolic enzymes. The experi-
ments were performed in shaker flasks, presumably under
aerobic conditions, so that, in light of the work of
Dobrogosz (47) (48), the application of the results to
anaerobic conditions is questionable, although they might
offer some information concerﬁing metabolite repression
in general, DProtease activity was measured at the end of
24, 48, 72, and 96 hours, while the otheryenzymes were
determined after 72 hours. .The growth rate constants were
 the same in all units, but the duration of exponential
growth was not noted and, therefore, it is impossible to
assess at whatvpoints in:the growth cycle the enzyme

assays were performed. Since Bacillus cereus grows quite

rapidly, it is probable that some of the analyses were
performed after all of the substrates were exhausted, in
which case they would not particularly be meaningful in
relation to the repression mechanism. Protease units were
plotted versus time in 511 of the reactors. At 24 hours
only the glucose reactor differed from the control (which
contained only bacto;peptone) and its enzyme level was
lower, indicating repression. At 48, 72, and 96 hours,

there was no difference between the galactose reactor and
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the control, but the protease levels in the fructose and
starch reactors were higher than the controls. Growth
curves were not presented and the activities were expressed
as units per ml of test solution so it is not possible to
determine the specific activities for direct comparisons
among the units. The data were discussed in terms of
possible mechanisms for the repression based on the analy-
ses of the activities of EMP, pentose shunt, and TCA
enzymes, but sincé no data were presented indicating the
nature of the culture when the analyses were performed the
significance of the discussion is limited. About the only
conclusion that could be confirmed from the data was that
glucose repressed protease syntheSis, but fructose,
galactose and starch did not.

The last three sets of papers discussed have empha-
sized three shortcomings of biocenvironmental engineers
working in the area of metabolic control mechanisms using
batch cultures: 1) The failure to recognize that metabo-
lite repression can result ih only a decrease 1in the rate
of enzyme synthesis and does not always cause a complete
cessation; 2) the failure to provide adequate controls in
the experiments; and %) the failure to evaluate data in
growth experimenté on the basis of the amoﬁnt of change in
substrate removal rate that occurs with a unit change in
solids. The experiments presented in this report were.
designed to take these considerations into account and the

methods employed will be discussed in the next chapter.
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B. Continuocus Flow Systems

1. Heterogeneous Populations

The most important type of shock load (from the stand-
point of control méchanisms) to a continuous flow reactor
is the qualitative one because it can cause substrate
interactions within the cells. The only published research
report of this type of shock is fhe paper‘by Komolrit and
Gaudy (64) in which they studied the.responses of com-
pletely mixed, continuous flow reactors growing on sorbitol
or glycerol at four hour detention times to glucose shock
loads. When the shock was strictly qualitative (i.e., no
change in the total organic-lbading), ﬁhe system responded
quite well with very littie washout of substrate into the
effluent. When the load was épplied by adding the second
compoﬁnd in addition to the first, there was a disruption
of treatment in proportion to the magnitude of the shock.
For example, when the influent was changed from 1000 mg/l
sorbitol to 1000 mg/l sorbitol plus 1000 mg/l glucose,
there was no washout of either sorbitol or glucose although
the total COD in the effluent did reach almost 300 mg/l
due to excreted metaboiic‘products, When the influent was
changed from 1500 mg/l sorbitol to 1500 mg/l sorbitol plus
1500 mg/1 glucose, the sorbitol concentration in the
effluent rose to 200 mg/l and the total COD to &00 mg/l,
indicating a disruption of sorbitol utilization and a

large production of metabolic intermediates. After a
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transient period the compounds were again removed in the
reactor. Similar results were obtained for the glycerol
reactor when glucose was added to the feed. When 1500 mg/1
of glucose waé added to the feed of a reactor growing on
500 mg/l glycerol, there was a build-up of glucose for two
hours before the culture was able to mefabolize it, but
once utilization starﬁed it caused a build-up of glycerocl
in the reactor.

»Komblrit and Gaudy also shocked the reactors under
conditions of nitrogen deficiency at which time the cells
could not respond by‘greatly,inéreasing the biological
solids concentration as in the previous experiments.

Under the most severe nitrogen‘limitation, the cells used
the added glucose'in preference to the sorbitol or
glycerol, causing the latter two to be washed out in the
‘effluent with little or no removal.‘ In the less severe
experiments of this type, there was an increase in solids,
probably due partly to stored carbohydrate material,
allowing less wash-out in the effluent. No explanation
was offered for the drastic alteration in the pattern of

- response under the more severe nitrogen limitation, but
they did speculate that possibly the synthesis of enzymes
required for rapid formation of polysaccharides could
occur under the less severe nitrogen limitation but not
under the greater. Part of the difference between the
systems may lie in the fact that before the sthk the less

severely limited systems had a BOD:N ratic of 10:1, while
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the one subjected to the severevlimitation had BOD:N of
20:1. As the shock loads on the first system (10:1) show,
there was probably excess nitrbgen in the system prior to
the shock so that when the influent substrate concentra-
tion wasvchanged to give a ratio of 20:1 the system was
brought into balance with all nitrogen being used. The
basis for this conjecture is that if more nitrogen had
been available, the solids would not have stabilized while
the effluent still contained 300 mg/l1 of COD. Prior to
the severe nitrogen-limited shock the BOD:N ratio was
20:1, and the control curves givén show that the effluent
COD was 200 mg/l, indicating that the system was under
nitrogen-limited conditions, not carbon-limited. Thus,
when the shock was added (giving BOD:N of 40:1) there was
ne excess nitrogen t&vallGW'more Solids production, and
 the response was that‘of a system that is not carbon-
1imited. It would be interesting to see the response of a
system taken frpm‘BOD:N of 10:1 to the level of 40:1 by
the additicn of subétraten_ The final steady state values
would probably be.similar to_thoée reported but the tran-
sient conditions wéuld be different, with an increase in

solids until nitrogen became limiting.

2, Pure Culture§

Because their interests are different from those of
the waste water treatment engineer, the basic scientists

have not approached the problem of metabolite repression
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from the aspect of““éhock loads™ . Instead, when they have
used continuous flow conditions, repression has been stud-
ied by adding the inducer and following the rate of in-
crease of enzyme when some other carbon source was in the
medium, Boddy et al., (65) followed the level of amidase
specific activity when acetamide was added to the feed of
continuous flow reactors growing on succinate and found
that‘both the rate of increase and the steady state levels
were functions of flow rate. At the low flow rate

(D = 0.22 hr~' ), the amidase level reached 100, but at

D = 0.76, it reached a level only slightly higher than the
basal level found on sucéinate alone. When the levels of
amidase in cultures growing on acetamide or acetamide plus
succinate were compared, it was found that the steady
state activity in the mixed substrate system decreased
more rapidly than that in the acetamide culture as the
growth rate was increased (66). It was postulated that
the production of metabolic intermediates caused the more
rapid decrease in amidasé synthesis with increasing flow
rate in the mixed system (65). At the low growth rate,
the metabolites were used and the'internal carbon pool
depleted, so that whén acetamide was added to the feed

the conditions were favorable for induction and the rate
of synthesis was regulated by the supply of inducer. At
the higher growth rates, however, the pools were probably
less depleted, causing a shift in the balance between

inducer and catabolite repressor in favor of repression
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until at the highest growth rate the amidase synthesis was
almost completely stopped.

Baidya, Webb, and Lilly (67) studied the response of
the two-stage chemostat when the feed was shifted from
glucose to glucose plus lactose. The volume of the second
stage was 1.7 times the volume of the first. At the
lowest flow rate studied (D = 0.148 in first stage), 45
hours were required for the initiation of lactose utiliza-
tion, with degradation starting in the second reactor, and
following shortly in the first reactor so that when the
new steady state was reached both substrates were removed
in the first reactor. At higher flow rates, the time be-
tween introduction of lactose and commencement of utiliza-
tion increased, and steady states were reached, which
lasted for long periods, in which oniy glucose was removed
in the first reactor and lactose in the second. Under the
conditions when both substrates were utilized in the first
reactor, if the lactose was removed from the feed, kept
out long enough for the glucose steady state to be re-
established, and then returned to the medium, lactose
utilization in the first reactor was immediate. Because
of this finding and because the delay in utilization when
lactose was first introduced was much longer than the
diauxic lag observed 1n batch, they postulated the in-
volvement of the permease effect known to occur in lactose
utilization (i.e., the protection offered by preinduction

against repression in the lac operon). Since the cells
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were preinduced and the permease is fairly stable, when
the lactose was added again it could be taken inside the
cell to cause further induction and allow utilization
immediately. When the cells were not preinduced, the level
of intermediates from glucose utilization was evidently
high enough to prevent entrance of lactose and synthesis
of the B-galactosidase system. |

Harte and Webb (68) studied the response of a two-
stage reactor to the introduction of maltose. Maltose and
glucose gave dlauxic growth in batch, but when maltose was
added to the feed of a continuous flow reactor at low flow
rate (D up to 0.38 in first reactor) the response was the
same as an increase in the glucose concentration: there was
no lag before utilization begén.. At medium flow rates
(D = 0.46 to 1.03), there was a distinct lag before malt-
ose utilization began which increased in duration as the
flow rate increased. Growth due to maltose occurred
initially in the second reactor, followed after a long
delay by the removal of all maltose in the first reactor.
At fast flow rates (D = 1.055 to 1.135), maltose removal
was accomplished only in thé second réactof. These re-
sults indicate that repression of synthesis of maltose
degrading enzymes in the first reactor became more severe
at the higher flow rates.

The literature on both heterogeneous and pure cultures
in continuous flow has shown that metabolic control mech-

anisms influence the response of organisms to a change in



o3

environment. In the heterogeneous culture experiments a
glucose shock load disrupted sorbitol metaboiism. The
pure culture experiments showed that repressing-type
compounds influenced the induction of enzymes for degrada-
tion of new compounds in the medium and that the response
was a function ofbthe flow rate; The experiments that
will be presented in this report were designed to measure
the influence of»seVeralvcarbohydrates»on lysine removal
in continﬁous flow, to determine whether that influence
was due to metabolite repressioh, and to aséertain the

effect of flow rate upon thebresponse.



CHAPTER IV
MATERIALS AND METHODS
A, General Conditions

1. _Batch Experiments

a. Organisms. The organisms used in all experiments

were obtained from a laboratory batch reactor initially
seeded with primary clarifier’effluent.from the municipal

sewage treatment plant at Stillwater, Oklahoma.

b. Daily Growth Conditibns - Stock Reactor. The

culture was maintained in a 100 ml aeration vessel (stock
reactor) by transferring five»per cent of the groWing cul-
ture into frésh medium every twelve hours. The substrate
was L-lysine at a concentration of 5000 mg/1 COD. Buffer
and inorganic salts were provided in the following con-
centrations: 1.0 M potassium phosphate buffer, pH 7.0,

50 ml/13 (NH;), 804, 2500 mg/ly MgSOs - 7H, 0, 500 mg/1;

FeCly * 6H,0, 2.5 mg/1; MnSO4 «H,0, 50 mg/1; Ca0129\50 mg/1;
tap water, 200 ml/1. The remainder of the volume wés dis-

tilled water.

c. Experimental Growth Conditions. Experiments were

performed at room temperature (22° * 1.5°) in batch

54
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reactors of 1500 ml volume, aerated at a rate of 3000 ml/min.

Seed was taken from the stock reactor in volume sufficient
to provide an initial biological sQlids concentration‘of
approximately 30 mg/l. Buffer and salt concentrations
were the same in all experiments: 1.0 M potassium phos-

~ phate buffer, pH 7.0, 33 ml/l; (NHi), SOs, 1666 mg/1;

MgSO0s * 7 H,0, 33% mg/l; FeCly * 6 H,0, 167 mg/l; MnSOs « H, O,
v55.5'mg/l; CaClz,F2O mg/i;vand,tap water, 200 ml/1. ‘The
remainder of the volume was distilled water. The sub-
strates and their concehtratiohs were changed for each
experiment, and will be appropriately noted in the results

section.

2. Continuous Flow Experiments

‘a.‘ Organisms; ‘Primary clarifier effluent from the
municipal séwage treatment plant at Stillwater, Oklahoma
was used to seed a batch reactor in which 5000 mg/l lysine
(COD) was the sole carbon source. The population‘was.
allowed to grow overnight and then a 250 ml aliquot was
transferred to each continuous flow reactor with 2000 mg/1
lysine COD. After two hours growth, the feed medium pumps

were started.

b. I"Ied_i__go Reactor A was operated under carbon-
limited conditions, with 1000 mg/l lysine, as COD, serving
as the sole carbon‘sourcen Reactor B.was opefated under
magnesium—limited‘coﬁditions with 2000 mg/l lysine, as

COD, serving as the sole cérbdn‘sourée, The lysine
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concentration in reactor B was highér than that in A %o
insure that carbon was not limiting. The growth media
were made of the‘constituénts in Table I. The concentra-
tions of the components of these media are similar to
those normally used in the Bioenvironmental Engineering
Laboratories for 2000 mg/l'COD'of‘carbon source, except
fbr the MgS0s ¢ 7H, O in reactor B (e4). Tap water was not
added because.it contains magnesium in’Variable quanti-
ties, and the NaéMoO4 « 2H, 0 was used tb provide molybdenum.
When the shock'loads were applied to the,systems,”

1000 mg/1 of COD due to & carbohydrate was added to the

feed media.

c. Apparatus. A diagram of the continuous flow

reactor used in this stﬁdy is_shbwn in Figure 2. ©Since
the objective was_to.studyvthe métabdlic.contfol mecha-
nisms operative when a éarbohydrate was added to the feed,
a single Stége, completely mixed, homogeneous, open-type
reactor was employed (69)0 The reactor was cylindrical,
with a nominal volume of 1 liter, had effluent discharge

' around the entire upper edge, and wasvéubmerged in a
constant temperature bath méintained at 25° C & 0.5°.
Aeration and mixing were provided by compressed air

(30 psi) which was passed through a gauze trap and then
through a water bath before entering the reactor at a rate
of 3500 ml/min through a stone diffuser. Feed was deliv-
ered to the reactors by a peristaltic pump (Sigmamotor |

Model AL-2E) and was injected below the liquid surface to
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CONTINUOUS FLOW GROWTH MEDIA

Component | Readtor A Reactor E

1.0 M potassium

phosphate buffer,

pH 7.0 | 20 ml/1 20 ml/1

(NHa ), S04 1000 mg/1 1000 mg/1

Na; MoQa + 2H, O 2.0 mg/1 2.0 ng/1

FeCl; » ©H, 0 1.0 mg/1 1.0 mg/1

CaCl, 15 mg/1 15 mg/1

MnSO0s H, O 20 mg/1 20 mg/1

MgS0, * 7H, 0 200 mg/1 5.0 mg/1(D =0.167)
1.5 mg/l(D::OeOSB)

L~lysine-HC1

(measured as COD)' 1000 mg/1 2000 mg/lb

Distilled water

to volume

fto volume




Figure 2. Schemat_ic Representation of a Continuous Flow Reactor
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insure against short circuiting. The injection tube was
kept clear of reactor liguid by passing a stream of air
(250 ml/min) through it, and was cleaned daily with a
chromic acid cleaning solution as was the feed line down-
stream from the pump. The feed Jjug and line upstream from
the pump were cleaned every other day and no difficulty
was encountered with contaminatioh bf either. Dilute—in
curves confirmed that the reaétor was completely mixed.

Two such units were run concurrently.

B. Experimental Protocol

1. Batch Experiments

Immediately prior tovrunning'an experiment, seed was
remnoved from the stock feéctor and_centrifuged for fifteen
minutes at 25,400 RCF in a Sorvall RC2-B refrigerated
centrifuge.' The supernatant'Was discarded, and the cells
were resuspended in potassium”phdsphate buffer by blending
for ten seconds at low spéed_in a Waring blender. The
suspension was used to seed a‘lysine control reéctor,
carbohydrate control reactor, one or more reactors con~
taining mixtures of lysine and carbohydrate, and a series
of shaker flasks for the determination»of maximum growth
rate, umo At zero hour, the substrates wefe added to the
reactors and 40 ml sampléé were removed and centrifuged
for twenty minutes at 18,400 RCF in a Sorvall SS-1 centri-
fuge. At the same time samples were removed for optical

density determination at 540 nm using 19 mm tubes in a
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Bausch and Lomb Spectronic 20. After centrifugation, the
supernatant was carefully removed; 20 ml were used for
determination‘of COD and 10 ml were frozen for later anal-
ysis for lysine and carbohydrate. Two samples were also
used for measurement of biological sblids concentration.
This procedure was repeated at each sémple point.  In some
experiments, aliquots were also removed for replica‘
plating with the initial and final samples. As will be
noted in the results secfion, a specific enzymatic capa-
bility determination was performed in some of‘the experi-
ments. - In those cases an extra Sample was removed from
each reactor, and all samples were centrifuged ten minutes

at 37,000 RCF in the RC2-B refrigerated centrifuge.

2. Continuous HFlow Experiments

The first set of experiments was performed at a de-
tention time of six hours (D=0.167 hr~'). A detention
time of four hours had been tried, but the population was
not stable at that flow rate; After all units had been
shocked at D=0.167, the flow rates were changed and the
second set was run at D;;OoOBB, or a detention time of
twelve hours. The reactors Were allowed to_stabilize and
run at '""steady state"fof several detention times and then
the feeds were changed by adding 1000 nmg/1 COD due to a
carbohydrate (either gluCQSe, fructose, or ribose). One
25 ml and two 10 ml samples were.removed periodically,

directly from the reactor, and centrifuged at 37,000 RCF
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for 10 minutes in a Sorvall RC2-B refrigerated centrifuge,
After centrifugation, the supernatant was carefully
removéd from the 25 ml samples; 10 ml wefe used for the
determination of COD and 10 ml were frozen for later anal-
yses of lysine and carbohydrate. The remainder was
filtered in order to-determiﬁerfhejbiOIOgical'solids con~
centration. The supernatant$ wefe‘discarded’from the two
10 ml samples and the'qelis used'for_the determination of
the specific.enzymatic cépability and the‘protein concen-
tration. This procedure_wasvfollowed until the new
""steady state' was reached. The carbohydraté was then
removed from the feed and the. sampllng procedure was fol-

lowed until the system had agaln achleved"steady state'.
C. ‘MéthOds of Anélysis

Except where hoted, the procedures used in the batch

and continuous flow experiments were the same.

1., Biological Solids

Grévimetric deterﬁination~of biological solids was
performed by filtration through membrane filters (0.45H
pore size, Millipore'Filter Corp., Bedford, Méss.) as
described in Standard Methods (70). By plotting biologi-

cal solids versus the corresponding optical density, a

standard curve was prepared for each batch experiment.
This curve was then used to convert theyoptiéal density

readings of other samples to biologiéa1 sqlids . |
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concentration so that all results are reported as biologi-
cal solids concentration. The gravimetric proeedure was
used on all samples in the continuous flow experiments.
Biological solids concentratien, mg/l9 is represented by

X in the equations and figures.

2 Cell Protein

The protein content of the cells was determined only
in the continuous flow eﬁperiments. After the supernatant
was discarded, the cells frem one 10 ml sample were re-
suspended in 10 ml of distilled water by repeated rapid
aspiration with a pipette and stored at -15°C for later
analysis. Protein was determined on the suspension by the

Folin-Ciocalteau method (71).

3, Chemical Oxygen Demand

The COD procedure employed was the alternate method
given in paragraph 4.5, Section.IV, of Standard Methods
(70) for 40 ml sample size (batch experiments) or 20 ml
sample size (continuous flow experiments); Mercuric
sulfate and silver sulfate were used at all timeel A
check of the procedure using lysine, glueose, fructose,
and ribose yielded COD wvalues that were greater than 95%
of the theoretical values, thus validating the applicabil-

ity of the COD test.
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4, Lysine

The concentration of lysine in the samples was deter-
mined by use of an acidic ninhydrin test as proposed by
Chinard (72). Ammonia nitrogen does not interfere with
the test, and proliné, ornithine, and hydroxylysine are
the only other amino acids which react significantly. All
reaction volumes weré doubled, and the absorbance was read
at 450 nm. The linear correlation coeffiéient between
lysine concentration and optical density was 0.999. For
ease of comparison, results were expressed as equivalent

COD values (1 mg/l lysine = 1.53 mg/1 COD).

Se Glucose

The concentration of glucose in the samples was de-
termined by the enzymatic Glucostat test (Worthington
Biochemical Corp., Freehold, N. J.). In the continuous
flow experiments, for concentrations below 60 mg/l, the
dilute sample procedure was employed wherein the reagent
was made to 50 ml instead of 90, and equal portions of
reagent and samplé were used. Results are expressed as

equivalent COD (1.00 mg/l glucose = 1.06 mg/l COD).

6, Fructose

The resorcinol test was used for the determination of
the fructose concentration in the samples and the results
are expféssed as equivalent COD (1.00 mg/l fructose =

1.06 mg/1 COD) (73).



7 Ribose

The ribose concentration in the samples was determined
by the orcinol test (71). (1.00 mg/l ribose = 1.07 mg/l
COD).

8, Replica Plating

A replica plating technique (74) was used to ascer—
tain whether there had been a shift in the population
during a batch experiment. At the initial ahd final sam-
ples, aliquots were removed from each reactor, diluted,
and plated on minimal medium coﬁtaining all of the salts
of the experimental medium. Because the substrate concen-
tration was 1000 mg/l COD (and in order to prevent precip-
itation) the sélts were at one-third the concentration of
the liquid medium (which had substrate conceﬁtrations up
to 3200 ng/l). A spread plate technique was‘u‘sedo The
initial plating was done on agar containing both lysine
and a carbohydrate and the plates Were incubated at 25°C.
After about thirty;six hours, the plates were replicated,
using sterile pads, onto lysine agar, carbohydrate agar,
and the mixed substrate agar. The colonies on the single
substrate plates were compared to each other and to the
mixed substrate replica to determine whether all colonies
could use both substrates. This technique was used only
as a rough check, and statistical analySis was not

attempted.
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9, Specific Enzymatic Capability

a. Batch Experiments. At various sample points,

aliquots were centrifuged, the supernatant discarded, and
the cells resuspended in a solution containing lysine,

500 mg/1 (as.COD); 1.0 M potassium phosphate buffer,

pH 7.0, 33 ml/1; éhloramphenicol, 100 mg/1; and actidione,
100 mg/l. The sample size and the amount of test solution
used to resuspend the cells were adjusted so that the cell
concentration for the test was betweén 200 and 300 mg/1
dry weight. After aeratioﬁvfor one’hour,vthévsamples were
centrifuged again and the supernatant analyzed for lysine.
The final lysine concentration was subtracted from the
initial value and the results were expressed as mg/1 lysine
COD removed per hour per mg/l cell mass. Since the
chloramphenicol'and actidione prevéntéd further protein
synthesis, and since no glucose wés present to exert an
inhibitory effect, the test was’a‘measure of the enzymatic
capability of the cells at thé time that they were re-
moved from the experimental reactor (75). A series of
tests was run at various cell concentrations ﬁo determine
whether lysine removal was linear‘during the one hour
incubation time. The results showed that there was an
immediate uptake (within the first minute) followed by
linear substrate removal. Both the immediate.uptake and
the linear removal rate were proportional to the cell con-
centration. Because the significant consideration is the

total amount of lysine removed, it was decided to include
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the initial uptake in the enzymatic capability value, thus
giving a relative test, not an absolute one. The initial
lysine concentration was determined from analyéis of the

test solution.

b. _Continuous Flow_EXperiments. Ten ml aliquots

were centfifuged, the supernatant‘diSCarded, and the cells
resuspended in a solution like that_used in the batch
experiments. After aeration for one hQur the sﬁépensions
were filtered directly through membrane filters (0.45 p
pore size) and the supernatant analyzed for lysine.
Usually the liquid passed through in one minute, but the
maximum filtration time allowed was five minutes. (Since
the majority of the liquid passed in the first minute,
allowing five minutes‘for filtration‘contributes much less
than the apparent!eight‘per:cenf efror.) The amount of
test solUtibn used_to‘resuspend‘the’celié was varied so
thaf there was always at least 100 mg/l 1yéine COD left in
the solution at thé end.bf the one hour period; this
tended to insure that'lyéine would not become raté |
limiting. A test was run to check for_lysineanSOrptiOn
on membrané filters and it was found that the 1ySihe'che
centration in the filtrate was 87.2% of the unfiltered
value. This value is;baSed on a total of 56 samples, 28
filtered and 28funfiltered. _After correction for lysine
adsorption, the final lysine concentration was subtracted
from the initial value and thé results were-expressed as

mg lysine COD removed/hr/mg cell protein (EC/P).
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10, Maximum Specific Growth Rate

In order to determine any variation in the kinetic
traits of the seed culture, the maximum specific growth
rate_(pm) on lysine was determined for every batch experi-
ment. Four flasks containing 100, 200, 400, and 800 mg/l
lysine COD, respectively, were seéded with the same cul-
ture as the experimental reactors. Growth was followed by
measuring optical density of 540 nm as described previous-
ly. The growth rate, K, at each substrate concentration,
L, was obtained by measuring the slope of the straight.
line portion of a semi-log pldt. The maximum specific
growth rate (Monod kinetics) (76) was obtained by the use
of an Eadie plot (77) of L/u versus L. The same procedure

was used to determine‘pm on glucose; fructose, and ribose.
D, Methods of Calculating and Plotting

1. Batch Experiments

Biochemists and microbiologists determined some ﬁime
ago that the study of the synthesis of a cellular constit-
uent as a function of time is difficult to inﬁerpretj
because the rate of synthesis depends upon both specific
and nonspecific metabolic factors. Therefore, instead of
considering the time rate of ehzyme (E) synthesis, dE/dt,
they consider the rate relétive to the total rate of
protein (P) synthesis, dE/dt /dP/dt = dE/dP. The term

"physiological time' (dP) is substituted for '"absolute
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time" (dt), and the relationship dE/dP is called the

differential rate of synthesis, 5 (78). Usually, since

the protein content of a culture is a constant percentage
during the exponential growth phase, the bacterial mass,
X, is measured instead of P, and the expression dE/dX is
used. When a growing culture is being studied, samples
are removed periodically'for thé determination of cell
concentration and enzyme content. The method of deter—
mining the enzyme contént, E; may involve whole cells,
purified enzyme, or whatever means is suitable. 'E is then
plotted versus the bacterial éoncentration, X, at the time
the sample‘was<taken, and the,slope,‘dE/dX, or the differ-
ential rate of synthesis, S, measured.

Metabolite repression has been defined as a decrease
in the rate of synthesié of a particular enzyme in rela-
tion to the rate of formation of other proteins (35). If
metabolite repression is being investigated, two”reactors‘
are used, one with the inducer only (the control) and one
with the inducer plus a second compound whose effect is
being studied (the mixture). A plot of enzyme content
versus solids is made for each reactor and the differen-
tial rate of synthesis, &, 1s calculated for each system.
If S

is greater than S y, then metabolite

control nixture

repression has occurred.
In biological process engineering, a similar approach
must be taken in order to determine whether one substrate

in a reactor has interfered with the removal of another;
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i.e., changes in a culture in relation to physiolqgical
time must be considered instead ofvabsolute time. The
following text should_Serve to amplify the approach taken
in the présentystudyo First,COnSider an.absolute time
plot of substrate concentration in a reactor. The point
slopes of the curve, R;.are thé rates atfwhich the partic-
ular substrate is being‘removedvby the,culture and are a
measure of‘the tota110ver-a11 enzyme activities of the
culture at thevtimes-of méaSﬁreﬁént.' The important dif-
ference between‘thisItotal'ovér—all activity and an

enzyme assay is that an assay is a measurement of enzyme
content, unaffected by any compounds in the growth medium
which may inhibit their activity;v:Thelsubstrate removal
curve,.however; measﬁres_the activities of fhe enzynes in
relation to all other substances in the cell and in the
mediﬁm, If the substraté rémovél rates; R, are plotted
versus the biological solids'concéhtrations iﬁ thé medium
at the corresponding times, a'plot‘similar to that used by

biochemists is obtained, and the slope, dR/dX, could be

called the differential rate of activity, A. If A . .
is lessvthan ACOntrol’ then sqme metabolic control mecha-
nism has been operating because eaéh unit 501ids'change in
the mixed reactor has not resultéd in the same change‘ih
total enzyme activity as a dorresponding unit solids
change in the control reactof, ‘Sincebthe'substrate

removal rate, R, measures the.totalioVer—all activity and

not actual quantity of enzyme, a decrease in the
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differential rate of activity, A, could be the result of
either an inhibition of pre—formed enzyme activity or a
repression of new enzyme synthesis. _

The "specific enzymatic'oapability”.of the cells is
measured with:cells that have‘been removed from the reac-
tor and washed, S0 that‘they'ane'no longer}influenced by
any inhibitors in the medium. Since this test is similar
to a whole cell assay'(79)5>the}enzymatngcapability may
be thought of as being roughiydeonitaient tovthe enzyme
content of the cells. If the SpeoificienZymatic capability
(mgCOD/hr /mg cells) were multlplled by the concentratlon
of SOlldS in the reactor at the . tlme the sample was taken,
the result_would:be the"total‘enzymatlc capability" of
the culture, EC(mgCOD/hr/l).d If the value of EC were
plotted versus the blologlcal SOlldS, the slope of the
resulting curve, dEC/dX, would be analogous to the dlffer—
ential rate Of‘Syth681S, S._ As‘w1th an enzyme assay, if

is less than S

Smixture l,vthenbrepness1on'of

contro
synthesis has occurred. '
Using the reasonlng above, the‘curves shown 1n the
results sectlon were obtained in the follOW1ng way. The
substrate curves were plottedvarlthmetlcally versus time:
and then graphically differentiated to obtain.the_slope,
R. R was then plotted Versns.the biological‘solids, X, at
the corresponding‘time_in-orderdto_deternine dR/dX, the
differential rate of aotivity, A, Similarly,vthe totai
enzymatic capability of_thevoultUre,3EC,vwas plotted |



versus the solids, X, in order to obtain the differential
rate of synthesis, S. Thus, it was possible to distinguish
between substrate interactions involving repression of
enzyme synthesis and inhibition of enzyme action.

The COD due to excreted metabolic intermediates was
calculated by subtracting the sum of the lysine and carbo-

hydrate COD values from the total COD.

2 Continuous Flow Experiments

In order to show the reéponsé of the reactors to the
shock load, time plots of the various parameters were used.
The actual lysine removal rates in the reactors (specific
substrate removal rate) werevcalculated and-plbtted Tor
comparison with_thé specific enZymaticvcapability of the
cells. The balance equation‘for subétrate in a conmpletely

mixed, continuous flow reactor is:
Change = Inpﬁt ~ Output - Consumption
or: dL/df = (£/V)L, -~ (£/V)L - Consumption
Consumption = (£/V)(L, -~ L) - dL/dt

(69). Since consumption is the total substrate used per
unit time, the specific substrate removal rate with re-
spect to cell protein is the consumption divided by the
protein concentration, P. Thus, the specific substrate

(£/V) (L, “? = 4b/d%  ypere T is

removal rate is (BR/P) =

the flow rate, V is the volune, L1 is the influent lysine
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concentration, L is the lysine concentration in the reac-
tor (and consequently in the effluent), and dL/dt is the
rate of change of lysine concentration in the reactor,
measured by graphically differentiating the plot of lysine
versus time. During steady state operation, dL/dt is

ZET0.
E. Chemicals

L-Lysine was obtained as L-lysine-HC1l from Nutritional
Biochemicals Corp., Cleveland, Ohio. Chloramphenicol and
sctidione were obtained from Calbiochem, Los Angeles,
Califofnia. - Glucostat is produced by Worthington Bio-
chemical Corp., Freehold, N. J. Fructose and ribose were
from Eastman Organic Chemicals, Rochester, N. Y. All

other chemicals were reagent grade.



CHAPTER V
RESULTS
A, Preliminary Experiments

Twenty-six preliminary expériments were run to screen
for an effect of glucose‘ﬁpoh the‘ratés of removal of _
amino acids. FQurteen amino -acids and one amide were
studied.v The experimentai méthods uSéd in those experi-
ments differedbéOmewhat from the‘methods outlined in
Chapter IV and have béen_preSéntéd elsewhere (18).‘ The
~ seed for each experiment was started f;om'sewage.and-grown
in shaker»flasks through three transferé,on ﬁhe particular
amino acid under study. The expefiméntal pfotocol:itself
was essentially the same as that in'Chapter Iv, except
that growth was foilbwed_by‘dptical density only. In the
first sixteen experiments, the amino acid concéntration
was obtained by subtracting the glucose COD from the total
COD, and was vefified‘roughly by paper chromatbgraphyq In
the last ten experiments, the amino acid concentrations
were defermined quantitatively using a ninhydrin test onk

samples pretreated to remove ammonia nitrogen.

”
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1. Experiments in Which the Amino Acid

Concentrations Were Determined by Calculation

The amino acids screehed in this preliminary series
were glycine, alanine, valine, serine, léucine, isoleucine,
aspartic acid, glutamic acid, threonine, lysine, histidine,
arginine, cysteine, and phenylalanine. The_amide
asparagine was also studied. Glucose had no effect upon
the removal of valine, serine, isoleucine, arginine, or
histidine so no additioﬁalvexperiments were performed with
these compounds. Some degree.of interaction was found for
all of the‘others, and the experiménts were repeated using
‘the ninhydrin test so that more definitive results could

be obtained.

2, Experiments in Which the Aminoe Acid

Concentrations Were Determined by Ninhydrin

Figure %, plots of amino acid removai rate versus
growth.(ieeo, biological solids as optidal density) fbr
eight amino acids, shows that glucose exerted the strongest
effect upon the differential rates of activity (A) for
lysine, glycine, and 1euc.i'né° »CﬁrVes aré'not shown for
two substrates, cysteine, and threbnine° Glucose and
cysteine had a mutually antagonistic effect upon each
other, but the ninhydrin results were not satisfactory and,
thus, no curve is presented. Growth on threonine was
eitremely slow with only 200 mg/l being removed in 48

hours. Lysine Was chosen for the more detailed



Figure 3. Effects of Glucose on the Rates of Removal (R) of Amino
Acids by Cells Growing on Both the Amino Acid and
Glucose _ ' '
(The seed was started from sewage and grown through
three transfers on the amino acid. A) Aspartic acid,
B) Glutamic acid, C) Lysine, D) Asparagine, E) Phenyl-
alanine, F) Glycine, G) Alanine, H) Leucine. :

O = Removal rate of amino acid, R, in the control"
reactor.
® = Removal rate of amino acid, R, in the mixed

reactor.)
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investigation because it showed a significant effect with
glucose (Figure 3c) and grew at a rate fast enough to
allow experiments of reasonable duration. Growth on
glycine was very slow and growth on leucine could have
been complicated by the‘relatiénships between isoleucine,

valine, and leucine synthesis.

B. Batch Experiments

1. Inducibility;ﬁ‘Lysine Degrading Enzyme System

Because metabolite~repres$ion is involved in the con-
trol of synthesié of inducible catabolic enzymes, it was
necessary to show that»the lysine dégrading enzymes are
inducible (37). 8o that the lysiné degrading enzymes
already presént could be "diluted out",ceilé were removed
from the stock reactor and transferred'to a reactor con-
taining only glucése as avcarbon source.‘ After twelve
hours, these éells were uéed to_seed two experimental
reactors, one containing 1ysine and the other glucose.
Samples were remo?ed at various times as described in
Materials and Methods and the celis were analyzed for
their enzymatic capability to remove lysine° The results,
shown in Figure 4, demonstrate that the cells placed in
the presence of lysine formed the enzymes for lysine
degradation much more rapldly than those not in the
presence of lysine. Thus, the lysine degrading enzyme
system fits the definition of an '""adaptive'’ or '"inducible"

enzyme system (34).



Figure 4. Demonstration of the Inducibility of the
Enzymes Degrading Lysine
(The seed was grown through one transfer
on glucose.

Hm on lysine = 0.38.

0

i

Enzymatic capability of the culture
growing on lysine, S5 = 1.05,

@ = Enzymatic capability of the culture
growing on glucose, S = 0.03%6.)
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2. Changes in the Kinetic Characteristics

of the Stock Reactor

Figure 5 is a plot of the maximum specific growth
rate, Hm, on lysine of the experimental cultures, as
determined in shaker flasks, during the course of this
study. The numbers above the points refer to experiment
numbers and are provided as an aid in the interpretation
of the results. The values for b began to decrease on
the 100th day and after the 109th day the culture no
longer turned green, a color'that had been characteristic
of the mixed liquor since initiation of the culture.
Plates made on the 1l2th day indicated a predominance of
fungal colonies, so the culture was discérded and the re-
actor reseeded with slants made:on_the,95rd day. The
growth rate was higher‘aftef the‘reseeding, but started
decreasing again, andbfrom the 140th-untilrthe 149th day
only light green pigment was produced. -Theré:was no
evidence that fungi,wefe presenﬁ in the culture at this
time, because on the 138th day fhére were seVeral types of
bacterial colonies present on the plates. Growth curves
measured on the 148th day had a very short exponential
growth phase followed by a very long declining phase so
the reactor was reseeded again the next day using a
"day-93'"" slant. The culture was discarded on the 158th
day s but when more ekperiments were necessary it was re-
started from a "day-93" slant and used for three more

experiments. The last two experiments were performed on



Figure 5. Variation in the Maximum Specific Growth Rate, Pm, on Lysine in Shaker Flasks
During the Course of the Experiments '
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cells taken from slants and grown in batch through one
transfer on lysine and three‘on the carbohydrates.

It éppears, then, that the culture was subjected to a
"fungal take-over'" on day 112, and that after reseeding a
predominance shift or mutant take-over occurred. As will
be pointed out later, the substrate removal patterns were
altered after Hm decreased in the culture. However, since
experiment 48 was done with glucose and gave the same
metabolic response as the previdus glucose experiments,

the control mechanisms operative appear to be the same.

3.  Experiments With Glucose

a. Effect of Glucose Upon the Lysine Removal Rate.

The object of this set of experiments was twofold: to
ascertain.whether glucose had an effect upon the differ-
ential rate of activity, 4, of the experimental culture
and to determine Whether that efféct was dependent upon
the concentrations of glucose and lysine in the reactors.
Four experiments were run in this set, eéch with a dif-

- ferent concentration of lysine, and Within each experiment,
four glucose concentrations were employed. The nominal
concentrations of glucose and lysine wére.400, 800, 1200,
and 1600 mg/l, as COD. Plots of lysine removal rates, R;
versus solids concentration, X, are presented}in Figure 6
and demonstrate clearly that.the presence of glucose in
the medium decréased the differential rate of activity, A,

of the cultures. Arrows are used to denote the points at



Figure ©. Effect of glucose on the Lysine Removal Rate
(R) for Cells Growing in the Presence of
Both Lysine and Glucose | _
(The seed was grown on lysine. The slopes
of these curves are the differential rates
of activity, A. ‘

O = lysine only; A= lysine + 400 mg/l
glucose COD; o

O= lysine + 800 mg/l'glucbée,COD;:
v = lysine + 1200 mg/lbglucose COD;
O = lysine + 1600 mg/l glucose COD.

a. Expt. No. 20
Lysine concentration
pm on lysine = 0.56.

b. BExpt. No. 21
Lysine concentration
b, on lysine = 0.40.

c. Expt. No. 23
Lysine conc ntration
b, on lysine = 0.58.

d. Expt. No. 22
Lysine concentration = 1600 mg/1 COD.
p_on lysine = 0.38.)

400 mg/1 COD.

Lix

800 mg/1 COD.

i

1200 mg/1 COD.

m
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which all giucose had been removed from the medium.

In order to evaluate the effect of substrate concen-
tration on the differential rate of activity of lysine
degrading enzymes, the slopes (4) of the straight line
portions prior‘to the-remoVal‘of_glucose were calculated.
These values are presented in Tablé'II, as are the sub~-
strate concentrations in‘the reactors. There was no
straight line portion for the reactor containing 800 mg/1
lysine COD plus 400 mg/l glucoseg therefore, the value of
A could not be calculated for the sysfem. An examination
of Table II and of Figure 6 shows that there was variation
in the A values for the foﬁr control reactors. This vari-
ation was probably caused by population changes in the
stock reactor between experiments; it is noted that the Mm
values varied also. In order to compare experiments, the
A value‘for each mixed reactor‘was divided'by the corre-
sponding value for its control. The ratios are'presénted
in the last coiumn of Tablé IT. Allinear‘correlation
‘coefficient was calculated ﬁor Amixture/Acontroi versus
lySine COD/glucose COD, and as expected it was quite low,
0.255, Examination'of the data for each experiment and
for the entire set shows that glucose did have an effect
upon the différential rate of activity, A, in the mixtureé,
but that there is little or no correlation between the
ratio of lysine COD/glucose COD and the extent of the
effect. |

Replica plating was performed in this set of



TABLE II
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EFFECT OF THE CONCENTRATIONS OF LYSINE AND GLUCOSE ON THE

DIFFERENTIAL RATE OF ACTIVITY, A, OF LYSINE
DEGRADING ENZYMES IN CULTURES
GROWING ON BOTH COMPOUNDS

Glucose

Lysine COD

Figure Lysine A A .
No mg/1 mg/1 Glucose COD KE&EEEEQ
CoD COD control
6a 333 . 0 Control 1.10 S
ba 336 290 0.86 0.69 0.63
ba 242 758 0.45 0.77 0.70
ba 242 1182 0.29 0.70 O.04
ba 350 1542 0.23 0.69 0.63
6b 715 0 Control 0.95 2
6b 727 416 1.75 n.d. n.d.
6b 720 784 0.92 0.40 0.42
©b 737 1213% 0.61 0.42 O.44
6b 7 34 1572 0.47 0.40 0.42
6C 1120 0 Control 0.92 o
6c 1147 407 2.80 0.27 G.29
6c 1120 784 1.43 0.37 0.40
6c 1158 1165 0.99 0.38 0.41
6c - 118% 1562 0.76 0.32 0.35
6d 1428 0 Control 0.77 e
6d 1450 284 Z,78 0.4% 0.56
od 1459 788 1.85 0.39 0.51
od 1459 1172 1.24 0.44 0.57
6d 1470 1483 0.98 0.3%2 0.42
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experiments, and the results showed that there were no
drastic shifts in predominance in the reactors. In gen-
eral, all colonies that‘could grow on lysine could grow on
glucose, and vice—vérsaé therefore, the response of the

population was an '"en masse' one.

b. Inhibition Effects of Glucose Upon Lysine Removal.

After it had been established that glucose had an effect
upon the ability of the cells to remove ljsine, experi-
meﬁts were designed té gain‘an insight into the nature of
that effect. ©Six reactors were prepared, three without
glucose and three with 1600 mg/l1 glucose COD; one reactor
of each type contained 400 mg/l lysine COD, one 800, and
one 1200. The normal medium was used with the addition of
100 mg/1 of chloramphenicol and 100 mg/l of actidione to
prevent further protein synthesis (75). Each reactor was
seeded with a microbiél‘pOpulation grown on lysine; the
initial biologicél solids concentration in each reactor
was 180 mg/l. Since no new enzymes could be formed, all
substrate removal would be due td’enzymes already present
in the cultures and any retardation of 1ysiné removal
would be due solely to inhibtion of activify of those
enzymes. Samples were removed and analyzed in the stan-
dard manner and it was found that glucose had no inhibi-
tory effect upon the activity of pre-formed enzymes.

In two common organisms, Aercobacter aerogenes and

Pseudomonas aeruginosa, it has been shown that at least

one pathway of glucose catabolism is inducible (35) (80).
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If this were the case in the culture under study (which
had predominantly gram-negative organisms), the effect of
the inducible glucose paﬁhway could not have been measured
because chloramphenicol would have prevented the synthesis
of the pathway. Thus, a second experiment was performed
in which the lysine-acclimated ceIISTWere allowed to grow
through one tranSfer in a mixture of glucose and lysine
prior to use. The results are shown in Figure 7, and
demonstrate that glﬁcose had a very minor inhibitory effect

upon the activity of pre-formed lysine degradative enzymes.

C. Effect of Glucose Upon the'Differential Rate of

Syntheis of Lysine Degrading Enzymes. Since only a minor

portion of the glucose effect was due to an inhibition of
the activity of pre-formed enzymes, the foect observed
was in all probability due to metabolite repression which
reduced the rate of synthesis of the lysine degrading
enzymes. 1t is vefy difficult to prepaie a representative
.enzyme_extract from a non-pure cultﬁre, due to differences
in efficiency of rupturing‘different species,'so a whole
cell assay, the enzymatic capability test, was used. In
this test no inhibitory effecﬁs shduld be measured since
during the test procedure the cells are no lbﬁger in con~
tact with glucose or its extracellulér métabolic products.
Therefore, a change in the enzymatic éapability should be
proportional to a change in the level of lysine degrading
enzymes within the cells. Theré are limitations involved

in the use of whole cell assays, but as long as these are



Figure 7. Effect of Glucose on Lysine Removal Under
Non-Proliferating Conditions (Expt. No. 26)
(The seed was grown through one transfer
on lysine plus glucose. Initial biological
solids in all reactors was %25 mg/l.

O = 400 mg/l lysine COD;
A = 800 mg/l lysine COD;
o = l200'mg/l lysine COD;

® = 400 mg/l lysine COD + 1600 ng/1l
glucose COD3

A = 800 mg/l lysine COD + 16OO mg/1
’ glucose COD . _

m = 1200 mg/1 ly81ne COD + 1600 mg/l
glucose COD.)
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recognized the test should allow a comparison of the
enzymatic cépability at bne'time to that at another in the
same reactor (79). . |

Three reactors were used in the first experiﬁeht:
one with 1200 mg/l lysine COD, bne with 400 mg/1 glucose
COD, and one with 1200 mg/l lysine COD plus 400 mg/1
glucose COD. The 1ysine removél rates, R, were calculated
from the lysine removal curves and plotted versus the bio-
logical solids in the reactors. The enzymatic capabili-
ties of the cells, EC, were also determined in accordance
with procedures previously outlined and plotted as dashed
lines in Figure 8. Although the enzymatic c¢apability was
also determined in the glucose control, the values are not
shown on the graphs for the sake of clarity. These curves
show clearly fhat'the_effect of glﬁcose is due to a de=
crease in the differential rate of synthesis, S, of lysine
degrading‘enzymétic capability. The arrow shows the point
at which all of the glucose had been remoVéd from the
mixed reactor, and after that point fhe differential rate
~of synthesis, S, (i.e., slope of E curvé) becéme almost
equal to that 1n the control reactor. This occurred even
though the actual removal rate, R, or removal ability of
the culture decreased (the decrease was due to the fact
that the lysine concentfation‘in'the reactor was becoming
- small). The decrease in enzymatic capabilities in the two
cultures occurred‘after thé 1ysine was eliminated and in-

dicates that a degradation of lysine catabolic enzymes



Figure 8.

Effect of Glucose on the Removal Rate (R) and

Enzymatic Capability (EC) for Lysine in a
Culture Grown on Lysine (Expt. No. 28)
(Lysine COD = 1200 mg/l; Glucose COD = 400
mg/l. A is the slope of the R versus
solids plots S is the slope of the EC
versus solids plot.

O = Lysine removal rate, R, in the control
reactor. '

Lysine enzymatic capability, EC, in
the control reactor.

]

il

A = Exogenous intermediates in the control
reactor.

® = Lysine removal rate, R, in the mixed
reactor. '

@ = Lysine enzymatic capability, EC, in
the mixed reactor. ‘

A = Exogenous intermediates in the mixed
reactor., )
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occurred when there was no longer exogenous substrate in
the medium. A comparison of the ﬁotal COD and lysine-
plus-glucose COD values revealed the accumulation of only
minor amounts of exogenous metabolic intermediates.

In the previous experiment, there was an eight hour
lag in the glucose control reacfér before growth occurred,
even though glucose utilization‘startéd immediately in the
mixed reagctor. To avoid thisblag_and tQ'determine whether
prior acclimation to glucosé would influence the results,
the seed for the next éxperiment was grown through 12
hours on a mixture of glucose and lysine. The experiment
was fhen performed in the samé_Way as the previous one
except.thatvthe glucdse éoncentration wasvincreasedbto
800 mg/l.} The results are shown in Figure 9. Again,
glucose caused a decrease in the differential rate of
synthesis, S, and in the differential'rate of activity, 4,
of the lysine degrading enzymes. 1In this case, almost
500 mg/1 COD due to intermediatés of glucose metabolism,
had been excreted into the medium of the mixed reactor by
- the time of glucose removal and these products continued
to exert the same effect upon the rate of formation of
enzymatic capability as had the giucosea After the major-
ity of the intermediates had been removed, the differential
rétes of activity, A, and synthesis, S, increased. There
was no lag in the glucose control, indicating that the
cells contained glucose degrading enzymes prior to the

experiment.



Figure 9.

Effect of Glucose on the Removal Rate (R) and
Enzymatic Capability (EC) for Lysine in a
Culture Grown Through One Transfer on Lysine
Plus Glucose (Expt. No. 29)

(Lysine COD = 1200 mg/1, Glucose COD = 800
ng/l. .

0]

a

Lysine removal rate, R; in the control
reactor. 2

_Ly31ne enzymatic Capablllty, EC, in the

control reactor.

Exogenous 1ntermediates in the control
reactor. ‘ :

Lysine removal rate, R, in the mixed
reactor.

Lysine enzymatic capability, EC, in the
mixed reactor.

Exogenous intermediates in the mlxed
reactor.)
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It has been shown that pre—induction offers a degree
of protection against metabolité repressibn in the 1lac
operon (44). 1In order to invéstigate the effect of pre-
induction for the lysine system, cells were removed from
the stock reactor and gr0wn on glucosebbefore use so that
they would not be pre-induced for lysine. The’results
shown in Figure 10 were obtained uéing cel1s that had been
grown through one tranSfer‘on:giucose.v In the experimen-
tal reactors; the 1y$ine conéentration.Was 1000 mg/1 COD
and the'glucose:was'15OO mg/i.' Again,_afhigh concentra-
tion of metabolic intermediates was‘excreted into the
medium from glucose utilization5.ahd the rate of formation
of enzymatic capability (S)., did not incréase.appreciably
until the concentration deéreaséd. For the experimental
‘results shoWn in Figure 11; the cells were grown through
three transfers on glucosé'before use. The lysine con-
centration in the experiment Was 1000 mg/1 CQD, as was the
glucose,. Again, it was necessary that a decrease in the
concentration of intermediates océur before the‘differen—
tial rate of synthesis, S, of eﬁzymatic capability fqr"
lysine started to increase.

The results bbtained from the last three.experiments

are summarized in Table III. In order to compare results,

/S

it was necessary to calculate the ratio S °control

mixture
because the values for the three controls were different,
as were thellm values. Comparing these ratios for the

three experiments, it can be seen that pre-induction with



Figure 10. .

Effect of Glucose on the Removal Rate (R) and

Enzymatic Capability (EC) for Lysine in a

- Culture Grown Through One Transfer on

Glucose (Expt. No. -39) ,
(Lysine COD = 1000 mg/l, Glucose COD = 1500
mg/1l. S '

O = Lysine removal rate, R, in the control
reactor.

0 = Lysine enzymatic capability, EC, in the
control reactor.

A = Exogenous intermediates in the control
- reactor.

® = Lysine removal rate, R, in the mixed
reactor.

m = Lysine enzymatlc capability, EC, in the
mixed reactor. :

A = Exogenous intermediates in the mixed
reactor.)
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Figure 11..

Effect of Glucose on the Removal Rate (R) and
Enzymatic Capability (EC) for Lysine in a
Culture Grown Through Three Transfers on
Glucose (Expt. No. 48)

(Lysine COD = 1000 nmg/1. Glucose COD =

1000 mg/1.

O = Lysine removal rate, R, in the control
reactor.

0 = Lysine enzymatic capability, EC, in the
control reactor.

A = Exogenous intermediates in the control
reactor.

@ = Lysine removal rate, R, in the mixed
reactor. :

m = Lysine enzymatic capability, EC, in the
mixed reactor.

A = Exogenous 1ntermed1ates in the mixed

' reactor.)
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TABLE III

EFFECT OF PRE-INDUCTION ON
METABOLITE REPRESSION

Figure SeﬁgdSESWth b : Scontrol Smixture Emixtugg
(Lysine) - v Scontrol
9  Lysine +  0.42  1.00 ©  0.43 = 0.43
Glucose (1)=* '
10  Glucose (1) 0.38 0.88 0.3%3 0.37

11 Glucose (3) 0.36 . - 0.74 .0.19 0.26

* = number of transfers
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lysine did offer a small degree ofkprotection against
metabolite repression. Although there was a change in the
meximum specific growth rate, ¥ (lysine) for the three

/S

greater. Replica platihg was not performed on any of

experiments, thebchahge in the ratio & S

T mixture’ “control wa

these systems, but there were no gross (morphological) in-
dications of changes in predominance during the individual
experiments.

In general, the four eﬁzymatic capability experiments
showed that the effect exerted by glucose was due to
metabolite repression of synthesis of the lysine degrading
enzyme system. The results also indicate that glucose it-
self was not causing the effect because the repression was
maintained as long as a high level of intermediates (due

to glucose metabolism) was present in the reactor.

d. Effect of the Removal of NH, Nitrogen Upon

Metabolite Repression. Neidhardt and Magasanik (81)

showed that if ammonia nitrogen were removed from a cul-

ture of Aerobacter azerogenes growing in a mixture of

histidine and glucose, the cells regained a partial abil-
ity to make histidase because histidine was the only
source of nitrogen. To determiﬁe if similarnconditions
would overcome the metabolite repression exerted by
glucose on the synthesis of lysine degrading enzymes in
mixed microbial populations, four reactors were set up,
two with ammonia nitrogen and two without. All reactors

contained lysine, and one of each type contained‘glucose°
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As can be seen in Figure 12, the removal of ammonia from
these systems did not aid in overcoming the glucose effect.
Moreover, aftef the glucose had been removed from the sys-
tem, theré was no increase in the lysine removal rate of
the culture withoﬁt ammonia in spite of a high level of
lysine still in the system. In the lysine reactors, the
removal of ammonia nitrogen had little effect upon the
lysine removal rate until late ;n the experiﬁent when a
decrease in the differential,rate of activity, A, occurred
even though there was still lysine in the medium.

A second experiment was performed in a similar manner,
except that the cells were grown through three transfers
on glucose prior to theirluse;.in addition, the enzymatic
- capability was measured. Figure 13%a is a plof of the re-
moval rate, R, versus biological sélids,.and Figure 12%b is
a plot of the enzymatic capability, EC, in the reactors.
The differential rate of activity, A, and the‘differential
rate of synthesis, ©, were initially greater in the mixed
reactor without ammonia than in the one with ammonia, in-
dicating that the cells were dependent upon lyéine for
nitrogen. However, once a minimal level of lysine de-
grading ability was present, the rates of formation of
enzymatic capability in the reactors wiﬁhout ammonia were
the same aé those in the réactbfs with ammonia. It ap-
pears that although the cells without ammonia had to use
lysine as a nitrogen source, the normal rate of formation

of enzymatic capability in the glucose-lysine reactor was



Figure 12, Effect of the Removal of Ammonia Nitrogen
on the Repression Exerted by Glucose Upon
the Removal Rate (R) of Lysine in a
Culture Grown on Lysine (Expt. No. 27)

O

1200 mg/1 lysine COD + NHI;.
1200 mg/1 lysine COD + 400 mg/1

~ glucose COD + NHI;

1200 mg/1 lysine COD;

1200 mg/1 lysine COD + 400 mg/l
glucose COD. :
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Figure 13. Effect of the Removal of Ammonia Nitrogen on the Repression Exerted by
' Glucose Upon (a) the Removal Rate (R) and (b) Enzymatic Capability
(EC) for Lysine in a Culture Grown Through Three Transfers on -
Glucose (Expt. No. 48) :

1000 mg/l lysine COD + NHi;

O =

@ = 1000 mg/1 lysine COD + 1000 mg/1 glucose COD + NHZ 5
0 = 1000 mg/1 lysine CODj

@ = 1000 mg/l lysine COD + 1000 mg/1 glucose COD.
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sufficient to supply fhe cﬁlture with nitrogen, and, thus, .
there was no further.relief from ﬁetabolite repression,

In the histidine degrading systém.studied by Neidhardﬁ and
Magasanik, there waS a complete fepression of histidase in
the presence of glucose and ammonia nitrogen‘(Sl). Since
there was a 40% derepression in the absence of ammonia
nitrogen but in the presence of glucose, they concluded
that the repressor was a_nitrOgenous compound and that the
partial derepression was necessary for the production of
the repressor. In the’lyéine dégrading sys tem, it:has
been’shown that_complete repression'did.not occur. oSince
nitrogen could be provided to the cells from this "normal
partial derépression“,and more derepression was necessary

when ammonia nitrogen was removed from the medium.

b, Experimepts'With Eructose‘

a. Effect of FruCtosé‘Updn thé'LYsinévRevaal Rate.
As in the previous‘experiménfs’on glucose, the first task
was to ascertain whether fructose'had an effect upon the
differential rate df‘activity_(A)"of,the(éxpefimental cul-
ture and to determine whether that_efféct‘was depehdentr
uponvthe concenfrétions of fructose’and lysine in the
reactors. Ploté of removal réte, R,_versus biological
solids gave straight lines; and the values for A are given
in Table IV with the substrate concentrations. These
values demonstraté that fructose had a minor effect upon

the differential rate of activity‘ahd that the effect was
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TABLE IV

EFFECT OF THE CONCENTRATIONS OF LYSINE AND FRUCTCSE ON
THE DIFFERENTIAL RATE OF AGTIVITY, A, OF
LYSINE DEGRADING ENZYMES. IN CULTURES
GROWING ON BOTH COMPOUNDS

(The seed was grown on lysine alone.
Average A /A = 0.87)

Expt. Lysine conc. Fructose conc. _Lysine COD A A

“No. mg/1 COD mg/1 COD  Fructose COD. KQE&EEEQ

o , ' control
30 498 0. Control = 1.04 mmm-
20 490 ' 482 ‘ 1.01 0.90 0.86
50 498 959 N . 0055 0096 0592
%0 502 S 1402 0.3 0.9 0.86
31 985 0  Control  0.84 —mm-
%1 1000 . u4g2 2.08  0.65 0.77
31 285 - %65 : - 1.02 0 0.77 0©.92

31 %5 1575 . . - 0.72  0.77 0.92
32 1462 o 0 ~ Control 0.85 —mwm
30 1517 490 73,18 0.72 0.85
32 1540 o - 1010 1.52 0.72 0,85

0.72

32 1462 - 1510 -0.97

1R

0.85
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not dependent upon the ratio of.lysine COD/ffuctose COD.
‘Replica plating showed no shift in predominance duriﬁg‘the,
experiments. |

In the previous set‘of expériments, there was a long
lag in the fructosq contfol réactors-before growth began,
indicating the fru@tose was'dégradedbbyian inducible
enzymé system. Therefofe, a similar set,of eiperiments
was performed wiﬁh»¢ells‘grbwn through one trénSfer on
both substfates; Tﬁe résulté of these experiments are
given in Figuré 14 and Tab1e7V.}_The effect of fructose
was a little more severe}#ndéf these'¢§hditi6ns because

the average value erLAmixture/Acontrol was 0.82 versus

0.87 for the fifst'éét. Agai@,.the'ratio of concentra-
tions had no'efféét._ buring fheée experiménts,_muCh of
‘the fructose was_stili in the medium at the time of lysine
removal and less than 125 mg/l COD due to intermediates
nad been exgreted. L :

b. Inhibition Effects of Frﬁdtose Upon Lysine.

Removal. Experimeht 20 was perfofmed‘With cells grown
through one transfer on,frﬁctOSe_and lysine. The cells
were harvested and 225 ng/1 wére.placed in the normal
growth medium with the addition of chléramphenicol‘ahd
actidione to pfeVent further préfein synthesis. Figure
15 shows that fructose had littié, if any, inhibitory
effect upon the uﬁilization'ofulysiné by pre-formed

enzymes , implying that the réduétion in the differential



Figure 14, ffect of Fructose on the Lysine Removal Rate (R) for Cells Growing in the
: Preoence of Both Lysine and Fructose o ’
(The seed was grown through one transfer on lyq4re + fructose.

- O

= lysine only;
A ='1ySine + 500 mg/l fructose COD;
'{D = lysine + 1000 mg/l fructose CODj;
v %_lysine + 1500 mg/l fructose coD.

a. Expt. 33, lysine conc. = 500 mg/l COD

b. Expbt. 34, lysine conc. = 1000 mg/l CCD ~

]

i

c.. Expt. 35, lysine conc. = 1500 mg/l COD.)
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TABLE V

EFFECT OF THE CONCLNTRATIONS OF LYSINE AND FRUCTOSE ON
THE DIFFERENTIAL RATE OF ACTIVITY, A, OF LYSINE
DEGRADING ENZYMES ' IN CULTURES GROWING ON -
BOTH COMPOUNDS

(The seed was grown through one transfer
‘on lysine + fructose)

Expt. Lysine conec, Fructose conc, Lysine COD A

A

No. mg/1 COD mg/l COD = Fructose COD KﬁiEEEﬁs

‘ ‘ control
23 49# ‘ o K 0 - - Control 0.81 ——
33 Lk b7t . 1.03 . 0.65 0.80
23 Lyo ' 914 0,5k 0,72 0,89
33 koo ok - 0034 0,72 0,89
b 980 - 0. Control 0.75 S,
3k 967. ‘ 460 o 2,10 0,61 0.81
3k 967 9l : 1.03 0.61 0.81
3k 980 - 1392 .0,70 0.69 0,92
35 1525 0 Control 0.95 —mem
35 1570 - h9o 3,200 0.67 0.7
35 1570 gk8 1.66 0,74 0.78

25 1587 . . 1453 - 1.08 0,74 0.78

- Average Am/Ac = 0,82



FPigure 15. Effect of Fructose on Lysine Removal Under
Non-Proliferating Conditions (Expt. 36)
(The seed was grown through one transfer
on lysine + fructose. Initial biological
solids in the reactors was 225 mg/l.

O

500 mg/1 lysine COD;

A = 1000 mg/1 lysine COD;
0 = 1500 mg/1 lysine CODj
®

= 500 mg/1 lysine COD + 100G mg/1l
- fructose COD;

A = 1000 mg/1 lys1ne COD + IOOO mg/1
fructose CODy

m = 1500 mg/l lysine CCD + lOOO mg/1
fructosn CODb, )
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rate of activity is probably due to a repression of

synthesis.

c. Effect of Fructose Upon»the‘Differential Rate of

Synthesis of Lysine Degrading Enzymes. The changes that

took place in the stock culture (shift to fungal predomi-
nance) occurred before anyeexperiments.were ruh on the
~enzymatic eapability of the ceils;  The results of one
such experiment (Expefiment 38);fun}after the change
oceurred:and.reseeding Of'the system Waebeccompiished, are
shown invFigure'16, The seed‘had beehvgrown thﬁough one
transfer on lysine pluS'fructoee;_ The most obvious dif-
ference between this experiment and the pre#ious ones was
the failure of the R versus solids pletsete show linearity,
so that 4 is not'consténﬁ4e_Aleo, itIWill‘be noted that

and A

control Anixture PELOY

there was no difference in 4
125 mg/l'éolide,: There was , however, a difference in the
differential rate of synthesis, S, in the two reactors§
whieh indicatee that fructose exerted the smali effect
seen previously by slightly decreaéing the rate of forma-
tion of 1ysine degrading enzymes. It is-possible that the
divergence between the R and EC plots in the individual
reactors was caused by en inhibition of actiVity within
the cells by some metabolite of lysine, because the effect
was present in the control reactor and was relieved when
the cells were removedvf:om the medium. The concentration
of extracellular intermediates and end ?foducts in the

control was less than 50 mg/l when The effect was exerted,



Figure 15.

Effect

of Fructose on the Removal Rate (R) and

Enzymatic Capability (EC) for Lysine in a
Culture Grown Through One Transfer on Lysine

Plus

Fructose (Expt. 38)

(Lysine COD = 1500 mg/l.  Fructose COD;:

1000

mg/l. A is the slope of the R versus

solldS'plot S is the slopP of the EC versus
solids plot.g; .

O‘r.:»

D:

Ly51ne removal rate, R, in the control
reactor.

,Ly31ne enzymatlc capablllty, EC, in the

coentrol reactor.

Exogenous’ 1ptermed1ates in control
reactor.. :

Lysine removal rate, R, in the mixed
reactor. : _

Lysine enzymatlc capablllty, EC, in the
mixed reactor. '

Exogenous 1ntermed1ateu in mixed

reactor.)
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however, no more than had been found in previous experi-
ments. Since the enzymatic capability test is a whole
cell test, caution must be used in assessing the signifi-
cance of small deviations between plots of R and EC.
However, in this case, the magnitude of the divergence is
quite large so the difference probably is significant.
Another experiment (No. 46) was run léter in a simi-
lar manner and it indicated a very slight decreasé in the

differéntial rate of synthesis.’ A was also slightly

mixture

smaller than A

ﬂontrol"and the divergence between R and EC

was much smaller than in the other experiment. There were
fewer intefmediatéslprésent than in the last experiment.

| Experiment:49 wés performed With seed that had been
taken'from a“’day 93” siaht,fgf¢wh through onevtrénsfer on
lysine,vthen thrOugh‘th:ée'on fructQée¢ This experiment
shows esgentlally the same tﬁing as the others; i.e.,
fructose exerted it?,éiigit effectithrough a. decrease in
the differential rate of syﬁthesis'of lysine'dezrading
enzymes, There,was again'ajlargevdiVBrgence between the
R versus X and EC versus va10£s, although less than
20 mg/1 of intermediates were detected. Since the inter-
mediate COD calculation is based on addition of two
experimental values and then subtraction from a third it
is possible that more intermediates were present, bﬁt were
not detected due to expérimental error. |

The value of um in shaker flasks on fructose was

approximately C.17 during these experiments.
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5. Experiments With Ribose

a. Effect of Ribose Upon the Lysine‘Removal Rate.

All of the ribose experiménts were performed after the
change in the Séed culﬁure, and”as the results in Figure
vl? show, the plots of_R versus X in the controls were
curvilinear, with smaller $1opes.than;béf0re the culture
changed. Unlike‘glucose‘or fructose, however, the effect
of ribose was to increase the lysiﬁe remoVal rates, R, in
the cultures. No numerical values for the differential
rates of activity, Aglwere calculated due to the diffi-
culty of obtaining meaningful slopes from the controls.
It does appear, however,vthat the higher the ribose con-
centration, the greater the effect upon A. Little ribose
was used during the period of lysine rémovala'generally
less than 100 ng/1 COD, but the series was not repeated
with seed grown on both compounds because replica piating
indicated the likelihood of a predominance shift in the
culture if this were done. There were several‘types of
colonies on the lysine plates, but only two types made
colonies of normal size on the‘ribbse plates‘in the same
time pericd, and, thﬁs,'itvwas féared that there would be
~a predominance of thbéé'organisms in the culture if the
seed were grown oh'lySine:and fibose, The existence of
several types of colonies,bﬁ;the 1ysiﬁe ﬁlates is teken as
evidence that the culturé‘was‘not‘a single species,

although it was indeed restricted,



Figure 17. Effect of Ribose on the Lysine Removal Rate (R)9 for Cells Growing in
the Presence of Both Lysine and Rlbose :
(The seed was grown on lysine.

= lysine only;

= lysine '+ 500 mg/1l ribose COD;

lysine + 1000 mg/l ribose CODg

< 0O P> O
0

= lysine + 1500 mg/1 ribose COD.

2. Expt. 40, lysine conc. 500 mg/1 COD

it

b. Expt. 41, lysine conc. = 1000 mg/l COD
1500 mg/1 COD.)

il

¢c. Expt. 42, lysine conc.
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The maximum specific growth rate, W, on ribose in

shaker flasks was 0.04.

b. Effect of RiboSe:on Lysine Removal by Cells Under

Non_Proliferating COHditionsp' Figure 18 (Ekpt, 44) shows
that, when growth,was;nrevented;by chloramphenicol and
actidione, ribose had’no,effect upon the rate of lysine
removal; therefore;'rioose had no:influence uoon the rate

of activity of pre-formed enzymes.

c. Effect of Ribose Upon the Differential Rate of

Synthesis of ILysine Degrading Enzymes. Three experiments

(Nos. 43, 45, 47) were run to determine the effects of
ribose on‘the rate ofvformation of enzymatic‘capability'by
cells grown on lysine. The concentrations of ribose in
these experiments were 500, 50, and 1000 mg/l COD,
respectively. In all of}the'eXperiments, ribose increased
the differential rate'of synthesis, S, with the highest
concentration of ribose cauSin@ the greatest effect. Inv
Expt. 45, Flgure 19, the concentratlon of rlbose was

50 mg/1 so- that an accurate measurement of the amount
'removed could be made. Only 15 mg/l was removed during
the experiment rndlcatlnc that the rlbose was probably
being removed for»synthes1s of macromolecules rather than
for use as an energy'source s‘There'was no significant'
difference in the amounts of 1ntermed1ates accumulated in
the two reactors.' '

Thus; ribose appears.tovincrease the rate of synthesis



Figure 18, Effect of Ribose on Lysine RemOVal Dnder
Non-Proliferating Conditions (Expt. 44)
(The seed was grown on lysine. Initial
blolog¢oa1 sollds in the reactors was
212 ng/1.

o

A

500 mg/1 lysine COD;
1000 mg/1 lysine CCD;
1500 mg/1 lysine COD;

500 mg/i yolne COD + 500 mg/l
ribose CODj _

1000 ng/1 1vs1ne COD + 500 mg/1

ribose COD

1500 ng/1 1J51ne CoD + 500 mg/1
J_lbOoe CCoD. ) .
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Figure 19.

Effect of Ribose on the Removal Rate (R) and
Enzymatic Capability (EC) for Lysine in a
Culture Grown on Lysine {(Expt. 45)

(Lysine COD = 1000 ng/l. Ribose COD =

50 mg/l. A is tne slope of the R versus
solids plotsy; S is the slope of the EC
versus solids plots.

O

a

‘Lysine removal rate, R, in the control

reactor.

Ly51ne enzymatic capabllltj, EC, in
control reactor.

Exogenous 1ntermed1ates in the control
reactor. :

Lysine removal rate, R, in the mixed

reactor.

Lysine enzymatic capability, EC, in
the mixed reactor.

Exogenous intermediates in the mixed
reactor.) '
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of lysine degrading enzymes, possibly by serving as a
precursor for RNA synthesis, thereby’improving the effi-

ciency of the cells.
C. Continuous Flow Experiments

A11 of the expefimenfs_at the six-hour detention time
were run first,'then the‘flow rates were dhanged'and the
experiments at a twélve—hour detention time were run.
»However,‘in order to facilitate odmparisonsvof the re-
sponses, the results will be groﬁpéd by éhock éompound:

glucose, fructose, then ribose.

1. Effects of a Shock Load of 1000 mg/1

Glucose (COD) Upon a-Carbon—Limitéd
Reactor (Reactor A)

. SiX—Hoﬁr Detention'Time (D = 0,1677hr;'1). The

results of this experiment are shown in Figure 20, which
is a time plot of the response in the reactor when the
influent was changed from 1000 mg/l lysine COD to 1000
mg/1 lysine COD plus 1000 mg/l glucose COD. Zero time is
the time at which the feed was changéd, whilé'negative
time is prior to thevéhqck. Little glucose utilization
occurred during the first one and oné—haif hours (the
concentration is approximately'equal to the theoretical
dilute-in value), but after that period, degradation of
the carbohydrate started 'and was accompanied by a rapid

accunulation of metabolic intermediates. The



Figure 20. Effect of a Glucose Shock Load on a Carbon-Limited Reactor
(Reactor A) Growing on Lysine at a Six-Hour Detention
Time (D = 0.167) ‘

O = Biological solids conqéntration;

® = Protein concentration;

o = Total CODj;

o = Lysine COD;
'@ = Glucose COD;

@ = Metabolic intermediate COD;

L = Lyéine removal rate per unit of protein (RR/P)j
N _

= Lysine enzymatic capability per unit of protein (EC/P).
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intermediates continued,to'inérease‘in the medium for the
first six hours, and répression of synthesis of lysine
degrading enzymes occurred, so that by the end of that
reriod the enzymatic capability and the specific removal
rate were so low that lysine had started to buildup in the
reactor. It should be noted that up tc this point; no
significant change in protein or biological solids concen-
tration had occurred. The enzymatic capability continued
to decreaée during the first 28 hours, allowing lysine to
build up in the medium until its concentration was 65% of
the influent value. At that time the combination of high
lysine concentration and low intermediate.concentration
(it had beén reduced to 50 mg/i) allowed the repressioﬁ to
vbe diminished, and EC/P;begaﬂ to increase, reaching a new
vaiue of approximately 0.%0. When this ocCﬁrred there was
another increase in growth rate'within the reactor becauée
the solids started incréasing very”fapidiy;' Forty-five
hours after administering the Shock,‘all lysine had again
been removed from the réactor and it was_approaching a new
"steady state.

At the new steady state, there had.been é change in
the physiological characteristics of the cells because the
protein was a morebnormal 55% of the cell mass instead of
the abnormally high value of 85% which had been measured
prior to the shock., Also, the cell yield had improved
because the combination of 1000 mg/l lysine COD plus 1000

mg/1 glucose COD supported 1000 mg/l solids whereas before
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the shock the 1000 ng/l of lysine COD had supported only
200 mg/l of cells. These twd occurrences were observed in
several of thevexperiments. Prior to the shock the
enzymatic capability with respect to protein (EC/P) had
been erratic (probablyvassociatéd with the‘unexplained
disruption of the steady state that héd occurred). At the
new steady state, EC/P was 0.30, or"35%,of'the_value imme-
- diately preceding the'shock."During thé’transient, when
fhe represéion of the‘lysine degfading ehzyme system was
severe, the EC/P‘reached a minimum value of 0.15.

After the shock was removéd (i.e., after the feed was
changed to 1000 mg/l lysine), a washout of the excess |
solids occurred until a new steady state was reached. The
EC/P of the culture did not increase as rapidly as did the
specific substrate removal réte, and it 1s not certain how
this could happen. It could mean eithef that a large
amcunt of lysine was being used fbr‘protein synthesis, or
that the enzymatic capability test was not actuéliy neas-
uring the full enzymevlevel iﬁ.the cells.

A second»expefiment'was performed with glucose‘but it
was only run to the poiﬁt Qf.maximum lysine build-up. The

response was the Samé to that point.

b. Twelve-Hour Detention Time (D = 0.083 hr.-'). At
this flow rate,‘as‘shown in Figure 21, the résponse to the
glucose shock was less severe. Glucose utilization'was
slight for the firét three hours, but once it started

there was a decrease in EC/P, from 0.67 to 0.38. No lag



Figure 21. Effect of a Glucose Shock Load on a Carbon-Limited Reactor (Reactor A)
o Growing on Lysine at-a Twelve-Hour Detention Time (D = 0.083)

= Biological Solids conCentration§
= Protein concentration; |
_=vtota1 GOD;

= LySine COD;,

.G1u¢ose CODy

= Metabolic intermediate COD;

= Lysine removal rate per unit of protein (RR/P);

» > m B 8 O e O
n

= Lysine enzymatic capability per unit of protein (EC/P)
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was experienced befcre thefsolids and protein started to
increase (as found at D = 0.167) so that despite'the_
lowered capability (57% of the preshock'vaiue) there was
onlj a small increase in the lysinebcontent-of the efflu-
ent. It is poss1ble that tne 1ntermed1ates were of a dif-
ferent nature than those encountered in the previous
experiment because they contlnued_to.bulld up until they
reached a'fairly”steady ooncentratioh of about 200 mg/l
during the last 24 hours, althoughtherepression was not as
severe. Since theSe}intermediates Were hot removed, it is
possible thatlthey'were.refraotory iﬁ nature_and did not |
o*nClude the metabolite repressor.of:lead to-the repreSsor.
This bulld—up was observed 1n all experlments on this re-
actor at this flow rate (see Flgures 25 and 29) |

© As in the prevlous_experlment (D = 0.167 hr.”'), there
was a physiologioaltchahge.io‘the'Culture.fesqiting in a
decrease in the'per,ceﬁtvproteinvto;a'more'?normal“vvalue,
and an increase iﬁ cellfyieid; 'AtgthiS‘flowvrate; the
repression was not as severe beeaﬁse‘EC/P did not 'over-
shoot", but'stabilizeqeoireotly at;the new"Steady state"
» concentration. Aftef the~Shock was’removed, EC/P returned

to a value slightly higher than that prior to the shock.

2. Effects of a Shock Load of 1000 mg/l Glucose

(COD) Upon a Magnesium-Limited Reactor (Reactor B)

It would be reasonable to expect that when a nutrient

other than the organic substrate is limiting in a reactor,
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the response to au.inorease in organic loading cannot be
an increaSe'in‘proteinosyﬁthesis because the limiting
nutrient has not.been changed. :If.more organicvsubstrate
is added to the influent, the effluent COD will increase
because the total rate of COD utilization must stay ap-
proximatelj the same. If the second (added) compound is
capable of;causing metabolite repression of enzymes for
degradation of the first compound, itrwillvcause_an addi-

tional leakage of the first compound in the effluent.

,a; Six—Hour Detention Time, (D = 0. l67'hr.‘1) As

shown in Eigure 2?, when glucose was 1ntroduced 1nto ‘the
reactor, the. concentration followed the theoretical dilute-
in curve for.the first hour and.one—half, 1nd1cating no

v utilization, and thus, there was no change 1n the
enzymatic capability or lys1ne removal rate of the culture.
However, as soon as glucose utilization started, severe
repression of the synthes1s of lys1ne degrading enzymes
occurred because tpe enzymatic capability oonformed to a
theoretical wash—out.curve for three,hours. -After 20
hours, . repression WasileSS severe;becauseva new steady
state was finally reached in which EC/P was 46% of the
unrepressed value. In the new steady state, the 1000 mg/l’
of glucose COD added to the meédium replaced only 750 mg/l
of the 1500 mg/l lysine CODvbeing_uSed by the culture prior
to the shock so that it is possible that if more glucose
had been provided the repressiouFWouldchave been more.

severe. There was no increase in proteinvsynthesis,



Figure 22. foect of a Glucose Shock Losd onra Magne51um~L1m1ted Reactor
(Reactor B) Grow1ng on Ly51ne at a Slx-Hour Detentlon Tlme
(D = 0.167 hr.”%)

= Blologlcal solids concentration;

= Prdtein concentrations o |

= Total CODj

- Lysine COD;

= Glucdsé CCD;

- Metabolic intermediate CODj

=_Lysine removal rate per unit of protein (RR/P) ;

» > m O B O e O
t

= Lysine enzymatlc capab111ty per unit of proteln
(EC/P)
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coenfirming the biosynthetically restricted nature of the
mediunm, but there was an increase in cell mass, possibly
due to an increase in stored carbohydrate material. Unlike
the cells in the carbon-limited system, which were 85%
protein, the cells in this reactor were 56% protein and
were encapsulated'with a slimy capsule that was visible
with India ink staining. The latter characteristic was
common to all of the magnesium-limited experiments. After
the glucose wasvrémOVed from the feed, the enzymatic capa-
bility started to increase immediately, indicating a re-—
lease from represSion, and retufned to approximately the
pre-shock value, asidid the other parameters. The inter-
mediates in.the reactqr were higher under nonwshoék con-=
ditions (60 mg/l)‘than they had been in the carbon-limited
system ﬁnder similar-cdndiﬁions (éO‘mg/l), but this would
be expected because of the biosynthetic restriétion.

As a check, ancther expériﬁeﬁt was run at this flow
rate and gave similar results for the first‘28 hours ,

after which the shock was removed.

0.083 hr," 1),

]

b. Twelve-Hour Detention Time (D

jay)

[
g

Because of the greatly increased yield at slower growth
o w J ) -

>

i-.Ja

wag necessary To

m .

53

o

rates when nagnesium is 1limi-

bt

5
decrease the magrnesium concentration in the medium to
maintain approximately the same solids level (82) (8%).
However, as shown in Figure 2%, the final concentration of

cells in the reactor was lower than at the other detention

time. Prior to the shock EC/P was 0.60 but was reduced to



Figure 23. Effect of a Glucose Shock Load on a Magne81am~L¢m*tea Reactor
- (R ﬁactor B) Growing on Lysine at a Twelve—Hoar Dntentlon

Ti

0]

CH

P D B D B O @

e (D = 0. 085 hr.” )

Biocleogical solids concéntration;-

Protein concentratidn; |

Total COD;

Lysine COD;

Glucose COD;

Metabblio intermediate COD;

Lysine removal rate per unif-of protein (RR/P);

Lysine enzymatic capability per unit of protein
(EC/P)
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approximately 0.15, or 25% of its formef value,due to the
metaboliém of glucose. As would be anticipated by thé
theory of metabolite repression, the Iepressién observed
here was greater'than that found at the faster flow rate
in the same type system (35) (84). In a biosynthetically
restricted system§ the'slower the flow rate, the more
restriction there is‘upbﬁ anabolism, When a conpound like
glucose, which can be dégraded réadily, is added to the
medium, it will contribﬁte intermediates'faster then bio-
synthesis can use them, and the slower the flow rate the
greater the difference between the_rate.of‘utilization and
the rate of growth, and the_greater the repression., Other
than the qﬁantiatiVe differenées, the responsés cf the two
magnesium-limited systems were similar: a lag in glucose
utilization and a,decreaée in EC/P which occurred only
after glucose utilization and intermediate build-up had
begun. More lysiné was replaced this time, 900 mg/1 COD
instead of 750, but after release from the shock all sys-

tem parameters returned to their pre-shock levels.

2, Effects of a Shock Load of 1000 mg/1

Fructose (COD) Upon a Carbon-Limited

Reactor (Reactor A)

a. Six-Hour Detention Time (D = 0.167 hr.-'). The

response of the carbon-limited system to a fructose shock
load (Figure 24) was similar to, but less severe than, its

response to glucose. vApproximately oné and one-half hours



-

Figure 24. Effect of a Fructose Shock Load on a Carbon-~Limited Reactor (Reactor A)
- Growing on Lysine at a Six-Hour Detention Time (D = 0.167 hr.”1')

O = Biological solids concentration;

© Protein concentration;

i

= Tétal COD;

= Lysine COD;

= Fructose COD;V

= Metabolic intermediate CODj

= Lysine removal rate per unit of protein (RR/P);

> b B ©§U =2 O
!

= Lysine enzymatic capability per unit of protein (EC/P)
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were required,for the ini£iatioﬁ of‘fructose utilization
ahd the highest level_bf fructose in the medium was
BBO.mg/l compared‘to“BTO ng/1l for élucoée. ‘Repression of
éynthesis of‘lyéinedegrading>eﬁzyme$ 6courréd in spite‘of
the fact that the cdhcénfratioﬁ of'intermediatés-did not
increase greatly. It should be ndted that the énzymatic
capabilit’y of thé vc_ulture :was ihéreaé,j_ilg (probably related
to the éiight leakage of lysine 13 hqurs béfore the shock)
FWhen thé shock was applied;but the tfend,Was reversed by
the repression, which appears to have béen almoSt complete.
This decrease in enzymatic capability caused a temporary
leakage of lysine into the effluent, but it was not as
great as the leakage when glucosé was ﬁhe shoék compound
because thé bioiogical solids concentration was alréady
increasing. The>enzymatic capabiiity was smallest during
the period of maximum leakage-of lysine,.but it then
started increasing and had returned to 0.53, or 62% of the
pre-shock valﬁe, just_befdre removal of the shock“.The‘
enzymatic capability-énd removél rate plbts~diverged, but
they both shoW‘the‘Same trend. Aftef.the shock wasv:é-
moved, the biological So1ids,_pro#eing,énd:enzymatic

capability all returned té'their pre-shock values.

b. Twelve-Hour Detehtion Tiﬁe'(D’= 0.08% hr.” ). |
There wasva dual character td:the’responsé to a shock load
of fructosé‘at this_flqw réte; ~During the first 36 hours
after the_application of,the shock'(Figure 25), the re-

sponse anticipated from examination of the previous




Figure 25. Effect of a F:

ructose Shock Load on a Carbon-Limited Reactor (Reactor A)
Growing on Lysi

ine at a Twelve-Hour Detention Time (D = 0.083 hr.” ')

‘:'-)7'

O = Biological solids concentrations
9 = Protein concentratibn;
0 = Total COD; ’
'@ = Lysine CODj
W = Fructbse COD§
' m = Metabolic intermediate GODj
A = Lysine femovalsrate per unit of protein (RR/P);
A

= Lysine enzymatic capability per unit of protein (EC/P)
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results occurred. Fructose built up gradually in the sys-
tem, but was eventually removed as alnéw appafent steady
state was reached. ‘As expected, thisrresulted in a re-
pression of synthesis of lysine degrading‘enzymes'as shown
by the decrease of enzymatic capability from a pre-shock
value of 0.63 to a new value of 0.39 (62%) . At this time,
the concentration of intermediates was‘high, but the level
of metabolité repressor must not have been excessive,
because the repression waévmild. xThe seéond pQrtion‘of.
the résponse starfed sometime after 36 hours and resulted
in another riseiin protein ahd SolidS, éithough very little
changé occurred in the ﬁotal éﬁf1gent COD. Accompanying
the rise in céll massyand prdtein waé & concomitant de-
creasé in enzymatic capabili*y té'OGEB, or only 40% of the

pre-shock wvalue. Although it cannot be proven since

replica plating was nct done in this series of experiments,

it appears that a'predomihéﬁéé‘shift'occurred'in'thé cul-
ture afterv56 houfs beCaqse the solids concentration in-
creased without #ny changé in CQﬁ (indiCating a change in
yield)_and did not return to the old sﬁeady state value
after the shock was removed; instead it stabilized at

420 mg/l, 155% of the pre;shock value;(again indicating a
change in yield). During the shock, the total enzymatic
cépability (EC/P x P) ét,the first steady state was ap-
proximately equal to the value étfthe'second steady state
(168 versus 159) implying that the second decrease in

EC/P could have been caused solely by the increase in
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yield of the solids. Thus, for comparisons with the other

experiments the first value (0.29) was used.

4, Effects of a Shock Load of 1000 mg/l Fructose

(COD) Upon a Magnesium-Limited Reactor (Reactor B)

2. Bix-Hour Detention Time (D = 0.167 hr.”%). The

response of the magnesium-limited_feactor'to.the fructose
shock load is shown'in-Figure'é6.j The most obvious dif-
ference between this exﬁefiment énd those on glucose is
that at this flow raﬁe'fruétoséfwas'being added faster
than the cells could rémove it; cauSiﬁg'fhe level in the
reactor to build up to 520 mg/l.V'Since‘thé feed concen-
tration was 933 mg/l, the amount removedjwas 412 mg/1
which was Qnoﬁgh.to Lower the enZymatic-capability of the
cells for'lysiné and displace 400>mg/1 lysinevCOD, as
AShown'by the lysine piot..‘lnitially, a'severe répressidn
of synthesié occurrea,as shownvby.the‘decrease in EC/P
(although the protein concehtratidn stayed constant),
followed by a lesser repression allowihg:syntheSis at a
reduced rate. When the new steadyvstaté was reached, EC/P
was 0.49, or 58% of the pré-sh&ck‘value.' The intermediates
did not increase appreciably until the repression mecha-—
nism wés operative, buﬂ oncé'they inéreaéed they stayed
relatively high, 'After_frﬁcthe was removed from the
feed, the repressioﬁ was relieved and the capability

returned to its pre-shock level.




Pigure 26. Effect of a Fructose Shock Load on a Magnesium-Limited Reactor

(D

@]

» D e D B O e

(Reactor B) Growing on Lysine at a Six-Hour Detention Time
0,167 hr.”t) . S

Biological solids concentration;

Protein concentration;

~Total COD;

Lysine COD;

: Fructo$e CODy

Metabolic intermediate COD3

Lysine removal rate per unit of protein (RR/P);

- Lysine_ehzymatic capability per unit of protein

(EC/P)
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b. Twelve-Hour Detehtiqn Time (D = 0.083 hr.,”*').
Figure 27/ shows thevre5ponse,of this system to fructose.
The pattern was similar to that obsefved at the higher
flowbrate; és fructose‘utiiizationxbegan, the enzymatic
capability df_the céllé forvdegrading‘lysine decreased.
The reactor‘aﬁpears to havé gdne through two,stages of
fructose utilization, with a slighﬁ_decréasefin fructose
concentration after %6 hours. B pointed buf-preﬁiously,
the solids concentration iﬁ the reéctor_at thié flow rate
was not as great as at the‘sixfhour détention time, and
this prdbably explains why3thé fructoéevconcentration in
the effluent was not lower. As.ié expeéted under

magnesiumn-limited conditions, there was no increase 1n

protein, but the enZymatic capablility of cells did decrease,

yielding a value of 0,40, or 56% of the pre-shock value.
It is interesting to note that few intefmediates were
detectable in the medium indicating‘that:it is not neces-
sarj for the intermediates to be excreted for metabolite

repression to occur.

5. Effects of-a Shock Load of 1000 mg/l Ribose

(COD) Upon a Carbon-Limited Reactor (Reaqtor A)

a. SiX—Hdur Detentibﬁ Time‘(D =>05162 hr.”'). 1In
the batch experiments,lit was found that the maximum
specific grthh rate on ribose wés 0.04; thereforeg
when it was used as a shock substrate_(Figure 28), the

cells could not utilize ribose fast. enough to remove all



Figure 27. Effect of a I'ructose Shock Load on a Magnesium-Limited Reactor
(Reactor B) Growing on Lysine at a Twelve-Hour Detention
Time (D = 0.083 hr.”') -
O = Biological solids concentration;

® = Protein concentration;

0O = Total COD;

D = Lysine COD;

E_:IFructose>COD;_

B - Metabolic intermediate CODj

A = Lysiﬁe reﬁoval rate per unit of protein (RR/P);

A = Lysine enzymatic capability per unit of protein (EC/P)
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Figure 28. Effect of & Ribose Shock Load on a Carbon-Limited Reactor
(Reactor A) Growing on Lysine at a Six-Hour Detention
Time (D = 0,167 hr.”?!)

O = Biolcgical solids concentration;
® - Prbtein concentrations
0 = Total COD;
0 = Lysine CODjy
& = Ribose CODj. |
B = Metaboiic intermediate COD;
A = Lysine reﬁoval rate per unit of protein {(RR/P);
A = Lysine'enzymatic_capability per unit of protein

(EC/P)
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of it from solution and the conﬂent ation built up to

600 mg/1s i;e., approximately 200 mg/l was used. The
response observed in Fi gure 28 can he explained in light
of the batch experiments and the theories of catabolite
repression (25). Immediately after ribose wés introduced
into the sysﬁems’the énZymatic'capability of the cells in-
creased (as shown in the pfevious‘batch experiments),butas
the slow ribose'utilization sﬁafted, the}énZymatic capa-
bility began to decredse due to mlid repres51on. The new
steady state value of enzymatlc canablllty with respect to
protein was 85ﬁ of the pre- shock value Wthh was adequate
for removing all of the lysine suppl:ed to the reactor so
that no leakage tolthe‘effluent occurred. - After the shock
was removed, the protein level returnéd to the pre-shock
value but the total'solidé'decreased slightly; The aCtuél
rate of removal of lysinevreturned tovits original leVel
but EC/P increased greaﬁly;‘however; éince there is ohly
one sample at the-high level it is possible that it is in

error.

'b. _Twelve-Hour Detention Ti@e-(D én0.0SB'hr.“l).
For the first 36 hours after'the shock was applied
(Figure 99) the responoe was as e3 pecued from the preflcus
experiments and from theory. There was'an initial in-
crease in EC/P followed by a Slight decrease to a value
that was 89% of tbe pre-shock value, Up to this point,

rivose removal was mllar to that in the last experinment,

but after %6 hours the rate of utlllzatlon of ribose



igure 29. Effect of a Ribose Shock Load or & Carbon-Limited Reactor (Reactor A)
: Growing on Lysine at a Twelve-Hour Detention Time (D = 0.083 hr.”?)

O = Biological soli&s‘concentration;
e = Protein'concentrétién;

O = Total COD;'

O = Lysine 'COD-, ’

@ = Ribose COD;

= érﬂetabolic>intermediate‘COD;

- Lysine remcval raté per unit of protein (RR/P);

A =
A = Iysine enzymetic capability per unit of protein (EC/P)
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increased until lt was removed from solution,-wlth the
production of many intermediates and a further decrease in
EC/P. From this it.wouldvappear that‘riboee had exerted a
severe effect upon lysine_enzymatic capability, but atten-
tion must also be'given to the}response of»the system once
the ribose was‘rémoVe@_s;nee, when the steady stete was
re—eStablishedfvthe’selids:énd,protein conceutrations were
higher than.they,hed been ﬁrior to the‘shock,vimplyihg a
change in the culture. Further evldence for a change is
given by the enéymatlc capablllty whlch was consmderably
smaller aiter the shock was removed than it was before the
shock was applledfv It should also‘be_noted,that the EC/P
value jimmediately prior tefréﬁoVal ér the shock (98 hrs)
wasu89%“ef the éteady_State talue after the shock (126
hrs); therEC/P et %6 hours;ls‘also‘89%-of'the'cepability
prior to thevshe¢k>(40.5ehr$).\ This;'togetherIWith the
findings from the batch experiments that grewth en'ribose
would shift the populatioh, is taken ae evidence that an
actual‘shift’didboccur. ‘In addition to the aboue, there
were observable morphologlcal cnanges in the culture after
36 houro, although, unfortunately, no repllca platlng was
performed. Thus, the effect of rlbose‘on the enzymatic
capability of the culture fer lysine removal is less than
at the previous flow rate cau51ng only a slight decrease

in bC/P (89A of the pre shock value)
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9

6. BEffects of a Stock Load of 1000 mg/l Ribose

(R

N
¥

{(COD) Upon a Magnesium4limiﬁed Reactor (Reactor B)

a. Six-Hour Detention Time (D = 0.167 hr.”). As

shown in Figure 30, the steady state with respect to COD
and solids was not well éstabliShedvprior to the shock,
although EC/P was fairly_stéble..'Upon the introduction of'
rivose, EC/P for lysine increased slightly causing the
lysine to be»completely'rémoved from solution. After the
small amount of ribose reﬁoval started, the iﬁtermediates
in the systen increaséd, followed‘by a. deérease»in EC/P
for lysine to a Vaiuévthat was 96% of the'pre-shock value.
The enzymatic capability}incfeased again just before the
shock was rémoved5 but a.deérease in the protein éoncehf
_tration occurred at the same timélsd_it is difficult to
conclude What Causéd thé effect,  In éenerala the réSponse

»
=
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tent with the otheridata, Only 150 mg/1 riboSe,

were removed.

b. Twelve-Hour Detention Time (D 5'0,083 hr.”').

The results ab this flow.raté,'Shown in Figure 31, agree
quite well with the result's at thé previous fldw-rate.‘
After the introduction of ribosévinto the Teactor, the
EC/F valuevroSe, but then'as‘ribose utilizaﬁion began the
enzymatic capability-decreésed to 85% of the pre-shock
level,-allowing aﬁ increase in the lysine concentration in
the effluent. After 61 hours, there waé ancther increase

in EC/P and a concurrent decrease in lysine concentration.




Figure 30. Effect of a Ribose Shock Load on a Magnesium-Limited Resactor (Reactor B)
. Growing on Lysine at a Six-Hour Detention Time (D = 0.167 hr.”1)

O
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This new EC/P value was higher than the pre-shock value,
but was only 88% of the value atﬁained after the ribose |
shock was removed. Since natural populations reach only
"dynamic'" steady states, it is possible that this was a
"normal " chénge, or alternatively it could have been a
population shift caused by the ribose. The latter does
not seem as likely in this case‘as‘it did in the carbon-
limited system'beoause no morphological chénges were evi-
dent in the culture, and there were no appreciable
differences between'the protein and -solids concentrations

before and after the shock.

7. Effect of Flow Rate on the Level of

Repression in Continuous Flow Reactors

As pointed out in Chapter III, Boddy et al. (65)

reported greater repression of amidase synthesis in carbon-

limited continuous flow resctors at higher flow rates.
They postulated that the_gréater produotion of metabolic
intermediates at thobhigher flow rates caused the greater
" repression. Converseiy, in nitrogen-limited chemostats
Mandelstam (36) showed thét'at lower flow rates the re-
pression of Bmgalactosidase was greater. Thus, it appears
that the type of limitation placed on a continuous flow
reactor governs its response to shock loads at different
flow rates. In Table VI, the average degrees of repres-
sion by the various oompouhds at the different flow rates

under the two growth conditions are compared. This table
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TABLE VI

EFFECT OF FLOW RATE ON THE LEVEL OF REPRESSION
~ IN CONTINUOUS FLQOW REACTORS '

~ Shock | B D ~ Pre-shock ~ Average during shock
. ‘ - EC/P: EC/P % of Pre-shock

Carbon-limited reactor

Glucose - 0,167 : : 7 .0-85k v | 1 0-50 25

Glucose | 0.083 = - 0.67 - 0,38 . 57
Fructose 0.167  0.85 . 0.53 62
Fructose 0.08% . ,Qg62' : 0.39 . 62%
Ribose _ - 0.67 - .1.21 R 1,00 83

Ribose - 0,083 0.2 . 0.55 89*

Magnesium-iimited'reactor ‘

Glucose | 06.167 0,97 0.45 46

Glucose ' 10,083 .. 0.60 ©0.15 25
Fructose 0.167 0.85 o 0.49 B
Fructose - 0.083 0,72 0.k0 56
Ribose ‘ 0.167 0.96 0.92 96

Ribose 0,083 o.b7 0.40 85%

*See text
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shows that for glucose, Which is rapidly degradable, the
data agree with the'findingsbrepéfted above. For fructcse
and ribose, which‘weré mbredifficuitto degrade and'showed
less repression under_batch grthh éonditions, the differ-
ence in flbW‘rates nade 1ittie difference in the degree of
represSiqn, although the trends were>the same as with
glucose; | |

Based on the general concepts of metabolite repression
presented in‘Chaptéf II,'and.on’the pbstulatibns of Boddy,
et al.‘(65),_the_f0110wing rationale appears to be logical.
The organiéms in a carbonelimited reactor“can respond to
an increase in influent COD by indreasing their growth
réte‘(up’tovum)jduriﬁg'the transient state. . The faster
the flow'rate,*the smaller is thé difference'between the
rate Qf‘supply of the eXCess cérbonvsoﬁrce.and,the maximum
possible growth rate, thus the greatef the concenfration
of the metabolic pools.  Coﬁversely,'the slower the flow
rate, the 1oWer.is the levellof‘the metabolic pools since
the growth rate isﬂunréstricted. At the new steady sﬁate,
there will be a relaﬁionshibvbetween the flow rate and
concentration of thé metabolic pdolsg.wifh the iéWér flow
rate allowing less intefna; metabblites‘sincé the system
is carbon—limitéda Thus , if the‘pools contain thevmetéb—
clite repreéSor, the sldWér the'flow rate, the lower the
level of the repressof»énd the\iess the severity of the
repression. In a‘biOSynthetica11y restricted medium

(e.g., magnesium—limited),«tﬁe'SyStem cannot respond to an
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increase ih influent CQD by increasing the growth rate
because the rate limiting substance has not changed, In
this system, the lower the flow rate, the lower is the
rate of bioeynthesisg thus, if an eaeilj degraded carbon
source ie added, the lower the flow rate, the greater the
disparity'betwe6n the'rateS‘of catabo1ism'ahd_anabolism
and thevhighef the.levellofVmetabelic pools, 1eadihg to

- more severe repression.’

8. Relationship. Between 'the Type of Gerth

Limitation and the Control of Lvs1ne~Degrad1ng

Enzyme Synthe51s at bteady State

Although not of prlmary 1mportance to the obaectlves
of thls work, ‘the follow1ng comments are presented in con~-
Junctlon wlth the data obtalned'w;th1the.contlnuous flow
reactors. In a carbon;limited reaetor‘growing on a single
substrate, thesteady,statesubstrate concentration is
"low, and, therefore, the rates of activity of enzymes
acting on that-sﬁbstfate are probably not maiimal, but are
governed by the substrate coﬁcentration. Most of the
metabolic control would be exercised at the level of-
enzyme act1v1ty so that the actual amount of enzyme present
;n the cells should be greater than tnat eXpreosed by the
substrate removal rate, and EC/P should be greater than
RR/P. However,fin a.bioSynthetically reStricted,reactor
(i.e., oﬁe notfiimited’by carbohﬁsource),‘such as the

magnesium-limited one, the substrate is in excess, and,
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thus, according to Miéhaelis—Mehteﬁlkinetics, all enzymes
~acting directly.on the subetrate‘would be operating near
maximal rate. In Sueh a:case,.fhe level of enzyme should
vbe aypr0X1mately equdl to .that expressed by the actual
removal rate ‘and EC/P should be approx1mately equal to
RR/P. Table VII snows a comparlson of the EC/P and RR/P
Values forvthe varlous~reactors;‘ In the carbon—llmlted
-reactor, EC/P was sig nlilcdntly greater than RR/P in four
of the six experimento, while in the magnesium-limited
reactor this was true in only_ene case (Figure 27).
Therefore, enzyme_syntheeis in the magnesium—limited SyS=
tem appears to be under more strict control then it is in
the carbon-limited system, Which agrees With the theory of
metabolite repression sincedthébihternal level cf inter-
mediates in the formér Shbuld'be greaterfthan that in the
latter. This is also in accord with the aesertlon by
Neidhardt (8/) that the metabollsm of any carbon and

: energy source which is degraded by represelble enzymes
1musc be responsrve to the over—all blosynthetlc rate of

the cell.
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- TABLE VII

COMPARTSONS OF ENZYMATIC CAPABILITY AND ACTUAL REMOVAL
 RATES BEFORE THE SHOCKS WERE APPLIED

Figure No. EC/P o RR/P

Carbon—l;mited reactor'

20 o 0.5

| | o, 1.06
21 R S0 0.67 0.51
24 o > 0.85 0.85
25 S 0.62 0.43
28 o 1.21 0.75
29 - - o - 0.62 - 0.42

Maegnesiup~limited reactor

22 0.97 0.90
23 - 0.60 0.61
26 0.85 - 0.91
27 0.72 S 0.59
Z0 0.96 1.01
21 O.47

- 0.56




CHAPTER VI
DISCUSSION

Any basic engineéring'étudy, such as the continuing
investigation of metabolic_contrdlsméchanisms in the Bio-
v envirOnmentai Engineéring'Labdratories at Oklahoma State
Uniﬁersity, must be founded dn princiﬁles obtained in
simple systemsj thus, the over-all protocol included com-
biﬁations of all classes 6f compounds. Amino acids serve
as the basic components of protein, and as such are pres-
ent in all cells, Becéuse of théir biosynthetic importance
it;would seem likely that cells have deyelbped mechanisms
to conserve them and prevent their degradation unneces-
sarily, therefore, a study of the control mechanisms
involved in amino acid degradation, and the ubiquity of
those controls, is of significance for both bésic'and ap-
. plied science. | | | | |

Although_émiﬁo‘acids may not form a large portion of
the organic matter iﬁ wasté-water, they are present.
‘Kahn and Wayman (86), for eiample, identified 13 different
free amino acids in raw domesfic sewagebwith a total con-
centration of 115 mg/l. Amihovacids are feadily removed
from sewage but the significance of the‘conthl'mechanisms

involved in their utilization may;increase if the wet
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oxidation (Zimmerman) process of sludge disposal becomes.
more widespread (87). Teletzke et al. (88) have shown
that the oxidation process hydrolyzes polypeptides, re-
leasing free amino acids in the filtrate. Prior to oxida-
tion, a slurry contained about 42 mg/l (as N) of free amino
acids, but afterwards the filtrate contained 1400 mg/1

(as N). Certain’types of wastes, such as packing house
wastes, are high in proteiﬁ aﬁd,,thﬁs, couldvcontributg
high concenfrations of'émino gcids ﬁd treatment plants.
‘Therefore, althouéhithis‘stﬁdy'was performed on amino
acids because of the impOftance of the basic information

available, it has practical ramifications as well.
A, Préliminary Experiments

As would be anticipated by some of the literature
cited in Chapter II, the removal of several of the amino
acids was slowed by the presence of glucose in the medium.

When Jacoby (89) studied the effect of glucose on the

adaptation of Pseudomonas fluorescens to amino acids, he
found that the carbohydrate adversely affected induction
to many bf‘them, including all of those screened in these
preliminary eXperiments, except cysteine'and threonine,
upon which his organisms would not grow ét’all. ~In the
natural microbialrpbpulation used in fhese studies,
however, glucose significantly retarded the removal of
only five.of‘the amino acids," The differenéé probably

lies'in the fact that these preliminary‘experiments were
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designed to measure an effect upon amino acid degradation
by cells already acclimated, while Jacoby was studying the
effect upon acclimation. There was one other result in
the preliminary experiments that was contrary to published
literature and that was the failure of glucose to affect
histidine utilizationras nadtbeenireported by Magasanik
(35). When the cells were acclimated to histidine, they
lost the capacity'to use glueose-rapidly'and‘this was
probably the cause of the dlscrepancy. However, Cowen
(20) found that glucose had no effect upon utlllzatlon of

histidine by Pseudomonas aeruglnosa strain PA-1.

;_ As polnted out in the results section, lysine was
chosen on the basis of the preliminary experiments. One
of the assertions of the theory of metabolite repression
is that the repressing oompound and the repressed compound.
share a common metabolic intermediate (55), The pathway
of lysine degradation in'bacteria is not'oertain, but
recent work indicates that lysine firstvundergoes oxida—
tive decarboxylation to 5-aminovaleramide which is
deamidated to yield S_aminovaleric acid (91). The latter
compound undergoes transamination to give glutaric senmi-
aldehyde (92), which in turn yields,giutaric acid.
Glutaric acid is then converted to acetyl-Col via
glutaryl-CoA (93) (94) If indeed glucose and lysine do
share a comnmon 1ntermed1ate, the flrst would be ~acetyl-
CoA. No samples were taken for the identification of

intermediates, in either the preliminary,or the lysine
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experiménts, but-if acetjléCbA were involved with the con-
trol exerted by giucoSé, thésé»reéﬁlts might be correlated
with‘the findings of Dobrogosz on the involvement of

ehergy relatioﬁships and -pyruvate metabolism in metabolite

repression (47) (48) (49).
»Bg.‘Batch Expériments

Even though the bactérial population employed in
these experimenfs was selected for its ability to use
lysine as a.carbon source, the lysine degradative System
was. subject to metabolic cOntrol;b The culture was started
from sewage, and underwent naturél selection, limited only
by the abilities of the species ﬁO‘uSQ lysine. Although
the'changes that QCCurréd injﬁhé populationrduring the
- latter stages of the study interfered with the quantita-
tivebinterpfetationvof the‘reéults; thevquélitative find-
ings were?consiStent with the eariiér experiments with
regard to the curreht theories of“ﬁetabolité repression.
The validity of,comparisdns.between experimeﬂts on frucf
tose and ribose and those on-giucQSe is'substantiatéd by
the fact that the.glﬁcQ§e é#perimentrshbwn.in Figuré 13
was performed on‘daj 19l wifhfééed remoVéd'frdﬁ-a Siant
and grown.up for}use'in much'the same manner as for Expt.
49 on fructose., |

The results have shown that glucose repressed the
formation of the inducible lysine degradative sysfem, in

an en masse response, and that the metabolic intermediates
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of glucose degradation also exerted the effect. Pre-
induction offered a small degree of protection against

the repression, but removal of emmonia nitrogen from the
system did not overcome it. Inhibition of activity of
pre-formed enzymes plajed only'a minor role in the control
of the system. The responselof the:system,todthe differ-
ent carbohydrates Was,a-functionvOf"theogrowth rates on,

and production of*intermedietes from . those. carbohydrates.
Glucose supported relatively rapid growth (p - 0.45 hr=?)
with the production of many 1ntermediates and, consequently,
it had a rather severe effect upon ‘the production of

lysine degrading enZymes.. Eruotose, on -the other hand,
‘aliowed the cells to "g_r_ow‘With‘ a p, of only 0.17 hr* with
‘the excretion of fewlintermediates and’its effect was

JA

Inhibition played no part in its.effect, which was due

rather mild, with A being about 0.84.

mixture control

entirely to a reduction in the differential rate of syn-
thesis. Ribose supported growth very slowly, with a B of
0.04 hr™!. Part of the population apparently could use
ribose only poorly or not at all, and the’major utiliza-
tion in the culture was apparently for macromolecule_syn;
thesis, thuS‘increesing the efficiency of the cells and
allowing a faster rate ofbsynthesis of leine degrading
enzymes. These findings agreelwith the basic concepts of
metabolite repression which-state-that the severity of the
eflect is related to the. rate at which a substrate is

utilized (35). It has been shown in baSic studies on
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this phenomenbn that glucose is dissimilated much more
vrapldly than the synthetlc machlnery of the cells can use
the 1ntermed;ates'produced,:and thus, glucose produces a
severe effect. -

Monod (54) stated that the dlfference between con—‘
stitutive and 1ndu01b1e enzymes should be con31dered a
quantltatlve rather than a qualltatlve one. Most 1nducib1e
enzyme systems show a sllght “but 81gn1flcant, activity in
unlnduced cells which is enhanced greatly by the presence
of the substrate. ThlS was the case for the lysine de-
grading enzyme system; ~Jacoby (89) also observed induci-

bility while studying the oxidizing capability of

Pseudomena§7f1uorescens for lysine and several other amino
acids. |
'The'major'evidende fbria“repressiOn effect in the
work reported here hes come from a whoie cell assay,
referred to as the enZymatie_capebility'teSt. Gale (79)
pointedvout several years ego fhat whole cell assays are
limited by: 1) the‘ectiVitieé,ef_other enzymes withinlthe‘
cell, 2) permeabilify'of'ﬁhe eell'membrane,‘and 3) differ_
ences between the external and 1nternal envlronment. |
However, the task of the env1ronmenta1 or bloloplcal engl—
neer, and other sclentlsts concerned w1th the response of
natural or mlxed mlcroblal populatlons to changes in the
chemical (or phy81eal) env1ronment (or 1ndeed the effects
WﬂlCh the mlcroblal pepulatlonecan exert‘on the chemical

or physical environment), is one which often requires
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dealing with whole cells. 'Although the.above limitations
of whole cell asseys.are quite'valid and should be consid-
ered in e#aluatibn of'results*obfained‘using whole cells
(and perhaps eSPeciallyIWith mixtures of species), it is
important that they not impede.the progress of research
dedicated to assesslng for natural mlcroblal populatlons
the utlllty and real effects of the bas1c flndlngs de-
lineated 1n"unnatural" Systems. Mandelstam (95) reported
that there appears to be relatlvely free passage of lysine
into gram negative bacteria, while‘Taylor (96) stated that
gram negative bacteria de:not concentrate lysine greatly
within the cell. Thus, it is possible that for the
naturally selected population;emplOyed in the present
research,'Which was predominantly gram»negative, the last
two limitations are minor'compafed to the_first..

There are three primary assertions[which are basic to
the hypotheSis of metabolite repression (35) (37) (97).
The first is that the formation of a catabolic enzyme is
controlled by the 1ntracellular level of some particular
metabolite which is an 1ntermed1ate or an ultimate product
of the action of the enzyme,; The'seeond is that glucose
inhibits the‘formaﬁion of meny inducible enz&mes because
it gives rise to these mefabolites.veThe third is that the
dlsslmllatlon of glucose occurs faster than the synthetic
capacities of the cell can utlllze the meuabolltles formed,
leading to high 1ntracellular levels of 1ntermedlary

metabolites. In_thefexperlments presented here, it was
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observed that high levels of metabolic intermediatee_were
excreted into the medium by cells growing on glucose. The
importance of these intermediates in metabolic repression
was attested to by the fact thet an increase in the rate
of formatien of enzymatic.capability did not occur until
the level of these intermediates in the medium had been
reduced. | | | | |

In studies on the B—galactosidase‘System in E. coli,

Nakada and Magasanik (59),showedvthat:e product of glucose
metabdlism&fnbt,glucoSe; was resPonsible.forvthe effect of
glucose upon the system...They'stated that the concentra-
tion of metabeliteé‘cah determine7fhe rate of m-RNA
synthesis.' Slnce the rate of decay of m-RNA is 1ndependent
of the level of 1nducer or metabollte repressor the
equlllbrlum amount of m-RNA depends only on its rate of
synthesis. They also sald that the dlfferentlal rate of
synthe51s of B- galact051dase 1s determlned by the propor-
tion of the m-RNA SpelelC for B-galact081dase in the
total ceiluiar m;RNAv“Thus, the rate of B-galactosidase
synthesis is. governed by the 1evel of metabolites within
the system. Addltlonal ev1dence for this hypothesis has
been added by the discovery of the CR gene, which is simi-
lar to the regulator gene, except that it appears to be
involved with the expression of metabolite repression (43).
In the lac system, Loomis and Megesanik (44) found
that pre-induction gave partial protection against

metabolite repression by glucose. They attributed the




183
partial protectionhto an increased internal level of
lactose in the pre-induced cells due to increased permease

activity. Since there'appears to be relatively free pas-

sage of lysine into gram-negative bacteriag.the small de-

gree of protection offered by-pre—induction in the present

study is probably not due to a permease effect (95). How-
ever, it does seenm poss1ble that the greater repress1on
which was exhlblted by cultures prefgrown on glucose could
be due to an enhanced ability for'glucose uwtilization.

There was a lag}in the'glucose control reactor when the

seed culture was grown on lysine alone5 but there was none -

when the seed culture was grown on a mixture of glucose .
and lysine, or on glucose'alone."Some inducible enzymes
are known to be 1nvolved in glucose degradatlon (35) (80)
The lys1ne system d1d not respond to the removal of
ammonia nltrogen 1n the same manner as d1d the histidine
system reported by Neldhardt and Magasanlk (81). The dif-
ference can probably be explalned by the normal extent of
' metabolite repress1on 1n the two. systems. vThe hlStldlne
system wasveryseverely repressed by glucose, W1th a com-
plete shut- off of hlstldase synthes1s.  But when the cells
were placed in a system w1th ne ammonla nltrogen and had
to use histidine as a nltrogen.source, they produced
histidase at forty per cent of the‘unrepressed level. On
the other hand, in the system‘studied’here; there was not
abcomplete shut-off of synthesis'of lysine degrading enzy-

matic oapability in the presenoe of glucose. If this
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normallj repressed level couid,meet the nitrogen require-
ments of the cells in the absenee of ammonia, then there.
would be nothing to cause a fnrther derepression. Appar-
ently this is ‘what happened |

In reports publlshed by Gaudy and h1s coworkers (15)
(16), evidence was presented for'tne inhibition of activity
of sorbitol degrading enzymes'by glucose since substrate
removal was sequentiai under non—proliferating conditions
in which glueose could'only”affect pre—formed enzyme . |
activity.- Stumm—Zollingert(él) found evidence for the
inhibition of actlvlty of" the galactose ut111z1ng enzymes
in a heuerobeneous culture. Recently Zwalg and Lin (32)
and Tsay - (33) observed catabollc 1nh1b1t10n 1n pure cul-
tures. Tsay dlscussed two poss1b1e explanatlons for the
rapid 1nh1b1t10n observed in her studles. One was feed-’
back 1nh1b1tron due to an accumulated 1ntermed1ate and the
other was competltlon for a eommon permease.

In the study presented hereln,-llttle eV1dence of |
inhibition of lysine degradlng en7ymes was found W1th any
of the carbohydrates._ As p01nted out prevlously, no
permease appears to be 1nvolved in 1ys1ne transport so the
lack of an inhibition mechanism was‘probably due to the
absence of a.feedbaek inhibition-mechanism for lysine.
degradation. It is possible that this is a general char-
acteristic of anino acid degradative systems since amino

acids often must serve as nitrogen sources for the cell. .

Tsay (33) found only & slight inhibition of histidine
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utilization by glucose. If"feedback inhibition p_revented
the breakdown of the carbon skeleton of the amino gcid -
after the nitrogen was_removed,‘there uould be a further
accumulation of-metabolic intermediates, perhapslleading
to a greater'inhibition.'vlt.would appear‘to be to the
~advantage of the cell not to 1nh1b1t the act1v1ty of amlno'
acid degradatlve enzymes, because when a carbohydrate (or
some other ea51ly degradable compound) is placed into the
medlum, the contlnued act1v1tj of those enzymes could ald
in the use of the amlno a01d us a supplemental nltrogen
source by remov1ng the"waste" carbon skeletons Thls
»explanatlon does not preclude the contlnulng functlon of
the represslon meohanlsm 81nce 1t would reduce the total
level‘of enzymesvto that required by the cell and prevent
the unnecessary degradation‘of’the amino'acids.

The comparatlve results w1th the dlfferent carbohy-
drates presented here for a natural populatlon agree with
the observations of 1nvest1gators.1n the basic field. For
example, in his earlyluork on.diauxieQ_Monod (34)‘found

that for Bacillus subtilis both glucose'and‘fructose'were

AN compounds, that is, that they dld not. produce diauxic
growth when used together,. but when- elther was used with a
compound of the"B”the, tne “A"oompound was used flrst,
causing diauxie. Ho«ever, in B, coli, H gluoose was a
typical “A"compound‘but fruCtoseIWas"A"‘only'in the

sense that it did notsgiue_diauxlenwhen mixed with glucose.
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Fructose alSo.did not give diaukievwhen mixed‘with"B”v
compounds. o o | |

| In‘an7investigaﬁi§n'WhiCh led:to his work on‘netabo—
litevrepression;_Magasanik (98)istudied the growth of a

mutant of Aerobacter'aerogenes’unable to produce histidine.

When the cells were placed in“media’containing 20 Y/ml of
histidine plus-a carbon source it waS‘foundrthat the car-
'bon sources fell into two groups, those that allowed a
hlgh percentage of the growth obtalned under unrestricted
conditions (i.e., with unlimited histidine), and those
that allowed only a.small-amount-of growth The first.
group supported growth at a rap1d rate in the parent
strain and prevented the synthesis of histidase much more‘
severely than did the second group,'so that when the
mutant was placed w1th compounds of . the flrst group,
h1st1d1ne was . used only for proteln synthe81s (1nstead of
belng destroyed by histidase) and more.growth occurred,
Glucose was‘in_the‘firsthgroup7and allOWedigrowth‘equal‘l
to 109% of'unrestricted‘growth.‘but.fructose and ribose
were in the second group allow1ng only EOA and 4% growth,
respectlvely‘ Magasanlk noted that 1t appeared slgnlfl-
cant that the compounds_supportlng-the.most;rapld growth
also were the»most”potent‘inhibitors OfbhiStidaseisyné |
thesis., Thls was later to be conflrmed when he and
Neidhardt ( 09) showed that glucose and several other

compounds repressed the synthes1s of h1st1dase and that
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' the effect of each compound was related to the rate at
which it supported growth N _' . | _ ‘
Mandelstam (36) studied ‘the productlon of B—
galactosldase by aﬁcuiture of Q. coli that had a mutation'
in the regulator gene makingtit_oonstitutiVe'for theui
enzyme. Glucose, fruotose, anduseveral‘other compounds
still exerted metabolite. represslon upon the synthes1s ofv
‘the enzyne and the slower the rate at- whlch the carbohy-
'drate supported growth, the 1ess severe the repress1on.

On glucose, the doubllng tlme was 48 mlnutes and only 200

units of enzyme/mg of cells were formed, whlle on fructose'“

the douollng time was. 67 mlnutes and the enzyme productlon
was 613 un1ts/mg. -Cohn and Horibata (100) found-that glu—'
cose had a severe effect upon B galactOsldase synthesis,
but that fruotose and rlbose had only minor effects when
‘the 1nduoer and oarbonydrate were added at the same tlme
to unlnduced cultures._

In studles on the 1nduced formatlon of tryptophanase
in E. coli, Reunio (101) found that various compounds N
affect the production of indole (used as a measure of
tryptophanase). Glucose alloWed'synthesis of 2% of the
unrepressed amount,”while fruotose ailowed 29%rand-riboset
5%%. | | s

Kirkland and Durham (102) reported that ribose was

not oxidized and did not support growth in P fluorescens,‘

but it did snorten the lag perlod requlred for the syn-

thesis of‘protooatechuate'oxygenase, ,The_rlbose appeared
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to be used'as'a"specific” carbonvsource for the synthesis
of RNA, |

 In general, it could be conciuded from the above pure
culture studies that fructose would exert a lesser effect
than glucose because it supports grOWth‘at‘a slower rate;‘
and that.ribOSe uouldjexertjan'eten smaller effect. The
results reported here.for'fruCtosevagree'quite:Well with
conciusions draWn from pure culturefStudies.‘ It'is‘pos-
sible that, 1f a’ culture had been obtalned whlch could.
grow on rlbose, the pentose would have shown a minor »
effect upon the lysine degradlng enzyme synthe81s of the
system. However, repllca platlng 1nd1cated that 1f that
nwere done,’ the response would no lonoer be en- masse, S0
'thisvpos 1b111ty was: not pursued

a'In‘thesevstudles, 1f only~substrateiremova1 curves or -
growth curves had. been con51dered,.1t mlght have been
erroneous 1y concluded that the carbohydrates exerted no
‘effect upon the lysrne degradlng system because clas51c
"dlaux1e” or sequentlal substrate removal was not exhib-
ited. Concurrent removal‘aloneblsﬂnot,sufflclent ev1dence
against repression, Since‘repreSSion can be merely a de-
crease in the rate of sYntheSis_of an enzyme (or*system)
in relation to.the'rate'ofﬂfOrmation of other proteins.
Only by considering the change in enzyme_content or re-
moval rate (the latter}case requires additional evidence
that the effect is not due to inhibition) in»relation to

the change in concentration of cells in the reactor Can_
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the existence of metabolite repression be established in a
growing System. As.pointéd.oﬁt inJChapter III, it is not-
sufficient to ccnsider the rate of bacterial growth as an
approximate measurévbf the-#até of enzyme formation as
proposed by Stumm-Zollinger (61). Reséafchers in the ap-
plied area must consider the ratébof Synthesis in relation
to the rate of synthesis of total protein just as the bio-
chemists must. As Melvin Cohn (78)-said in 1957:

The course of the synthesis of a cellular con-. -

stituent as a function of time is difficult to

interpret in terms of the action of specific

factors because it depends simultaneously on

the nonspecific metabolic factors. As a first

approximation, these metabolic factors are

eliminated when, instead of considering time-

rate of synthesis (dE/dt) of a given enzyme

protein (E), we consider the rate of synthesis

relative to the total rate of protein synthesis

(dE/dx) where x represents the total mass of

protein. We have simply substituted 'physio-

logicalitime'“(dx) for 'absolute time' (dt).

Comments'are.in order-concerhing'the appiicability-of
studies with restricted’populationsbto generalizations

about the field of industrial .waste watér treatment, since

it may be held by some. workers in this field that the re-
sults of,investigations'in whichzthe mixed or heterogeneous
populations were subjected to specific selective pressures
(e.g., selection from a sewage seed of SPeciés which could
grow on lysine) are not usefully applicable‘to-the solu- .
tion of waste water treatment problems or to the under-
standing of such systéms. Td'be7sﬁre; the synthetic
medium used in these studies did restrict the number of

species present. Indeed, the object was to study
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repression effects for thosevorganisms best suited to the
use of the partiCular substrate. Also, the method of'
maintaining the seed culture wasvchosen.to keep the popu-
lation "young', with a:high metabplic aetivity toward
lysine byaalwayS'keeping it Under‘grewth eonditions.
Althcugh the substrate; beiag a single amino acid, did
restrict the population, it ie»certainly.no more restric-
tive than}the many'highly_eomplexvorgahic compouhds found
in industrial-waete_sﬁreams;_'it ie’to this end that the
work was directed: a:betterfunderstanding of the basic
control mechanisms operative ih a population which was by
natural seléctidn]beet eaited for the degradation of a
particular comﬁoundh‘ S |

Whiie discﬁssing”the~merits of the use of restricted
versus truly’heterogeﬁedﬁe.pe§u1atieﬁ53 it should be
pointed out that the latter can lead to falSeICOnCIusions_
in the study of‘control ﬁechaniems;' Cdnaider an unselected
population in WhlPh 90% of the cells can use- glucose, but
‘not lysine, for growth and lO% can use ly51ne and in Wthh
glucose has no affect on 1y51ne ut11lzatlon If the
enzymatic capablllty were measured for the removal of
lysine in a system with bota substrates and in one w1ta
only lysine,'the plot of eﬁzymaticvcapabilitj versus
solids for the mixed uhit weuld indicate a much lower rate
of synthesis of lysine degrading enZymes with respect to
cell mass than that in the lysine centrol because 90% of

the cells in the mixed unit WOUld_have been formed from
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glucose and would have no lysine degrading enzymes. Thus,
the result could ihdicate metabblite‘repression-even‘
though it was a simple case of twd populatibns deveioping
independently. Therefore, it is important to ensure that
vthe response measured is an en masse resPonse; and is not
due to a shift in the population. For the results re-
ported here, replica platiﬁg'was'used to ensure that the
response measufed was not due to a shift in the population
during the course of an experiment,'btt»was due to an en

masse response.
-C. . Continuous Flow Experiments

1. CarbbnuLimitéd Réactdrs '

The.resulfé demonsfrated t@at_when'a carbon—limited
chemostat growing on 1YSine wééLéubjedted‘to‘a shock load
of either glucose'of f:uétdée é‘significanﬁplevel of |
metabolite repression”occurred, resulting in 1éakage of
lysine into the.effluént &ufing theffraﬁsient period. The
severity and duraﬁion'of,fhe pe$anse waé a function of
thevflow'rété} The addition df.ribose to the system
céuséd an increase in enzymatic éapébility until ribose
utilization started, at which time a slight_représsion
occurred. There appearéd_to be a shift in the population
associated with ribose utiliéation.af the.slower fiow rate
but the degreé of repression after the shift was the same
as that before. All of these findings aré in agreement

with the results of‘the<batch.experiments. The occurrence
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of metabolite represeion}inve»continuous flow reactor is
particularly Significant to the waste water treatment
field'beeanse continuous"flowlconditions7bear more resem-
blance to actual waste treatment svstems than de the batch
conditions under Wthh most repres lon-experlments have
been performed.‘ The]agreement,of the,resultsvobtained
with tne twWo types.of growthvGOnditiens ie also. evidence
for the ubiquity of control- mechanlsms, since the selec-~
tive pressures exerted by the ‘two -environments are dlffer—
ent. Batch (or enrlchment) cultures select for organlsmﬁ‘
tolerant of hlgn'concentratlons of nutrients, while con-
tinuous cultures(growingin.”externally“ controlled
chemostats) select for organisms having a high affinity
~for the llmltlng substrate (1 e., ones which are good
scavengers) (82).

Previous studies in thesevleboratories demonstrated
the disruption of both sorbitol and glJcerol removal by
the 1ntroduculon of glucose 1nto the feed of contlnuous-
flow reactors (64). 1In a_nauural populatlon growing on
sorbitol (l500‘mg/l) at e;four-hour detention time, the =
addition of 1500 mg/llofvglucbse»censedlthe sOrbitol in
the effluent to increaseufrom en nndetectable amount to
200 mg/1l in two hours. 'The'totel’COD roee tol6OO mv/l.
but the glucose in tne effluent only reached 75 mm/l,
1nelcat1ng the productlon of nany metabolic 1ntermed1ateu.
When glucose was added to a’ slmllar reactor grow1n5 on

500 mg/l glycerol there was: an . 1n1t1al rapld bulld—up of
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glucose, but after glﬁcoSe otiliZation started, metabolic
intermediates werelproduced‘and the glycerol cohcentration
in the effluent'rose to 225 mg/l. tIn the. experiments pre-
sented ‘in thls report, the productloncﬁfexogenous inter-
medlates was also observed | | |

" When Komolrlt S studles on sorbltol removal were ex—’
tended to other detentlon t;mes, 1t was found’that the
severlty of ~the response to - a glucose shock load was a
function of the detentlon tlme (lOZ) When the feed to a
. reactor grow1ng at a two—hour detentlon time (near the
-dllute out point) - was changed from lOOO mg/l sorbltol to
lOOO,mg/l;sorbltol_plus'lOQQsmg/l ‘glucose, the levels of.
both sofbitol and_éluoose inlthe.effluent'increased. The
glucose was'reducedeafter about eight hours, but the
‘sorbitol level femsined at over 1000 mg/l for almost
twelve hours after the start of the shock. ‘Evidently,'at
the eafly stagevof the shock loaaing, the sorbitol metabo-
lism was totally replaced by glucose metabolism, and did
not stert again‘ontil'the glucose concentration had been
reduced to a Very lowhlevel.‘ When a 51m11ar shock was. ap-
plled to a reactor w1th a four—hour detentlon tlme, there
was a sllght 1ncrease in effluent CoD, . but no detect~-
able. bulld—up of glucose or: sorbltol. When ' a sixteen-hour
detention. tlme was employed the system was capable of
recelving more severe: shock loads W1thout dlsruptlng the
»metabollsm of sorbltol,_

In the continuousﬁflowg,pure culture experiments
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discussed in Chapter III5,repreSSion”Was greater at higher
growth-rates, probably-due‘to higher levels of metabolic‘
pools At lou flou rates;‘the'metaholitesvare probably
used and. tne 1nternal carbon pools depleted but at the
higher rates, Boddy et al. (65) have postulated that the
- pools are probably less depleted caus1ng a shift in favor
of repression. ThlS relatlonshlp between the level of
repression and the growth_rate.waslobserved in the,experi¥
ments with thepcarbonslimited reactorvreported herein. |
Since glucose was'theistrongest repressor—producing carbo-
hydrate studied,.the}effeottwas much more.severe with it.
These resultshalso add evidence for the importance-of
metabolic pools,'sinCe.the leveldof'metabolic intermediates
in the effluent. rose rapidly at the faster browth rate
vwaen glucose utlllzatlon started Boddy et al. (65) noted
that the metabollte repre551on of amldase by su001nate
appeared to»be partlally overcome after a perlod of time,
and attrlbuted the severe repre581on durlng the trans1entv
state to an lmbalance of metabolltes 1n the system ~When
the influent was changed from: suCC1nate to succinate plus
acetamide, there was an 1ncrease 1n growtn rate resultlng
‘ln a hlgﬂ level of catabollte repressor and a low rate of
amidase synthe81s, but as the growth rate returned to its
original level there was probably corresponding reduc—‘
tion in the coneentratlon of 1ntermed1ate , and, thus, a
decrease in repression. In discussing the faotithat the

‘period between steady states is one in which an adjustment
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in the concentration of metabolites occure, they point out
.that metabolic rearrangements have been.implicated in the
transient repression of B;galactosidase synthesis in E.
coli. This seems to imply thet the effect observed is re-
lated to transient'repressioh.. Transient represéion has
been pestulated to beflinked'with the rabid production of

phOSphorylated 1ntermed1ates of D‘luc:ose metabolism (55)

When crlucose was added to the medlum, in batch exDerlmeDts,

phosphorylated 1ntermed1ates,were produced, causing a.
severe repression fer'fwo+thirds-bee'generation; éftér
-which'+he‘pool size'Was redueed ard7sy;theeis‘recovered to
about 15% of the dlfferentlal rate Drlor to the introduc—
tion of'glucoce.‘ In-a study of metaborlte—promoted neat
lability of f- galactouldabe, Brewer and Moses (104) showed
ther he neet 1ab111ty of the enzyme was increased by
'several meuabullc 1ntermed1ates.; After rnvestlgatlng the
effectb of. the compoundo postulated by Prevost and ‘Moses
(53) to be 1nvolved W1th tranelenu represswon, they con-
cluded that t e Speclflolty of the heat labler1ng effecF
was not Jreat enough to support any concluslons re]dtlng
1t to enmlent-repree51on. Tyler, Loomls, and Magaeanlk
(55) have recentiy studied tran51ent repressvon in the lac
system and fouma it to be‘dlstlnct from the mechanism of
metabolite repression. ‘TheirvconcluSiQns’Qere based on
evidence that showed: 1) thaﬁ‘transienﬁlrepression did»
not involve the CR gene; 2) that the'phOSPhorylated cemu

pounds were not metabolized further, and preSumabiy did
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net enter the common métabdlite ool involved.in metabolite
repression, and‘ﬁ)'that transiént repression appeared to |
be efféctivé‘as'sQon‘as the new cémpound entered the cell,
while, in contrast; a period bf protein synthesis was re-
quired aefore metabollte repre551ou due .to glucose reducea
the d11¢erent1a1 rate of enZyme syntne51s.- Slnce tran51ent
revressloﬂ,haS'on K4 been-demonstrated 1n E.Hggl;;'and
51qcm a leg- perlod was: requlred oefore the repre851on of
'ly ine- degradln enzymes-was exerted,nlt does nct appear
likely that transiént repression played a pért in the re-
sults pregerted here. - o
In the gluCOQe and fructose shocx loads at the six-

hour detentlon tlme, the i 1itial represolon was severe,

so that the enzymatic capabllltv of the culture dropped
below the eventual steady statefvalue. ~This overshoot was
probab;y caused by hlgh ¢evels of metabollc 1ntermedjateo
produced durlnw the perlod when the growth rate was hlgn,
and may befrelated to the phenomenon of qrowth.rate
hystereéis obs erved when a quantlta+1ve shock load is
placed on a conulﬂuouu flow reactor (105) - Just as the
~nthh fate cannot reopond 1nstantaneously to a chan@e in-

substrate concentratlon,,lt is possxble thau a flnlte time

H
]

period is-reeu’r'd‘fo“ he . rate of enzyme synthesis to
respond bo changes in-the level of 1nternal 1ntermed1ates.

This‘overshootvwas not observed_at the lower flow rate.
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2, Magnesium-Linited Reactors

Neidhardt (97) in discussing the assertions of the
"feedback' hypothesis on the glucose effect pointed out
that the theory predicts that a situationrWhich“slows'down
the anabolic processesvwithout affecting the catabolic
processes would allow carbon sources‘that do not normally
repress to do so. _Heithehlcited’evidence'that.the predic-
tion had‘indeed‘been borne out'(lOG). ‘Mandelstam (56)'
also demonstrated that attslow growth rates in a nitrogen—
limited chemoStat poorer carbon sources could exert a.
'repre551on upon the syntheS1s of B galactosldase. In the
experlments presented here, magne51um-llm1tatlon allowed
only sllohtly‘more repress1on‘w1th fructose and ribose
than had been found under carbon-llmlted condltlons. The
reason that no more repress1on was exerted is probably
related to the flow rates used Nelther fructose nor
ribose was used Very rapldly 1n bdtCh, and nelther was
removed completely under the magnes1um-llm1ted conditions
in contlnuous flow, although glucose was. If even ‘slower
growth rates had been used, then fructose and ribose
possibly would haVe caused greater repression than they
did. |

In the magnesium-limited system, the theory of metab-
olite repression would also predict that the slower the
growth rate the greater the repression because the greater

would be the disparity between anabolism and catabolism.
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This was found to be true, especially when glucose was thé
repressing'compound. | |
| The response of the magnesium-limited reactor to the
glucose shock load Was vefy'similar to the response ob-
served by Komolrit and.Gaudyu(64) when they shocked a
" sorbitol reactor (BOD:N’; 20:1) with glucose so that the
final BOD:N ratio:was,40:l;v This;ié presénted as evidence
for the argument in Chapﬁer III‘#hat their system was
probably growing as a nitrogen—limited feédtor before the
shock and, thus, reacted°as a biosyﬁthetically-restricted
reactor to the shock;} In»théir1réactor énd-in the ones
presented heré;:the'shockingbcompound‘replaced part of the
original substrate as enefgy source for_the cells. In the
case of glucbse, which was easi1y degraded; all of the
glucose was used, with the displacement&of an equal por-
tior of lysine. Fructose and‘ribose were more difficult
to degrade, so that they were not entirely removed, but
the portion removed displaced an equél'portion of the
lysine, Aithough it would take much more study to prove
the point, a system such as this might serve as a measure
of the relative ease of degradation of‘COmpounds, and as a
measure of the inﬁeraétions inVolVédh |
Concerning ﬁhe magnesium-limited reactor, theré is
one other item whibh should be mentioned, although only
briefly, because‘the eVidénce isgnot sufficient to warrant
- further diséussion, Néidhardt‘(SS):stated that the basic

premise of thé theory of.metabolite repression has the
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bfurtner 1mpllcatlon that the metabollsm of any carbon and
energy source whlch is deoraded by repreSSLble enzymes
must be respon51ve tq the over~all o;osynthetlc rate Qf
the cell. If a system that is,biosy'nthetically restricted
has‘ité growth'raté léwered; contihued rapid‘substrate

-~ degradation wouid 1ead‘tbihigh intrécéllular'lévels of |
repre351nv metabolltes, thus, an adgustment in metabollsm -
must occur to lower the level of‘the metabolltes. Thls
adjustment could be'brbught ébout’by' l)' a reduction in
the rate of substrate degradatlon caused by a decreased
enzyme level (for the particular. compound), or 2) the
expansion of metabolic routes to prevent the accumulation
of excess metaboliteS. The first»would'lead‘to a tight
quantitatiVe'coupling betwéen'specific substrate removal
rate (RR/P) and growth rate5'While the'second'QOuld lead
to the accumulation of nonfébfesSing'by—pfodﬁcts'in the
culture. If the values of RR/P (prior to shocks) from
Figures 22, 26, and 50'(given_in Table VII) are averaged,
the value is O. 94 for D O 167 hr~? If the’othervthree
values for the magn851um llthed reactor (D = 0, 085 hI’l)
are averaged, unelr Value»ls:Qf59,' ﬁor lOOm coupling
between gréﬁth‘faté énd,Sﬁbétfaﬁétutlllzaﬁlon, the RR/P
value at zero grbwfh.rafé w6u1a7be zéro°aﬁd the slbpe‘of
the RR/P vérsus_gr@wth.rate_(p)vline that,passes through
L= 0 and K =:pm wouldvrépfésentfloo% coﬁpling. If the
per cent coupiing'isfeétimaﬁed_by'dividing the’cdup1ing

actually measured (i.e., théflePe‘of'the actual RR/P



200

versus M line bybthe slope required for'lOO% coupling, the
value found is 75%.. Since Table VII doeSFShow an‘almoét
1:1 relationship between EC/P and RR/P (i.e., all enzyme
present is active at maximal raté) part of the control of
catabolism is exerted by a lowered level of eﬁzyme, while
the Test of the control is by the second method, in this
case by the produétion.of the ex£racellular capsule that
was eﬁident invtheymagnesiqulimifed reactdr_at both flow
rates, but was-foﬁnd'in the cérbon;limited reactor at only
thé ldwer one.

One would expect a11 enzymé present in a
vbiosynthetically;reStricfed culture'ﬁo be active at maximal
'raté'(due'to the-high level of substrate) and, thus, any
control exeffed_would have to be by repression. If the
culture were carbonQIimited, the level of métaboiites
would be lower‘(ﬁnder non-shock conditions) and the enzyme
level could be higher than the amount expressed by the
actual substrate‘removal'rate, Neverthéless, there was a
change in EC/P with Tlow rate in the carbon-limited systemnm
also, indicating some coupling. Coupling of anabolism and
catabolism is‘extremeiy'important tg the bioengiheer,
eSpecially in carbon—liﬁited Systems, and is:an area of'
great interest %0 thé aﬁthor, who intendé tb Pursue it

further.



CHAPTEB VIT
' CONCLUSIONS -
A. Batch Experinents

1. Metabollc control mechanlsms were operatlve upon
the enzyme system reSpon51ble for the selectlon of the
species present in a natural mlcroblal populatlon. 'A:
change in the populatlon occurred but dld not affect the -
mechanlsms. Slnce several dlfferent types of colonles
were readlly observed on agar plates made from the popula-
vtlon, the mechanlsms were probably not llmlted to a single
E specles. Thls emphaS1zes the‘lmportance of,control mech-
anisms in natural mlcroblal systems. _ .. _

2. The lys1ne degradlng enzyme system of the popula—
tion was inducible. |

2. Glucose caused a decrease in the differential
rate of activity of 1ys1ne degradlng enzymes w1th respect
to cell mass. Fructose caused a smal}_decreasevbut ribose
caused a slightvincrease.‘.The reSponsesyWerergn masse and
were not due to- shifts in‘the‘population during the course
of individual experlments. . |

4, Inhlbltlon of pre—formed enzyme actlvlty played
only a minor role in the response to glucose, and had no

effect on the: responses to fructose or rlbose.
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5, The erfects of glucose end fructose were due to
‘metabollte repre551on, cau51ng a decrease in the rate of
formatlon of_ly81ne’degrad1ng enzymatlc capablllty. Thle
_veffect was also mahifested hy'ekcreted metabolic products
of glucose degradation and'waS»not relieved until the-con-
centratlon of these products was . reduced. |

6. Pre- 1nductlon offered only a small degree of pro-
tection agalnst repress1on.

| 7, The normal” degree of derepre581on could meet the
nitrogen requlrements of the culture and , thus, removal of
‘ammonia nitrogen from the system did not allow further

derepre851on._
B. Cohtinuous Flow Exﬁeriments

1. In both caibah-'and ﬁagneSiuh;limited reactors,
giucose and fructosewcaused-a significant‘degreevof re-
pre851on of the synth681s of lys1ne degradlng enzymes,

: resultlng in a. decrease in the enzymatlc Capablllty of the
cells._ ‘ ‘

2. When rlbose was 1n1t1ally placed 1nto either type
of reactor, 1t caused an Jncreaee in enzymatlc capabllrty,'
Just as in the batch exoerlments.h Once rlbose degradatlon'
began, there'was a»sllgat represslon. |
| Z, At the.higher’fiow rate uhder carbonflimited con-
drulohsg the decrease in ethmatic capabllity was nore
rapid than the increase in totaT bi olo rical solids so that

the total capacity of *he svstem for lysine removal was




decreased;fresultiﬁg in the escape‘of lysine into the
effluent' At the lower flow rate (and at both flow rates
with rlbose), the system was able to respond by 1ncreaslng
-the blologlcal eollds rap;dly enough to prevent a major
releaée of}lysine. ‘In-ell of fheecarbon-limited'experi;
mentS} the'svetem eventuall§ fecovéred tO“phe'eXtentvthat
no more leakage of ly51ne occurred | |

4, Under magne51um-limited condltlons, the carbo-
hydretes replaced lysine as carbon source and the degree
of replacement was related to: the ease with which the
carbohydrate coul@ serve as a.cerbon source. Under these
conditions, the slower thefjxwvrate;_the'greaterlthe

repression.




'CHAPTER VIII
- SUGGESTIONS FOR FUTURE WORK

1. The enzymatic'cepability test should be perfermed
with a pure culture system se-that‘enzjme asseys can‘be
done concurrehtly in‘or&er to establiSh the relatibn@hip
between the capablllty and the actual 1evel of enzyme.

2. Contlnuoug flow experlments should be run to
determine the relatlonshlp between growth rate and actual
enzymne level (or enzymatlc capablllty) for both carbon-
limited and nutrient-limited systems.

3. Shock load experimeﬁts.should.be run over a
broader range of flow rates, and with cell recycle to.
establish the relationship between grewth rate, enzymatic
capability, and metabolite repression. Various configura;
tions should be ﬁsed for the reactors, such as two-stage,
etec. _

4, Further study should be made of the.posSible use
of a biosynthetically restricted system as a measure of
the reiative case ofvdegfadation'of’compeunds;

5. Experiments similarfto,thoeevreported for pure
cultures, in'which‘a.compound'requiringvah inducible system

is added to a centinuous.flow'réadtor\degrading a compound

204



205

capable of repression should be initiated for systems con-
taining natural populations. ‘This'effect on induction
should be studied at various flow rates as suggested for

the repression system.
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