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INTRODUCTION

At the present there are only a few large-scale, industrially
important, single-stage continuous fermentations in operation. Howe
ever, biological waste treatment processes such as the trickling
filter, activated sludge units, and lagoons are common. In the
trickling filter, sewage is applied to a support material, on ;hich
a mixed culture of micro-organisms is maintained to digest organic
material as it flows through the layers of stone. In the activated
sludge process some of the sludge, a biomass consisting of a variety
of microorganisms, is recirculated from the down-stream end of the
tanks back to the inlet end to serve as a massive inoculum for the
incoming sewage. Both of these processes are extremely efficient
when they are operating properly, but there are times where these
processes are completely unpredictable. Elucidation of the funda-
mental biology 1s essential before a meaningful approach for improving
complex biological processes can be formulated. /Mixed cultures
studied by batch techniques tend to give results that are extremely
difficult to interpret because of simultaneous changes in such
factors as cell number and age, pH, nutrient concentration, waste
product accumulation, and the like, Therefore, almost any research
into the mechanisms and dynamics of mixed cultures should be done in
continuous culture. Generally, continuous flow procedures cause the
establishment of steady states which hold constant such environmental
factors as nutrient concentration, average physiological age, and physioe

chemical conditions. Also, continuous culture studies are of additional
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interest because the biological treatment processes are essentially

continuous mixed cultures,

Shindala (1964) initiated a comprehensive study of the inter=
action of S. cerevisiae and P. vulgaris. However, the results
indicated that & thorough study of the microbial dynamics of pure
cultures in continuous culture would have to be undertaken to inter-
pret data on mixed culture interactions. For example, the fact that
abrupt changes in dilution rate gave unusual response in population
dynamics indicated that pure culture responses would have to be
studied to lay a foundation for explaiﬁing mixed culture responses.
Since biological waste treatments change from one level of an environ-
mental factor to another level of the same factor frequently, it was
decided to investigate the response of continuous microbial systems to
abrupt changes.

The yeast S. cerevisise was chosen because of its size which makes
it easy to count in the presence of bacteria. For pure culture dyname-
ics, its large size allowed the use of large non-clogging orifices for
rapid electronic counting. Actually the key to any dynamic analysié of
microbial systems is electronic counting. A Coulter Counter population
measurement can be made about once a minute while plate counts or
microscopic counts are practical only a few times a day. Some investi-
gators use a chemical analysis of a constituent related to growth or
measure turbidity, but these are less precise and require assumptions

not needed for electronic counting. Also, the Coulter Counter allows
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determination of precise size distributions during population responses
to insure that the results do not reflect anomalies in size of cells.
The electronic size distributions were also used to relate average
physiological age to average cell size,

Swanton, et al (1962) discussed the status of the Coulter Counter
for work with bacteria. However, no mention was made of counting mixed
cultures. Shindala (1964) and Jacobson (1964) found that the Coulter
Counter was very precise in determining relative populations in mixed
culture.

The objectives of the present investigation can be summarized as
follows:

1. To investigate the effects of dilution rate on steady-state
population and to compare the results with continuous culture
theory.

2. To investigate the relation of average cell size, protein
nitrogen per cell, and dry weight per cell to growth dynamics.

3. To investigate the relationship between steady-state popula=-
tion and medium concentration, and the relationship between
the "wash out" dilution rate and medium concentration.

L, To determine the response of microbial systems to abrupt
instantaneous changes in dilution rate, medium concentration,
ammonium sulfate concentration, glucose concentration,
temperature, and pH.

5. To investigate the feasibility of using sinusoidal forcing

for analyzing microbial systems.
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To determine the time constants for the response of S.

cerevisiae to several environmental factors by a frequency

response analysis.
To investigate the mixed culture interaction of S. cerevisiae

and E. coli using a two-stage continuous culture system.
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REVIEW OF LITERATURE

Dilution Rate Versus Steady State Population

Herbert, et al (1956) extended the work of Monod (1942) to develop
a detailled theory for the continuous cultivation of microorganisms.
While certain experimental systems have verified this theory, several
authors have presented data that is in contradiction. Also, in a
later paper Herbert (1958) discussed several possible deviations from
the general contimuous culture theory. The two most prominent explanae
tions for deviation were found to be insufficient mixing and carboe
hydrate buildup. Poor mixing violates a key assumption in deriving the
theory, and carbohydrate buildup resulted in a linear relatiouship
between dilution rate and steady-state population. This will be discussed
in the section on "Theory of Continuous Culture". Several other types
of deviation from the theory have been reported in recent years by differ=
ent authors but few have been well explained, Fiechter and Ettlinger
(1962) obtained a steady-state population versus dilution rate relation=
ship for the yeast S. cerevisiae, However, their data must be questioned
as they made the invalid assumption that cell size and dry weight per
cell were constant over the complete range of dilution rates.

Schulze (1964) found that the assumption that the yield coeffi=
cient is always constant to be false., He formulated a new theory for
continuous cultures of microorganisms by extending the work of Herbert

and Monod based on the implications of his new experimental data.
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Oscillatory Responses of Microorganisms

Finn and Wilson (1954) noticed in their work and in the work
of others that continuous growth of a yeast culture induced a cyecling
of the population in contrast to the usual stable steady-state situa-
tion. They accounted for this phenomena by assuming that some of the
initial disturbance, such as a reduction in flow rate, caused the number
of cells to increase. As each cell manufactured acid, the pH fell,
causing the growth rate to decrease. Before long there would be a net
washout of cells and decrease in population, a sequence of events which
would result in steady oscillation if there was a time leg in the re-
sponse to pH.

To describe the behavior of the yeast population, Finn and Wilson
integrated the common balance equation to form a possible mathematical
basis for the cycling. From the formulas derived they were able to
conclude that this cycling theory would be valid if there was a time
delay in the adjustment to pH. Also, Finn and ''ilson, were able to
deduce that in this cycling the logarithm of the population fluctuated
sinusoidally.

Yasuda and Mateles (1964) have demonstrated with E. coli in
continuous culture that there is a sudden jump in growth rate follow-
ing an increase in dilution rate and that the growth rate drifts
slightly above the new steady-state value before completing its
adjustment., This behavior is interesting and is similar to data in

the present investigation but cannot be termed oscillatory.
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Herbert (1962) has reported that Monod's equation applies to the
unsteady state with less than a 30 second lag. That is, cells can
almost instantaneously adjust their growth rate when abrupt changes
are made either in the dilution rate or in the concentration of limit-
ing nutrient in the incoming medium.

A variety of biochemical reactions have been put into cscilla=
tion by abrupt changes in certain factors. Chance and Schoener (1964)
reported that cyclic and oscillatory responses have been observed of
the DPNH of reduced pyridine nucleotide and of cother respiratory co-
enzymes in various types of yeast cells and cell-free yeast extracts.
They reported that these oscillations of reduced pyridine nucleotide
can be induced by the introductionof glucose to highly aerated yeast
cells or cell-free yeast extracts. A symposium was recently held
on oscillatory biochemical phenomena (Chance 1965).

Frequency Response Analysis of Biological Systems

Dynamic systems analysis obtains a mathematical description of
a system by analyzing its responses to applied disturbances. Such
techniques are widely used by chemical engineers (32, 34, 42) for
process systems analysis, but there seems to have been no effective
effort to apply these technigues to biological systems. Fuld, et al
(1962) reported some preliminary work concerning sinusoidal forcing
along with some experimental results.

Gilley and Bungay (12), based on work in this thesis, reported
preliminary experiments with the yeast S. cerevisiae that indicated

that sinusoidal forcing was feasible. Also, time constants for the
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present investigation were included for the response of §, cerevisiae
to change in dilution rate. The time constants were obtained by use
of the Bode Diagram.

Two=Stage Mixed Culture Systems

A continuous twoestage system for investigation of interactions
between two or more species of bacteria grown in mixed culture was
described by Parker and Snyder (1961)., The system employed two
chemostatically limited stages of pure culture feeding to mixed cone
tinuous growth vessel. At any point on the growth curve, numbers and
metabolic products of organisms in pure culture could be compared with
data from these same organisms growing in mixed culture. The growth
data were expressed as generation times. Results ootained with a mix-

ture of Streptococcus salivarius and Veillonella alcalescens indicated

a distinet interaction between the strains employed. Generation time
of each of these species was greatly increased while growing with the
other.

Shindala (1965) found that in a one-gstage continuous mixed culture
system E. coll invariably caused the "washout" of S. cerevisiae. He
concluded from those preliminary experiments that this interaction was
¢ competition for limiting substrate. It was evident from these experi-
ments that a two-stage system would be necessary to fully explore the

phenomena.,
Malek (1961) utilized the multistage fermenter in the study of the

physiological state of microorganisms grown in continuous culture. The
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multistage fermenter appeared to be a very advantageous tool for
this study and some examples were presented. The study of the
influence of nitrogen limitation on the culture of Baker's yeast
in a two-stage system was also reported in which there was in the
first-stage limitation of the carbohydrate and excess of all other
nutrients, while in the second stage there was nitrogen limitation;
the influence of this limitation on the rhysiological state of yeasts
was also shown.

Coulter Counter Enumeration of Microorganisms

Swanton, et al (1962) discussed the use of the Coulter Counter
for determining populations of bacteria; viable and living suspensions

of Staphylococcus aureus, Escherichia coli, and Serratia marcescens

were counted electronically. Microscopic and plate counts were pere-
formed at the same time as the Coulter Counter for controls and com-
parison. This study indicated that the counting of microorganisms
could be performed precisely by the Coulter Counter. Also, this study
indicated the possibility of determining the degree of viable cells

in a mixture of living and dead cells, and it was implied that the
Coulter Counter might be used to count in mixed culture.

Kubitschek (20) showed that a Coulter Counter with a 1l0-microa
orifice would give precise results for counting and sizing of bacteria.
Deysson, et al (1963) used the Coulter Counter for the study of yeast,
and size distribution curves were presented. Shindala, et al (1965)

concluded that the Coulter Counter was very precise and rapid in
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determining relative numbers of S. cerevisiae and . coli in mixed
culture,

Recently, Curby, et al (1964) presented a procedure to determine
the extent of randomness of the presentation frequency of the pulse
population generated by bacteria in a Coulter Counter, and to establish
the practical minimum sampling interval for observing bacterial pop=
ulation changes electronically.

An instrument for the recording of cell number has been developad
by James and Anderson (1963). Changes were recorded continuously in
populations of logarithmic and synchronized cultures of protozoan
flagellates., A Coulter Counter was used in conjunction with a count-
ing chamber that was fitted with a flexible polyethylene aperture 75-
microns ian diameter., This system might be used for following the
cell number in chamostats or for control of cell numbers in other
types of continuous cultures,

Recently, an autoanalyzer cell counting system has bea=n developed
(Technicon Instruments Corporation, Research Park, Chauncey, New York)
to count red and white cells and hemoglobin in whole blocd, This
system could possibly be used to count microbial populations. For
cell counting, samples automatically diluted and in suspension, enter
the replaceable, disposable continuous flowcell of the counter. As the
individual red of white cells pass through a focused light beam, they
produce light pulses which are converted into electronic signals. The
signal rate gives a quantative measure of the rate at which red or

white cells pass thrcough the flowcell, The counting rate is proportional
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" to the blood cell concentration of the sample. Signals are fed into
a visual display, and are presented graphically on the autoanalyzer

recorder,
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THEORY OF THE CONTINUOUS CULTURZ OF MICROORGANISMS

Equations developed by Herbert, et al (1956) based on the classical
treatment of Monod (1942) for growth of microorgenisms in continuous
cultures and the equations of éartlett (1958), for continuous growth of
microorganisms in multiple stage chemostats are important to this
research.

Consider microorganisms growing in a completely mixed continuous
culture vessel, with the inflowing medium containing & single limiting
organic substrate at a concentration S,., Since the other substrates are
present in excess, and assuming that the chemostat is sufficiently
aerated to provide an excess of oxygen at all times, the supply of
limited organic substrate will be ths only growth limiting factor. The
variables within the immediate control of the researcher are substrate
concentration, pH, temperature, and the flow of substrate (dilution
rate) into the chemostat, A complete theory should explain how these
variables affect the growth rate of the microorganisms and substrate
concentration in the chemostat,

In the culture vessel the cells are growing at a rate described
by equation (1) and at the same time being washed away at a rate

determined by equation (2).

el (v

-Dx (2)

&%
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Wanere x i8 the concentration of organisms in the chemostat (dry
veight or number of cells per unit volume at time t), p is the
specific growth rate (the rate of increase/ unit of organism cone-
centration "1 dx" is called specific growth rate), and D is the
dilution ratz ‘((;Ehe number of complete volume changes per unit time
or the flow rate divided by the volume of the chemostat). Therefore,
the material balance within the culture vessel can be described by:

Increase = growth - output

%%:px-Dx (3)

Therefore, if p is greater than D, the growth rate is positive and
thus the concentration of cells will increase, but if p is less than
D the population will decrease, toward zero, thus the culture will
be "washed out" of the chemostat. If p is equal to D, dx/dt = O
and the population is constant, then the culture reaches a "“steady-
state", with specific growth rate, p, being exactly equal to the
dilution rate D. This equation by itself gives no insight into the
prediction of what dilution rate makes & steady state possible. For
a complete theory the effect of the dilution rate on substrate cone
centration in the chemostat must be considered.

The substrate is entering the chemostat at concentration Sy,
with a certain portion being utilized and the remainder leaving at
concentration S, The net rate of change in substrate concentration
can be expressed as:

Increase = input - output - consumption (%)
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Originally Monod (1942) developed a simple relationship between
growth and utilization of substrate., Monod assumed that Y, the yield
factor is constant, but Schulze (1964) has shown that the yield factor
is definitely not constant. The variance of Y (which is the ratio of
the weight of bacterial cells produced to the weight of substrate cone
sitned per unit time) can be established at a series of steady states.
If F is equal to the flow rate we can express the substrate consumed
(Sc) as:

S, = F(S, = 8) (5)
end since the amoumt of cells produced can be expressed as

X = Fx (6)
we can express the yleld factor as

Fx p.S
Y=F(S.=5) =5, =5 (7)

From the Schulze experiments one can conclude that at high growth
rates substrate is more effectively converted to cell tissue.

The rate of substrate consumption at various specific growth
rates can readily be calculated from the following equations:

Fsr-FS :DSr-IB
Vx x (8)

where p, = specific rate of glucose, uptake is mg per gram cell weight
per hour,
V = volume of chemostat,
4 plot of Jg Vversus D as given by Schultz demonstrates that‘PS

can be expressed as:

Ps =n + hk (9)
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vhere n 7 y intercept, representing grams of glucose uptake per gram,
cell weight per hour, and h I constant (slope of equation 9).
The congstant k is the inverse of the corrected yield constant
Y'. The specific rate of substrate removal can be expressed as:
pg =nt PY' (10)
and the growth rate can be related to the rate of substrate removal
by
pZY(ps - n) (11)
In the development of continuous flow equations the growth rate

is usually assumed to be a constant fraction of the substrate removal

rate:

x - . y8s

at at (12)
and

ds _ . dx 1 _
& T mECNY (13)

A close examination of equation (13) will reveal that it must be
altered because of the'small eamount of substrate consumption which is
evident even if no growth occurs so that:

ds
3t

x%% s Ps = = (n+ py/Y') (15)

z - (nx + xpy/Y*) (14)

Equation (15) aliows the calculation of net yield Y at various

levels of p. Therefore by definition:
Y I p/ps (16)
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and thus

Y =
n + (WY'5 (17)

From equation(lﬂ)one can see that the actual yield factor will decrease
with decreasing growth rate,

Therefore the balance equation (3) can be expressed as:

ds — DS, = DS =« x(n + ')
il WY (12)

If we consider the condition where dx/dt = 0, steady-state conditions,

we can write
D=pn (1= 6=CS) (19)

where py = maximum growth rate constant, and C = constant
and

S = 1n(py/(pa = D))/C (0)
where S = substrate concentration in chemostat and effluent at steady=
state,

Since p = D at steady-state

=~ _D(S. =38) = Y (Sp = 5)
x ;Lfn/x' nx'/§+1_ (21)

Where x = cell concentration in chemostat at steady-state conditions,
The above equations define the cell and substrate concentrations
for steadye-states ranging from D = 0,02 to R = Pme
Also, we are interested in determining the critical value of the
dilution rate where complete washout occurs, This value of dilution
rate, D¢, is equal to the highest possible value of p, which is attained

when S, =S, This value is:

De = Pm(SrAps + Syp) (22)
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In recent years there have been several reported deviations from
the general continuous culture theory. Herbert (1958) discussed
possible deviations from the theory and concluded that carbohydrate
build-up and insufficient mixing were the major problems in the data
revieweds Insufficient mixing was a deviation from the theory and
produced a critical dilution rate, D,, that was greater than the
theoretical critical dilution., Carbohydrate build-up resulted in a
steady-state versus dilution rate curve that decreased almost linearly
as the dilution rate increased,

In 1953, Golle showed that it is sometimes desirable to operate
a continuous culture with the effluent of the first chemostat flowing
continuously as feed to a second chemostat, which may flow into more
culture vessels if desired, There are certain advantages in the use
of multiple stage chemostats in both fermentation and mixed culture
experiments, In industrial fermentations, by proper adjustment of
growth rates one may attain a total retention time the same as a
single stage chemostat with a more complete use of the substrate.
Parker and Snyder (1961) have used a continuous twoestage system for
investigating interactions of two or more species of bacteria grown
in mixed culture. In analyzing the theoretical behavior of such a
system Equation (4) can be applied while the second chemostat is being
filled giving:

FX1 + ppoXV = Vdx/dt (23)
where X1 = concentration of cells coming from the first chemostat,
X = cell concentration in the second chemostat

V = volume in second chemostat at any time
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rearranging ws obtain:
at = 4(VQ) (24)
FXl + PZVX

integration gives

t = 1 1n((FX) + pyVX)/FXy) (25)
P2 :
When t = t_ (1.e. vhen the vessel begins to overflow at V,/F)
VX = VX, (26)

and equation (26) becomes
V,./F) -

Fxpe(P2V2/F) = Fx, + A (27)

at steady-state, when V; = Vz, F/V2 = equation (27) reduces to
12
xla’iI =X, + pX,
},11 (28)

which gives

x, = B o1 - 1) (29)

The maximum value of X2 occurs when M= Fz since PZ cannot exceed Pl'
For this condition

X, =X (e=1) (30)

X, = 1,718 X, (31)
Thereforé it becomes apparent that the concentration of organisms in
thé second chemostat should in theory never be more than 1,718 times
higher than in the first chemostat at the moment overflow begins,

Next we should consider the continued overflow from the second
vessel after it has achieved steady state; this would follow the theory
for a single vessel with recycling. That is

Input + Growth = Output + Accumulation
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FX, + nXv = FX + v4x
o™ R It

(32)
%’g‘ = D(Xo = X) + pX (33)
& = DX, + X(p = D) (34)
X,—> o0
a8 t——> oo
and when iy = D <0
Iim XZ = _____szl
also when py = Dy = 0
Xy = DXyt + Xy (36)

so that X5 —> oS yith increasing time.

Contamination effects
Contamination can be a very serious problem in continuous cultures
since the long periods of time for which continuous operations are de=-
signed can make them particularly susceptible to the introduction of
unwanted organisms, The theoretical bshavior of contaminates was
expressed by Golle (1953) and the following assumptions were made:
l. The medium entering_the culture vessel is the only source
of contamination, and this medium contains X, number of cells
per volume V.
2. The culture vessel is operating under steady-state conditions;
therefore R/V =D = P



26
for these conditions the following equation exists:
dx _
53 = DXo + pg = DX (37)
where f1, = growth rate constant of the contaminant,
Thus by integration we obtain:

Llpe = p) + 5 _ o (pe = pit (38)
Xf(pe = p) + pxg

As discussed before, three possibilities exlist with respect to

the growth rate of the contaminant cells in the continuous culture.
That is, py can be greater than, equal to, or less than the dilution
rate D, If PC:;> D then X° will increase exponentially until a steady=
state is achieved and Pe = D, Under these condltions the growth of the
original organism will be less than D and will be washed out., After a
period of time the original organism will be entirely replaced by the
contaminating organism. This will also happen if p, = D and its
population increases linearly at a rate ng. However, if Pc'<:_ng
will approach a definite limit at

t — o°
x® = nx°:
D = pg (39)

A contamination by such an organism will become serious if its rate of
entry is extremely high and its growth rate only slightly less than
that of the desired organism,
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SLIMENTARY DYNAMIC ANALYSIS THEORY

Dynamic systems analysis obtains an exact mathematical description
of a system by analyzing the response of that system to an applied
disturbance, Disturbances are of four general types: Step, pulse,
remp, or periodic (see Figure 1). Step changes are instantaneous shifts
from one input intensity level to another. Pulse changes are sudden
surges with a return to the pre-surge intensity level., Periodic changes
are variations in intensity that repeat within a fixed period of time.
Testing using pulse or step changes is called transient response analysis,
while use of periodic changes (usually as a sine wave) is called frequency
response analysis, In both techniques, a change is applied to the input
signal of a system and is compared to a corresponding change in the
system output signal.

Consider an elementary system such as a container with instantaneous
and complete mixing with a constant rate of flow into the container and
continuous overflow to maintain a constant volume. Since mixing is
instantaneous the outflow is the same composition as the contents of
the vessel., If the feed is suddenly changed from pure water to a
solution of salt, the output concentration will increase as shown in
Figure 2 until it ultimately reaches the input concentration. The math-

ematics of this system can be expressed as follows:
let Q = to the amount of salt at any time t
A = change in salt concentration

F = rate of flow (vol./unit time)

I

initial salt concentration

t = time
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then
%% = rate of gain =« rate of loss
= AF = FQ/V = «F/V(Q = AV)
or

E'!-)'QE = (F/V) dt + C

integrating gives
In(Q = AV) = «(F/V)t + C

or
Q= AV = Ce'(E/V)t

Now if q = concentration of salt at any time
q=A+ (Q/V)e't/(V/F)
and if vhen t =0 q=1
then
q=1+4(1 = oW1 )
where 1 is the characteristic time constant for the system ( and is
equal to the detention time (V/F) for this particular rroblem),
This is a step change, and the outflow concentration shows a transient
response until it reaches the input concentration. For a more complex
system the transient response and the accompanying mathematics are
more complicated, but there are simple procedures for the analysis of
response to step inputs and up to three time constants can be resolved.
The only limitations are that the systems be linear ( the differential

equations describing the process must not contain powers of the variable).
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Another method of analyzing systems response is the impulse,

which is different from the step in that the duration is brief.

The response to an impulse begins in the same manner as for the

step change, but the input duration is not long enough for complete
response, Figure 3 illustrates a typical response to an impulse. This
response may be analyzed for time constants but is limited to fairly
simple linear systems.

Since the mathematics of response to step and impulse can quickly
become quite complicated, the technique of frequency response to
periodic forcing is used for more complex systems. Sinusoidal forcing
is usually preferred because it is mathematicelly simple. To undere
stand frequency response let us again consider the container described
previously, but this time the feed is varying sinusoidally about some
base concentration, C,. The output concentration will also vary sine
usoidally but may differ from the input in magnitude and in phase.

At a given frequency the relationship may be as shown in Figure 4. The
ratio of output to input amplitude is termed gain or attenuation. At
low frequenciles (long sine wave periods), the ratio is close to one, and
the phase shift zero. At higher frequencies the holdup in the tank

tends to attenuate the output oscillations, and the output cannot follow
the input and tends to lag. There are a variety of ways of demonstrating
this graphically, but the Bode plot has wide acceptance. Any system
described by a firsteorder differential equatiorn is termed first order.
The Bode plot for a first-order system is shown in Figure 5.

Generally the ordinate for magnitude is gain in decibels, but since
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decibels is a holdover from acoustical engineering we will use
the ordinafe as simply the logarithm of the smplitude ratios.
The ordinate for phase lag is in degrees difference in output
and input sine wave peaks, The abscissa is in logarithm of
cycles per unit time., The Bode Diagram for a first-order system
has two straight portions vhich can be extended Lo meet at the
"corner frequency", and this corresponds to the reciprocal of the
time constant, The phase shifts e full-90° for the first order
system and has an inflection point as it crosses the -550 line.
This inflection point is at the same frequency as the "corner free
quency” of the galn curve, thus we have two means of determining the
time constant. These two curves will have exactly the same shapes
for any first-order system, but will be shifted horizontally to
make the time constant agree with the "cornsr frequency", and ver-
tically for the steadyestate gain. If a few good points are obtained
experimentally, the rest of the curve can often be sketched by trace
ing a standard first order Bode plot.

There are several possible Bode Diagrams for secoud order systems
and some of these are illustrated in Figures 6 and 7. Figure 6 is a
combination of two first-order systems and the frequency response is
the sum of each. At the changes in slope of the gain curve, both
time constants can be calculateds The same curve could be obtained
by grarhical addition of individual first-order Bode Diagrams. Figure 7
is for a true second-order system and indicates that there is a range

of frequencies where the input can be amplified (the magnitude ratio
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may be greater than one). The peak response is the critical resonant
frequency and again relates to the time constant. The height of the
peak depends on the damping factors in the system. Figure 8 is a
typical template for a second-order system showing the relationship
between the resonant frequency and the damping factors.

The frequency response approach can be used quite easily by
the biologist in such problems as control mechanisms, kinetics, mass
transport, and population interactions. The frequency response can
be used to determine time constants for a biological system, and for
microbial cells such time constants could be related to fundamental
processes of the following types:

1. Diffusion through the medium

2. Penetration of films

3. Membrane transport

4, Molecular and structural migration within cells

5. Biochemical reactions
In most complex systems one or two time constants will be larger than
the others and determine the transient responses. Probadbly the com-
plex responses of microbial populations would be so dominated, and
the processes could be studied in vivo rather than with cell fragments.

If in a biological system that is controlled such as a continuous
culture system there are several input signals that can be forced sine
usoidally. These could be dilution rate, pH, temperature, or substrate
concentration. The output could be growth rate, a rate of a biochemi-

cal reaction, a waste product concentration, or the like. Some of
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these input signals are quite easily produced, such as dilution rate
and medium concentration, but such variables as pH and temperature

require more advanced instrumentation to obtain the feedback control

needed.
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METHODS AND MATERIALS

A. Description of Continuous Flow Apparatus

In this research three types of continuous culture vessels
were employed. A summary of the primary differences is shown in
Table 1. Temperature control was obtained with a 30° water bath,
and the magnetic mixer was aligned to stir both the bath and the
culture vessel., The magnetic stirring bar in each culture flask was
one inch long. Air was sterilized by filtering through sterilized
cotton. Inoculation of a culture vessel was accomplished by pipett-
ing through a 3/8-inch stainless steel entry pipe capped with a
rubber stopper.

The medium reservoir was a 12eliter round bottom flask. A 1/he
inch stainless steel tube in the stopper extended to the bottom and
gum-rubber tubing of a selected size connected from the reservoir to
the culture vessel., Sigma-motor pumps (Model T8, Middleport, New
York) were used to pump the media continuously at chosen rates of
flow. Flow rates were established by the size of tubing and the
selected motor speed. A tube packed with sterilized cotton was used
to equalize the media reservoir with the atmosphere.

The most important differences between chemostats Type A and Types
B and C wvere: (1) indentations were placed in Types B and C to aid
mixing; (2) a capillary tube was used in Types B and C to insure minimum
lag in outflow. These improvements provided a better designed chemostat.
The use of hypodermic needles allowed the change of media reservoirs

without contaminating the culture vessel.



Chemostat Aeration Overflow Type of Flask Inflow

A Air diffuser Side arm 250 ml, filter Kjeldahl bulb
overflow flask

B Surface Capillary tube 500 ml, wide liypodernic
axtending to mouth flask needle
fluid level

c Alr diffuser Capillary tube 500 ml, wide Hypodermic
extending to mouth flask needle

fluid level

Table 1., Summary of Culture Vessels

gt
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The two-stage system utilized in the mixed culture experiment
consisted of two Type A culture vessels connected in series. The
overflow from the first vessel was fed into the second vessel.
Provision was made to allow a sample to be taken from the outflow
of either vessel.

The entire apparatus was autoclaved at 15 psi for 20 minutes
before starting the experiment., After a reservoir of media was consumed,
the hypodermic needle was removed from the vessel stopver and another

sterile media reservoir was attiched to the chemostat,

B. Cultures and Their Maintenance
All cultures were obtained from the biology department culture
collection, Virginia Polytechnic Institute, Blacksburg, Virginia,

" Saccharomyces cerevisiae is egg-shaped, variable sized, gram positive,

and optimum growth temperaturc is room temperature., ZEscherichia coli

is a small rod, approximately one micron as an equivalent diameter,
gram negative, aerobic and facultatively anaerobic, optimum growth
temperature is 37°C., S. cerevisiae was maintained and subcultured
numerous times with Sabouraud's agar and Tryptic soy broth., E. coli
was maintained and subcultured using Tryptic soy agar and Tryptic soy

broth,

C. Composition and Preparation of Media
Two different chemically defined media were used, The first
shown in Table (2) was proven to be nitrogen limited, and was used

in various dilutions during a major portion of this research. The
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Table 2, Composition of the Nitrogen Limited ladia Used for the
Growth of S, gerevisise and B, g¢oli (iedium 1),

Guantity/100 ml,

Part 1 Distilled Water
Potassium phosphate, dibasic (K,iPOy) 3500 mg.
Fotassium phosphate, monobasic (KH2P04) 1500 mg.
Sodium citrate 2 Hy0 250 mge.
Magnesium sulfate 7 Hp0 50 mg.
Ammonium sulfate (NH4)2304 500 mg.
Part 2

Glucose 1000 mg.

Juantity/100 ml,

Part 3 (Vitamins) of Media
Blotin 10 pg,
Calcium pantothenate (pH adjusted to 6) 1 mg.
i-inositol 5 mg.
Thiamine 1 ng.
Pyridoxine (pH adjusted to 6) 200 ng.

Part 3 was sterilized by filtration and kept as a concentrated stock

solution., The final proportions after separate sterilization were:
Part 1 2 liters '
Fart 2 2 liters

Part 3 plus distilled water to give 10 liters.
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second medium is shown in Table (3) and was proven to be glucose
limited. The vitamins were sterilized separately, using a Millipore
filter and stored in 10 ml. portions, until time of usage. Usually
the media (without vitamins) were prepared in stock solutions and
stored until needed.
D. Cleaning of Glassware

Because minute quantities of vitamins or inhibitors could cause
erroneous stimulation or inhibitation of growth in nutritional work,
and dust particles might affect the Coulter Counter counts or plug
the small orifice tube, it was necessary to take care in the cleane
ing of all the glassware. First, the glassware was sosked in a
1:100 solution of Tx detergent (Linbro Chemical Company, New Haven,
Conn.) for about 24 hours, scrubbed and rinsed in tap water, and
rinsed about 5 times in distilled water. The glassware was then
inverted upon paper towels and left in the air to dry. Glass equip-
ment was capped with aluminum foil and stored until use. For the
diluted samples for Coulter Counter counts, the beakers were rinsed
in saline four times before use.

Pipettes were soaked in 1:100 Tx solution for 24 hours and
then rinsed with an automatic continuous device for at least one
hour in cold soft tap water. These pipettes were sterilized in an

aluminum canister by storage in a 200°C oven for at least two hours.

E. Operation of the Continuous Flow Apparatus
The continuous flow apparatus connected to the reservoir was
sterilized intact in the autoclave for 20 minutes. The culture

vessel was charged by pumping about 100 ml. of medium and inoculated
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Teble 3. Composition of the Glucose Limited Media Used for the
Growth of S. cerevisiase (Medium 2).

Part 1 Quantity/100 ml.
Distilled Vkater
Potassium phosphate, dibasic (KHPO),) 7000 mg.
Potassium phosphate, monobasic (KﬂaPoh) 3000 mg.
Magnesium sulfate 7 H20 100 mg.
Ammonium sulfate (NHu)QSOh 1000 ma.
Part 2
Glucose ' 100 mg.
Part 3 (Vitamins) Quantity/100 ml.
of Media
Biotin 10 pg.
Calcium pantothenate (pH adjusted to 6) 1 mg.
i-inositol : 5 mg.
Thiamine 1 mg.
Pyridoxine (pH adjusted to 6) 200 pg.

Part 3 was sterilized by filtration and kept as a concentrated
stock solution., The final proportions after separate sterilization
were:

Part 1 2 liters

Part 2 2 liters

Part 3 plus distilled water to give 10 liters
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Table 3. Continued

Note: Some difficulties were experienced in autoclaving concen-
trated glucose solutions as the solution turned a dark brown color
wvhen autoclaved. It was found that by making the glucose solution

as dilute as practical, this problem could be eliminated.
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«ith about 5 ml. of the culture S. cerevisiae. This inoculum was
prepared by transferring one loop of the culture from a 2h-hour
slant to 10ml. of sterilized distilled water. Growth in the vessel
was then allowed to proceed batchwise for 14 hours or until there
was obvious turbidity. Medium flow to the culture vessel was then
started at the selected rate, Samples of the culture were collected
at timed intervals and the population determined with the Coulter
Counter, Grém stains and pE measurements were made periodically.

A homemade orifice of approximately 30-microns diameter was
used to determine the population of S. cerevisiae and E. coli.
A commercial 50-micron orifice was used for a major portion of
the S. cerevisiae dynamic analysis experiments. Approximate curves,
(a plot of the difference in counts versus the average corresponding
threshold level), for E. coli and S. cerevisiae were prepared.
The abscissa values in these plots were calculated from t' (threshold
setting) as d (corresponding equivalent diameter) using formulas supe
plied by the manufacturer (Coulter Electronics Inc., Chicago, Illinois).

a = k(t)1/3
t=t'xF

Where 4 is the equivalent diameter, in microns, k is the calibration
constant, t' is the threshold setting, and F is a scale factor depending
on the aperture setting and resistance between the electrodes. These
data were then replotted as shown in Figure 9.

The size distribution of S. cerevisiae at different media con-
centrations and dilution rates was determined using the 50-micron
orifice. Typical size distribution curves are shown in Figure 10. The

average equivalent diameter was taken from the mode of these curves.
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The sinusoidal input waves for the dynamic analysis experiments
were produced by a pulse generator built by Sutherland (1966). This
generator consists of an interval timer which sends pulses of var-
iable width to activate pumps so that the composite flow rate closely
approximates a sine wave. The timer consists of a drum which rotates
- continuously at 24 rpm and carries a raised spiral that deflects a mer=
cury switch., At one end of the drum, the switech is closed 100 percent
of the time and at the other end it is always open. The percentage of
time closed at other positions on the drum is proportional to the
distance from the end. The mercury switch is moved back and forth
across the drum in a sinusoidal fashion by an eccentric pin in a slot,
The selected speesd at which the pin rotates gives the period of the
sine wave, This period is divided into 24 pulses of varying duration
per ninute. Thus the number of segments simulating the sine wave is
a function of the period. As reported by Sutherland the sine waves
were quite satiasfactory for frequency response techniques.

Cell dry weipht was determined by weighing the solid fraction
from centrifuged culture fluid after washing twice by resuspension in
distilled water. The Xjeldahl nitrogen assays used conventional digestion
and distillation techniques (38). The samples for these assays were
washed three times by resuspension in distilled water after first being
centrifuged, All dry weight and Kjeldahl nitrogen data points were
obtained in duplicate for a check,
F. Analysis of bounting Procedures

There are two cormon methods of detecting numbers of microorganisms:
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one is direct microscopic counting, and the other is by plate counts.
Coulter counts were compared periodically with PetroffeHausser counts
ahd an example is shown in Table (4). On the average, counts obtained
by using the Petroff-Hausser chamber were within 20 percent of those
obtained electronically. Since the Petroff-Hausser method is very
crude this agreement is reasonable. The Coulter Counter is believed
to be precise and the order of magnitude is confirmed. For each sam=
ple, the method of prepsration for electronic counting was the same.
A sample slightly greater than 1/2 ml. was collected in an aluminum
cup, then 1/2 ml. was pipetted into a 150 ml. beaker containing 99.5
ml. of membrane filtered saline to give a dilution of 1:200. The
clean beaker was rinsed at least two times with saline immediately
before use. The number of rinsing times before reuse of the same
beaker was determined experimentally. Table (5) shows the effect of
rinsing on Coulter Counter background counts. The beaker and beaker
stand were placed in a closed box with filtered air flowing through as
a means of reducing the possibilities of coatamination with dust in
the atmospheric air., Plugging of the orifice was never a serious
problem during this research.

Counts of S. cerevisiae were deducted from those including E. coli
to determine the number of E. coli. Background counts were never greate
er than 200 for all counts quoted, and threshold settings of less than
three were not needed. The Coulter Counter settings for counting S.
cerevisiae and E, coli are not presented as & homemade orifice or
undetermined size was used for this work. However, the settings for

the S0-micron orifice used for the dynamic analysis counting are
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Teble 4. OComparison of Coulter Counts with Petroff-Hausser Counts
of S. cerevisiae.

Eiample Coulter Counter Petroff-Hausser
1 12,7x10° 14.2x10°
2 10.2x10° 11.5x10°
3 8.7x100 10,2x10°
4 15.2x10° 17.8x10°
5 9.3x10° 12,2x10°

Table 5. The iffect of Rinsing of Beakers on the Coulter Counter
Bagkground Counts,

ixample Number of Rinsings Background Count
1 0 652
2 1 287
3 2 127
4 3 112
5 4 122
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presented in Table (6). All the orifices used in this research
vere calibrated using latex spheres 1.305 microns in diameter
supplied by Dow Chemical Co., Midland, Michigan, and for each
orifice used calibrating factors were determined. Calibration
was performed following the procedure outlined in the instruction
manual supplied by the manufacturer.

To evaluate the accuracy of the Coulter Counter, a large sample
of cells was divided between four different beakers in different
amounts and counted electronically. Then the counts were converted
to number per ml. of original sample for each beaker. The results
shown in Table (7) show that the size of sample has little effect

on the accuracy of the counter.
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Table 6. Coulter Counter Settings for Counting S. cerevisiae with a
50-iicron Orifics,

Threshold (t') 5
Aperture Current (I) 7
Gain Index (G) 3

Table 7. Comparison of Sample Size on Coulter Counter Counts,

Beaker Sample SCize Dilution Counts
1 0.5 ml. 1:500 10,23x10%
2 0.5 ml. 1:500 17.15x10°
3 0.2 ml. 1:200 10, 27x10°
L 0.2 ml. 1:200 10.19x10°
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RESULTS

Steady-State Properties of S. cerevisiae 53 Various Dilution Rates

Figure 1l shows that the population declines linearly as the
dilution rate increases and that different concentrations of medium
produce essentially the same relationship between population and
dilution rate for nitrogen limited media. Also, it is evident from
these curves that the point of washout decreases with decreasing
medium concentration. These data disagree with the theory in that
a theoretical dilution-population curve should have zero slope almost
up to the "washout" point, but there is no constant population level
with a nitrogen limited culture. The steady-state population versus
dilution rate for a glucose limited medium is shown in Figure 12.
However, when using the glucose limited medium, the population versus
dilution rate curve has a portion that is constant and another portion
that falls off almost linearly.

To insure that cell numbers did not reflect anomalies in size
of cells, budding phenomena, or cell mass, an investigation of cell
dry weight, Kjeldahl nitrogen, and size distributions (electronically)
were made at various dilution rates along with Petroff-Hausser counts.
Figure 13 illustrates the variation of Kjeldahl nitrogen, cell dry
weight, and population with dilution rates for a 20 percent medium
concentration. The dry welght curve has a shape that is very similiar
to the one for population., However, the Kjeldahl nitrogen was

almost constant at the lower dilution rates, but rose to a peak
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at the higher dilution rates. To evaluate the stability of these
variables at one steady-state, a series of determinations were made.
Table(G)represents the sumrary of these determinations for one
steady-state,

Table 8. Cell Dry Weight and Kjeldahl Nitrogen for the Dilution
Rate of 0.20 Over a Period of Time (Medium 1).

Time Cell Dry Weight (mg/1) Kjeldahl Nitrogen (mg/1)
0 62.0 12,39
1l 59.0 2450
2 59.0 12.52
3 62.0 12,45
L 61.0 12,50

The fact that the protein nitrogen was increasing as population decrease

ed at the higher dilution rates raised the question of cell size at

various dilution rates. Using the Coulter Counter size distributions

were obtained for various dilution rates at 20 percent and 40 percent
medium concentrations. The average cell size was taken to be the mode

of these curves. Figure 1li illustrates the change in average cell

size with dilution rate for the two medium concentrations investigated.
Therefore, it became evident that the cell size, dry weight per cell,

and Kjeldahl nitrogen per cell were definitely increasing as the dilution
rate increased. The average dry weight percell ani average Kjeldahl nitrogen

rer cell were computed by dividing the dry weight perliter and Kjeldahl nitrogen
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per liter by the population per liter of effluent. The results of
this computation is illustrated in Figure 15 which shows the relation-
ship of the values to dilution rate. An interesting observation from
Figure 15 is that the shape of the average cell size curve is very

similiar to those for nitrogen and dry weight.
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Response 2£M§' cerevisiae to Step Changsg

The work of Shindala (1964) with S. cerevisiae in mixed culture
with Proteus vulgaris raised questions concerning the growth rates
during transition from one dilution rate to another. It became
apparent that the growth dynamics of microorganisms would have to be
better understood to properly interpret the data on mixed cultures.
Shindala had several occasions where he made an instantaneous increase
in the dilution rate and found that the population apparently did
not decrease for some time. However, in these éxperiments electronic
counts were taken at one=half hour intervals and no effort was made
to follow the population transition continuously. To explore fully
the growth rate change during the response to a step change in dilu-
tion rate and follow the population as closely as possible until a
new steady state was established, it was decided to make a step change
in dilution rate. This experiment gave some very unexpected and un-
usual results. Instead of following a smooth transition from one
steady state to another at a constant growth rate (corrected for
dilution) the population gave an initial rise in numbers to a peak
value, fell below and finally rose to the new steady state. Figure 16
illustrates this phenomena and gives an indication of the stability
of the steady states before and after the step change.

The experiment was repeated 10 or 12 times with essentially
the same result., Figure 17 is perhaps the best curve obtained and is
plotted to illustrate the features of the response. However, when
the change in dilution rate was extremely large the population did

not exhibit an initial rise in numbers, but & close examination of
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the growth rete using equation (3) indicated that growth rate was
actually varying a great deal. This type of response is shown in
Pigure 18, Pigures 19 through 22 show typical response to step
changes in dilution rates at different medium concentration. The
interesting feature in all of these curves is that the populations
and thus the growth rates are oscillating in a decaying periodic
fashion.

For compariscn to nitrogen limited culture a series of step
changes in dilution rate for a glucose limited culture was investi=
gated. The response did not oscillate in response to a step change
in dilution rate but did exhibit an initial rise in numbers as shown
in Figure 23.

The effccet of glucose concentration on growth was investigated.
It was found that the glucose concentration had no effect on the
steady-state populations of the nitrogen limited culture, but when
step changes were made in the glucose concentration entering the
chemostat an unusual effect was observed. The cell concentration
increased until a maximum value was reached after about one hour,
Then the population fell below the original steady state and later
came back to the initial steady-state population. This phencmena
is shown in Figures 24 and 25. Figure 25 also illustrates the
specific growth rate as computed from the population curve by use
of equation (3). Both the population and growth rate oscillated
in a decaying periodic fashion.

The results of a step change in medium concentrationare shown

in Figure 26, The response is a smooth transition to the new level,
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which normally indicates a first-order system. Also, the response
to a step change in nitrogen (nitrogen limited culture) was invest-
igated and a response similiar to that found for medium concentration
was observed. Figure 27 shows the response of a step change in nitrogen
source for & nitrogen limited yeast culture.

Figure 28 illustrates the effect of stopping the continuous media
flow for 0.33 hour then returning to the original rate of flow. This
could be termed 8 pulse change in dilution rate. During the time in
which the dilution rate was zero the yeast grew in batch culture and
attained the higher population shown. Once the flow was started again,
the population decreased to the original steady-state population,lbut
not at a constant growth rate (corrected for dilution). Instead, the
population varied in & drifting oscillatory fashion and thus the growth
rate also varied in an oscillatory manner. Figure 29 illustrates ane

other typical pulse in dilution rate but with the scale for population
expanded to show the oscillation more clearly.
All of the oscillations reported here were of population as it

was assumed that population gave an accurate reflection of cell mass.

However, since this was an assumption, it became necessary to investie
gate other variables during the oscillations. Because of the large
samples required of chemical assays of Kjeldahl nitrogen and dry

welght these could not be recorded continuously. To investigate

these variables steady states were established, then & step change
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was made in dilution rate. Near the peak of yeast oscillatlion, samples
were taken to measure cell dry weight, Kjeldahl nitrogen, and Petroff=
Hausser counts. Table (9) shows that, near the peak of oscillation,
Coulter Counter counts, chamber counts, dry weight, and Kjeldahl nitrogen
are greater in approximately.thé same proportion as at the original

steady state,

Table 9., Correlations Near Peak After Dilution Rate Change*

Time Population Dry Welght Kjeldahl N,

During steady state 6,62 per 1070 ml. 0,096 gm/liter 13.0 mg/liter

40 min, after change 7.41 per 10~0 ml, 0,101 gm/liter 15.5 mg/liter

‘*Initial D = 0,252, new D = 0,400, one-fifth medium concentration
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The response to dilution rate and glucose concentration were found
to be decaying periodic oscillations, and since such complicated re-
sponses are not amenable to the usual systems analysis techniques, it
was decided to change from step changes to sinusoidal forecing., By use
of the sinusoidal foreing the time constants can be obtained for a
given system graphically by use of the Bode diagram,

Two types of sinusoidal forcing wers utilized, both using the
sinusoidal flow generator previously described, First, it was decided
to force the flow rate sinusoidally and then to force the concentrations
of certain chemicals sinusoidally, Also, some preliminary investigation
on the response of the yeast to sine forcing of pH in the culture
vessel was accomplished, but the results were not satisfactory,.

The time constants for response to change in dilution rate were
obtained in two separate experiments using input waves of two different
aemplitudes at various frequencies, First, medium was pumped at a
constant base rats with a slow pump while varying a faster pump sin-
usoidally, This allowed some flow at all times thus making sampling
easy. The faster pump was caused to pump sinusoidally at different
frequencies using different speed motors and different gear arrenge-
ments on the interval timer flow generator. £ach frequency was allowed
to continue over eight or ten sine wave periods before counting was
begun, then the population was followed electronically for two or
three periods to obtain enough points to describe the outflow curve.

Figure 30 illustrates a typical outflow curve for a sinusoidally forced
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continuous culture of yeast. For the initial study of dilution
rate, the average dilution rate was 0.375 nr-l with an amplitude
of 0.206 hr™l. Several of these outflow curves were obtained over
a range of frequencies with the phase shift and magnitude ratio
being computed as described previously. These values were then plote-
ted on a Bode Diagram shown in Figure 31. From this Bode plot the
system was found to be a thirdeorder system (a 270° phase shift indi-
cated a third-order system) which consisted of a second-order quadratic
system followed by a simple first-order system. The time constant for
the firsteorder system was determined as described in the systems
analysis section, and the time constants for the second-order system
were determined using the template shown in Figure 8. The experimentally
obtained data did not fit the template perfectly, but was sufficient to
obtain the critical frequency.

As a check on the first Bode Diagram for dilution rate we repeate
ed the experiment using different average dilution rate and amplitude.

This time the base dilution rate used was 0.250 nr-l

tude of 0.125 nr-l. Figure 32 shows the Bode plot for this experiment

with an amplie-

which is very similiar to the original diagram for dilution rate.
Also, the time constants obtained were very close to the original
ones, and are shown in Table (10), which summarizes the time constants
determinéd in this research.

Next, the time constants for response to glucose medium and nitroe
gen concentrations were investigated using frequency response analysis.
The sine waves were generated using the sine flow generator describe

ed by Sutherland and Bungay (1965) with some modifications. An
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additional mercury switch was added beside the existing switch, but
in»reverse position, This allowed two pumps to be connected to the
generator switches and thus one pump would be pumping while the
other would be off. Using matched pumps two different concentrations
of substrate could be pumped in a fashion which would allow a sin-
usoidal variation of concentration while the dilution rate remained
constant. The procedures of establishing outflow waves were the
same as previously described for the dilution rates experiment.,

Figure 33 gives a typical response to sinusoidal forcing of

medium concentration, and Figure 34 is the Bode plot for response

to medium concentration. The time constants for this system are liste

ed in Table (10

Preliminary experiments were unable to produce sine waves in

response to forcing of the glucose concentration. Thus the critical

frequency may be out of the range of our generator. Also, the re-
sponse to sine forcing of nitrogen concentration was explored and &
large quantity of data accumulated, but these data seems to be too
highly complicated for proper interpretation at this time. Also,
some experiments with sinusoidal forcing of dilution rate did not

produce acceptable output sine waves.
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Table 10. Summary of Time Constants for Response of S. cerevisise to
Dilution Rate and Medium Concentration

Number Variable Time Constants
1 Dilution Rate 8.33 and 43,2 Minutes
2 Dilution Rate 8.25 and 38.7 Minutes

3 Medium Concentration 10,22 Minutes
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Effect of E. coli on the Growth of S. cerecvisiae

Shindala (1964) investigated the effect of contaminating a growing
culture of S. gerevisise with B. gcoli. In this investigation $S. care=-
visiae was allowed to attain a steady-state population in a continuous
culture vessel and then inoculated with a growing culture of H. gcoldl,.
Samples were collected at half hour intervals until the concentration
of the yeast became too low to count,

The theory of contamination by Golle (1953) predicts that the
con tamination of a slow growing organism with a fast growing organism
in a continuous flow system would result in the washing out of the slower
growing organism. S. gerevisise is a much slower growing organism than
the coliform and was washed out of the systomj Z. coll increased in number
until it reached a steady-state condition, Figure 35 (taken from Shindala's
Ph., D. thesis) shows this contamination., Vhen Shindala's data was treated
by equation (3) it was noted that the yeast declines rapidly once the
population of . ¢oll becomes large and finally the yeast growth rate
goes to zero., This growth rate is shown in Figure 35 and it is interesting
to notethatwile the growth of the yeast has stopped the growth of Z.
¢oli 1s increusing rapidly. |

The decline of the growth rate of S. garevisias while substrate
was still plentiful raised questions about the factor involved in this
contamination phenomena, Was the contamination due to competition for
the limiting substrate, inhibitation, or some other factor? To investw
igate these possibilitiss a two=stage continuosus culture system previously

described was built, This allowed pumping of a continuous constant cell
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concentration from Stage I into the mixed culture of Stage II which
provided time to study the interaction. After being charged with medium
both vessels were inoculated, the first with S. cerevisiae and the
second with B. coli, and allowed to grow in batch culture until tur-
bidity was obvious. Then the continuous flow of medium through the
system was begun and the populations allowed to reach steady states
in both stages. As expected the ysast attained a steady state in stage
one and £, coli in stage two, but the ysast in the second stage had
the same steady state population as the yeast in stage one. This means
that the yeast did not grow at all in the second stage even though there
was ample food supply for abuadant growth of E., colil, This result was
experienced over a range of dilution rates. Figure 36 illustrates a
typical start-up of this system. The population in Stege I increased
until a steady stete was reached and the E. coll attained a steady
state in Stage II, The yeast in Stage II initially grew veyond the
level in the first stage, but after 6 hours yeast growth evidently stops
and the populatioa dilutes down to the same population as Stage I,
At the time that the yeast in Stage II stopped growing the coliform was
still growing quite readily, This means that there is absolutely no

growth of yeact in the second stags.



Population per 107 mi,

.140 (both stages)
. cerevisiae in stage II

4 5 6 7 8 2 10

Time, Hours

1

12 13 14 15

Fig. 36 Contamination of S. cerevisiase with E. coli in a two

stage continuous culture system.

16



91
DISCUSSION

The continuous culture of microorganisms is an increasingly
important technique to sanitary engineering. Most biological
waste treatments operate as a continuous or semi-continuous culture
of microorganisms, and to understand natural environments it is
necessary to investigate the complexities of microbial interaction.
Generally, the continuous flow technique will allow control over
growth degendent factors such as ph, concentration of nutrients,
metabolic products, and dissolved oxygen which invariably change:
during the growth cycle in batch culture. These factors can
usually be maintained constant and may be independently controlled
in continuous culture. There have been cases where steadyestates
did not exist in continuous culture. The most widely known is the
observetion by Finn and Wilson (1954) of oscillation in a continuous culte
ure, where the pH and population oscillated continuously. Also, Yeoh
and Bungay (1965) have found that the mutualism interaction between
P. vulgaris and B. polymixa never attained steady-states. Cassell,
et al (1964) found that an activated sludge unit can exhibit wide
fluctuations in various microbial species with time even though the
feed rate and concentration are held constant.

- However, in reviewing Shindala's data it was evident that for proper
interpretation of mixed culture data the dynamics of pure cultures
would have to be investigateds Also, a close review of Shindala's
data revealed the possibility that the yeast S. cerevisiae does not

follow the classic continuous culture theory.
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The original peper which gave a theoretical basis for predicting
steady-states was formulated by Herbert, et al (1956) based partially
on the work of Monod (1942). In 1964, Schulze developed an extended
theory based on experimental data which was similiar to Herbert's
theory but accounted for the fact that the yleld constant was different
for different dilution rates. However, Herbert (1958) later cited
several possible exceptions to the general theory and data presented
in this paper is another exception to the general theory. In reviewing
the literature this author has concluded that there are numerous exe
ceptions and that a particular organism is more likely to be an excep-
tion to the rule than not. What I am primarily interested in is cell
mass and different investigators have chosen to measure different
variables such as dry weight, total nitrogen, or turbidity. I chose
to measure cell numbers since rapid andprecise counts could be made
electronically.

The population declined almost linearly with dilution for all
concentrations of nitrogen limited medium. However, the glucose limited
medium produced a dilution rate versus steadye-state curve that consisted
of a constant portion up to D = 0,210 hr.=l and then became linear until
"washout" occured. The question raised here is why should the yeast
have different growth dividing characteristics in different media.

The investigation of cell dry weight and Kjeldahl nitrogen using the
nitrogen limited culture resulted in very unusual relationships. The
dry weight decreased linearly, but not at as great a rate as the
population. This indicated that the average dry weight per cell

was increasing with dilution rate. Also, the Kjeldahl nitrogen per
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cell increased with dilution rate but at a greater rate than dry weight
per cell. This suggests the possibility that the relative rates of
protein and cell wall synthesis are different. In fact, the demon-
strated increase in cell volume reinforces this possibility.

As shown in Figure 10 the electronic size distributions of the
yeast not only indicated increasing size with dilution rate, but the
distributions are very different. The cells with younger average age
were larger and more uniform in size as indicated by the more peaked
curve., The investigation of average cell size over a range of dilue-
tion rates indicates that the average cell size increases with dilution
rate., Also, the average cell size increases with increased medium
concentration as was illustrated in Figure 15. The curve showing average
cell size versus dilution rate for a 0.L0 concentration of medium one
was very similiar to the one for 0.20 concentration except that at the
higher concentration the curve is flatter. Experiments have shown
that this type curve will become flatter at higher medium concentrations
until it is virtuslly constant at very high concentrations.

Since the curves for dry weight per cell, Kjeldahl nitrogen per
cell, and average cell size (equivalent diameter) are very similiar
in shape there can be little doubt that the cell size increases
dramatically with dilution rate in dilute media. Cell wall material
makes up a high percentage of the dry weight of cells, and this gives
rise to speculation that proteins are being synthesized at a much
faster rate than cell wall material, as the dry weight per cell does not

increase as does the protein nitrogen per cell. Also, the cell size



94
curves reflect volure more than diameter since the Coulter Counter
actually measures volume. This indicates that intracellural materials
(proteins) are being synthesized much faster than cell wall material
and therefore the cell increases in size until enough material is
produced for division. Actually, some cells were observed that
were much larger than the average equivalent cell diameter at a
particular flow rate, Sometimes a few cells were observed to be as
much as 70 to 80 percent larger than the average cell, and several
times cells in the seven to eight micron class were observed.

Response of microbial systems to abrupt changes in environmental
factors have recently been of considerable interest. Yasuda and
Mateles (1964) found that E. coli experiences a sudden increase in
growth rate in response to a sudden change in dilution rate. Also,
Herbert (1962) reported that microorganisms instantaneously adjusted
their growth rate when abrupt changes are made in either the dilution
rate or medium concentration.

The results of this research tend to agree with Herbert with regard
to step changes in medium concentration or limiting nutrient. This is
an instantaneous change in growth rate was experienced in response to
a step change in ammonium sulfate. However, the response of S.
cerevisiae to a step change in nongrowth limiting substrate, glucose,
was found to be very interesting. The step change in glucose produced
decaying oscillations with the initial and finalpopulations being
identical. These oscillations are very interesting particularly since

little time elapses before the response begins. Thus, glucose must
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affect the control mechanisms for growth, but only in a transient
manner. Furthermore, these mechanisms must operate rapidly because
there was no apparent lag between the time the glucose was changed
in the incoming medium and a growth response was noted. The control
mechanisms must be very sensitive because glucose concentration in
the flask could change but very slightly so soon after the change in
feeds An interesting observation here is that it has been shown
that glucose can trigger oscillations in yeast pyridine nucleotide
(Chance, et al, 1964).

Oscillations initiated by dilution rate changes indicate the
sensitivity of growth rate control mechanisiig, since there was
little time lag before the response. That is, little medium flowed
at the new rate, and the yeast cells must have sensed small changes
in their environment.

Preliminary experiments have shown that step changes in tempera-
ture and pH tend to cause oscillations in the yeast culture. These
oscillations are not as interesting as the others because the step
changes are more drastic. This means that the cells are sgensing
imnediate changes and not small changes as in the step change in
dilution rate.

Recent studies on ribosomes indicate that the cells in a steady
state adjust the number of ribosomes and keep the number necessary
vhich are believed to be working at full capacity. This is physio-

logically efficient and advantageous. When cells are transferred
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from a poor medium permitting slow growth to a rich medium permitting
fast growth, it was found that the increase of the rate of protein
and DNA synthesis occurred only after the amount of RNA reached a
level corresponding to the new faster growth rate (Neidhardt, 1961,
Kennell and Magasanki, 1962). This means that the amount of riboe
somal RNA in steadye-state growth is a function of the growth rate.
Thus when a continuous culture steady state is subjected to a dis-
turbance, the adjustment of the number of the ribosomes occur first
wvhile the limiting nutrient accumulates. Therefore, there should
be a lag in the growth rate. Hcowever, the experiments with step
response indicated a very rapid increese in growth rate and then
oscillated until a new steady state was established.

To insure that the oscillations did not reflect in cell dividing,
or cell size, spot checks were made of electronic counts, chamber
counts, dry weight and kjeldshl nitrogen neer the peak of several
oscillations. The results indicated that the oscillations are
reflected in all of the variables measured. Also, the experiments
indicated that steady-state populations were very stable and thus
the oscillations in response to step changes are significant.

These complex responses to forcing inputs are not readily amene
able to system analysis by conventional means. Frequency response
analysis is superior to transient response analysis in that none
linearities in the system are revealed as distortions of the output
sine wave, and often acceptable analysis can be made despite non-

linearities in the input or output curve. Also,frequency response
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analysis avoids the "Nyquist Folding" (analysis does not yleld a
unique solution) encountered in Fourier treatment of trensient
response data.

The dilution rate generator designed and built by Sutherland
(1965) produced very good sine waves, and the output curves were
of sufficient quality for this research. Also, the dilution rate
generator was successfully arranged with two switches on the pivote
ing arm with one switch off when the other was on. This allowed
the satisfactory production of substrate slne waves at a constant
dilution rate.

The Bode plots for dilution rate indicated a thirde-order system
with a quadratic second-order system added to & firsteorder system.
The time constants obtained seem to be reasonable considering
equipment and sampling techniques used. The Bode plot for response
to medium concentration was also acceptable with two time constants
being obtained. The largest of which represented the hydraulic
constant of the culture vessel., The concentration of medium in the
vessel was changing as a sine wave but 90° out of phase with the
input sine wave., The cells respond to the concentration in the
culture vessel and the output curve reflects this. However, this
relationship is reflected in the Bode plot as another firsteorder
system.

The attempts to sine force glucose and nitrogen concentration
were met with little success. The failure of yeast to react to
forcing of glucose can possibly be explained by the limits of the

system utilized. That is, it is possible that the frequency range
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of the generator is too low to investigate the probable frequencies
required for the solution of this problem. The data obtained by
foreing thé ammonium concentration has not been explained at this
time.

One of the most serious problems encountered with this work was
the difficulty in fitting a sine wave to the outflow data. The Bode
plots previously presented were obtained by hand-fitting sine waves
to the outflow curves and estimating the smplitudes and phase lag.
However, all future data will te fitted to a sine wave by use of a
least squares fit computer program (Thompson, unpublished).

The mixed culture data indicated that there exists a critical
concentration of E, coli which completely shuts off growth of S,
cerevisiae. This critical population is independent of medium cone
centration. This suggests that E. coli produces some inhibatory
factor that completely stops the growth ol S. cerevisise. This
factor has not been isolated at this time, but several possible
items have been eliminated. One of the first factors investigated
was pH, as E. coli produces a number of acids which could possibly
lower the pH to a level that would inhibit the growth of the yeast.
However, the pH nevey dropped below 6.9 in any of these experiments,
and was omitted as & possible answer.

The results obtained in this research indicate that the Coulter
Counter is an excellent instrument for the rapid enumeration of
microorganisms. It is possible to make measurements as often as

one per minute. This speed proved to be an extremely valuable aid
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in obtaining sine waves. Furthermore, size distribution curves for
different growth conditions would have required highly tedious
measurements by the other available methods. Actually, it would
have been almost impossible to attempt this investigation without
the use of the Coulter Counter.

The time constants are & and 40 minutes for dilution rate and
10 minutes for medium concentration. The larger time constant for
response to medium concentration is simply the hydraulic time cone
stant for the system. However, the smaller constant for medium
concentration and the constants for dilution rate are constants
for growth response for the yeast. The magnitude of these constants
lead to speculation about the mechanisms for growth rate control.
Enzymatic reactions and diffusion through cell wall membranes would
be expected to take place in seconds or fractions of seconds. The
processes which might take place in minutes would be those of protein
accumulation, cell wall synthesis, and accumulation of genetic mate
erials. Thus, it would seem that the control of cell growth rate
would depend upon accumulation mechanisms. This is apparently in
disagreement with other work (11, 25, 26) reporting an almost
instantaneous response of growth rate to a change in dilution rate.
However, the responses were highly complex and the initial step
may have been activation of some very rapid control step followed
by a depletion of reserves already accumulated. This would represent
& high frequency outside the range of the frequency range of the

present investigation.
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CONCLUSIONS

The growth of S. cerevisiae in continuous culture does not follow
classic continuous culture theory.

Average equivalent cell diameter, dry weight per cell, and Kjeldahl
nitrogen per cell increased with dilution rate.

The ratio of rate of synthesis of cell wall material to rate of
synthesis of proteins appears to decrease with increasing dilution
ratae,

The critical dilution rate, Dc’ at which the yeast washed out
decreased as the substrate concentration decreased.

Continuous cultures of S. gerevislac are sensitivse to abrupt

changes in environmental factors such as glucose concentration,
dilution rate, and temperature. Instantaneous abrupt changes

(step changes) in dilution rats and glucose resulted in oscilla-
tions of yeast growth rate in a nitrogen limited medium., Oscilla-
tions were not observed in a glucose limited culture of S. cerevisiae.
Sinusoidal forcing of S. gercvislae met with reasonable success and
the equipment and techniques utiliz=d in this research appears to

be suitable for analysis of microbial systems.

Time constants for microbial systems may bes obtained by use of the
Bode Diegram with a minimum of mathematics. The time constants found

for S. ceravisiss are:

a. For response to dilution rate; 40 and 8 minutes,

b. For response to medium concentration, 10 minutes,
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8. The time constants from Bode plots seem to relate to mecﬁanisms
for the accumulation of cell constituents needed before cells can
divide.

9. E. coli excretes an unknown inhibitory factor which can completely

shut off growth of S. cerevisiae,
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APPENDIX
THEORY OF THE COULTER COUNTER

The Coulter Counter determines the number and size of particles
sugspended in an electrically conductive liquid. The suspensior. is
made to flow through a small aperture in a glass wall that separates
the suspension into two electrically isolated portions. Electrodes
are placed in the suspension on either side of the wall and connected
to a direct current supply. Resistance to current passing through
the suspension between the electrodes will depend almost entirely
on the resistance in the small aperture. In the absence of particles
the resistance will remain constant., However, when a particle passes
through the aperture the resistance riseé because of the reduction of
the volume of electrolyte. The particle concentration is diluted to
a level such that usually only one particle passed through the aperture
at a time, Each particle passage displaces electrolyte within the
aperture, momentarily changing the resistance between the electrodes and
producing a current pulse of magnitude proportional to particle
volume, The voltage pulses are amplified and sent through a gating
circuit having an adjustable threshold level. Al voltage pulses
equal to or greater than the threshold level activates the counter
driver, and pulse is counted, The circuit is also linked into an
. oscilliscope screen, and a brightening of all pulse segrents above

the threshold setting aids the operator in adjusting the instrument.
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The pulse height and instrument response are essentially
proportional to particle volume and to fluid resistivity for particles
up to 30 or 40 percent of aperture diameter. By use of a suitable
conversion factor the particle volume can be related to the diasmeter
of a sphere of the same volume. AdJjustment of the threshold level
above which pulses are counted enables the determination of particle
size distribution. The Model A Counter used here is a seven-decade
digital instrument capable of counting pulses &t a rate of 5,000 per
second. Sample dilution was selected to provide the optimum rate of
flow of particles through the eperture without exceeding the safe coin-
cidence correction values. The conductivity of the diluent can be adjusted
to provide to provide the optimum electric current flow through the
aperture, but membrene-filtered 0.9 percent saline was used during
this research. The variables to be considered in particle size analysis
are: particle concentration, the conductivity of the electrolyte, counte
ing time, and the aperture diameter. Particle diameters should be
between 1% percent and 30 percent of the aperture diameter, with 1 per
cent to 40 percent being extremes(20:1 to 40:1 on diametric basis, or
8,000:1 to 64,000:1 on volumetric basis). This research employed
both commercial orifices and orifices made in our lsboratory ( see
Shindala, 196k, p. 98).

Calibration of the equirment is carried out bty means of a suspension
of particles of known diameters. There are two controls used in this
calibration; the dial adjusting the aperture current and the dial

adjusting the threshold voltage for pulse counting.
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The basic construction of the Coulter Counter is shown in Fig. 37.
One electrode is placed in the beaker containing the sample. Into the
same beaker is placed a glass tube, sealed from the contents of the
beaker except at the point where the aperture is located. The second
electrode is contained in this tube, immersed in the suspension. To
the top of the tube is connected & mercury manometer and, through a
stop cock, to a vacuum pump. The vacuum pump runs continuously and
provides a negative pressure of about 11 1b./sq. inch. When the stop
cock is opened, mercury is drawn from the manometer towards the
tube containing the orifice. When the stop cock is closed, the mere
cury flows back to its original balanced position, at the same time
drawving samples from the beaker into the tube by way of the aperture.
Two contacts inserted in the wall of the manometer provide a means
of insuring that the number of particles in an exact volume (0.05
cubic centimeters) of the sample is counted as it passes through the
aperture, counting being started when the mercury contacts the first
electrode and stopped when it contacts the second electrode., Thus,
the number of particles is always counted in equal volumes of fluids,
and this volume is smoothly flowing both at the start and at the
finish of the count. A home made timer, the same as reported by
Shindala (1964) p. 94 calibrated to give a selected time period of
about 10 seconds was utilized in a portion of this research along
with the manometer method. The variations between counts when the
timer was used compared with that obtained with the 50-micron orifice

using the manometer proved that the timer was completely satisfactory.
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As well as being counted electronically, the voltage pulses are
displayed on a cathode ray tube., The pattern of pulses shown serves
as a guide for sample dilution and for dial settings and also acts
as & monitor of instrument performance. The threshold level above
which pulses are recorded for counting is displayed on the screen
as a brightness modulation. Pulses above the threshold level are
brighter than those below it.

During the course of the analysis it is sometimes possible for
an extra large particle to lodge in the orifice, thus giving an erron-
eous counts A microscope provided for orifice examination was useless
because of the tiny orifice sizes. Actually, plugging did not provide
any serious problems during the entire course of this investigation.

The high number of particles counted provides high statistical
accuracy, but a correction for particle coincidence in the orifice
was not needed at the dilutions employed. Also, the fact that the
diameter of a particle is proportional to the cube root of its
volume means that errors in volume measurement are reduced to their
cube root when the measurement is expressed as an equivalent diameter.
Consequently, the mekers of the instrument claim that diameter incree

ments of 1 percent can be differentiated.
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ABSTRACT

Pure cultures of the yeast §, cerevisiae do not follow the
classical continuous culture theory when tested in a variety of
chemostats. Using a Coulter Counter, yeast populations were
sized and enumerated electronically over a range of dilution
rates., Total dry weight and Kjeldahl nitrogen per cell were
determined for a variety of dilution rates. From these data it
was shown that the yeast definitely increased in size as the
dilution rate increased. Also, it appeared that the ratio of
rate of synthesis of cell wall material to the synthesis of
proteins decreased as the dilution rate increased.

Step changes in various environmental factors (dilution
rate, medium concentration, glucose concentration, ammonium sule
fate, and temperature) indicated that yeast populations may not
show a smogoth transition from the initial to the final steady
states. Decaying oscillations of the yeast population were
observed in response to step changes in dilution rate and glucose
concentrations. Step changes in ammonium sulfate or in total
medium concentrations resulted in smooth responses to a new
population level.

To investigate the complex responses to dilution rate and
glucose a frequency response analysis was employed. The growth
of S. cerevisiae varied in a sinusoidal fashion in response to

sinusoidal forcing of dilution rate and medium concentration.
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Bode diagrams were prepared for yeast response to dilution rate
and medium concentration. Time constants were determined from
the Bode diagrams. The time constants were in the order of
several minutes and possible relations to growth contfol meche
anismg can be postulated. The time constants probably pertain
to accumulation of intracellular materials.

A twoe-stage continuous culture system was built to investi.
gate the interaction of E. coli and S. cerevisiae. By feeding a
continuous pure yeast culture from the first stage into the mixed
culture second stage it was found that the E., coli apparently

produces a substance that inhibited the growth of yeast.
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