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Modifications to Monod Model

C
The empirically based Monod growth rate equation u = Mhas become popular,

+
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compared to the other proposed rate equations for cell growth, due to its similarity with

- : : _ v _C
the mechanistically derived Michaelis-Menten rate law V= —"*—5_ for enzyme-

st

S
catalyzed reaction rate. The Monod equation is capable of explaining or simulating the
exponential growth phase followed by the decelerating growth phase in the cell

concentration during batch growth dynamics, when coupled with dynamic balance

equation for the substrate concentration:

ACc _ o = HmCs ¢ (7.3.1)
dt K¢+ Cq
dCs__ 1 #mCs (7.32)

d Y, K., +C, ©

where Y¢s is the stoichiometric yield coefficient of grams of cell mass produced from a

gram of substrate.
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Figure 1. Typical growth phases in batch cultures of bacterial cells

The initial lag and accelerating growth phases which are not simulated by the Monod
growth rate equation can be easily simulated by making a slight modification to the
original Monod equation given above. This modification invokes a rate-limiting enzyme
involved in the growth processes that may not be present at sufficient levels in the
inoculum or starting culture. While cell growth is a complex process mediated by
thousands of enzymes, it may be sufficient to hypothesize just a single enzyme that may

be rate-limiting during the initial lag growth phase for the purpose of simulating the lag.

Incorporating the effect of varying key enzyme concentration into the Monod growth

kinetics, we can write

= Au‘max ERCS

7.3.3
K. +C, ( )

u

where Eg represents the relative amount of the key enzyme. This modified Monod rate
equation follows the Michaelis-Menten rate equation closely, which is more correctly

written as



V= kcat ET CS

= (7.3.4)
Ke+C,

where Er represents the total enzyme concentration in the reaction mixture.

Relative key enzyme content inside the cells, Er, may be written as E; =e/e,,, , where e

is the intracellular content of the key enzyme, with the units of g enzyme/g cell mass, and
emax 1S 1ts maximum value typically obtained during the balanced exponential growth
phase. The balance equation for the intracellular enzyme content can be written in terms
of eC,, which has the units of g enzyme/culture volume, as

d(eC.) _ oCLC. _
dt K¢+ Cq

p(eC.) (7.3.95)

where a and S are enzyme synthesis and degradation rate constants. Using the product

rule, we can expand the above equation to write the balance equation for e as:

de  aC _/),e_idCCe

ue_ (7.3.6)
d K. +C, C. dt

The last term in the above balance equation for the intracellular enzyme is the dilution
term due to cell growth, which will be obtained similarly for all intracellular species.
This equation can be simulated to produce the curve added at the bottom of the batch
growth dynamics. The maximum level of the intracellular enzyme emax can be
determined easily by setting the above equation to zero and solving for its steady state
value. In terms of the model parameters, the maximum level of intracellular enzyme
obtained during the exponential growth phase (when Cs is much greater than K;) can be

derived as

e - ¢ (7.3.7)

max Mmax +[))



Starting with a low or zero content of the key enzyme needed for growth on a given
substrate (representative of poor quality starter culture or inoculum), presence of the
substrate induces the synthesis of the key enzyme. The low or zero enzyme content
causes the initial lag phase of no cell growth while increasing enzyme content results in
the accelerating growth phase. The enzyme concentration reaches and stays at its
maximum, emax, during the exponential growth phase, which shows up as a linear increase
in the logarithmic plot of cell concentration. The slope of this line on the semi-
logarithmic plot below is the maximum specific growth rate, umax. As the substrate gets
depleted, the growth rate or the slope of this curve decelerates and becomes zero when
the substrate is completely consumed. With the substrate no longer present, the key
enzyme synthesis stops and enzyme degradation during the stationary and death phases

reduces the intracellular enzyme content to low levels.
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Figure 2. Dynamic profiles of substrate concentration and intracellular enzyme content

along with the logarithm of cell mass concentration.



7.3.1 Sequential Growth - Diauxie
Consider the cell growth medium in a batch bioreactor that contains two different carbon
substrates, S; and S, which are each capable of supporting cell growth. For the growth

on the substrate 1:Cells + Substrate 1 (e.g. glucose) = more Cells + products, the

Au max,1 E1C81

modified Monod growth rate expression is u, = K +C
1 + S

(7.3.8)

For growth on the substrate 2:Cells + Substrate 2 (e.g. lactose) - more Cells + products,

_ M2 Ezcsz

the modified Monod growth rate expression is u, = K +C (7.3.9)
2 + S2

where u; and u, are the specific cell growth rates on individual substrates S; and S,

respectively.

When both the substrates are present in a batch bioreactor, microbial cells do not
consume both substrates simultaneously or additively but instead grow on the sugars

sequentially. That is, the maximum specific growth rate on mixed substrates:

Mrisag * Mgy + Uy, UL p=either o 00 .

The sequential consumption results in an interesting pattern of the cells first consuming
one preferred substrate and then after an intermediate lag phase, consuming the
remaining less preferred substrate. That is, the less preferred substrate is not utilized until
the preferred substrate is completely consumed and is no longer available in the growth
medium. This sequential utilization of two substrates in batch cultures has been observed
in numerous experiments by Monod, who has termed this phenomenon as the “diauxie”

(Greek for two growth phases).



The consistent characteristic of the diauxic growth phenomenon is that the preferred

substrate provides the faster growth rate, i.e. wmax.1 > Umaxz-
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Figure 3. Diauxic growth of bacteria on two substrates, showing also the intracellular
content of the two hypothetical key enzymes for consuming each substrate.
The diauxic growth is observed in most or all well-documented batch cultures on
multiple substrates. The preference for faster growth rate in the first growth phase has
been suggested to be a consequence of evolutionary pressures on the microbes to grow at
the fastest growth rate possible [Kompala et al., 1986]. If the cells were to grow

simultaneously on both substrates it has been suggested that the cell growth rate will be

reduced to an average of the two growth rates, rather than an additive growth rate.

The diauxic growth phenomenon has been modeled with the modified Monod equations
discussed above, and the evolutionary objective of maximizing the instantaneous growth
rate accomplished through hypothesized “cybernetic” variables. The cybernetic variables

u;j and v; represent the outcome of intracellular regulatory processes controlling enzyme



synthesis and activity respectively, and are determined through maximization of

instantaneous growth rate.

dtc = (w,v, + u,v,)C, (7.3.10)
dcy __ 1 uV,C, (7.3.12)
dt Yo

dC, __1 u,v,C. (7.3.12)
dt YC/SZ

d__aCs | _pgo_1dC, for =12 (7.3.13)
d K, +Cq C. dt

where U, = S and v - o & j=12  (7.3.19)

E‘uj maXJ Ui

The last term in the equation (7.3.13) is the typical dilution of an intracellular species due
to cell growth. During the exponential growth on high concentration of a single
substrate, the maximum level of the intracellular key enzyme can be shown as

a.
€= (7.3.15)

) Ui + B,
With these “cybernetic” model equations, the diauxic growth phases shown above have
been simulated with typical model parameters values. The model parameters are the
Monod growth parameters for growth on each single substrate (which can be determined
experimentally) and additional model parameters «; and g, for the synthesis and
degradation of the two key enzymes. As the rate-limiting key enzymes are hypothetical,
even though they may be identifiable in many cases (such as, p-galactosidase for the
utilization of lactose), these additional model parameters are given some representative

values, rather than experimentally measured.



Example 7.3.1.1: Diauxic Growth: Maximization of instantaneous growth rate

The cybernetic variables u; and v; represent the optimal response of the enzymatic
synthesis and activity to maximize the instantaneous growth of the cells for any given
medium composition. Therefore, even if the substrate 1 is present at lower
concentration than the substrate 2 at the beginning of batch growth on mixed substrates,
as long as the instantaneous growth rate u, is greater than the rate u,, more of the
enzymes need for the utilization of substrate 1 will be synthesized and active (u; > uand
v1 >V, ). Thisis illustrated in the following numerical simulation, using the initial
concentrations of 4 g/L for substrate 1 and 20 g/L for substrate 2. However, because of
the model parameter values used (umax1 = 0.9 hrt, tmax2 = 0.6 hr', K1 = 0.1 g/L, K = 0.5
g/L, oi = 0.0001 hrt, Bi = 0.05 hr!) and initial conditions for the two key enzymes (e at
closer to its maximum value of 8.3 x 10™ and e at a lower value of 1 x 10°°), the growth
rate on substrate 1 w; remains higher than w, until substrate 1 is completely consumed.
Consequently cybernetic variables u; and v; for the first enzyme’s synthesis and activity
remain close to their maximum value of 1 during the first growth phase.

Run 1: 41 steps in 0.0167 seconds
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Figure E7.3.1: Simulations of the cybernetic model, showing the profiles for the
two substrate concentrations (S1 and S2 on the left axis) and logarithm of cell
mass (In C on the right axis) during a typical diauxic growth.



The intracellular enzyme levels for the same simulation are shown below to highlight the

role of the cybernetic variable u; and u; in the synthesis of e; and ey:

Run 1: 41 steps in 0.0167 seconds
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Figure E7.3.2: Simulations of the cybernetic model showing the profiles of the
two cybernetic variables (u; and u, on the left axis) and two enzymes (e; and e;

on the right axis)

During the first growth phase, the cybernetic variable u; takes values close to unity,

E1, E2

indicating preferential synthesis of enzyme 1 and repression (suppression of synthesis) of

enzyme 2 as Uy is close to zero. After the first substrate is mostly consumed, the growth

rate wy on that substrate falls to zero, triggering the switch in the cybernetic variables and

inducing synthesis of enzyme 2.

Example 7.3.1.2. : Diauxic Growth: Effect of Preculturing in Substrate 2

It may be suspected from the above simulation that preferential utilization of substrate 1

is due to the high level of enzyme 1 assumed as its initial value. This high initial value



for

e1 Is chosen to indicate preculturing the inoculum in substrate 1. If the inoculum is

precultured in substrate 2, the initial value for enzyme 2 should be higher and that for

enz

yme 1 should be assumed much lower.

The two figures below show simulation results with the altered initial conditions for the

two enzymes, while keeping all other initial values and model parameter values identical

tot

hose in the above example. The diauxic lag gets significantly shortened, along with

significant consumption of S, during the first growth phase. Nevertheless, substrate 1 is

gradually preferred with increasing culture time and is completely consumed during the

first growth phase.
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Figure E7.3.3: Simulations of cybernetic model with altered initial conditions for
the two enzyme levels, with e, > e;, reflecting the preculturing of inoculum on S,.

The gradual increase in the slope of semi log plot of cell concentration during the first

gro

wth phase is due to the gradual preference of substrate 1, even though the inoculum is



precultured on substrate 2 and has the enzyme 2 already available for its continued
consumption. During the later parts of first growth phase, more of the enzyme 1 is
synthesized (as is seen in the next simulation graph) resulting in the rapid consumption of
substrate 1 and increasing growth rate (slope of the semi log curve). Significant
availability of enzyme 2 at the end of first growth phase results in the reduced or non-

existent diauxic lag phase before the second growth phase on the remaining substrate 2.
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Figure E7.3.4 Simulations of the cybernetic model showing the two cybernetic
variables u; and u, along with the profiles of intracellular enzyme contents for
the two key enzymes e; and e,. Preculturing causes the initial value for e, to be
much higher than that for e;. Even with the values, the model predicts an
increasing preference for the substrate 1 during the first growth phase.

7.3.2 Simultaneous Utilization in Continuous Cultures
For continuous or chemostat culture of microbial growth on multiple substrates, the batch
culture balance equations given above can be modified to include the inlet and outlet

terms as below:



dcclic = (wVv, +u,v,)C. - DC, (7.3.16)

dC 1
d—t& -D(C,,-Cy)- v uV.C, (7.3.17)
dCSZ 1
=D(C,,, -Cq,) — ——u,V,C (7.3.18)
dt S2,0 S2 YC/S2 2°2C
de oC, :
L= 1 u+a*-ge—-(uv +uyv)e for i=12 (7.3.19
dt Ki + Cs i ﬁl | (Ml 1 MZ 2) | ( )

where D is the dilution rate, Cs1 0 and Csy are the inlet concentrations of substrates S;
and S, respectively. In equation 7.3.19 for intracellular enzymes, an additional synthesis
rate constant o* is included to ensure a low level presence of each enzyme even in the

absence of its substrate.

With these new dynamic balance equations for continuous cultures, the cybernetic model
predicts the simultaneous utilization of both substrates at steady state for low dilution
rates, as observed experimentally. At increasing dilution rates, the simultaneous
utilization of both substrates changes gradually to preferential utilization of the preferred

(faster growth supporting) substrate. At even higher (than the maximum growth rate

Aumax,lCSl,O

possible in the chemostat: ) dilution rates, washout of cells from the chemostat

1+ %50

is observed as also observed for single substrate chemostats.

Example 7.3.2.1 Simultaneous utilization of multiple substrates in continuous cultures

Using the same model parameter values used in the previous examples (tmax1 = 0.9 hr™,

umaxz2 = 0.6 hr?, Ky = 0.1 g/L, Kz = 0.5 g/L, & = 0.0001 hr, f; = 0.05 hr'* and the new



parameter o;*= 0.01c), the above modified cybernetic model equations of continuous
cultures can be simulated to plot the steady state concentration of cell mass, substrates 1
and 2 over a range of dilution rates. The initial values for the different concentrations are
immaterial (as long as cell mass concentration is not started at zero since there will be no
spontaneous generation of life in a sterile bioreactor) if we simulate the dynamic balance
equations (7.3.16-7.3.19) long enough for them to reach steady state. The inlet
concentrations of the two substrates are chosen as 10 g/L each and the inlet nutrient feed

is assumed to be sterile (i.e. cell mass concentration in the feed is zero).
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Figure E7.3.5 Steady state values from the simulation of cybernetic model
equations. Both substrates are simultaneously utilized at low dilution rates. At
increasing dilution rates, substrate 2 is gradually rejected in favor of substrate 1.
At higher dilution rates, washout occurs with the steady state values same as the
inlet concentrations.



In marked contrast to the batch culture results of sequential utilization of the two
substrates, the continuous culture simulations (and the experimental data) show the
simultaneous utilization of both the substrates at low dilution rates. At increasing
dilution rates, the second (less preferred or lower growth rate supporting) substrate is not
consumed completely or is rejected in favor of the preferred (i.e. faster growth rate
supporting) substrate. At much higher growth rates, the washout steady state is observed
with the two substrates and the cell mass reaching a steady state that is the same as their

inlet concentration.

7.3.3 Multiple Metabolic Pathways in Yeast:
The brewer’s or baker’s yeast, Saccharomyces cerevisiae, presents an interesting example
of the cybernetic objective i.e. maximization of the cell growth rate through preferential
utilization of a substrate or in this case a metabolic pathway over the others. The yeast

cells have different pathways for consuming glucose:

(1) Glucose fermentative pathway, which may be represented by the overall chemical

equation, if glucose consumption for cell growth is ignored:

CgHp05 — 2C,HOH +2C0O, +  ~2 ATP (7.3.20)
The Monod growth parameters for this growth process are:
u,.,=045hr" K =005g/L, Y,=0.15gCell/gGlu
(2) Ethanol oxidative pathway, with its overall chemical reaction (ignoring cell growth):
2C,HsOH +30, - 2C0, +3H,0 +  ~18 ATP (7.3.21)
can also occur if ethanol and oxygen are both present in the culture medium.

The Monod growth parameters for this second growth process are:



U...,=02hr" K,=001g/L, Y,=0.74gCell/gEthanol
and
(3) Glucose oxidative pathway, which is of course possible only in the presence of
oxygen, again ignoring the glucose consumption for cell growth, the overall chemical

reaction of this pathway can be represented as:

CgHyo0g + 60, = 6CO, +6H,0  +  ~24 ATP (7.3.22)

The Monod growth parameters for this third growth process are:

w_.=033r", K, =000lg/L, Y,=050gCdl/gGlu

Hypothetical Question: In a typical brewing experiment, if glucose and oxygen are both
present in the culture medium, are both pathways used simultaneously or is one pathway

preferentially utilized by the yeast, and if latter, which pathway is preferred?

Numerous brewers routinely ferment glucose to ethanol using yeast cells, without taking
any special precautions to eliminate oxygen from the culture medium. These
fermentations are successful (in producing ethanol) because cells preferentially use the
faster fermentative pathway and do not produce the enzymes needed for slower oxidative
consumption of glucose even if oxygen is present in culture medium, until almost all the
glucose has been fermented to ethanol. After all glucose is fermented, it will be
necessary to stop the batch fermentation to avoid the oxidative consumption of ethanol,

which will occur in a subsequent or diauxic growth phase if oxygen is present.

The cybernetic model equations introduced earlier predicts the diauxic growth of yeast on

glucose and ethanol in aerobic cultures, with small modifications to incorporate the



specific case of ethanol generation from the fermentative pathway. The further modified
cybernetic model equations for the yeast growth metabolism (to include the dynamics of
intracellular storage carbohydrates, trehalose and glycogen, represented as Ct) from

Jones and Kompala (1999) are given below for both batch (D = 0) and continuous

cultures.
d;:tc = (E [TAVA D)CC (7.3.23)
dC wyv, u\V ( dC. dC )

6 =D(Cyp,-Co)-| 22+ 732 C. - 9,|C, —C + —TC_| (7.3.24
dt (Cos G)(YlJrYJc(p“Tdtert c) (7324
dC wy, wV,

E__DC L e O A (@) 7.3.25
dt E +(¢1 Yl Y2 ) C ( )
dCo * 2V2 3V3
e k a(C; - C,) —((pz a Y + ¢, MY—s)CC (7.3.26)
de «C, ( ) . :

e u —|p V. le for =123 7.3.27
dt Ki +CS I ﬁl + zul 1 I +a 11 ( )
dC,

o VabtaVs = (7t + 7aaV,)Cr = X uviCy (7.3.28)

The modified Monod growth rates along the individual metabolic pathways are:

E.C .
U, = Hoaive Glucose Fermentation (7.3.29)
K, +C,
E _
u, = MiaBCe _ Co Ethanol Oxidation (7.3.30)
K,+C. Kg,+C,
_ MUesECs G Glucose Oxidation (7.3.31)

Hs = K,+C, Ky +C,

Cybernetic variables u; and v; are determined as before:

and Vv = a

U = o M for i1&j=12,3 (7.3.32)
E“j max;; u,
]



The symbols ¢ and y represent the stoichiometric constants for the production of ethanol,

consumption of oxygen and the storage carbohydrates respectively.

The cybernetic model for yeast metabolism predicts the diauxic growth phases in the
aerobic growth of yeast on glucose in batch cultures (with D = 0 and high values of ki, a).
The model parameters were chosen to fit the experimental data from von Meyenburg

(1969) and are partially listed earlier with discussions on the three metabolic pathways..
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Figure 4. Cybernetic model simulations and experimental datafrom von Meyenburg
(1969) for cell mass, glucose, ethanol concentrations in aerobic batch culture of

Saccharomyces cerevisiae. From K.D. Jones, and D.S. Kompala: Journal of
Biotechnology 71:105-131 (1999)

During the first growth phase, the yeast cells clearly prefer the faster fermentative
metabolism and ignore or repress the oxidative metabolism. This choice of the
fermentative pathway can be concluded from (1) the growth rate (the slope of a semi-long
plot of cell mass) during the first growth phase or more easily (2) the accumulation of the

fermentation product, ethanol. After glucose is completely fermented, the presence of



oxygen enables further growth of yeast cells in a second or diauxic growth phase using

ethanol oxidative pathway.

Further insight into the metabolic pathways used in batch cultures is obtained by online
measurements of gas exchange rates, particularly the carbon dioxide evolution rate (gcoy),
the oxygen uptake rate (qy,), and their ratio, known as the respiratory quotient (RQ).
These specific gas exchange rates can also be readily computed in the model simulations

using the following equations:

ouV,
Oeo, = 2, v (7.3.33)
UV,
qu = E— (7.3.34)
i-23 Y
qco2
R_Q_: (7.3.35)
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Figure 5: Cybernetic model simulations and experimental data from von Meyenburg
(1969) for the gas exchange rates and their ratio R.Q. in aerobic batch culture of



Saccharomyces cerevisiae. From K.D. Jones, and D.S. Kompala: Journal of
Biotechnology 71:105-131 (1999)

Experimental data showing dynamic changes in the gas exchange rates within each
growth phase are qualitatively well predicted by the cybernetic model for yeast
metabolism. Thisisin contrast with the predictions of constant values for these rates

within each growth phases by a previous model (Bijkerk and Hall, 1977).

The yeast cybernetic model equations for continuous or chemostat cultures can be
simulated to predict the “Crabtree effect” of preferential utilization of glucose oxidative
pathway during the low dilution rates, followed by switch to the fermentative pathway at
higher dilution rates. The oxidative consumption of glucose, which is not utilized in the
batch aerobic cultures, is the preferred pathway for glucose consumption at the low
dilution rates, as seen from the high cell mass yields in Figure 6 and absence of any
ethanol production. At higher dilution rates, the utilization of glucose fermentative
pathway is seen both in low cell mass yield in Figure 6 as well as the production of

ethanol (data not shown).
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Figure 6. Chemostat or continuous culture steady state data on cell mass yield on glucose
(From Jones and Kompala, Journal of Biotechnology 71: 105-131 (1999)

The transition from the oxidative to fermentative pathways occurs either gradually or
abruptly, depending on other culture conditions, such as oxygen supply rates, controlled

mainly by impeller agitation rates, which are different in these experimental studies.

7.3.4 Metabolic Oscillations — Cybernetic Model

At the intermediate dilution rates, as the cells are changing from oxidative to fermentative
metabolism, yeast cells can exhibit spontaneous metabolic oscillations over a range of
operating conditions, such as the agitation rate or oxygen mass transfer rate. Several
experimentalists have documented these oscillations in aerobic continuous cultures of
yeast on glucose. Figure 7 from Porro et al. (1988) shows the sustained oscillations in all
the metabolite concentrations measured in the continuous bioreactor. The top panel
shows the online measurement trace of dissolved oxygen concentration in the culture

medium, which is most readily obtained. The subsequent panels show off-line
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Flgure 7. Spontaneous metabolic oscillations In

chemostat cultures of yeast Saccharomyces
cerevisiae. From Porro et al Biotechnology and
Bioengineering 32:411-417 (1988)

the oscillations die down to either
oxidative or fermentative consumption

of glucose.

The metabolic oscillations can also be predicted by the yeast cybernetic model equations
given above (Jones and Kompala, 1999) but requires the use of a stiff ODE solver. The
simulations have been conducted using the Berkeley Madonna and Matlab software at the
operating conditions of dilution rate of 0.16 hr'* and oxygen mass transfer rate k.a
(strongly affected by the agitation rate) of 300 hr''. The parameter values for the

different model constants are listed in the Table 7.3.1.
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At different operating conditions, the cybernetic model predicts also the experimentally
observed trends in the shape and period of oscillations as well as the damping of the
oscillations to either the fermentative or the oxidative consumption outside the range of

oscillatory conditions.

Table 7.3.1 Nomenclature and Parameter Values used in Model Equations and

Simulations.

Parameter | Units | Definition Value
Wmax,1 hr? Max. Specific Growth Rate for Glucose Fermentation 0.44
Wmax,2 hr? Maximum Specific Growth Rate for Ethanol Oxidation 0.19
Wmax,3 hr? Maximum Specific Growth Rate for Glucose Oxidation | 0.36
Ki g/L Monod Saturation Constant for Glucose Fermentation 0.05
K, g/L Monod Saturation Constant for Ethanol Oxidation 0.01
Ks g/L Monod Saturation Constant for Glucose Oxidation 0.001
Koz g/L Oxygen Saturation Constant for Ethanol Oxidation 0.01
Kos g/L Oxygen Saturation Constant for Glucose Oxidation 2.2




Y1 a/g Yield Coefficient for Glucose Fermentation 0.16

Y; a/g Yield Coefficient for Ethanol Oxidation 0.75

Y3 a/g Yield Coefficient for Glucose Oxidation 0.60

a hrt Enzyme Synthesis Rate Constant 0.3

o’ hrt Constitutive Enzyme Synthesis Rate Constant 0.1

B, hrt Enzyme Degradation Rate Constant 0.7

Y1 a/g Rate Constant for Carbohydrate Degradation 10

Y2 a/g Rate Constant for Carbohydrate Degradation 10

Y3 a/g Rate Constant for Carbohydrate Synthesis 0.8

o} a/g Stoichiometric Coefficient for Ethanol Production 0.48

9, a/g Stoichiometric Coefficient for Ethanol Oxidation 2

08 a/g Stoichiometric Coefficient for Glucose Oxidation 1

Oy a/g Stoichiometric Coefficient for Carbohydrate Production | 0.95
Cs0 Cso, g/L Inlet or Feed Glucose and Substrate Concentrations 10, var.
Cc g/L Cell mass Concentration variable
Cs Cs1 Cs2 | 0Q/L Substrate Concentration variable
Cs, Cg, Co | Q/L Glucose, Ethanol, and Dissolved Oxygen concentrations | variable
Cr a/g Intracellular Storage Carbohydrate (Trehalose) Conc. variable
€1 Emax.i a/g Intracellular Enzyme Concentration and its maximum variable
Ei - Relative Amount of Intracellular Enzyme variable
w hr! Growth Rate on i’th Substrate or Pathway variable
D hrt Dilution Rate variable
u - Cybernetic Variables Controlling Enzyme Synthesis variable
Vv - Cybernetic Variables Controlling Enzyme Activity variable
k.a hr! Mass transfer coefficient for Dissolved Oxygen variable
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Homework Problems Based on this Sample Section :

1.

Show that the enzyme modification of the Monod growth kinetics is capable
of simulating the presence or absence of the initial lag phase by varying the

initial level of the intracellular enzyme content.

Show that the enzyme modification of Monod growth kinetics does not affect
the chemostat profiles of cell mass and substrate over the range of dilution

rates as well as the washout and optimal dilution rates.

Examine whether the order of substrate preference is affected by the choice of
initial levels of the two key combinations (test the four combinations: high-
high, high-low, low-high, and low-low where high represents 99% of emax.i

and low represents 1% of emax.i).

Esherichia coli grows on a mixture of three sugars: glucose, xylose and
lactose. The Monod growth rate parameters for glucose are: umaxs = 1.2 hr?,
Ke =0.01 g/L, Ycie = 0.55 g/g; for xylose: wmaxx = 1.05 hr', Kx = 0.05 g/L,
Yeix = 0.52 g/g; and for lactose: umax. = 0.8 hr*, KL= 0.1 g/L, Ycu = 0.45
g/g. How will these sugars be consumed in a batch bioreactor with the initial
sugar concentrations of 5 g/L glucose, 10 g/L xylose, and 25 g/L of lactose.

Extend the cybernetic model framework to address three substrates.



E. coli is to be cultured in a chemostat on a mixture of glucose, xylose and
lactose with the feed concentrations of 5 g/L glucose, 10 g/L xylose, and 25
g/L of lactose. The Monod growth rate parameters are same as the ones in the
problem above. What is the optimal dilution rate that will maximize the cell

mass production rate (D*Cc)?

Zymomonas mobilis has been engineered to ferment pentoses like xylose in
addition to the common hexose, glucose. The Monod parameters for this
metabolically engineered microorganism during growth on glucose are wmax =
0.40 hr', Ks= 0.1 g/l, Yys= 0.11 gdw / gS, and Yois=0.48 g ethanol / g
glucose. The same parameters for growth on xylose are pmax = 0.30 hr, K =
0.5 g/l, Yys=0.10 gdw/gS, and Y s = 0.45 g ethanol/g xylose. These cells are
grown in a chemostat fermentor with the feed containing 50 g/l glucose and
50 g/l xylose. Using the Monod chemostat equations, calculate the maximum
ethanol production rate possible from these cells growing in a chemostat.
Assume that the fermentative growth on xylose gets repressed or shut off
completely when the glucose concentration exceeds 0.2 g/l and that both
sugars are fermented at lower dilution rates or glucose concentration < 0.2 g/l.

Make any other assumptions as needed.

Solve the above problem using the cybernetic model equations, using
o =0.0001 and p = 0.05 for both key enzymes and without using the

assumptions stated in the last two sentences of above problem.

Continuing with the theme of above problem, a second chemostat (of the same
size) is added in series or downstream from the first chemostat, operated at
high dilution rate, to ensure that all of xylose is consumed in continuous
culture,. What dilution rate should be used to maximize the ethanol
production rate from the metabolically engineering Zymomonas mobilis? Use
the growth parameters from the earlier problem statement. Use the cybernetic

model equations or state your additional assumptions.



Saccharomyces cerevisiae grows in a typical diauxic growth phenomenon on
a mixture of glucose and galactose. The Monod growth rate parameters for
the fermentative growth on galactose are assumed to be wmax = 0.40 hr?, K =
0.1 g/L, Yws=0.15 g cell mass / g galactose, and Y s = 0.47 g ethanol / g
galactose. The growth rate parameters for oxidative growth on galactose are
assumed to be wmax = 0.33 hr*, Ks = 0.001 g/L, Koz = 2.5 g/L and Yy = 0.58 g
cell mass / g galactose. Similar parameters for growth on glucose and ethanol
are given in Table 7.3.1. Determine how the cell mass, glucose, galactose and
ethanol profiles will be in batch culture on a mixture of 10 g/L glucose and 20
g/L galactose, if the inoculum is taken from continuous cultures on a mixture

of glucose and galactose at a dilution rate.

Continuing with the theme of the above problem, S. cerevisiae is grown in a
chemostat on a mixture of glucose and galactose, with the feed concentration
of each being 50 g/L. It is desired to maximize the cell mass production rate
(D*Cc). What should be the dilution rate used in the single chemostat,
assuming a k a of 1000 hr'? Watch out for the possibility of spontaneous

metabolic oscillations.

Continuing with the theme of the above problem further, S. cerevisiae is
grown in a chemostat on a mixture of glucose and galactose, with the feed
concentration of each being 50 g/L, to maximize the ethanol production rate
(D*Cg). What should be the dilution rate used in the single chemostat,

assuming a k a of 100 hr*?

Simulate the metabolic oscillations of yeast, using the cybernetic model
parameters in Jones and Kompala (1999) (given in the Table 7.3.1) to (a) Plot
how the period of oscillations changes with dilution rate D and (b) Plot how
the period changes with the mass transfer coefficient, k_a. Use a stiff equation

solver in your simulations to obtain the oscillations.



13.

14.

It has been found experimentally that the spontaneous metabolic oscillations
in continuous cultures of yeast S. cerevisiae can be avoided by adding a small
amount of ethanol to the feed stream, along with glucose feed concentration of
30 g/L. Investigate whether the cybernetic model equations given in section
7.3.4 can predict the elimination of oscillations with the inclusion of ethanol

in the feed stream. What is the smallest ethanol concentration that will

eliminate the oscillations?

Determine the parameter sensitivity of the cybernetic model simulations of
spontaneous metabolic oscillations in continuous cultures of yeast for the
following assumed parameter values: o, o, B, tmax3, Ks, Koz and Ys. First
obtain the oscillations through numerical simulations of the cybernetic model
for any combination of bioreactor operating parameters, D and k a. Next vary
each of the assumed parameters to determine if and how the shape and period

of oscillations change from the base case.



Laboratory Exercise: Yeast Fermentation

1) Introduction

In this laboratory exercise, we will study the growth characteristics of the yeast
Saccharomyces cerevisiae in batch cultures. A lab-scale (5 liter) fermentor will be used
to study batch growth kinetics of the yeast growing on glucose as the single carbon
substrate provided in the presence of oxygen. A second fermentor will also contain
glucose as the sole carbon substrate for the yeast to utilize in the absence of oxygen. A
third lab-scale fermentor will be used to observe the growth behavior when the cells are
presented with a mixture of two carbohydrates, glucose and glycerol in the presence of
oxygen. You will take samples from the fermentors, measure the cell mass concentration
(through optical density) and determine the concentrations of glucose and ethanol with
spectrophotometric assay kits. With the accumulated results from the all the students
over eighteen hours for the three different fermentors, you will be able to analyze the
kinetics of cell growth, and the different patterns of multiple substrate utilization in batch
cultures.

Yeast Metabolism

Saccharomyces cerevisiae uses the following three major pathways for growth on
glucose:

1) The fermentation of glucose, which occurs primarily when the glucose concentration is
high or when oxygen is not available. The cells attain a maximum specific growth rate of
about 0.45 hr'1 with a low biomass yield of 0.15 g dry mass per gram glucose consumed
and a high respiratory quotient (the ratio of CO» production rate to the O, consumption
rate) and a low energy yield of only about 2 ATP per mole of glucose metabolized. The
stoichiometry of this reaction is

CeH1206 -------------- > 2CoH50H + 2C0O5 + €

where € represents chemical energy utilized in the growth processes.

2) The oxidation of glucose, which predominates at glucose concentrations below 50
mg/l in aerobic cultures. The cells attain a maximum specific growth rate of only about
0.25 hr-1 with a biomass yield of about 0.5 g dry mass per gram glucose consumed, a
respiratory quotient of about 1, and a high energy yield of 16-28 ATP per mole of
glucose metabolized. The stoichiometry of this reaction is:

CeH1206 + 60  -------------- > 6C0O2 +6H0 + ¢

3) The oxidation of ethanol, which predominates when fermentative substrates are not
available or in very limited supply. The cells attain a maximum specific growth rate of



about 0.2 hr'1 with a high biomass yield of about 0.6-0.7 g dry mass per gram ethanol
consumed, a low respiratory quotient of about 0.7, and an energy yield of about 6-11
ATP per mole of ethanol metabolized. The stoichiometry of this reaction is:

CoHsOH +307  ---------mm-- > 2C0O2+3H0 +¢

Utilization of glycerol (the second carbon substrate provided in the third
fermentor) by Saccharomyces cerevisiae is repressed by glucose. After the depletion of
the faster growth-supporting substrate, glucose, the enzymes necessary for the
assimilation of glycerol is induced, and an exponential growth phase on glycerol is
expected to follow a diauxic lag phase.

Experimental Conditions

The temperature of the water bath surrounding the fermentors will be controlled at
30°C, and the impellers inside each fermentor will be operated at 400 rpm. Two of the
three fermentors will have glucose as the only initial carbon source at a concentration of
10 g/l. The other batch fermentor will have two initial carbon sources - glucose at 3 g/l
and glycerol at 7 g/l. Air will be sparged into the first and the third fermentors at
constant rate of 10 I/min. The dissolved oxygen concentration in all the three fermentors
can be computer controlled to maintain a desired level by enriching the oxygen
concentration in the sparged gas.

Introduction to Lab Procedures

You will monitor the growth characteristics of the yeast in the batch fermentors in
three ways - by measuring the concentration of cells, and preparing cell-free samples at
hourly intervals from each bioreactor for assaying the concentrations of glucose and
ethanol. Yeast cell concentration can be determined indirectly by measuring the optical
density (absorbance) of a culture sample. You will take a sample of the culture medium
from the fermentor and read its absorbance using a spectrophotometer. Up to a certain
cell density, the concentration of yeast cells (gdw/l) in the sample is proportional to the
absorbance reading on the spectrophotometer. The calibration curve correlating cell
concentration with absorbance deviates from a linear correlation at high cell densities.
Because of this, it's a good idea to dilute any of your high OD samples (that may be on
the non-linear portion of the curve) by a known dilution factor to confirm that the
measured OD values fall on the linear portion.

The concentration of glucose, (glycerol) and ethanol in the cell-free culture
samples will be analyzed by high performance liquid chromatography or
spectrophotometric assay. To remove the cells from a 3 ml sample, the cell suspension
will be centrifuged and the supernatant will be filtered through a microfiltration syringe,
and assayed for glucose and ethanol by the spectrophotometric assay.

2) Experimental Procedures



A) Determining Cell Concentration

1) Zeroing the spectrophotometer. Set the wavelength to 630 nm. Using the
knob on the left, set the reading to 0% transmission when the chamber is empty; using the
knob on the right, set the reading to 100% transmission when the chamber contains a test
tube with about 4 ml of pure medium.

2) Determining cell concentration. First flush out the sample tube for your
group's fermentor by taking an 8-10 ml sample, which you will then discard. Take
another 8-10 ml sample from your group's fermentor and gently mix. Take about 4 ml
from your sample tube and transfer it to a glass test tube. Clean the outside of the test
tube with ethanol, insert it into the spectrophotometer, and record the absorbance reading.
If the absorbance reading is greater than 0.25, a typical limit of linear correlation between
the absorbance and cell mass concentration, dilute the sample with a known amount of
pure medium, and measure the absorbance again to check if the absorbance reading is on
the linear portion of the calibration curve. Record the time you take the sample along
with the absorbance reading in the linear range as well as the dilution factor.

B) Spectrophotometric Assays for Glucose and Ethanol

To remove the cells from a 3 ml sample, the culture will be centrifuged and the
supernatant will be filtered through a microfiltration syringe. The lab TA will provide
more details on the assay procedures during the experiment.

3) Report - Due February 19, 1997

A) Draw a graph of:
a) Logarithm of cell concentration vs. time
b) Glucose concentration vs. time
¢) Ethanol concentration vs. time

for each of the three batch fermentors.

B) Determine the specific growth rate and the yield coefficient (gram dry weight
of cells produced per gram of carbon source consumed) for each growth phase in the
three fermentors. (The calibration between the absorbance reading and the dry cell mass
concentration of the yeast cells will be performed at the end of the batch cultures and
provided in the following class period).

C) Interpret these two graphs in light of the background information on yeast
metabolic pathways and the "cybernetic” principle that cells choose to grow at the fastest
possible rate. Specifically, discuss why the cell mass, glucose, (glycerol) and ethanol
concentration profiles look as they do for each batch fermentor.

2.



