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The effects of ethanol on the specific rates of growth and ethanol production were found to be
threshold and linear inhibition. The degree of inhibition was more apparent on the specific growth rate
while ethanol production was continued even the growth was ceased. The nature of uncoupling bet-
ween the growth (anabolism) and ethanol production (catabolism) was clearly observed under high con-
centration of ethanol. The uncoupling indicated that ethanol concentration plays a great role in
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maintenance energy coefficient.

Different mechanisms have been proposed for
the effect of ethanol inhibition on the rates of
microbial growth and production formation with
various strains of yeasts. These include models
with linear inhibition (Ghose and Tyagi, 1979, Lee
et al., 1980), linear inhibition with a threshold con-
centration (Holzberg et al., 1967), non-competitive
enzyme inhibition models (Yarovenko and Nakh-
manovich 1973, Novak et al, 1981), exponential
inhibition (Aiba ef al,, 1969) and empirical relation-
ships (Bazua and Wilke, 1977). In the develop-
ment model with Zymomonas mobilis. It was found
that linear inhibition kinetics occurred for the ef-
fect of ethanol on specific growth rate (¢) and
specific ethanol production rate (q). However the
threshold concentrations and the miximum
ethanol concentrations were different in the two
cases. Good agreement was found between the
model predictions and experimental data with the
model (Lee and Rogers 1983). At the present
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study the ethanol inhibition patterns have been
demonstrated with continuous culture using high
glucose medium. The nature of different degree of
ethanol inhibition appeared in x and g, has also
discussed with the concepts of uncoupling and
maintenance energy coefficient.

MATERIALS AND METHODS

Zymomonas mobilis ZM4 (cp4, de Lima ef al.
1970 , now designated ATCC 31821, Lee ef al,
1980a) was used in this studies. Maintenance of
the strain and seed culture procedures have been
described in earlier publications (Rogers et al,
1979, Lee et «l, 1979) Continuous culture ex-
periments were carried out in a nonaerated 1 liter
fermentor controlled at pH 5.0 and 30°C. A
vibromix unit was used to provide mild agitation
(Lee et al., 1979). Analytical methods for biomass,
glucose and ethrnol concentrations have been
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reported previously (Rogers et al., 1979).
RESULTS AND DISCUSSION

Glucose-limited Continuous Culture

As can be seen in Figure 1 it is clear that in the
region where glucose limitation occurred, the
specific glucose uptake rate (q ) increased linearly
with the increase in dilution rate (#) (phase I).
This indicated that close coupling existed between
qs and ¢. Under glucose limitation, the concentra-
tion of glucose acted to control the catabolic activi-
ty of Z. mobilis. The maximum values of g, were
reached at high dilution rates when there was a
relatively high concentration of glucose in the
culture broth. Belaich ef al. (1968) reported that
the maximum catabolic activity of Z. mobilis was
limited by the maximal rates of reaction of the
catabolic enzymes. A similar observation was
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Fig. 1. Steady state data and kinetic parameters for Z.
mobilis ZM4 with 60g, /-1 glucose medium
(pH = 5.0, T = 30°C).
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made by Belaich ef al. (1972) who evaluated the
kinetic parameters of Z mobilis ATCC 10988
growing in pantothenate-limited cultures and
reported that catabolic activity in Z. mobilis was
largely independent of growth rate and the nature
of the culture media.

In terms of the mechanisms of glucose uptake
Romano ef al. (1979) have shown experimentally
that Z. mobilis lacks the phospho-enolpyruvate
(PEP): glucose phosphotransferase system. An ac-
tive transport svstem for glucose is therefore not
present. These findings make it likely that glucose
uptake by Z. mobilis occurs either by passive dif-
fusion or by facilitated diffusion.

Glucose excess continuous culture

It is clear again that g, and # were no longer
closely coupled when glucose was in excess and
the culture became ethanol-limited (Phase II in
Figure 1). It was considered that for the conditions
of excess glucose, the specific growth rate of the
culture was controlled by ethanol concentration.
In other word the culture functioned as a product-
limited system instead of the usual chemostat
operation.

Oscillations of glucose, biomass and ethanol in
continuous culture with 200g /™., glucose medium
at dilution rate 0.1 h™ are shown in Figure 2. The
maximum ethanol concentration was about 80-85g
I and the minimum was about 40g [ The
oscillations were sustained over 400 hours opera-
tion and it was not possible to be steady-state.
These oscillations were found where the growth
rate was controlled essentially by the level of
ethanol. The continuous culture system then func-
tioned as a product-limited culture with glucose
concentrations being in excess. The oscillations
resulted from the dynamic responese of the
culture to higher concentrations of ethanol. An in-
crease in ethanol above a steady-state level caused
a fall in growth rate, which have rise to a decline in
biomass concentration and ultimately a fall in
ethanol concentration. Perpetuation of this cycle
of events gave rise to sestained oscillations. Such
behaviour has been observed for continuous cul-
ture studies following the addition of metabolic in-
hibitors and inhibition products (Dean and Rogers,
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Fig. 2. Oscillations in Z. mobilis ZM4 culture with 200
g, ! glucose medium, at dilution rate is of 0.1
h-1(pH =5.0, T = 30°C).

1967: Zines and Rogers. 1970. 1971: Gray and
Rogers, 1971 a, b).
Effect of ethanol inhibition on fermentation
kinetics

The effect of ethanol inhibition on the specific
growth rate and specific glucose uptake rate are
shown in Figure 3. The data were orginally ob-
tained from a number of continuous culture using
60,000, 135 and 170g, /! glucose media (Lee et al.,
(1980), Figure 3 shows that the specific growth
rates were more strongly influenced by ethanol
than were the specific rate of glucose uptake
(ethanol production), although there were thresh-
old concentration of ethanol below which inhibi-
tions on z and q, did not occur. It is evident that
the growth (4) was more apparently inhibited by
ethanol at much lower concentration (viz. 20g, /™!
while the glucose uptake rate (q,) maintained its
maximum rate unti] the ethanol concentration ex-
ceeded 60g, /-1 It is worth also to note that there
existed an ethanol concentration, viz. 85g, [-1, from
which growth no longer occurrred but for which
glucose uptake and ethanol production were ap-
parent. As can be seen in Figure 3, ¢ and g, were
influenced differently by increasing ethanol levels.
No inhibition of either occurred up to 20g, I},
showed a linear decline with increasing ethanol
concentrations while q, was unaffectedup 60g, /!
ethanol therefore a significant uncoupling bet-
ween p and g, occurred.

In modelling studies, good agreement was
found between the model predictions and expeni-
mental data by describing in terms of threshold
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and linear inhibition function (Lee and Rogers
1983). Those observation provides further support
that uncoupling of growth (anabolism) and ethanol
production (catabolism) in Z. mobilis can be in-
itiated by a number of factors inculuding high
ethanol levels.
Ethanol concentration and the nature of
uncoupling

In the present experiments with Z. mobilis
there was a considerable excess of glucose in the
media (beyond that required for cell growth) and
this factor, combined with the effects of ethanol
inhibition, appears to have resulted in significant
uncoupling of catabolism and anabolism (Phase 11
in Figure 1). The relatively high concentrations of
ethanol and glucose were both likely to cause in-
hibiton and changes in osmotic pressure resulting
in increased maintenance energy requirements.

Z. mobilis ZM4 exhibited a considerable high
maintenance energy coefficient (m) which was
calculated with the Equation as postulated by pirt
(1965). It was interested to note that Z. mobilis
used a relatively high proportion of energy for
maintenance. (Lee e/ al 1980; Fieschko and
Humphrey, 1983 Beyer ef. al. 1984) Senez, 1962).
The ratio (m/q,) determined from glucose-limited
chemostat experiments is plotted as a function of
dilution rate and showed in Figure 4

Other authors have reported relatively high
values for anaerobically grown cells. Stouthamer
and Bettenhausen (1973) reported that when Kleb-
stella aerogenes grew anaerobically in tryptophan-
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Fig. 3. Effect of ethanol on the specific growth rate and
glucose aptake of Z. mobilis ZMA4.
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Fig. 4. Effect of dilution rate on ratio of maintenance
energy coefficient to specific glucose uptake rate
under the same conditions.

limited culture with excess glucose, the
maintenance energy coefficient accounted for
90% of total energy produced at growth rate of
0.1h7" It has been found that the maintenance
energy coefficient can be influenced by the par-
ticular nutrient limiting growth (Neijssel and
Tempest, 1979) and by the presence of growth in-
hibitory substances (Stouthamer, 1976). En-
vironmental conditions have been shown also to
significantly influence the maintenance energy
coefficient (Pirt, 1975; Harrison, 1978; Van
Unden an Madeira-Lopes, 1976). Furthermore, an
increase in osmotic pressure may result in high
maintenance energy requirements (Watson,
1970).

For coupled catabolism (energy-generating
reactions) and anabolism (energy-consuming reac-
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tions) an equation, based on utilization of energy
source as postulated by Pirt (1965), can be writ-
ten:

7

max
YX/S

Qs =

where Y I X /, is the maximum biomass yield

when m= 0 (g of biomass/g of energy source)
my is the maintenance energy coefficient
(g of energy source/g of biomass/h)

Stouthermer and Bettenhausen (1973) proposed
balance of energy utilization in terms of ATP pro-
duction and utilization, viz:
q"P:L,._m”P ..................... Eqn. 2
Y
where Qe is the specific rate of ATP prod

uction (mol ATP/g of biomass/h)

10.5g/mol. M1 is maintenance energy co-

efficient expressed in terms of ATP require-

ments (mol of ATP/g of biomass/h)

The concept of maintenance energy has been
the subject of considerable discussion as to
whether the maintenance energy is constant or
dependent on growth rate and culture conditions
{Pirt, 1965, 1975 Stouthamer and Bettenhausen,
1973: Hempling and Mainzer, 1975; Stouthamer
and Bettenhausen, 1975; De Kwaadsteniet ef al.,
1976, Harrison, 1976, 1978, Stouthamer, 1977:
Tempest, 1978 Roels and Kossen, 1978; Esener
etal, 1981).
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