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For optimal production of L-tryptophan using a regulatory mutant of Escherichia coli the rela-
tionship between product formation and acid production was investigated. Experimental results
showed that the production level of L-tryptophan was lowered as the specific acid production rate
increased. In order to reduce the amount of acid produced during the fermentation, a controlled fed-
batch fermentation was employed. In this fed-batch process, the feed rate of the nutrient feed
medium was controlled in relation to the oxygen level in the culture and thus the growth of the cells
was regulated in such a way that the oxygen demand of the culture could not exceed the oxygen sup-
ply. When E. coli cells were cultivated in a controlled fed-batch mode of fermentor operation, the
specific ~~* production rate was significantly reduced and L-tryptophan production was increased
as : .u:h as five times that obtained in a conventional fed-batch fermentation.

The first step in developing a fermentation pro-
cess to produce a desired metabolite in high yields
might be to define conditions that would provide
efficient cell growth and product formation. In in-
creasing the cell mass or product concentration,
however, there are several constraints such as limi-
tations in dissolved oxygen and by-product forma-
tion. To overcome such problems various tech-
niques have been developed by many investigators,
including use of oxygen-enriched air (1,2), semi-
batch culture with cell separator (3), dialysis culture
(4), and optimal feeding of nutrients in fed-batch
culture system (5,6).

The principal rationale employed in growing
cells to high cell concentrations is to force the cells
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to utilize the nutrients as efficiently as possible.
However, cells grown near the maximum specific
growth rate or under dissolved-oxygen limitation
frequently produce partially oxidized and usually
toxic metabolites (7). Particularly in the case of
Escherichia coli acetic acid is frequently ac-
cumulated in the culture broth to an inhibitory level
for the growth (4,8). In order to reduce the accu-
mulation of organic acids it is therefore desirable to
restrict the growth of the cells so that the oxygen
demand of the culture does not exceed the oxygen
supply in the fermentation system.

Most works reported until now, however, have
focussed on the effects of acid production on cell
growth. As a consequence, we have investigated the
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relationship between the production of organic
acids and metabolic product formation, in our case
L-tryptophan production, using a regulatory mu-
tant of Escherichia coli. In order to circumvent the
production of acids a controlled fed-batch mode of
fermentor operation has been employed for the cul-
tivation of E. coli and the results were compared
with those obtained in a conventional fed-batch fer-
mentation.

Materials and Methods

Bacterial strains and media

E. coli strain TA-40-10 was used throughout the
work. Details on the characteristics of E. coli
TA-40-10 have been described previously (9). The
compositions of fermentation media used in this
study are summarized in Table 1.

Analytical methods

Glucose and tryptophan concentration were de-
termined by DNS method and DMAB method res-
pectively, as reported previously (10). Optical den-
sity (OD) of the culture broth was determined at
540 nm with a spectrophotometer (Baush & Lomb
Spectronic 20) and dry cell weight (DCW) was de-
termined as previously described (10).

Culture method
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Fed-batch fermentation was carried out in a 5-
liter jar fermentor. A loopful of cells grown on agar
slant was transferred into 100 m/ of Luria broth and
precultured overnight at 31 °C in an incubator sha-
ker. Seed culture broth was then aseptically trans-
ferred into a fermentor. The pH of the culture was
controlled automatically at 7.0 with 4N NaOH and
the temperature was maintained at 30 °C. Air flow
rate and agitation speed were changed depending
on the experiments. The dissolved oxygen (DO)
concentration and the pH were monitored continu-
ously. In case that the fermentation was carried out
in a conventional fed-batch mode of operation, glu-
cose (30g) and phosphate (1.5g) were supplemented
to the culture broth when the glucose concentration
in the medium was reduced to about 10g//. In a
controlled fed-batch mode of operation the feed
medium was supplied with a pump which was con-
nected to the DO control system. When the oxygen
level in the culture broth rose, due to slowing down
of growth and deminished demand for oxygen, the
feeding pump was actuated. As soon as the oxygen
level dropped below a predetermined value, resul-
ting from the demand generated by accelerated
growth, the feed rate of the medium was decreased.
Thus, the concentration of glucose was kept at a
level that restricted growth and thereby reducing
the oxygen demand and the required oxygen supp-
ly. The regulated growth phase was preceded by an

Table 1. Medium composition for fed-batch and controlled fed-batch fermentation

Fed-batch fermentation®@

Controlled fed-batch fermentation

Component

Base medium {(g/)) Feed medium (g) Base medium (g//)) Feed medium (g//)
Glucose 50.0 30.0 5.0 400.0
NH/Cl 8.0 3.0 50.0
MgCly-6H0 1.0 1.0 8.0
K50, 0.4 1.0
FeCl3-6H0 0.015 0.05
Ko HPO, 3.0 7.0
KH2PO, 8.0
Sodium citrate 1.2 1.0
Yeast extract 1.0 5.0
Trace element® A B

(a) Base medium of fed-batch fermentation is identical to F medium used in previous experiments (9).
(b) A: 1 m! of stock solution composed of (NH,)gMo7024: 30 uM, H3BO3; 4 mM, CuSOy4; 0.1 mM, MnCly; 0.8 mM,

ZnSOy4; 0.1 mM

B: CaCly-2H;0; 50 mg/!, ZnClz-4H0; 10 mg/l, CoCly-6Hz0; 10 mg/!, NagMoO5-2H50; 10 mg/l, CuSO,4-5H50;

10 mg/l, H3 BOg3; 10 mg/l.
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initial uncontrolled growth in the basal medium in
which the concentration of glucose was lower than
that used in a conventional fed-batch culture (see
Table 1 for composition of the medium). During
the regulated growth phase the feed medium was
added to the culture to an extent that would not
cause the culture to enter into a state of oxygen
deficiency by regulating the feed rate depending on
the oxygen level.

Results and Discussion

Acid production during the fermentation
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Fig. 1. Profiles of cell growth, tryptophan.formation

and acid production,

(@) with pH control at 7.0, (m) without pH control (pH

change is shown in a solid line)

Fed-batch fermentations were carried out at 30 °C, 400
rpm, and 0.3 vvm.
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The results of fed-batch fermentation with and
without pH control are presented in Fig. 1. When
the fermentation was carried out without pH con-
trol, the pH of the culture broth dropped gradually
until the cells stopped the growth and then remain-
ed relatively constant at pH4.0. This suggests that a
large amount of acids was produced during the fer-
mentation and that the amount of acid production
was highly dependent on the cell growth rate.

More direct evidences for acid production dur-
ing the fermentation were provided by the pH-con-
trolled fermentation experiment. In this experiment
the cells were cultivated in the fermentor equipped
with a pH controller, and the amount of base (4N
NaOH) added to the fermentor was continuously
monitored so as to measure the amount of acid pro-
duced by the microorganism. Since the pH of the
culture broth was tightly regulated at a constant
value (7.00 £ 0.05), the amount of base consumed
to control pH could be set equal to the amount of
acid produced during the fermentation. As shown
in Fig. 1, the rate of acid production was increased
as the cell concentration increased and then became
constant after the cell growth reached its maximum.
Since fermentation characteristics of microorga-
nisms strongly depend upon environmental condi-
tions the effects of environmental variables on acid
production were further examined.

Effect of aeration rate on acid production and pro-
duct formation

The production of acid by E. coli cells might be
related to oxygen level in the fermentor. To ex-
amine this possibility fed-batch experiments were
carried out at different aeration rates, keeping the
other fermentation variables constant. The results
are shown in Fig. 2. Under anaerobic condition
both cell growth and tryptophan production were
very low as expected. But under aerobic conditions
the accumulation of L-tryptophan was higher at the
aeration rate of 0.3 vvm than at 0.6 vvm while the
growth patterns of the cells were almost identical in
both cases. It was noticed, however, that the
amount of acid produced during the fermentation
was different depending on the aeration rates. As
shown in Fig. 2, more acids were produced when
the cells were cultivated at the aeration rate of 0.6
vvin.

The experimental results in Fig. 2 were reanalyz-
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Fig. 2. Effect of aeration.on. cell growth, tryptophan
production and base consumption.

(@) 0.6 vvm, (W) 0.3 vvm, (&) anaerobic culture
Fed-batch fermentations were carried out at 30 °C, 600
rpm and pH 7.0.

ed by introducing the concept of *‘specific’’ acid
production. As mentioned earlier, acid production
was closely associated with the growth of the cells
and therfore the use of specific acid production
would be desirable to eliminate the effect of cell
mass on the acid production level. In Fig. 3 profiles
of specific acid production during the fermentation
are presented to illustrate the differences in the rate
of acid production at different aeration rates. Com-
parision of specific acid production rate with tryp-
tophan production levels reveals that a decrease in
specific acid production rate causes an increase in
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Fig. 3. Specific acid production at different aeration
rates.,

Symbols are the same as in Fig. 2.
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Fig. 4. A typical response of the dissolved oxygen con-
centration to the variations in glucose concentration.

The arrows A and B indicate the time when glucose is
depleted in the medium (A) and when additional glucose
is fed into a fermentor (B) respectively.

tryptophan production. In view of this analysis,
reduction of acid production might be a key factor
in increasing the production level of L-tryptophan.
As a consequence, we decided to employ a controll-
ed fed-batch mode of fermentor operation to pre-
vent the oxygen limitation and thereby reducing the
amount of acid produced during the fermentation.

Controlled fed-batch fermentation

In this work, oxygen-level-dependent control
technique was used for regulating the nutrient feed
rate in the controlled fed-batch fermentation. This
method was originally proposed by Gleiser and
Bauer (11), but modified in this experiment. The
feed rate of the nutrient feed medium (see Table 1
for medium composition) was adjusted in relation
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to the oxygen level in the culture and the culture
was sparged with air instead of using oxygen-enri-
ched air. Also the concentration of carbon source
in the culture broth was maintained in the range of
0.5-1.5 g/! during the regulated growth phase,
which was an order of magnitude lower than that
employed by Gleiser and Bauer.

The basic principle of the oxygen-level linked
nutrient feeding system is as follows. When glucose
is depleted in the medium the dissolved oxygen con-
centration in the culture rises due to diminished ox-
ygen demand. If additional glucose is introduced in
the culture then the level of dissolved oxygen gradu-
ally decreases due to further growth of the cells.

100
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Fig. 4 illustrates a typical example. The regulation
of cell growth could be therefore achieved by ad-
justing the nutrient feed rate in such a way that the
feed rate was increased when the oxygen level rose
above the predetermined value and decreased when
the oxygen concentration in the culture fell below
it.

In Fig. 5 the profiles of dissolved oxygen con-
centration, cell density, tryptophan concentration,
acid production, glucose consumption and product
yield are shown for a culture of E. coli strain
TA-40-10 grown in a controlled fed-batch mode of
fermentor operation. For comparision, the results
obtained in a conventional fed-batch mode of ope-
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Fig. 5. Comparison of the changes in fermentation.parameters related to tryptophan.production. under different

mode of fermentor operation.

(0): conventional fed-batch operation, (®); controlled fed-batch operation.
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Fig. 6. Plots of specific acid production versus glucose
consumption for fed-batch fermentations of E. coli
under different culture conditions.

(0O) anaerobic culture (conventional fed-batch)

(a) 1.15 vvm (#), (&) 0.6 vvm (»), (0) 0.3 vvm (»), (®)
1.15 vvm (controlled fed-batch)

Numbers inside the figure represent the maximum tryp-
tophan production level at specified culture conditions.
(unit; g/)).

ration are also presented. The environmental condi-
tions (30°C, 600 rpm, 1.15vvm, pH 7.0) were iden-
tical in both cases while the nutrient feeding stra-
tegy and medium composition were different as
described before.

In the conventional fed-batch fermentation, li-
mitations in dissolved oxygen were observed after
25 hr cultivation and at this time the amount of
base added to control pH was increased rapidly.
This indicates that acid production is elevated
under oxygen deficiency conditions. On the other
hand, in the controlled fed-batch fermentation the
dissolved oxygen concentration was maintained at
20 + 10% of air saturation and both cell growth
and tryptophan production were enhanced signifi-
cantly as compared to those obtained in the conven-
tional fed-batch culture. The maximum cell density
and tryptophan concentration in the controlled fed-
batch fermentation were about 2.5- and 4.5-fold
higher than those in the traditional fed-batch fer-
mentation respectively. After 85-hr cultivation of
cells in a controlled fed-batch mode of operation as
much as 5.0g// of L-tryptophan was accumulated
in the culture broth while in the conventional fed-
batch system the maximum tryptophan concentra-
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tion was only 1.1g//. Also the product yield on
glucose was found to be enhanced more than twice
with a controlled glucose-feeding system.

At the initial stage of fermentation the amount
of base added to the culture was higher in the con-
trolled fed-batch fermentation than in the conven-
tional fed-batch fermentation. The amount of acid
produced per cell mass i.e. specific acid production
is, however, much lower in the controlled fed-batch
culture system, as illustrated in Fig. 6 (closed sym-
bols). In Fig. 6, where the data shown in Fig. 3
(open symbols) are also provided for comparision,
the variations of specific acid production are plot-
ted against the amount of glucose consumed in-
stead of culture time (cf. Fig. 3) because glucose
consumption pattern of the controlled fed-batch
culture system is significantly different from that of
the conventional fed-batch fermentation (see Fig.
5). From Fig. 6 it can be found that the production
level of L-tryptophan is lowered as the ratio of
specific acid production to total glucose consump-
tion is enhanced irrespective of culture conditions
such as aeration rates and the modes of fermentor
operation. One simple interpretation of this result
might be that the conversion of glucose to organic
acids resulted in a corresponding reduction of L-
tryptophan production. However, it is also possible
that the accumulation of acid during the fermen-
tation inhibits the formation of L-tryptophan. For
discriminating these possibilities further works are
needed to be done.
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