Shake Flask Fermentor Design Improves Oxygen Studies

FERMENTATION
Oxygen Uptake in Shake-Flask Fermentations

PING SHU
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Because of the importance of oxygen as a substrate in fermentation, a shake-flask
fermentor was designed, in which the uptake of oxygen during a fermentation is recorded

avtomatically.

Information on substrate utilization and product formation under various

conditions is necessary if optimal fermentation conditions are to be established. The
oxygen requirements of three different fermentations—ca-amylase, ustilagic acid, and
citric acid—were studied using this equipment.

SHAKE-FLASK TECHNIQUE is widely
used in the study of aerobic fer-
mentations. Characteristic features of a
fermentation are generally assessed by
determining substrate utilization and
product formation under various condi-
tions. Such behavior must be under-
stood, if optimal fermentation conditions
are to be established. However, in spite
of the importance of oxygen as a sub-
strate, technical difficulties introduced by
the acquisition of oxvgen from the sur-
rounding atmosphere through the cotton
plug and the poor solubility of oxygen
in aqueous solution usually prevent study
of oxvgen requirements when chemical
changes during fermentation are being
considered. The rate of oxygen diffusion
through a cotton plug and the gas-liquid
interface are the limiting factors. The
rate of oxvgen diffusion through the gas-
liquid interface may be determined by
either the polarographic method (4, 70)
or the sulfite oxidation methad (3), but
these methods are not suitable for ap-
plication to the actively fermenting
shake-flask cultures at various stages in
the fermentation.

This paper describes a specially de-
signed closed shake-flask fermentor in
which the uptake of oxygen during a fer-
mentation is recorded automatically.
The oxygen requirements of three dif-
ferent fermentations were studied using
this equipment.

Apparatus

The closed shake-flask fermentor used
for this study is similar to that described
by Shu and Thorn (&), but is of improved
form and is provided with facilities for
recording oxygen uptake. The appara-
tus (shown in Figure 1) consists of four
major systems: a fermentor attached to a

carbon dioxide absorber, an oxygen res-
ervoir and water supply, a surface fol-
lower and slide-wire potentiometer, and
a mancstat. The entire apparatus is as-
sembled in an incubator.

The fermentor consists of two 500-ml.
Erlenmeyer flasks sealed together as
shown in the diagram. The cotton-
plugged mouth of the fermentation flask
is exposed to the atmosphere of the car-
bon dioxide absorber. A capillary tube
with a stopcock valve, Vi, is extended
through the cotton plug down nearly to

the bottom of the fermentation flask.
This tube is used for taking gas samples
from the fermentation flask. The oxygen
supply line is connected to the side arm
of the carbon dioxide absorption chamber
with valve V.

The oxygen reservoir is a cylinder 2.25
feet long and 2.5 inches in inside diam-
eter. The water-inlet tip at the top of
the cvlinder is connected with rubber
tubing to the water reservoir. Between
the two valves, Vi and V, of the
side arm, there are two electrical con-

Figure 1. Schematic diagram of closed shake-flask fermentor
RELAY |
BeLny
< -
— v — t':
3
E:,
AR INLET ¥
AR INCET B
i SOL VALVE '] MERCURY
I — N BAROMETER
e = : e
e i H b
7 A5 - E
i : BLEEDING vawa& : [SE——. L
= /< i
== / \ i - A
=1 v T
2 E / \ . [ :
WATER MERCURY < —— -1 E
BUFFER TANK ' ‘ [
e ']
-
CAPILLARY TUBE, ‘ \4,/ < CONTACT
Dh % N Va
E T
Vo Y B\ <
! DIFFERENTIAL \;_1' ! :  WATER INLET
B op Manowerer
L RS —_— .
FR u 7 hendl
LB - MICROSWITCH RESERVOIR
oS
AUBBER E’
TUBIN THREADED
TUBING | { SLIDE WIRE ot )
POTENTIAL || overrLow
METER S —
OXYGEN o0
RESERVOIA
_RESERVOIR
RECORDING —
POTENTIOMETER = \\ QUTLET
Svu L ‘44' =

}_‘ 7 DRY CELL Y
Vo i

ijigdousuyDuLINUGTS B

SHAKER

VOL 1, NO.

18, NOVEMBER 25,

Re

\_/
Sy

V3

WATER SEAL

_ SOL VALVE

1953

1119






process, the pressure inside the unit is
made slightly higher than that under
which the fermentation is to be con-
ducted, and stopcocks are closed. The
unit is then connected to the differential
manometer and allowed to reach tem-
perature equilibrium. With V; closed
and Vs, Vg, and Vi, open, the excess pres-
sure in the fermentor is released through
V11 until the differential manometer in-
dicates the equilibrium. Water is then
injected into the check valve to make the
seal. The fermentor and the oxygen res-
ervoir are connected by turning V5.

With a continuous supply of oxygen,
the yield of products and rate of fermen-
tation obtained with this fermentor are
similar to those of ordinary 500-ml.
Erlenmeyer shake-flask fermentations.
The precision of this apparatus was tested
with the sulfite oxidation method and
was within 59 error.

Fermentation and Analytical Methods

To illustrate the use of the apparatus
in determining the characteristic oxygen
uptake of different fermentations and es-
timating their optimal oxvgen require-
ments, three fermentations were studied
—ua-amylase production by Aspergillus
niger PRL 558, ustilagic acid production
bv Ustilago zeae PRL 119, and citric acid
production by 4. mger (Wis.) 72-4,
These three fermentations were chosen
because thev represent three different
types of phyvsical consistency of the
fermentation broth and have different
respiratory quotients.

For a-amvlase production, the fer-
mentation was done in a medium con-
taining 29; vyeast extract, 39, soluble
starch, 0.597 calcium carbonate, and
under the conditions described by Shu
and Blackwood (6). The vield of a-amy-
lase was determined by a method used

Figure 4. Oxygen uptake curve of a-amylase fermenta-

tions under oxygen and air

by Blackwood (2) after rupturing the
mycelium.

For ustilagic acid fermentation, the
medium of Thorn and Haskins (9) was
used, except that the corn steep liquor
was omitted or replaced by 0.06%, beet
molasses. Ustilagic acid was determined
by the method described (9).

For the citric acid fermentation, cere-
lose was purified and fermented by the
method of Shu and Johnson (7). The
citric acid vield was determined by titra-
tion with 0.1V sodium hydroxide solu-
tion.

Fifty milliliters of medium was used for
each fermentation, with the exception of
citric acid, for which 25 ml, of medium
was used. All fermentations were carried
out on a rotary shaker of 1%/ys-inch ec-
centricity running at 210 r.p.m. The
extent of aeration was varied by changing
the oxygen partial pressure in the fer-
mentor unit.

When necessary, the adequacy of the
oxygen supply was tested by increasing
the shaker speed or the oxygen tension
in the fermentor flask. Any increase in
the oxygen uptake rate indicated that the
oxygen supply was not sufficient. The
maximum oxygen supply may be esti-
mated by determining the oxygen uptake
rate of sulfite (59) oxidation in culture
broth or in the presence of the washed
cell mass at the desired phase of the fer-
mentation. The cell weights were de-
termined gravimetrically. The cells,
separated from the fermentation broth
by filtration or centrifugation, were
washed thoroughly with distilled water
and dried at 60° C.undervacuum. When
carbonate was present (as in a-amylase
production) the cells were washed with
dilute hydrochloric acid. For the cell
mass of U. zeae, ustilagic acid was re-
moved by washing with hot methanol.

Figure 5.
a-amylase formation

The relation between the rates of oxy-
gen uptake and product formation was
established by determining the average
increase in product concentrations and
the average oxygen uptake rate during
the period of a fermentation, when both
the oxygen uptake and the product ac-
cumulation rates were constant or nearly
constant. The oxygen uptake rate is ex-
pressed as millimoles per hour per liter of
medium.

Results

In a-amylase fermentation, the myce-
lial growth was filamentous and mushy.
The characteristic oxygen uptake curve
(Figure 4) indicated that, after the initial
lag phase, the rate of oxygen uptake de-
creased with time. This phenomenon
was more pronounced at reduced oxygen
tension. The maximum oxygen uptake
in air was 19.2 millimoles per hour per
liter of medium and that under oxygen
was 56 millimoles per hour per liter.

Changes in the initial oxygen partial
pressure (68 to 700 of mercury) in the
fermentor flask caused the oxygen uptake
rate to vary from 4 to 54, and the myce-
lium growth to vary from 6.5 to 15.0
grams per liter. When the oxygen up-
take rate was higher than 10, there was
only a little effect on the rate of amylase
production. The maximum efficiency
of enzyme synthesis by the mycelium oc-
curred at an oxygen uptake rate of about
20 (Figure 5). The maximum rate of
oxygen demand of the fermentation
varied between 50 and 54 millimoles per
hour per liter of medium (Figure 6).
In the ustilagic acid fermentation, the
mycelial growth was yeastlike under the
fermentation conditions. The broth
consistency increased slightly toward the
end of the fermentation. After an initial
lag phase, the rate of oxygen uptake was

Relation between oxygen uptake rate and rate of
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Figure 6. Relation between oxygen partial pressure and oxygen

uptake rate in a-amylase fermentation

practically constant until near the end of
the fermentation (Figure 7); under oxy-
gen it was slightly higher than under at-
mospheric air (15.8 and 13.4, respec-
tively). The maximum rate of oxygen
demand of this fermentation was about
19.2 (Figures 8 and 9). The rate of
ustilagic acid production was parallel to
the rate of oxygen uptake.

In citric acid fermentation, the myce-
lial growth was sandy and tended to settle
to the bottom of the flask when not
stirred. The general shape of the oxygen
uptake curve was similar to that of usti-
lagic acid fermentation (Figure 10).
The maximum oxvgen uptake rate under
oxygen atmosphere was 27.60 and that
under air was 8.4. The acid-producing
rates were 1.02 and 0.325 gram per hour
per liter, respectively. The ratios of the
rates of oxygen uptake and acid produc-
tion between these two runs were equal.

Discussion

The oxygen uptake rate in a fermenta-
tion is governed either by the maximum
oxygen demand of the fermentation or by
the rate of oxygen supply. The magni-
tude of the former depends upon cell
concentration as well as the specific oxy-
gen demand of the organism—that is, the
maximum rate of oxygen utilized by a
unit cell weight of the organism. On the
other hand, the rate of the oxygen supply
is affected by changes in suspended mat-
ter. The change of this variable in the
course of a fermentation is an inherent
characteristic of a fermentation process.
The pattern of this change varies with the
organism employed and the fermentation
conditions.

In the period when the oxygen demand
is the limiting factor the oxygen uptake
curve may be concave if the specific oxy-
gen demand and/or the cell concentra-
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Figure 7. Oxygen uptake curve of ustilagic acid fer-

mentation under oxygen and air

tion increases with time; convex if the
specific oxygen demand and/or the cell
concentration decreases with time; or a
straight line if the effects of these two
factors counterbalance each other or if
there are no changes in both variables
during this period.

In the course of a fermentation these
variables generally first increase and then
decrease or remain constant. In a batch
process at the beginning and end of a fer-
mentation the oxygen supply is often suf-
ficient. In the period when the rate of
oxygen supply is limiting, an increase of
suspensoid with time results in a convex
oxygen uptake curve, while the gradual
decrease of this variable produces a con-
cave oxygen uptake curve. Astraightline
may be formed when there are no signifi-
cant changes in such variables. The oxy-
gen supply can be the limiting factor only
at the middle portion of the oxygen up-
take curve.

The characteristics of the oxygen up-
take curve when oxygen supply is the
limiting factor and its relation to the ac-
cumulation of the product under investi-
gation are of greatest interest in the aera-
tion studies.

The differences in the characteristics
of the oxygen uptake curve of a-amylase
fermentation from those of the ustilagic
acid and citric acid fermentations reflect
the differences between the effect of their
growing cells on the rate of oxygen sup-
ply. The mushy filamentous mycelium
formed in a-amylase production reduced
the oxygen supply much more effectively
than the yeastlike and sandy cell masses
formed in ustilagic acid and citric acid
fermentations. The reduction of the rate
of oxygen supply was found to be an ex-
ponential function of the concentration
of the filamentous cell mass (5). The
curvature of the oxygen uptake curve

AGRICULTURAL AND FOOD CHEMISTRY

of the a-amylase fermentation was
more pronounced in low oxvgen tension
than in high oxygen tension, because at
higher oxygen tension the oxygen supply
becomes a limiting factor at a higher
mycelium concentration. The higher
the mycelium concentration, the Jess will
be the effect exerted upon the oxygen
supply by the change of the cell con-
centration.

The oxygen uptake rates were constant
for both ustilagic and citric acid fer-
mentations under either air or oxvgen.
However, the oxygen demand of the
ustilagic acid fermentation was consider-
ably lower than that of citric acid fer-
mentation, as shown by the different
oxygen uptake rates under an atmos-
phere of air and of oxygen. This dif-
ference was small in ustilagic acid fer-
mentation as compared with citric acid
fermentation. The higher aeration de-
mand of citric acid fermentation was
partly due to the high sugar content of the
medium and partly due to the require-
ment of a high oxygen tension for oxygen
consumption by the organism under the
fermentation conditions. The rate of
sulfite oxidation which indicates the
maximum rate of oxygen supply was
found to be much higher than the actual
uptake by the fermentation where oxygen
supply is limiting.

In all three fermentations the rate of
product formation is proportional to the
rate of oxygen uptake at the region where
rate of oxygen supply is low. In usti-
lagic and probably in citric acid fer-
mentations the rate of the product for-
mation is limited by the rate of the
specific oxygen demand of the organism.
In a-amylase fermentation, however, the
rate of product formation reaches a
saturation value when the oxygen uptake
rate is far below the value of the maxi-
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of ustilagic acid formation

Fermentation medium contained 0.06% beet molasses

mum oxygen demand of the fermenta-
tion.

The above illustration represents three
different types of relation between
oxygen uptake and product formation:
a-amylase production, a type where the
optimal oxygen requirement for the fer-
mentation is far below the maximum
oxygen demand; ustilagic acid produc-
tion, a type where the optimal oxygen
requirement for the fermentation is the
same as the maximum oxvgen demand;
and citric acid fermentation, a type
similar to the ustilagic acid fermentation,
except that a comparatively high oxygen
tension is necessary for maximum rate
of its utilization by the organism.

The optimal oxygen requirement of
the second and third types may be esti-
mated by the polarographic method sug-
gested by Wise (70) and Hixson and
Gaden (4), or by the sulfite oxidation
method suggested by Cooper et al. (3).
The variations in the oxygen uptake rate
during the course of a fermentation may
be estimated by the combined use of these
two methods (7), assuming that the ef-
fect of the change in cell concentration
on the oxygen supply rate is insignifi-
cant.

The optimal oxygen requirement of
the first type, however, cannot be cor-
rectly determined by these methods, the
value obtained with the polarographic
method is not correct in the region where
oxygen supply rate is the limiting factor
and the use of the titrimetric sulfite
oxidation method is not practical in the
fermentation broth or in the presence of
living cells.

Summoary

A closed shake-flask fermentor, con-
structed to simulate the fermentation

uptake rate in ustilagic acid fermentations

conditions of a cotton-plugged 500-
ml. Erlenmeyer shake-flask culture and
provided with a device for automatically
recording the oxygen utilization during
the entire period of a fermentation, pro-
vided a means of direct measurement of
the oxygen uptake without disturbing the
fermentation system, and made possible
study of the oxygen utilization charac-
teristics of various fermentations. The
relation between oxygen uptake rate and
the rate of product formation could be
established and the optimum aeration re-
quirement correctly determined. This
method is particularly useful in the
determination of the optimal aeration
level for a fermentation in which the op-
timal level is far below that of the over-all
oxygen demand of the culture.

Tests were made with a-amylase,
ustilagic acid, and citric acid fermenta-
tions, representing three different types of
culture broth consistency and respiratory
quotients. In wa-amylase fermentation
the oxygen supply was gradually re-
duced, owing to the growth of the organ-
ism. The optimal oxygen uptake rate for
maximum a-amylase production was far
below the maximum rate of oxygen de-
mand. For ustilagic acid fermentation,
the maximum rate of oxygen demand was
very low and the rate of acid production
was parallel to the oxygen uptake rate.
In both fermentations, the organism ef-
ficiently utilized oxygen at low tensions.
In citric acid fermentation the rate of
acid production was parallel to the oxy-
gen uptake rate, and high oxygen tension
was necessary for a high rate of oxygen
utilization.
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Figure 10. Oxygen uptake curves of
citric acid fermentations under oxygen
and air
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