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Abstract

Kinetic studies of gluconic acid fermentation have been conducted at pH 6.5,
using Aspergillus niger 5131. The formulae for the kinetic model of the fermen-
tation processes were obtained by assuming that the limiting step of the fermentation
processes is the transport of glucose through the cell membrane. It was found
through the experiments that these formulae predicted the rate processes of the
fermentation from the exponential to the stationary phase.

Introduction

Kinetic studies are necessary for basic understanding of fermentation processes
and for rational design and control of industrial fermentation processes. Although
kinetic investigations on fermentation processes have been widely reported!~**"~%,
kinetic comparisons between fermentation reactions in vivo and in wvitro have been
little researched. In the present study, the kinetics of glucose consumption by Asper-
gillus niger were compared with that of glucose oxidase to determine the rate con-
trolling step throughout the fermentation.

The gluconic acid fermentation, particularly that using a homofermentative organ-
ism such as Aspergillus niger, is well suited for basic fermentation studies, for its
rate processes are relatively simple. In this fermentation glucose is converted to a
single product (gluconic acid), with negligible amounts of intermediate and side
products®®, so the attention may be focused on three primary processes: the rates
of nutrient disappearance, product formation, and cell growth. In order to investigate
the applicability of Monod’s equation' to the growth rate of this microorganism and
the controlling step in the fermentation, theoretical formulae for the rates of consump-
tion of glucose and production of gluconic acid were derived and compared with
experimental data.

Experimental Equipment and Procedures

In the present study, a jar fermentor of stainless steel and glass was employed;
it was constructed to be quite similar to ithe one used in our previous work®.
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Its total capacity was fifteen liters. Thé organism used in our experiments was a
strain of Arpergillus niger, 5131, contributed by the Department of Fermentation
Technology of Osaka University. A synthetic medium was used for the present
experiments because of good reproducibility; its composition is shown in Table 1,
where the composition of the medium

for preculture is also sh - Teble 1.
s .
precutiure 15 a1so s _Own . Medium composition for seed culture.
Preculture was carried out in a 500
. 1 .

ml shaker-flask on a reciprocal shaker G feose. . 5%

. , Ammonium phosphate, dibasic 0.2 %
amplitude at 30°C for one day. The Potassium phosphate, monobasic 0.12%

preculture thus obtained was inoculated Medium composition for product culture,

into the jar fermentor, in which the

‘ . . Glucose 5.0 %
culture broth was mam'tamed at pH 6.5 Ammonium phosphate, dibasic 0.05%
and 30°C. The aeration rate was 1.5 Magnesium sulfate 0.01%
v.vm. (15 //min), and the speed of Potassium phosphate, monobasic 0.02%

agitation was 430 rpm. In the course -
of the fermentation the concentration of dissolved oxygen in the medium was kept
constant by introducing oxygen into the aeration gas and the medium was continu-
ously adjusted to pH 6.5 by titration with aqueous solution of sodium carbonate.
The cell concentration was obtained by withdrawing 50-ml samples and filtering,
washing, and drying the cells to a con-
stant weight at 45°C under vacuum.
The concentration of diammonium hydro-

gen phosphate, the limiting substrate, was
analyzed by the Micro-Kjeldahl method,
and glucosé analyses were made by
Somogyi’s method on the clear broth
from the filtering operation. The con-
centration of gluconic acid produced was
evaluated through the volume of sodium
carbonate required to maintain constant
pH in the fermentation broth. Glucose
oxidase in the cell was extracted by a
phosphate buffer solution of pH 5.8 from
cells crushed by a crushing machine at
4°C. The activity of the glucose oxidase
in the buffer solution was quite stable

||l

Reactor @ Isothermal jacket
Electrode for meassuring concentration of
dissolved oxygen

Magnetic stirrer

Analyzer for measuring concentration of
dissolved oxygen

Oxygen cylinder (@ Nitrogen cylinder

@O

for three weeks under low temperature
conditions. The glucose oxidase in the
bl?ﬁer HSOIutl,Gn .was .poured into the ap- Fig. 1. Schematic diagram of experimental ap-
paratus shown ih Fig. 1, where the con- paratus for mieasufing activity of glueose oxidase. -
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centration of dissolved oxygen was increased by aeration and the surface was covered
to prevent surface aeration. Theé activity of the oxidase was evaluated by measuring
the rate of decrease of dissolved oxygen concentration through a gold cathode and
a silver anode with a teflon membrane (Beckman’s model 777).

Results and Discussion

1. Growth rate Assuming Monod’s model for the growth of a microorganism
from the exponential phase to the stationary phase in a batch culture, the growth
rate is expressed by the following equation (for definitions of terms see below,
“Nomenclature”) :

dr _ S e, teeereenrerreeeeeear—a—raararaaaaaaaas .
W KrS @)

Assuming that the rate of consumption of the limiting substrate is proportional
to the growth rate of the cells, since the limiting substrate is consumed to constitute
the cells and maintain the life of thé organism, this rate of consumption may be
experessed by Equation (2). '

S__1a
de Ys de

Solving Equation (2) so as to satisfy the initial conditions of Equatlons (3),
Equation (4) may be obtained.

=%, S:So At =0 eeeeees ...... (3)
S=So——1—s(x—-xo) vieesiateessassaraaesans ................... (4)
By substituting Equation @ into Equation (1), Equation 3’\(:.55._*‘??337 be dénved
”'-{So S A xo)} S O

g': T ....a'....‘......a ...... T PR ; (5)
Ks+So————(x — o) D

o

Solving Equation (5) so as to satlsfy the initial cond1t10ns of Equatlons (3),
Equation (6) may be obtained. :

K k-1 - Lk —X) +(K= +Ks) X eeeereeeen 6)
K, 1 K
where
=z, K1=1+_%9o_ |
0

N . e (3 . . . . . 0 . (7)

K=KY g1

Tolm' O M
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Equation (6) indicates the relation between the cell concentration and the culture
time from the begining of the exponential phase. The parameters K;, K, and K,
were obtained from experimental results by the nonlinear least square method and
um, Ks, and Y5 were calculated through K, K;, and K;; the results are shown in

Table 2. The changing patterns of cell
Table 2. Values of parameters for Egs. (6) and

oofxcentratlons estimated by Equation (6), (7), determined by the nonlinear least square
using the average values of these para- method.

meters, were compared with the experi-

mental findings. The results are shown #m/en) | Ka (g_/l) Ye(2d=/dS)
in Fig. 2, which indicates good agreement Run1 | 0.206 0.075 1.99
between the experimental and calculated Run 2| 0.206 0.060 2.00
values of cell concentration from the Run 3 0.200 0.117 2.45
exponential phase to the stationary phase. Average | 0.204 0.086 2.13

The relation between the concent-
rations of limiting substrate and cells was estimated by Equation (4), using the
average value of the yield constant Ys, and the estimated values were compared with
the experimental values. The results are shown in Fig. 3, which indicates good
agreement between the estimated and experimental values.

It was concluded from the results shown in Fig. 2 that Monod’s Equation (1)
is applicable for obtaining the growth rate of Aspergillus niger from the exponen-
tial phase to the stationary phase.

0.5‘ -~ -
2 B
2 3 S04 -
b3 od
s =%o3 -
o Ea
S, >3
5 - Zo2 -
S O T
£o £ ol .
g0.0G :§» (o]
= 007 Oz 03 0F 05 06 07 08
30 Cell mass produced, x-X, (g/¢)
o 3 6 1 9 1[2h A 15 18 21 Fig. 3. Relation between cell mass produced and
me concentration of limiting substrate. The solid
Fig. 2. Comparisons of calculated growth rate with line indicates the estimated values and the
experimental growth rate for Aspergillus niger. symbol O indicates experimental values.

2. The rate of gluconic acid production The reactions in the cell for forming
gluconic acid are expressed by the following equations:

B-p-glucose +glucose oxidase-FAD ,
- < 8-D-gluconolactone + glucose oxidase-FADH, -------- (8)

a.D-gluconolactone—}—HzO - gluconic acid teeseseseescetveseanrsercosnesons (9)
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glucose oxidase-FADH.+0O. . glucose oxidase-FAD+H;O, «:ecve--e (10)
: tal )
. H,0, == HzO-*-—%—Oz feeeteeerttertartettaeteaettetaetterertnererrnernree (11)

glucose oxidase |

B D- g]hllcc)se..!_.__o2 < gluconic acid .............................. (12)

It was reported by Moyer” and by
H51eh et al.® that the accumulation of
8-D-gluconolactone was negligible. . There-

o
N
13
s

fore, the oxidization of B-D-glucose to 8-D-
gluconolactone, represented by Equation
(8), is considered to be the controlling
reaction in gluconic acid production by
glucose oxidase in Aspergillus niger.

o
T

The relation between the consump-
tion of glucose and the production of

Moles of gluconic acid produced, P (moles/Z]

1 [
0 Ot 02

gluconic acid is shown in Fig. 4. It was Moles of glucose consumed, G,~G [moles/ /)
found from the results shown in Fig. 4 Fig. 4. Moles of gluconic acid produced vs. moles
that the rate of gluconic acid production of glucose consumed per unit volume of medium.

The solid line indicates the calculate values and

was proportional to the rate of glucose symbols of O, ®, [, and 4 indicate experi

consumption, as in Equation (13) 3 mental data for runs 1, 2, 3 and 4, respectively.
dP dG
R A PP ORI 13
de de _ (13)

Solving Equation (13) so as to satisfy the initial conditions of Equations (14),
Equation (15) may be obtained.

P=0, GIGo - at 0-__0 ................................. teteetannans (]_4)
P=b(Go—G) Ceevessasseneans et eeteanenteeaetteetetnecsiteetenaneonntsensans (15)

The experimental values of ‘4 are shown

. : . Table 3. Values of the productivity constant, b,
in Table 3. The rate of gluconic acid .

of gluconic acid.

roduction may be estimated from the
pr y . b (—dP/dG)
rate of glucose consumption through ,
. Run 4 0.806
ation (15).
Equ ln( ) . Run 5 0.88
The changing pattern of activity of Run 6 0.81
glucose oxidase throughout this fermen- Run 7 0.90
tation course is shown in Fig. 5. The Average 0.85

activity of glucose oxidase reached a
maximum in the early stages of the exponential phase.

De La Fuente et al® and Okada et al.™ have reported that the transport of
the substrate through the cell membrane is often a controlling step in the rate pro-
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cesses of fermentations such as glucose
fermentation. It is generally considered

that a large molecule such as glucose is

transported by some carriers such as

permease (active transport), and there-
fore, that the consumption rate of sub-
strate by cell converges to a definite value
Wi{h higher concentration of the substrate.

" Fig. 6 shows experimental evxdenoe
for the above mentioned mechamsm, 1. e
saturatlon kinetics, for glucose consump-
tion in this fermentation. The consump-
tion rates of glucose were obtained by
thé following method: (1) Exponentially
growing cells in the culture broth were
transfered into phosphate buffer solution
(pH 6:5) to stop the growth; (2) 20
ml of the cell suspension thus obtained
was added to 380 ml of glucose phos-
phate buffer solution of pH 6.5, in which
dissolved oxygen was maintained at a
constant concentration by aeration and
agitation; and (3) the rate of consump-
tion of glucose by the cells was obtained
by measuring the initial rate of glucose
consumption. The rates of glucose oxidi-
zation by glucose oxidase were obtained

by a similar method, except that enzyme .

solution was used instead of cell suspen-
sion. ;

Fig. 7 shows the Lineweaver-Burk
plot of glucose oxidization by glucose
oxidase. Table 4 gives the apparent
saturation constant, KG, for glucose con-
sumption by the cells and the Michaelis-
Menten constant, Km, for glucose oxidi-
zation by glucose oxidase. Fig. 8 shows
the influence- of pH on the rates of
glucose consumption by the cells and
glucose oxidization by glucose oxidase.
If glucose oxidization by glucose oxidase
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. 5. Rate of glucose oxidization by glucose
oxidase in the course of fermentation.
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Fig. 6. Double reciprocal plot for rate of glucose
consumption by cells.

N
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Fig. 7. Lineweaver-Burk plot for rate of glucose
oxidization by glucose oxidase.

Table 4. The values of the saturation constant,
K@ and the Michaelis constant, Ky .

Ko (mol/D)
Rm (mol/D)

5.9%1073
1.0X107?

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

Vol. 48, 1970) Kinetic Studies of Gluconic Acid Fermentation, Using A. niger 801

were the controlling step in this culture,
the value of K would be equal to the
value of KG and the optimum pH for
glucose oxidization and consumption

o
©
1
i
£

o
o]

would coincide. However, as shown in
Table 4 and Fig. 8, the values of KG
and K and the optimum pH for glucose

[mole /L miin) X 10*

(mmHg /sec)

oxidization and consumption did not

o
N

coincide. The maximum rate of glucose

Rate of glucose oxidization by glucose oxiduse

Rate. of glucose consumption by ceflls

consumption by the cells was much lower

cqe . 50 60 7.0
than that of glucose oxidization by glu- pH

cose oxidase, as shown in Figs. 6 and 7. Fig. 8. Effect of pH on glucose oxidization by
glucose oxidase and glucose ccnsumption by

It is considered from above results that | ;
-, Aspergillus niger.

the transport of glucose through the cell
membrane is the controlling step in this fermentation.

The active transport of glucose in the cell membrane is expressed by the follow-
ir?g equation:

Ge+E == Ge-E —> Gi+E v e e et ———— e (16)

In above equation G, and G; indicate the glucose outside and inside the cell, respec-
tively, and E indicates the permease in the cell membrane.

The rate of glucose consumption by the cells is expressed by the following equ-
ation:

G VG
& Ko+G * an

Dividing Equation (17) by Equation (5), Equation (18) may be obtained:

G _ VG{KS+S°_"1?(’C"$°)} ..............................
Az ket6) R e

Solving Equation (18) so as to satisfy the initial condition of Equation (19),
Equation (20) may be obtained.

G:Go ’ at x:xo $r0 000006000 c000e0 0000000000t 00sesse0 00 sesssssces (19)
_aKG . Gt |
vV ln Go V (G Go)
So—"l—(.;t"xo)
= (x-—xo) — YsKsln fg sesesesssccsvctceressnes (20)
0

The parameters in Equation (20) were obtained by the nonlinear least square
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method and the results are shown in Table 5. The values of the parameters of Eq. (20).
Table 5. In the present fermentation, Ke (mol/l) ‘ 5.9% 10-3
the value of KG is very low and the Ks (g/D) 8.0x1072
first term of the left side of Equation V' (mol/l-hr) 4.5X107

. . . . 8.5x107
(20) is negligible compared with the b :

. #m (1/hr) 2.0x107
other terms. Equation (20) may, there- Y, 9.13
fore, be simplified to Equation (21):
1
So——(x—a)
G: GO-—LC'L'—-J:O) “+ VKsYs ln YS .................. (21)
Um Pm SO

The changing patterns of glucose
concentration predicted by Equation (21) 03[~ -
were compared with the experimental
patterns. The results of this comparison
are shown in Fig. 9, which indicates
good agreement between calculated and
experimental values. Using the values

of glucose concentration estimated by
Equation (21), the gluconic acid concent-

Concentration of glucose or gluconic acld [moles/1)

rations estimated by Equation (15) were g

also compared with the experimental

values. Those comparisons, too, indicate I
0 3 6 9 15 18 2§

good agreement between estimated and Time  (or)

experimental values, as shown in Fig. 9. Fig. 9. Comparisons between calculated and ex-

perimental values of concentrations of glucose

. and gluconic acid throughout the fermentation.
Conclusions

Glucose Gluconic acid

Monod’s Equation may be applied

i . Run1|Run2Run4Run1Run2Run4
to the growth rate of Aspergillus niger

_ : lculated
from the exponential phase to the station- Ca\(;:h?;e T T
ary phase. The rate of consumption of Experimental

glucose was proportional to the rate of value
gluconic acid in gluconic acid fermen-

tation using Aspergillus niger. It may be considered that the transport of glucose
in the cell membrane is the controlling step in this fermentation, and that the trans-
port is an active transport. It was found that Equation (20) for glucose concent-
ration, derived by taking into account the active transport of glucose, was valid as
shown in Fig. 9, the values of gluconic acid concentration predicted by Equations (15)
and (20) agree well with the experimental values, as also shown in Fig. 9.
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Nomenclature

b : moles of gluconic acid produced per mole of glucose consumed, —dP/dG
G : concentration of glucose, mole/!

G, :  concentration of glucose at §=0, mole/!

KG: saturation constant for fermentation, mole//

Km: Michaelis constant for the oxidization of glucose, mole//
Ks: Monod’s constant, g/l

P :  concentration of gluconic acid, mole/!

S : concentration of limiting substrate, g/l

So :  concentration of limiting substrate at §=0, g/

V' : maximum rate of glucose consumption by cells, mole/g-hr
Ys: yield of growth per mass of limiting substrate, —dz/dS
x : concentration of cells, g dry weight/!

Zo : concentration of cells at §=0, g dry weight/!

¢ : fermentation time from beginning of exponential phase, hr
4= © maximum specific growth rate, hr™
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