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Kinetics of kefiran production by Lactobacillus kefiranofaciens JCM6985 has been investigated.

A mathematical model taking into account the mechanism of exopolysaccharides production has been

developed. Experiments were carried out in batch mode in order to obtain kinetic model parameters that

were further applied to simulate fed-batch processes. A simplification of parameter fitting was also intro-

duced for complicated model. The fed-batch mode allows more flexibility in the control of the substrate con-

centration as well as product concentration in the culture medium. Based on the batch mathematical model,

a fed-batch model was developed and simulations were done. Simulation study in fed-batch reactor resulted

that substrate concentration should be controlled at 20 g L-1 to soften the product inhibition and also to

stimulate utilization of substrate and its hydrolysate. From simulation results of different feeding techniques,

it was found that constant feeding at 0.01 L h-1 was most practically effective feeding profile for exopoly-

saccharides production in fed-batch mode.
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Bioprocess engineers have strived for many
years  to  produce  accurate  models  describing
fermentation process behavior, since it can be used
in  fault  diagnosis,  performance  estimation  and
prediction, scheduling and optimization. In batch
and  fed-batch  bioprocesses,  the  maximum
performance is achieved by optimizing the initial
conditions and subsequent profiles of manipulated
variables such as feed rates, temperature and pH
during the process operation (Shimizu et al., 1989;
Hilaly et al., 1995; Rodrigues and Maciel, 1997).

Since the production of exopolysaccharides
by lactic acid bacteria are of commercial interest
for their potential application as natural texturizers,
viscosifiers and syneresis-lowing agents, the mass
production  of  exopolysaccharides  from  this
bacteria is currently being extensively studied
(Shiomi et al., 1982; Mitsue et al., 1999; Degeest
et al., 2001; Leroy et al., 2002). For case study of
exopolysaccharides  production  by  lactic  acid
bacteria,  the  model  of  kefiran  productio n by
Lactobacillus  kefiranofaciens  was  developed

(Cheirsilp et al., 2001). L. kefiranofaciens used
lactose as substrate to produce kefiran and lactic
acid.  Since  it  is  well  known  that  accumulated
lactic  acid  inhibits  cell  growth  of  lactic  acid
bacteria, it is expected that fed-batch culture might
soften the inhibition by lactic acid. In case of L.
kefiranofaciens  it  was  also  found  that  high
concentration of lactose and galactose (product
of lactose hydrolysis) also inhibit cell growth
(Cheirsilp et al., 2001).

In the previous study, batch culture of L.
kefiranofaciens was performed at pH 5.0 30ºC to
obtain  information  on  the  essential  growth,
substrate consumption and production of lactic
acid and kefiran (Cheirsilp et al., 2001). Figure 1
shows the results of kefiran fermentation in batch
culture. Kefiran production of L. kefiranofaciens
which form capsule surrounding the cell is called
capsular  kefiran  and  which  is  excreted  to  the
medium is called broth kefiran. In order to max-
imize  the  total  production  of  kefiran,  the  total
amount  of  both  types  of  kefiran  needs  to  be
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considered.  From  Figure  1  it  was  found  that
capsular kefiran concentration increased with cell
growth and decreased when cell growth stopped.
When  lactose  was  used  as  a  carbon  source,
galactose and glucose accumulated in the medium
but their concentrations started to decrease at the
end of fermentation.

The present work aims at the maximization
of biomass concentration. However, experimental
optimization  of  fed-batch  is  complicated  and
costly, so a model for fed-batch culture is needed.
Kinetics parameters in the model were estimated
by a simplified method. Considering that substrate
and  product  inhibitions  were  possible,  the  fed-
batch mode was studied by simulation, since the
substrate concentration in the culture medium can
be controlled by this kind of operation. The differ-
ent  feed  techniques  were  compared:  constant
feeding, exponential feeding and feedback control
of substrate concentration to achieve low level of
substrate (lactose and galactose) and lactic acid
concentration.

Materials and Methods

Experimental data

L. kefiranofaciens JCM6985, which was

used as a kefiran producer in this research, was
obtained  from  Japan  Collection  of  Microorgan-
isms  (JCM),  RIKEN,  Japan.  The  medium  for
kefiran production was a modified MRSL broth
medium and batch cultures of L. kefiranofaciens
were done as 3 L of experimental medium in a 7 L
jar fermentor (MBF-800, Tokyo Rikakikai Co.,
Tokyo). The air in the medium was removed by
introducing carbon dioxide into the medium before
inoculation. The temperature was kept at 30ºC. pH
was monitored with an online pH sensor (DPAS,
Oriental Yeast Co., Tokyo) and maintained at 5.0
with 10 N NaOH solution. In case of fed-batch
culture  the  initial  volume  of  medium  was  set  at
0.5 L and 300 g L

-1
 of lactose feed stock was fed

as defined feeding mode.

Assays

Cell concentration was measured based on
the optical density at 660 nm. The relationship
between the optical density at 660 nm and the dry-
cell concentration was approximated as a linear
plot by the least squares method, and used for the
estimation of cell concentration. Because capsular
kefiran was attached to the cell, the net dry-cell
concentration was calculated by subtracting the
weight of capsular kefiran from the total dry-cell

Figure 1.  Time courses of kefiran fermentation at pH 5  30ºC.
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concentration. Broth kefiran in the supernatant was
precipitated by the addition of the same volume of
cold ethanol (-20ºC) as that of the sample and then
centrifugated. The precipitate was re-dissolved in
distilled  water.  To  remove  any  remaining  un-
dissolved materials, the solution was centrifuged
and the clear supernatant was again precipitated in
the same way. The resulting precipitate was re-
dissolved in distilled water. Broth kefiran was then
quantified colorometrically by adding 2.5 ml of
anthrone reagent (0.8 g of anthrone (Wako), 100
ml of H

2
O, and 300 ml of H

2
SO

4
) to 0.25 ml of the

broth kefiran solution. The reaction mixture was
incubated for 10 min at 100ºC and cooled to room
temperature.  The  absorbance  at  620  nm  was
measured. The concentration of broth kefiran was
calculated using the standard curve of lactose.

Capsular  kefiran  was  extracted  from  the
cells by boiling at 100ºC for 30 min with distilled
water.  The  mixture  was  centrifuged,  the  clear
supernatant was decanted, and capsular kefiran in
the supernatant was measured in the same way as
that of broth kefiran.

Glucose concentration was measured with
a glucose analyzer (model 2700; YSI Inc., Yellow
Springs,  Ohio,  USA).  Lactose  and  galactose
concentrations  were  measured  using  a  lactose-
galactose F-kit (Roche Diagnostics, Tokyo, Japan).
DL-Lactic acid concentration was measured with
a  gas  chromatograph  (Model  G-3000  Hitachi,
Tokyo, Japan).

Simulation Model used in this study was
adapted from the previous study (Cheirsilp et al.,

2001). Ordinary differential equations were solved
by  the  Runge-Kutta  single-step  fourth-order
method. The programs were coded in the Visual
Basic program Ver. 6.0 (Microsoft Inc., USA).

Results and Discussion

1. Model for batch and fed-batch culture

Optimization studies have been reported in
several kinds of fermentation processes (Shioya,
1992) based on the method of searching for the
optimal profiles of specific rates. The relationship
between  specific  production  rate  and  specific
growth rate was commonly used to determine the
optimal  profiles  of  the  specific  growth  rates  in
many batch and fed-batch cultures (Shimizu et al.,
1989; Shioya, 1992). A summary of the relation-
ship between specific production rates and specific
growth rates at various pH values in this kefiran
production process is shown in Figure 2. The time
course of specific production rates and specific
growth rates during fermentations at various pH
values  are  plotted  in  the  direction  of  arrows  as
shown in Figure 2. It was found that both specific
rates at various pH decreased during cultivation.
In order to optimize kefiran production both specific
rates should be kept constant at maximum values.
However, it is difficult to maintain both specific
rates at constant levels in batch culture due to the
accumulation of lactic acid and the decrease of
lactose  concentration.  Therefore,  to  maximize
kefiran production a model describing the effects
of pH, and lactose and lactic acid concentrations

Figure 2. Relationship between the specific growth rate and specific production rate of total

kefiran at pH 4, 4.5, 5, 5.5, and 6.
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on the specific rates is necessary. Especially, the
construction of model for fed-batch culture will
help us to get useful information how to maintain
lactic  acid  at  low  concentration.  Table  1  shows
batch culture model which refer from previous
study (Cheirsilp et al., 2001) and fed-batch culture
model  which  was  developed  in  this  study.  The
model  in  Table  1  consisted  of  specific  growth
rate, specific consumption rate, specific product
formation rate and net specific production rate of
glucose and galactose. The substrate and product
inhibition was considered in the model. From our
literature, no model for exopolysaccharides fer-
mentation, which incorporates broth and capsular
polysaccharides production, has been reported thus

far. From this point of view, the model for broth
and capsular kefiran from Cheirsilp et al. (2001)
was useful tool to describe the effect of fed-batch
culture on exopolysaccharides production.

2. Simplification of kinetic parameter fitting

Figure 3 shows the outline of the algorithm
for fitting parameters in the model. Because of
model complexity and requirement for many model
parameters, a three-step parameter fitting method
was  employed  to  simplify  the  calculation.  The
algorithm started from the parameter fitting in the
function of specific growth rate, µ. By giving the
initial  values  of  the  parameters  of  µ,  the  time
courses of cell concentration, X

cal
, for all the exper-

Table 1. A mathematical model of batch and fed-batch culture

             Variables Model of specific rates Batch Fed-batch

specific growth rate, µ µ = µm 1−
L

Ki,L(µ)







S
Km(µ) + S + S2 / Ki,S(µ)

dX
dt = µX

dX
dt = (µ − F)X

specific consumption rate, v v = vm 1−
L

Ki,L(v)







S
Km(v) + S + S2 / Ki,S(v)

dS
dt = −vX

dS
dt = −vX + F(Sf − S)

specific product formation ρ = αµ + β
dP
dt = ρX

dP
dt = ρX − PF

  rate, ρ

net specific production rates ηGlc = ρGlcS −
vGlc

S
dGlc

dt = ηGlc X
dGlc

dt = ηGlc X − GlcF

  of glucose, ηGlc

net specific production rates ηGal = ρGalS −
vGal

S
dGal

dt = ηGal X
dGal

dt = ηGal X − GalF

  of galactose, ηGal

S: substrate concentration (g L-1), F: feed rate (l-1h-1), S
f
: substrate concentration in feed stock (g L-1), µµµµµm

: maximum

specific growth rate (h-1), v
m
: maximum specific consumption rate (h-1), K

m(µµµµµ)
: saturation constants of µ µ µ µ µ (g L-1), K

m(v)
:

saturation constants of v (g L-1), K
i,s(µµµµµ)

: substrate inhibition parameters of µµµµµ(g L-1), K
i,s(v)

: substrate inhibition parameters

of v (g L-1), L: lactic acid concentration (g L-1), K
i,L(µµµµµ)

 and K
i,L(v)

: pH dependence of product inhibition (g L-1), ρρρρρ: specific

production rates of kefiran and lactic acid (h-1), ηηηηηGlc
 and ηηηηηGal

: kinetic parameters for the production of glucose and

galactose (h-1), v
Glc

 and v
Gal

: kinetics parameters for the consumption of these monosaccharides (h-1). All of specific rates

under different pH conditions were investigated. The effect of pH on the specific activities is incorporated in the model,

with analogy to the effect of pH on enzyme reaction as

PARA =
PARAm,pH

1 + (kPARA1 / [H+
]) + kPARA2

[H+
]
,

where PARA is the representative parameter for µµµµµm
, v

m
, K

i,L(µµµµµ)
, K

i,L(v)
, ααααα, βββββ, ρρρρρGal

, v
Gal

, ρρρρρGlc
 and v

Glc
. PARA

m,pH
,, k

PARA1
 and

k
PARA2

 are kinetic parameters describing the effect of pH
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Figure 3. The outline of parameter fitting procedure. X: cell concentration, S: substrate

concentration, L: lactic acid concentration, P: product concentration. Subscripts

of exp and cal are experimental and calculated, respectively.

imental data sets were calculated. In this step, data
interpolated from the experimental ones of the
substrate, S

exp
, and the experimental data of lactic

acid, L
exp

, by use of spline functions were used
because there was no parameter value of function
of  specific  consumption  rate,  v,  and  specific
production rate of lactic acid, ρ

L
, to calculate these

concentrations  in  the  first  step.  Then,  the  para-
meters  of  µ  were  relatively  corrected  by  the
simplex  method  to  minimize  errors  between
experimental and calculated data of cell concen-
tration  throughout  the  fermentation.  After  the
parameters of µ were determined, the next step
was fitting the parameters of v in the same manner
using the cell concentration calculated based on
the model with the estimated parameters, X

cal
, and

the experimental lactic acid concentration, L
exp

 to
calculate for µ and v. When the parameters of v
were estimated, summation of errors with respect
to S was checked whether it was allowable or not
compared with those of the interpolated data (S

exp
).

After the parameters of µ and v were determined,
the next step was fitting the parameters involved
in formation of lactic acid. These parameters were
estimated, and summation of errors with respect
to L was checked whether it was allowable or not
compared with those of the interpolated data (L

exp
).

If not allowable, estimation of the parameters of µ
and v was repeated. The last step was fitting the
parameters involved in the formation of kefiran,
glucose  and  galactose  using  the  calculated  cell
concentration, X

cal
, the calculated substrate con-

centration, S
cal

, and the calculated lactic acid con-
centration, L

cal
, to calculate for µ and v. Based on

this  parameters  fitting  procedure,  all  of  the
determined parameters are shown in Table 2.

3. Constant feeding in fed-batch mode

The constant substrate feeding mode was
not controlled by a model and was simulated by
the application of various feed rates and initial
substrate concentrations. All parameters obtained
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in Table 2 were used for fed-batch simulation.
Figure 4 shows simulation results of constant feed
rates at 0.01-0.04 L h

-1
, initial volume of 500 mL,

initial substrate concentration (lactose concentra-
tion) of 20 g L

-1
 and substrate concentration in

feed stock, S
f
, was set at 300 g L

-1
. In order to

investigate  the  effect  of  fed-batch  on  kefiran
fermentation, batch mode without feed was also
simulated. Since the total substrate of fed-batch at
feed rate 0.01 L h

-1
 for 200 h was 600 g, the initial

substrate concentration of batch was set at 600 g
in volume of 1 L. It was found that high substrate
and  lactic  acid  concentrations  in  batch  mode
inhibited kefiran production and galactose con-
sumption. Therefore the fed-batch was thought to
be  useful  tool  to  reduce  substrate  and  product
inhibition. At high feed rate, the amount of total
kefiran (the multiplied values of kefiran concen-
tration and volume) was high, but the concentra-
tions of lactose, lactic acid and galactose were
also high. Though the concentration of lactic acid

became low at the end of fermentation due to high
dilution rate, lactose and galalctose concentrations
still were high. From this view of point the low
feed rate at 0.01 L h

-1
 was chosen to be useful for

keeping lactose, lactic acid and galactose at low
level. Figure 5 shows simulation results of various
initial  substrate  concentrations  20-50  g  L

-1
  at

constant feed rate of 0.01 L h
-1
. It was found that

substrate  concentration  profiles  at  each  initial
substrate concentration became the same after 60
h of fermentation. Since the production rates of
kefiran, lactic acid, and galactose concentrations
are  the  function  of  substrate  concentration
(Cheirsilp et al., 2001), there was no significant
difference in kefiran, lactic acid, and galactose
concentrations  at  various  initial  substrate  con-
centrations.

4. Exponential feeding profile in fed-batch mode

The exponential feeding is controlled by
an  equation  that  depends  exponentially  on  the

Table 2. Parameter values in the expression of pH dependency

from simplified fitting method

PARA PARA
m,pH

k
PARA1

k
PARA2

<pH dependent>
µm (h-1) 0.218 +7.75 × 10-7 +3.66 × 104

vm  (h-1) 1.08 +2.66 × 10-7 +2.42 × 104

Ki,L(µ)
 (g L-1) 69.4 - 1.46 × 10-9 - 6.71 × 103

Ki,L(v)
 (g L-1) 136 +7.20 × 10-7 - 1.78 × 103

αtotal 0.101 - 2.21 × 10-7 - 1.24 × 104

βtotal (h
-1) 3.02 × 10-2 +8.40 × 10-5 +7.72 × 105

αL 4.98 - 1.12 × 10-7 - 7.25 × 103

βL (h
-1) 1.56 +7.05 × 10-5 +1.42 × 106

αeps 6.20 × 10-2 - 3.65 × 10-7 - 1.50 × 104

βeps (h
-1) 4.99 × 10-2 +6.53 × 10-5 +1.15 × 106

ρGAL (g
-1 L-1 h-1) 4.16 × 10-4 +1.93 × 10-6 - 7.37 × 103

vGAL (g L-1 h-1) 0.285 +3.45 × 10-6 - 2.41 × 104

ρGLU (g-1 L-1 h-1) 0.223 - 1.26  +1.27 × 1010

vGLU (g L-1 h-1) 0.153 +2.63 × 10-4 - 2.71 × 106

<non-pH dependent>
Km(µ)

 (g L-1) 17.9
Km(v)

 (g L-1) 30.4
Ki,s(µ)

 (g L-1) 853
Ki,s(v)

 (g L-1) 886
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Figure 4. Simulation results of fed-batch cultures

at various constant feedings and the

initial lactose concentration of 20 g L-1

compared  to  that  of  batch  culture

without feed.

Figure 5. Simulation results of fed-batch cultures

at various initial lactose concentrations

and   constant feeding of 0.01 L h-1.

specific growth rate, and the kinetic model will
influence  the  process  performance.  Two  most
obvious  exponential  feed  policies  are  feeding
profiles to obtain constant substrate concentration
at its initial concentration and constant specific
growth  rate  at  desired  value  (Da  Cunha  et  al.,
1998). Calculation of feeding profile correspond-
ing  to  constant  substrate  concentration  (which
specific growth rate, µ, is assumed to be constant)
is described by the equation (Lim et al., 1977):

f = f 0 exp(µt) (1)

where the initial feed rate, f
0
 is:

f 0 =
µX0V0

YX /S (Sf − S0 ) (2)

and X
0
, S

0
 and V

0
 are the initial values for cell

concentration, substrate concentration and volume,
respectively. S

f
, is substrate concentration in feed

stock  and  Y
X/S

  is  yield  of  cell  concentration  to
substrate concentration obtained from batch culture
at the value of 0.025.

Figure  6  shows  the  exponential  feeding
techniques, using four different initial concentra-
tions of substrate when substrate concentration in
feed stock, S

f
, was set at 300 g L

-1
, and calculated

specific growth rate was used to determine feed
rate. This technique showed that more difference
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Figure 6. Simulation results of fed-batch cultures

with exponential feeding using four

different  initial  concentrations  of

lactose.

Figure 7. Simulation results of fed-batch cultures

with  feedback  control  of  substrate

concentration  feeding  using  four

different concentrations of lactose.

of  lactic  acid  concentration  was  observed  at
different initial substrate concentrations. However,
total kefiran obtained by this exponential feeding
profile was lower than that of constant feeding.
This might be due to the fact that production of
kefiran  was  both  growth-associated  and  non-
growth-associated product (Leudeking and Piret,
1959).  Namely,  if  feed  rate  was  controlled  by
specific  growth  rate,  substrate  supply  for  non-
growth-associated  production  will  be  limited.
Also according to slight difference of substrate
concentrations in each exponential feeding, only
little increase in total kefiran was obtained (Fig-

ure 6). Though feeding profile was set to corres-
pond to fermentation at constant substrate con-
centration, substrate concentrations at each initial
substrate concentration in Figure 6 could not be
kept  constant.  This  can  be  explained  by t he
constraint that the specific growth rate is not only
the function of substrate concentration but also
the function of product especially lactic acid (Table
1). Therefore, the exponential feeding for constant
substrate concentration can be designed only in
the period which constant specific growth rate can
be obtained (at low concentration of lactic acid).
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5. Feedback control of substrate concentration

in fed-batch mode

Since the mathematical model allows us to
simulate substrate concentration in the medium,
calculated  substrate  concentration  is  used  for
feedback control of substrate concentration instead
of experimental value. Then, the feed rates to keep
substrate concentration in the medium constant
were determined as substrate consumption rates.
Namely, if feed rate could supply enough substrate
to consumption rate by lactic acid bacteria, the
substrate concentration in the medium will be
constant.  Figure 7 shows the simulation of fed-
batch,  which  was  controlled  at  each  constant
substrate concentration when substrate concen-
tration in feed stock, S

f
, was set at 300 g L

-1
. From

simulation results, fed-batches were effective to
keep lactic acid at lower level compared to that of
other feeding techniques explained above. At 20 g
L

-1
 of lactose concentration, lactic acid level was

the lowest. And at high lactose concentration,
galactose accumulated in the end of fermentation.
Therefore, to use galactose effectively, lactose
concentration should be controlled constant at 20
g L

-1
.

6. Experimental validation in fed-batch mode

Since the objective of this study is to max-
imize  kefiran  production  by  minimizing  the
substrate  and  product  inhibitions,  fed-batch
simulations using fed-batch model were studied.
Among different feed techniques: constant feed-

ing, exponential feeding and feedback control of
substrate concentration, it was found that constant
feeding  at  0.01  L  h

-1
  (Figure  4)  and  feedback

control of substrate concentration at 20 g L
-1
 (Fig-

ure 7) were effective feeding profiles to achieve
low level of both substrate (lactose and galactose)
and  lactic  acid  concentrations.  Since  constant
feeding at 0.01 L h

-1
 is more practical and simple

than feedback control of substrate concentration
at 20 g L

-1
, constant feeding profile at 0.01 L h

-1

was  chosen  to  be  experimentally  done  for  fed-
batch  of  kefiran  fermentation.  Figure  8  shows
experimental results compared to simulated results
of  kefiran  production  in  fed-batch  mode  with
constant  feeding  at  0.01  L  h

-1
.  Basically  the

simulation results showed good agreement with
experimental data.

Conclusions

A mathematical model, the use of which
enables the prediction of the overall influence of
substrate and product inhibition as a function of
pH, substrate and product, is thus developed and
found to successfully predict the experimental
behavior.  The  model  allows  us  to  predict  the
performance of production under different con-
ditions,  such  in  the  fed-batch,  and  to  realize
optimum operation. Here, the simulations from
fed-batch model indicated that lactose concentra-
tion should be controlled at 20 g L

-1
 to soften the

lactic acid inhibition and also to stimulate utiliz-

Figure 8. Simulated (lines) and experimental (symbols) results of fed-batch culture with

constant feeding of 0.01 L h-1.
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ation of galactose in each feeding techniques. And
most effective feeding profile for kefiran ferment-
ation according to the simulation results in this
study was realized by actual experiment.
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