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Optimal pH control of batch processes for production of
curdlan by Agrobacterium species
J-H Lee, I-Y Lee, M-K Kim and Y-H Park

Bioprocess Technology Research Division, Korea Research Institute of Bioscience and Biotechnology, PO Box 115,
Yusong, Taejon 305-600, Korea

We sought an optimal pH profile to maximize curdlan production in a batch fermentation of Agrobacterium species.
The optimal pH profile was calculated using a gradient iteration algorithm based on the minimum principle of Pontry-

agin. The model equations describing cell growth and curdlan production were developed as functions of pH,
sucrose concentration, and ammonium concentration, since the specific rates of cell growth and curdlan production

were highly influenced by those parameters. The pH profile provided the strategy to shift the culture pH from the

optimal growth condition (pH 7.0) to the optimal production one (pH 5.5) at the time of ammonium exhaustion. By
applying the optimal pH profile in the batch process, we obtained significant improvement in curdlan production

(64 g L) compared to that of constant pH operation (36 gL ).
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Introduction order to maximize curdlan production since curdlan is pro-
uced under nitrogen-limiting conditions. In addition, the

Curdlan is a water-insoluble polysaccharide Composeiuthors [12] also achieved a high production of curdlan

exclusively of-1,3-linked glucose residues, and is synthe-(58 gL in a batch fermentation by optimizing the agi-

sized by Agrobacteriumspecies andilcaligenes faecalis tation speed and the aeration rate. However, there are many

under nitrogen-limiting conditions [4,7,11,13]. The pro- ; . T
duction of c%rdlan hasgdrawn consid[erable intgrest be?:auso'[her factors that should be considered in the optimization

of 15 e thealogical and therml geling propertes. At 2120 ProcUctn, The pi o he cultre & one of e

great deal of work has made it possible to use curdlan i . .

food products such as jelly, noodles, edible fibers, and ne 1elll] grrgwlt(? eac? i pﬁcjsl;ﬁ]}t g;ntgt'or}nrzt?fv'ozrtzvﬁg?}gaxﬁ

calorie-reduced products [3,5,18,22]. It is also being use np yh E | H gy hifted f P h |

as an admixture to enhance the fluidity of concrete and h ﬂer;itbon ¥vthere t "e culture pt wa;s fhl el' r:gm ¢ %_neult_:a
o . , 7,0, at the cell growing step to the slightly acidic pH,

recently been commercialized by Takeda Chemical Indus :

tries Ltd, Japan [1]. In addition, since drug release can b -S- _Thekge nght. be a;]n ad\I/antag_e to e_nha_nce curc(jjllan pro-

sustained and diffusion-controlled by curdlan gel, it offers. uct;ogl y ow'(cajfmgl_: ech ture V|3cos.||tydsmc§_ CUL an1s

the possibility of a drug delivery polymer [6]. Furthermore, Insoluble at acidic pHs. However, detailed studies have not

.~ been reported.
researchers have developed curdlan sulfate as an anuwr@ie . .
P Moreover, there seems to be more than one single opti-

agent able to inhibit the infection of human immunodefi- -, pH since fermentation of the culture for curdlan pro-

ciency virus (HIV).'l [2.1]' .Thus, j[he potential of curdian uction is divided into two phases, the cell growth phase

gg;igﬁerg s r?ﬁﬁgg;ﬁg nlg; slﬂgggtrrtlses a;‘(‘;’ gr“égrsse pr‘rﬁ/ oflzgg hd the curdlan production phase. Therefore, we sought to
L ; ' Lo find the optimal pH profile to maximise curdlan production.
Strg%%é”ﬁ;?;&gtrgﬁ% Cd?}% tgfr drrainlijrzaiguélln%:gsi;vesti- The minimum principle has been widely used for calcula-
ting optimal profiles for bioreactor control [2,15,17,19].

gated its properties [4,5], Lawfordt al [7-10,16] have o ; . . .
placed a major effort in developing a process for curdlanThe objective of this work is to compute the precise optimal

production, especially with respect to reactor design. WitHD.H profile using an algorithm based on the minimum prin-

a low-shear system using an axial-flow marine-type propel-c'ple' Eventually, by applying the optimal pH profile, a

ler, they obtained curdlan production of 46 g'lwith a ?é?r?]epr:?a?iléﬁlorr\ogfegsurdlan was also attempted in a batch
product yield of approximately 0.5 g curdlan*gglucose P '

[10]. We [11] recently reported a production of curdlan

(60 g L'Y) by Agrobacteriumspecies using sucrose as the Materials and methods

carbon source in a two-step fed-batch operation techniqu

We sought the optimal timing of nitrogen limitation in chroorgan/sm and culture conditions

Agrobacterium sp ATCC 31750 (formerlyAlcaligenes
faecalis subsp myxogengswas used. The seed culture
Correspondence: |-Y Lee, PhD, Bioprocess Technology Researcmedlum C_Olmamed 20 g—E sucrose, 5¢ £ yeast eXtraCt—'
Division, Korea Research Institute of Bioscience and Biotechnology, Polénd . SgL peptone, pH 70 The Dbasal fermentation
Box 115, Yusong, Taejon 305-600, Korea medium contained (per liter): 140g sucrose, 39
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of a trace element solution, unless otherwise specified. Thed
composition of the trace element solution was: 59
FeSQ-7H,0, 2g MnSQ-H,O, 1 g CoC}-6H,0, and 1g
ZnCl, per liter of 0.1 N HCI. Various concentrations of
sucrose and ammonium were tried in order to find their %
effects on cell growth and curdlan production. Fermentation <
was carried out in a 5-L jar fermentor (Korea Fermentor 3
Co, Incheon, Korea) equipped with a dissolved oxygen ana-§
lyzer and a pH controller. The seed culture (300 ml), grown+°
at 30°C for 17 h in shake flasks, was transferred to the fer- &
mentor containing 2.7 L of the fermentation medium. Cul- 2
ture temperature was controlled at°80 Agitation speed 8
and aeration rate were maintained at 600 rpm and 0.5 vwm =

140

on(e,d

120

ntra

100

80

Sucrose (O ) and Curdlan (B ) Concentration (g/L)

respectively during cultivation. The culture pH was con- #,, 40
trolled at either the constant values or the optimal profiles. 3

e 20
Analytical methods 8
For measurement of the dry cell mass, 10 ml of sample was& " L ) 0
mixed with 15 ml of 0.5 N NaOH solution. The supernatant @ 0 20 40 60 80 100 120
was removed by centrifugation. The aliquot was washed® Time (h)

with distilled water twice and the dry cell mass was meas-

ured after drying overnight at 8C. Sucrose concentration Figure 1 The batch profile of cell growth and curdlan production at

was measured with a modified dinitrosalicylic acid (DNS) constant pH(7.0). The initial concentrations of sucrose and ammonium
hod [14]. O ilili i | ixed with were 140 and 0.8 g &, respectively. The lines were simulated with the

method [14]. One milliliter of sample was mixed with 20 oqiimated parameters.

of 3N HCI and the mixture was hydrolyzed at 2@for

15 min. After cooling the mixture, 3 ml of DNS solution

was added and it v_vas boiled again at A0Cxor 10 mln Effects on cell growth of pH, sucrose, and

Sucrose concentrations of the samples were determined Bmmonium

measuring absorbance at 570 nm. For the analysis of curgatch fermentations were carried out under different con-
lan, 1 ml of appropriately diluted sample was mixed with gitions in order to determine the effects of pH, sucrose, and
15 ml of 3N NaOH solution, then the mixture was incu- ammonium on cell growth, and to form model equations.

bated at room temperature for 30 min o dissolve the curdThe changes of the specific growth rate were determined
lan. After centrifuging the mixture at 5000g for 15min,  py cultivating the cells at different culture pHs. The cell

the curdlan present in the supernatant was precipitategrowth rate was at its maximum at pH 7.0. The model para-
under acidic conditions by adding 15 ml of 3 N HCI. Pre- meters were estimated with nonlinear regression analysis.

cipitated curdlan was harvested by centrifuging at 58@0  The regression result below is shown in Figure 2(a).
for 15 min, and washed three times with distilled water to

remove salts. The concentration of curdlan was determined |, _ 4.41x 107 [pH] 0
by measuring the dry weight after drying overnight at@0 PR 3.45- [pH] + 0.076 pH]?

The ammonium concentration was determined using the
indophenol method [20].

In a batch operation, the initial sucrose concentration
should be high enough to support a large amount of curdlan
production. Previously, we found that thgrobacterium

strain used in this study is tolerant of high concentrations
of sucrose, making batch operation possible. When cells
Batch fermentation at pH 7.0 were grown at the initial sucrose concentration of more than

A batch fermentation was performed at pH 7.0 to examinel00 g L' with the fixed amount of nitrogen source
the time profiles of cell growth and curdlan production. (0-80 g L of NH3), the sucrose concentration did not
Figure 1 shows the time courses of concentrations of cellsghange much. As shown in Figure 2(b), the specific growth
curdlan, ammonium, and sucrose Consumption during thé‘ite was almost constant |n.t_he sucrose concentration range
cultivation of Agrobacteriumspecies. The cell grew to a ©f 80-160g L. The specific cell growth rate for low
concentration of 6.2 g1 in 20 h while consuming all the SUCTOSe concentrations was not measured in this experi-
nitrogen initially present, and ceased to grow after thement. Simple Monod growth kinetics were adopted for the
ammonium was depleted. On the other hand, curdlan prd2igh sucrose concentrations tested. It is noted that, how-
duction was started from the outset of nitrogen limitation,€Ver. us is dimensionless becaugeis defined as the com-
and maximum curdlan concentration (36¢)L was DPined form of wyusuy (see Eqn 11) and only,, has
obtained in 120 h cultivation. Sucrose was consumediimension ().
gradually during cultivation, and the curdlan yield from IS
sucrose was 0.48 g curdlangsucrose. The lines in MS:W&S (2)
Figure 1 represent the simulated values obtained with the '

parameters in the next section. In addition, the cell growth rate was examined at the

Results and discussion
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Figure 2 Variation of the specific growth rate with (a) pH; (b) sucrose
concentration; and (c) ammonium concentration. The equations in the fi
ures were calculated by the nonlinear regression method. Unless otherwise X = uX
specified, the culture pH was 7.0, the initial sucrose concentration 140 g -k

1 2 3

NH," concentration (g/l)

L™, and the initial ammonium concentration 0.8 g-.L
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different initial ammonium concentrations at pH 7.0 and 145

sucrose concentration of 140 g'LFigure 2(c) shows that

at high initial ammonium concentrations>2.4 g '), the

cell growth rate was significantly inhibited by the
ammonium concentration, and there is an optimal initial
ammonium concentration for cell growth. From these
results the ammonium effect can be expressed in a math-
ematical form and is shown in Egn (3)y is also dimen-
sionless, likeus.

B 1.76N .
MN= 0147 +N + 0.675\ 3)

Effects on curdlan production of pH, sucrose, and
ammonium

The effect of pH on the curdlan production was also
determined at different pHs. After the cells were grown at
pH 7, the pH was shifted to various pHs to examine its
effect on curdlan production. As shown in Figure 3(a), the
curdlan production rate changed with changes in pH. The
optimal pH was 5.5 for the maximum curdlan production
rate. The model parameters were estimated from the experi-
mental results with the nonlinear regression method. The
regression result is shown below.

o 0.51[pH] @
PH ™ 2.92— [pH] + 0.094]pH]?

The effect of sucrose on the curdlan production is shown
in Figure 3(b). The effect of sucrose on the curdlan pro-
duction rate was negligible when sucrose concentrations
were higher than 40 gt. Simple production kinetics were
employed to simulate the sucrose effect on the curdlan pro-
duction rate, and are expressed below. It should also be
noted thatwg is dimensionless becauseis defined as the
combined form ofm,ymsmy (See Eqn 12) and only,, has
dimension ().

S
7998 +S ®)

The effect of ammonium concentration on curdlan pro-
duction was also examined. As shown in Figure 3(c), curd-
lan production was completely inhibited in the presence of
ammonium, and no curdlan was formed. Thus, the
ammonium inhibition model was proposed to simulate
experimental results. The inhibition constant was estimated
with the regression methodmr, is also dimensionless,
like .

Ty = eXpE161N) (6)

s

Optimal pH profile and its application for curdlan
production

The effects of pH, sucrose and ammonium are included in
the following equations. The equations we developed were
used for the optimization of the fermentation process for
gthe maximal production of curdlan.

Xo=0.5 @)
$=-oX S =140.0 ®)
N = -8X N, = 0.8 )
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Specific production rate (1, 1/hr) &

Figure 3 Variation of the specific production rate with (a) pH; (b)
sucrose concentration; and (c) ammonium concentration. The equation
the figures were calculated by the nonlinear regression method. To exal
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P=mX P,=0.0 (10)
where X is cell concentrationS is sucrose concentration,
N is ammonium concentration, arfél is curdlan concen-
tration. The specific rates of cell growtp), substrate con-
sumption ¢ for sucrose an@ for ammonium), and curdlan
production ¢r) are functions of pH, sucrose, and
ammonium concentration, and expressed in the following
equations.

M = Mpritstin (11)

T = Ty TsT (12)

— Porktstn - TpHTTSTTN 13

Yos Yo 13

5 = Morittsin (19)
Yun

whereYys, Yps and Yy, are yield coefficients and were
estimated from experimental data as 0.5, 0.5 and 7.5,
respectively. Since the proposed equations were developed
as constant yield values, sucrose and ammonium concen-
trations can be expressed as analytical functions of cell
mass and curdlan.

S=5 - (X=X)Yxs = (P = Po)/Ypss (15)
N =Ny = (X = Xo)/ Y (16)

The system equations can be reduced to two differential
equations and two analytical equations.

X = uX X =05 a7)
P=aX P, =0.0 (18)
The object of this fermentation is to maximize the curdlan

concentration by controlling pH and is expressed in the fol-
lowing equation.

Minimize [Pl = -P(t;), t; is fixed] (29)
[PH]
The optimal profile of the system can be calculated with a

minimum principle of Pontryagin [17]. The Hamiltonian
of the system is formulated as:

The adjoint variable of the system is calculated by the
partial derivative of the Hamiltonian with respect to state
variables. The adjoint variables of the system were calcu-
lated. The final conditions of the adjoint variable were cal-
culated with the transversality condition.

M(t) =0 (21)
Aft) = -1 (22)

where' represents the partial derivative of function with
respect to product concentratiod/dP).
Optimal control is achieved by making the partial deriva-

_).\1 = )\1’14 + /\277
—A2 = (A + A7)X

nﬁ}/e of the Hamiltonian zero with respect to the control vari-

ine the pH effect, cells were grown at pH 7.0 in the growth phase, anoable-
then the pH was shifted to the predetermined value after the ammonium

was exhausted.

oH

SToH - (M + A,mMX =0 (23)
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where the overbar (-) denotes the derivative with respecdnhibited by even the least amount of ammonium. From the 1
to the control variable [pH]. minimum principle, the concentrations of cells and curdlan
Since the proposed model is nonlinear and it is difficultwere estimated to be 6.2 and 58 ¢fLrespectively, in

to calculate the optimal profile with the analytical method,120 h cultivation.

we are proposing the following numerical procedure to We applied the calculated optimal pH profiles to the

solve the optimal control profile with the gradient iter- batch process for maximal production of curdlan. When the

ation algorithm. ammonium concentration decreased to zero at 20 h, the pH
was shifted to the optimal production pH, 5.5. Figure 4

(1) Guess the optimal pH profiles. shows the data points of concentrations of cells, curdlan,

(2) Integrate the state variables by forward integration. ammonium, and sucrose consumption. The cell concen-
(3) Integrate the adjoint variable by backward integration.tration reached 6.0 g£ in 20 h when the ammonium in
(4) Calculate the derivative of the Hamiltonian and checkthe culture broth was depleted. The concentrations of cells

the errors. and ammonium fit well with those estimated from the opti-
(5) Update the optimal control profiles: mal profile. The maximum curdlan concentration
(64.0 g L'Y) was obtained in 120 h fermentation, showing

[pH]*t = [pH] + & [ oH ]' (24) @ 70% improvement in curdlan production compared to
a[pH] that of a constant pH operation (pH 7.0 in Figure 1). The
(6) lterate steps 1-5 until it converges. maximum curdlan concentration achieved by this fermen-
tation was a little higher than the value estimated by the

minimum principle. Previously, we [11] reported high pro-

The gradient iteration algorithm based on the minimum . o s
principle was used for the calculation of the optimal pH duction of curdlan (60gL) with the productivity of

control profile. The optimal pH profile shown as the solid 0-59 L™ 1™ by a fed-batch operation. In this study, the
line at the top of Figure 4 provided the strategy on how toS@Me amount of curdlan production was achieved in a batch
shift the culture pH by simply switching from the optimal OPeration by applying the optimal pH profile, which is
growth condition (pH 7.0) to the optimal production one ecpnomlcally more feasible than the fed-batch fermen-
(pH 5.5). Also, the timing for switching has to be the time tation process.

when the ammonium concentration falls to zero. It is practi-

cal to change the culture pH quickly from 7.0 to 5.5 without Nomenclature

any transient period, since curdlan production is strongly o
H Hamiltonian

ammonium concentration (g7h)
curdlan concentration (g&)
sucrose concentration (g
time (h)

t final time (h)
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