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A kinetic model for lutein production by the green microalga
Chlorella protothecoides in heterotrophic culture
X-W Zhang, X-M Shi and F Chen

Department of Botany, the University of Hong Kong, Pokfulam Road, Hong Kong

Production of lutein by the green microalga Chlorella protothecoides  grown heterotrophically in a fermentor using
glucose as the carbon source and urea as the nitrogen source was investigated. An unstructured kinetic model was
proposed to describe the microalgal culture system including cell growth, lutein formation, as well as glucose and
nitrogen consumption. The inhibition potentials of biomass, product and substrates on growth and lutein formation

were examined and incorporated into the kinetic model. Values of the kinetic model parameters were estimated. The
resulting model predictions were in good agreement with the experimental results. The model can be helpful in
scale-up, optimization and control of the C. protothecoides culture process, and can also be used as a guideline
for similar microalgal cultivation systems.
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Introduction and product formation, although the relationship between
ecific growth rate and substrate or light intensity was

agents, life extenders, and inhibitors of ulcer, heart attac romrfitén;gi dliggﬁls\,/%? IPOV\II?I’\II e[iggfjligszclﬁnder photoauto-
and coronary artery disease [9]. Lutein is one of the mos P g G

prominent carotenoids in human serum and in foods an _Th_e am:j Olff thlls work V\éas to de\{elop an %nstrggtured
has been used for pigmentation of animal tissues and pr Inetic mode for lutein production using. protothecoides
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metics [12]. Microalgae are one of the major sources Oigutoinhibition to anal zeg the d narrr:ics of growth and
naturally occurring lutein [8]. Y Y g

; . . metabolism of microalgae grown under heterotrophic cul-
At present, almost all industrial microalgal processes ar gae g P

based on open pond technology [3]. The inability to controﬁfure conditions.

environmental factors is a major unsolved problem which )

limits its development [4]. An alternative to overcome or Theoretical aspects

minimize the problem with the photoautotrophic strategiesce// growth model

is to develop heterotrophic culture technology using sugars the literature, two classes of models to describe the spe-
or other organic compounds as the sole energy and carbific growth ratep. are distinguished:

source(s). In this study, heterotrophic cultivationGflor- (1) Monotonic kinetics. The kinetics increase as a func-

ella protothecoidesvas carried out in a fermentor using tion of the substrate concentratia@, such as the well-
glucose as the carbon source and urea as the nitrogen soufggown Monod growth model [15]:

for lutein production.

Efforts have also been made to develop mathematical mCs
models to describe bioprocesses. Recently Bailey [2] made = "~ (1)
a comprehensive review of this subject. Structured models S0

may be attractive due to their general applicability, but thewhere u,,, is the maximum specific growth ratés is the
suffer from the shortcomings of unknown or complicatedMonod saturation constant, a kinetic parameter which indi-
mechanisms of regulation of cell culture, and often contairtates how fast the maximum specific growth rate is
a large number of model parameters. Identification and estreached. According to Eqn (1) — e, When Kg — O.
mation of these parameters are often difficult [23]. There-unfortunately, the Monod model often fails to account for
fore, unstructured kinetic models are the most frequentlysypstrate inhibition of growth at higher substrate concen-
employed for modeling microbial systems because of theifrations. To overcome the drawback, another model is
simplicity, and because they are adequate for technical pugemployed:

poses [11]. However, little information is available con-  (2) Non-monotonic kinetics. The non-monotonic is used,

cerning kinetic models for heterotrophic microalgal culturethe Haldane model [1], as a function of the substrate con-
systems with respect to cell growth, substrate consumptiogentrationCsg;
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where K; is the inhibition constant. The smallég, the = YpdCy/dt, ie Ypx = dCJ/dCx. wpx is the specific forma-
larger the inhibition effect of the substrate. tion rate of product in the later phase of culture*fhin
It is obvious that both models examine only the effectfact, according to Eqn (4), upx = dCJ/Xdt when
of a single substrate and ignore the inhibition potential ofdCy/dt = 0, ie the concentration of cells is at the maximum
other environmental factors such as the nitrogen source, thealue, the cells cease to grow.
cell itself and the product.
Nitrogen is another essential substrate for cell growth, .
and here a Monod-type expressi@y/(Kyy + Cy) was Substrate consumption model ,
employed to describe the effect of nitrogen. On the other N€ Most widely used substrate consumption model can be
hand, the expression (1C,/C, ) was used to describe pro- expressed as:
duct inhibition, as in glycerol fermentation [22]. Thus the
Haldane model may be extended as follows: dCs 1 dCx 1 dCp

= + —+
At Yo dt T Vo dt T HeCX ()

Cs Cn Ce
M= Um Cé KXN + CN (1 - (:Pm> (3)
Ks+Cs+ K which is used as a glucose consumption mo@g|.C, Cs,

Cy are the same as abov¥s is the yield coefficient of
where p is the specific growth rate (}, . is the Cells on glucose (g 1), Yesis the yield coefficient of pro-
maximum specific growth rate ), Cp, Cs, Cy are the duct on glucose (MmgY). msx is specific consumption rate
product concentration (mg-), the glucose concentration Of glucose (I') in the later phase of culture. In faqisx
(g L™ and the urea (nitrogen source) concentration@,L = ~ dCJ/Cxdt, when dCy/dt = dC/dt =0, ie the concen-
respectively.Cp_ is the maximum product concentration trations of cell and product arrive at maximum values, the

(mg L. Ks, Ky, Ky are respectively the glucose satu- ¢ell and product cease to accumulate, so the parameter is
ration constant, the nitrogen saturation constant and the gl@/so considered to be related to maintenance functions of

cose inhibition constant of cell growth (g3). cells. ) ) ,
Similarly, the following equation was used to describe
Product formation model nitrogen consumption:

The Luedeking—Piret kinetic model for product formation
is Equation [13]: dCy 1 dCy 1 dC
Ty v o TGk (7)

ar o TP ogp THex Cx 4)

where Cy, Cp, Cg, Cy are the same as abov¥,, is the
The model states that the product formation rate of cellgjield coefficient of cells on nitrogen (g9, Yen is the yield
can be attributed to a growth-associated part and a noreoefficient of product on nitrogen (mg¥y. wwx is the spe-
growth-associated part. Apparently, the model does not takeific consumption rate of nitrogen ) in the later phase
into account the inhibition effects of glucose and nitrogen.of culture, and can be considered to be a parameter related
In order to account for glucose inhibition of product forma- to maintenance requirements of cell metabolism |ikg;

i Hald i . s . the analysis method is the same as for Eqn (6).
; on - >
lon, a Haldane-type expressi C2 was incor Consequently, an unstructured kinetic model (Egns (3),
Kps + CS+7K (5), (6), (7)) for lutein production by heterotrophic culti-

pi
porated.  Similarly, a  Monod-type  expression
Cu/(Ken + Cy) was formulated accordingly to describe
nitrogen inhibition as in modeling the growth of hybridoma
cells [22]. Therefore, the Luedeking—Piret equation for pro
duct formation is extended as follows:

vation of the microalgaChlorella protothecoidess pro-
posed in this work. This model contains a total of 16 para-
meters, which have important physiological meanings; each
one exhibits a process-state during the microalga culti-
vation.

Parameter estimations were performed using a Simplex
Search Method; the principal idea of this method is to

4G = (YpX dSx + Mpxx> Cs 5 Cy search the best value of the objective function in a space
dt dt Ko+ o 4 58 Ken# Gy of points,P; which represent the feasible solutions. The first
PSS K, point P, is arbitrarily selected as the starting point (base

(50  point). The second poir®, is chosen and compared with
P,. If P, is found to be a better solution thdh, thenP,

where Cy, Cp, Cg, Cy are the same as abovKpg Kpy is selected as the new base point; if nBt, stays as the
and K, are the glucose saturation constant, the nitrogerbase point. This process is continued until the best
saturation constant and the glucose inhibition constant ofperating point is found. The details were described pre-
product formation (mg %), respectively.Ys« is the yield  viously [23]. The starting values of model parameters were
coefficient of product formation due to cell growth in the determined based on physiologically meaningful ranges.
early phase of culture (mgd. When in early cultivation, The fitting result was evaluated by the root-square
the cell concentration is lower, according to Eqn (4):/dit residuals:
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whereE is the fitting error,Y,,, and Y., are experimental § 50 |
and calculated values, respectively @@ds data number. S 40
Q
o
Materials and methods § 30 |
Microalgal strain and medium s;g 20 |
C. protothecoidesCS-41 was obtained from the CSIRO a
Marine Laboratory, Hobart, Australia. The modified Basal 10
medium supplemented with 40 gliglucose and 3.6 g1 0
urea was used [16]. 20 60 100 140 180 220

Cultivation Time (h)

Sterilized medium (12C, 15 min) was inoculated with 5% Figure 2 Prediction (——) of lutein concentration in the culture @f
exponentially growing inocula. Heterotrophic cultivation of protothecoidesunder heterotrophic conditions using a kinetic model
C. protothecoide€£S-41 was initially carried out in a 250- (Equation 9) compared to the experimental da (

ml Erlenmeyer flask containing 150 ml medium at2&°C

under continuous shaking (180 rpm) in the dark. Further 35

heterotrophic cultivation was performed in a 3.7-L fer-
mentor (Bioengineering AG, Wald, Switzerland) containing - 30
2.5 L medium. The cultivation conditions in the fermentor )
were controlled as follows: pH 6560.1; temperature 2&; s 25 ¢
agitation 480 rpm; dissolved oxygen concentration 50% =
saturation. £ 20
QO
Analytical method § 15 |
The dry cell weight concentration was determined accord- S
ing to Chenet al [6]. Glucose and nitrate concentrations g 10
were determined as previously described [18]. Lutein con- s
centration was determined according to Shi and Chen © 51}
[16,17]. Specific growth ratey, was determined according
to Chen and Johns [5]. 0

20 60 100 140 180 220
Results and discussion Time (h)

The experimental results for heterotrophic production 0fFigure 3 Prediction (——) of glucose consumption in the cultureGf

biomass and |Uteir} by;- prOIOtheCOidegﬂ a 3.7-L fer- _ protothecoidesunder heterotrophic conditions using a kinetic model
mentor are shown in Figures 1-4. By fitting all the experi-(Equation 10) compared to the experimental da (

20

| | . L . .
18 1 - L mental data, the following kinetic models proposed in this
1 work were given:
14 1 dCy _ 0.0527C<Cy
s 2 s 0.1218 +Cg+ - 5 ©
£ 0] ' s¥110.0605
g 81 CN 1 _ Cp
£ 6} 0.3070 +Cy 76.273
3 4l dc, dc
O P _ X
21 at (2.3584 at + 0.02653x) (9)
0 T L L} T T LIS L] L) T CS CN
20 60 100 140 180 220
CZ 0.0546 +C
Time (h) 0.7536 +Cg + mfg N
Figure 1 Prediction (——) of growth ofC. protothecoidesinder hetero- B LCS ~ 1 dCy 1 dC,

trophic conditions using a kinetic model (Equation 8) compared to the

experimental datam). dt ~ 0.5886 dt " 2.2878 dt +0.012&y (10)
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Table 1 Parameter values and fitting errors for different models of

cell growth

Model Parameter Error Reference
Monod model  p,, = 0.0147 (h?) 1.7896 [15]
(Equation 1) K = 3.1618 (g L)

Haldane model u,, = 0.0150 (h?) 1.8308 [1]

(Equation 2) Ks =3.1618 (g LY
K, =594.1771 (g Y
Equation 3 tm = 0.0527 (h%) 0.5877  This work
Ks = 0.1218 (g %)
Ky, = 110.0605 (g LY)
Kxn = 110.0605 (g L)
0 Com = 76.2734 (mg LY

20 60 100 140 180 220
Time (h)

Nitrogen concentration (g/L)

i 1, 1 1
Figure 4 Prediction (——) of nitrogen consumption in the culture of !ng parameters were 0.48 g°g2.08 mg g, 0'0159 ()
C. protothecoidesinder heterotrophic conditions using a kinetic model 1N the later phase of culturé € 120 h), respectively. The

(Equation 11) compared to the experimental dath ( yield coefficient of cells on nitroger¥yy, is 6.3871 g @',
the yield coefficient of product on nitrogéf,, is 25.8963
dC, 1 dC, 1 dC, mg g* and the specific consumption rate of nitrog@r,

+0.001x, (11) inthe later phase of culture is 0.0013fwhile the experi-
mental values of corresponding parameters were 5.44 ¢

- 1, 23.2806 mg g and 0.0016 (1) in the later phase of
The fitting errors (E) were 0.5877, 1.4825, 0.9994, 0.225 tulture ¢ = 120 h), respectively. Consistency was achieved

for cell growth, lutein formation, glucose consumption andy, . een the predicted data and experimental results.
nitrogen consumption, respecnvely. The calculated results High cell-density culture oChlorellain a batch system
for Eqns (8)—(11) are also shown in Figures 1-4. requires comparatively high concentrations of nitrogen in

Equation (8) revealed that the maximum specific growththe medium. It was reported that urea at 2.0 g (0.14

rate was reached more slowly for consumption of gluCosg,y'iiqqen in the medium had ill effects on the growth of

tha.n for consumption of nitrogerl,lbecause the velocity indl—c_ pyrenoidosd7]. A similar effect was observed by [10]
Eagog}noggramtelte;(_i; 2‘12138?95 tr\?::ts Tn;iléir :;'.""T](t“ﬁe ,WhenC. vulgariswas cultivated in the presence of nitrate
o g L°. This sugge gu '9 at a concentration as high as 0.097 M. In contrast, a high
limiting substrate. !n fact, in the cuIt|vat|on., glucose was concentration (10 g 1) of nitrate and urea was also used
used up by the microalga ahead of the nitrogen. On th‘ﬁw the cultivation ofC. pyrenoidosawith no ill effect found

other hand, based on the inhibition parametgr = : S
P A [21]. In this study, there was no inhibitory effect observed
ﬁ11r1?b(|)t?3(r)5 egffle:d 'f)r?ir;?nfgﬁﬁ%hsacfngleugits:nmfr'te%?,;n°” growth of C. protothecoidesvhen the concentration of
y 9 : 'urea was maintained at 3.6 g'(0.12 M) nitrogen in the

?cbzc;?rglz??ntotgq;nsjgzhtgfng]x?mmgg Igé?f'irg ylr(zlgltﬁ?g?e:was medium. These observations show that the tolerance of
: gL P 9 variousChlorella strains towards the concentraton of nitro-

tm = 0.0527 (h%), while the experimental values were : :
) . ' gen sources might be different.
2%2332&& i?%gt\gggﬁ t(ﬁgyrrrm?)?j%?d;\é?jl')&';)rlrzlssair:jogeder'- Finally, to compare the simulations, the classical models
! yi predict XPET5uch as the Monod (Eqgn (1)), the Haldane (Eqn (2)) and

mental data. the Luedeking—Piret (Eqn (4)) models were employed to fit

g Fr?m E|?n (9)t:]he yield dcoefflc_%gnft of prt(_)duct tfornf1at|on the experimental data. The parameters and fitting errors for
ue to cell growth () and specific formation rate of pro- different models estimated with the data of cell growth or

duct in the early phase of cell growtlx{x) can be calcu- : ; :
lated to be 2.3584 (mg ¢ and 0.0265 (i), respectively. product formation are given in Tables 1 and 2.

While the corresponding values determined by experi-

mental data were 2.6289 mg'dn the early phase of cul- Table2 Parameter values and fitting errors for different models of pro-

ture ¢ = 20 h) and 0.0232 (A) in the later phase of culture duct formation

(t = 140 h) (cell growth approaches the maximum value

19.6 g ™! at 142 h). These were again in good agreement°d¢! Parameter Eror  Reference

Also, based on the inhibition constaldf; = 120.1358 mg

L™, glucose had an inhibitory effect on product formation.
Furthermore, with Egns (10) and (11) the following

dt 63871 dt « 25.8963 dt

Luedeking—Piret  upx = 0.0229 (h?) 1.6294 [13]
model (Equation 4) Ypx = 1.7441 (mg @)

information may be obtained: the yield coefficient of cells Fauation 5 $PX_:2'§’52862 (") 14825  This work
on glucoseYpsis 0.5886 g @', the yield coefficient of pro- Kos= 0.7536 Emg El))

dut on glucoseérpgis 2.2878 mg @, the specific consump- Kp = 120.1358 (mg Y

tion rate of glucoseusx in the later phase of culture is Kpn = 0.0546 (mg L)

0.0128 (h%Y), while the experimental values of correspond-
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Equations (1) and (2) describe the cell growth data with and HA Spoehr. 1953. Laboratory experiment<Cinlorella culture at
the average errors (E) 1.7896 and 1.8308 respectively the Carnegie Institution of Washington Department of Plant Biology.

. . In: Algal Culture—From Laboratory to Pilot Plant (Burlew JS, ed),
larger than that of Eqn (3) proposed in this work {E pp 85-102, The Kirby Lithographic Company, Washington, DC.

0.5877). The fitting error for Eqn (4) to describe lutein pro- g Goodwin TW. 1980. The Biochemistry of the Carotenoids, 2nd edn.
duction was 1.6294, larger than that of Eqn (5) proposed Vol |, Plants. Chapman and Hall, London.

in this work (E: 1.4825). Furthermore, all these models do 9 Jacobs MM. 1993. Diet, nutrition, and cancer research: an overview.

; ; Nutr Today May/June:19.
not take into account the effects of nitrogen- and prOdUCt':LO Jeanfils J, MF Canisius and N Burlion. 1993. Effect of high nitrate

inhib_ition- Th?refOTE, the kinetic model for lutein pro- concentrations on growth and nitrate uptake by free-living and immo-
duction by microalga culture (Egns (3), (5)—(7)) gave a bilized Chlorella vulgariscells. J Appl Phycol 5: 369-374.
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; ; inati i~_ cations of xanthan. Prog Ind Microbiol 19: 319-371.
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ogical significance can be determined, and can be USed as qeneid Chemistry and Biochemistry (Britton G and TW Goodwin,
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fermentation. J Biochem Microbiol Technol Eng 1: 393-412.
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