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Dynamics and stability analysis of the growth and astaxanthin
production system of Haematococcus pluvialis
X-W Zhang, XD Gong and F Chen

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

This paper investigated high cell density cultivation of Haematococcus pluvialis ~ for astaxanthin production in 3.7-
L bioreactors. A biomass concentration of 2.74 g L~ ~* and an astaxanthin yield of 64.4 mg L ~* were obtained. Based
on the experimental results, a new and simple dynamic model is proposed, differing from Monod kinetics, to describe

cell growth, product formation and substrate consumption. Good agreement was found between the model predic-

tions and experimental data. The model revealed that there was cell growth inhibition on product formation and
product feedback compensation for substrate consumption, but no substrate inhibition or product inhibition of cell

growth. Stability analysis demonstrated that no multiplicity of steady states was observed; the unique positive

steady state was locally asymptotically stable; and the effect of dilution rate on steady states was greater than that

of the initial substrate concentration.
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Introduction used under restrictive conditions and there are some diffi-
ulties in understanding the steady state behavior of micro-

Astaxanthin is receiving commercial interest due to its use . . . . - h
g rganisms, particularly in understanding sustained oscil-

as a preferred pigment in the feeds of farmed salmon ang >
- ! , : tion and chaos [19].

Fl%L]jt'ar?c? : gg;zrk)t;zlc%rggg);l)l?:\tgnzggn;g?a%?lposrt ;llgdn d(é?r::caef The objective of this study was to investigate the growth

cinogenesis  [17]Haematococcus pluvialisvas able to of Haematococcus pluvialiand the production of astaxan-

grow heterotrophically on acetate in the dark [9]. However,thln in-mixotrophic culture. Based on the experimental

dark-grown cultures accumulated only trace amounts o ?;gﬁ ?rc:]rﬁWMgﬁgdslimglt?csﬁgacgfcm)%dsélIvva;zml[/)trhopc;z?d’
astaxanthin (mainly as mono-esters), and the specifi 9 ' 9 P

growth rate was significantly lower under heterotrophic uct formation and substrate consumption and the steady

conditions than in the same acetate-based medium undg*ate of this system was determined.
mixotrophic conditions [6]. Recently, numerous papers

have been published on the effects of nutritional andMaterials and methods
environmental factors such as light intensity, temperatur
and acetate concentration on growthHzZfematococcuand

its accumulation of astaxanthin [2,3,9,10,12,13].

Wicroorganism and culture medium

Haematococcus pluvialigH. lacustris UTEX No. 16) was
Large-scale production of astaxanthin Hy pluvialis is OE?'SgngE?n;h;g dri]lljvrﬁr\?\;gls()L}cs-l(;ng%f]ighUIctg:]esi(s:toelljeg??gér
hampered by problems associated with process design [131 tre): 300 mg KNQ,, 30 mg NaHPOQ,, 35.5 mg NabPO
whereas the optimization and control of bioprocesses ofte 4 6.mg MggSQ-7I,-IZO 973 mg éaCJ-.ZHZ(% 67 n;lg
requires establishment of mathematical models thaED'TANa 2HO, 8.3 mb FeSQ7H,0, 0.014 rﬁg ZnSQ

describe the kinetics of process variables (mlcroblalo_003 mg HBO, 0.0005mg CoGI2H,0, 0.012 mg

growth, substrate uptake and product formation). In part"CuSQ-SHZO, 0.016mg MnSQ5H,0, 0.001 mg

cular, due to the development of new biological product . e

and tight regulations onp roduct qualit theg stab?lit anj\la?MoO4-2l-|20 and 1 g sodium acetate. The m_mal pH was
19 9 . P quatty, : y justed to 7.0. The culture medium was sterilized af €21

consistency in a bioprocess has received sustained intere ' 15 min T

Knowledge of culture dynamics and stability is needed,
which would help to understand, optimize and control the
process. Although the dynamic behaviour of microbial cul-
tures has been the objective of a number of theoretic

works [4,5,8,19,21], little information is available about ; ) X
L T ST e . . medium. The culture was agitated at 350 rpm and sterile
the stability of microalgal culture systems on mixotrophic air was supplied to the culture at a flow rate of 100 h

culture. On the other hand, it is now well accepted thatp, oo temperature was set at@G0Two hundred mil-
Monod kinetics and some of its modifications can only belilitres of an inoculum (approximately 22000 cells )

were used. Irradiance was provided by surrounding cool

Correspondence: Dr F Chen, Department of Botany, the University ofwr."t_e fluoresce_nt tubes. Forty milliliters Of.a solutlon.con-
Hong Kong, Pokfulam Road, Hong Kong taining 1 g sodium acetate were added daily to the bioreac-

Received 23 February 1999; accepted 8 June 1999 tor for 4 days from day 4.

Fed-batch culture
he experiment was carried out in a 3.7-L bioreactor
Bioengineering AG, Wald, Switzerland) containing 2.5 L
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Analytical methods cell itself produces autoinhibitiora, b, c, e, f and g are
Cell dry weight was determined by filtering 10 ml of the constants, which represent the interactions am&nd®
culture fluid through a predried filter membrane (Millipore and S.

0.45-um pore size) and subsequently drying the membrane It is useful to write the system in nondimensional form.
containing the algal cells in a vacuum oven at@%ver-  Although there is no unique way of doing this, it is often
night to constant weight. Astaxanthin was determined as good idea to relate the variables to some key relevant

previously described [20]. parameters. Here, let us write
Derivation of mathematical models and theory _X(® _P _S __
. ; : . u(r) = JMT) =, W(T) = =, T,

In a microbial culture system, there exist three primary state K K S
variables: biomass, substrate and product. Substrate makes aK bS, ; oK
cells grow, cells metabolize product, and product may exert o, =— a,=—>p, = B, = —,

a feed-back impact (inhibition or stimulation) on the growth Ix Ix Ix M

of cells. They are interactive. The following assumptions esS D K gK
were made about the kinetics of the microalgal culture sys- Bs = T 0, = o 0, = = b; = .
tem: (1) The growth rate of cells in the absence of substrate x x x x

inhibition and product inhibition satisfies the logistic law

a model widely used in population ecology: ' Substituting these notations into Eqn (2), the following

dimensionless equations are obtained:

dx _ X du
i fx<1 - K) (1) gy = "0 U(TmU) + v+ apuw = F(uvw)
wherer andK are positive constants, named the intrinsic dv_ -0V + BV + Bouv + Bavw = G(U,v,W) (3)
T

growth rate and the carrying capacity, respectively [11]
andX is cell concentration. The latter here means a critical gy
concentration of cells above which cells themselves pro- = ~6:(1=W) + 6,uw + f3vw = H(u,v,w)
duce autoinhibition. (2) The contribution of one component
to the other component's effect on growth rate is rep-ryq equilibrium or steady state concentrations{,w’) are
resented by a term proportional to their concentrations, SucQqutions of d/dr = 0, dv/dr = 0, dwidr = 0, namely:
as the contribution of product to the cell’'s growth rate is ' ' ' '
cXP, enhancement or inhibition depends on positiyer F(U'v' W) =0 G(U'v' W) =0 H(U' V' W) =0
negative c, respectively. These terms likXP can be v ' v ' Y
thought of as representing the conversion of energy fromye are only concerned here with positive solutiafisv’
one source to another [14]. (3) The product has an intrinsic, 4,7 (except the trivial steady state= 0, v = 0, w = 0).
formation rate within the cell, a term proportional to the \ya can attempt to determine behavior’nedr\/i W) by
concentration itselff,P, this represents an intrinsic ability expanding the right-hand side of Eqn (3) in a, Télylor's ser-
of the cell in forming the product, which is dependent onjaq apout ¢ v’ w) and neglecting all terms of second and
the species and strains of microorganisms studied. (4) Withﬁigher in thé cieviationsl(q-) — U, v(7) - V' andw(r) - W'
out consideration of other factors, the effects of dilutiong;.e they are presumed small,. Then we obtain the f(SIIow-
rate ©) on each component result in exponential decaying linear approximation system:
that is a term like tDX).

Thus, the following model system and governing equa-

tions are derived: du
dr u
(0).4 X
§ =Dx+ rXX<1 - K) + aPX+ bSX G N v (@)
dr W
dP dw
e -DP + r,P + cXP+ eSP (2 dr
ds
_E:_D(S"_S) + XS+ gPS aF  oF  oF
ou’ v aw
whereX (g L™), P (mg L) andS (g L™) are the concen- J= G 9G  9G
trations of cell, product and substrate, respectiv&lyis au’ av' ow
the initial substrate concentration (g r. (day™?), rp oH oH oH
(day™) andr, (day™) are the intrinsic growth rate of cell, U av' aw | (WVvLw)

the intrinsic formation rate of product and the intrinsic con-
sumption rate of substrate, respectivédyis a positive con-
stant, a critical concentration of the cell above which thewhereJ is called Jacobian matrix or stability matrix. The
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local stability of a particular steady state will be of greatestproduct formation €0.1245<0), although no product 135

concern. A steady state is said to be locally asymptoticallyinhibits cell growth (0.00380). Moreover, cell growth
stable if the system will return to the pertinent state after aaccelerates the consumption of substrate (0.98)0 but
sufficiently small and arbitrary perturbation from the steadyproduct formation has a feedback compensation for sub-
state. Local stability is determined in most cases by thestrate consumption—0.0511%<0). This can be understood
eigenvaluesA of the matrix J, namely, A satisfies the in such a way: the formation of product, due to occupation
characteristic equation: of some spaces, reduces the quantity of cell growth
(although it does not inhibit it), hence reduces the demand
Det(d - Al) =0, | is the identity matrix of substrate and slows down the rate of substrate consump-
tion, this is equivalent to a compensation.
Det means the value of determinant. If the real parts of all A good agreement was found between the calculated
the eigenvalues are negativieg(A)<0, the steady state is values and the experimental data (Figure 1); 60 sets of data
said to be locally asymptotically stable. produced 8.73% of the average relative error. After math-
The steady state solutions of differential equations werematical calculations, no multiplicity of steady states is
obtained by evaluating the derived analytical expressionfound, and the unique positive nhondimensional steady state
using standard and readily available software packagess obtained:
Microsoft EXCEL Ver. 5.0 for spreadsheet computations
and MATHEMATICA Ver. 3.0 for symbolic calculations (U Vv ,w) =(2.5714, 46.7561, 0.0876)

[18]. transforming back to the dimensional variables:

Results and discussion (X',P",S) = (3.0137, 54.7982, 0.0803)

The results of a fed-batch culture experiment are shown iand all eigenvalues satisfyRe(A)<0. Thus the above

Figure 1. A cell dry weight concentration of 2.74 g'land  steady state is locally asymptotically stable. The trajectory
an astaxanthin yield of 64.4 mg L were obtained. The of the three-variable system (Eqn 5) and the surrounding
experimental data were to fit Equation (2) and yields<  vector field are shown in Figure 2 (transformed back

0.016 day', S, = 0.917 g *): from dimensionless variables), directed towards the local
stable point.
dx _ X Figures 3 and 4 show the effects of dilution rate and initial
at - DX+ 0.169%|1 - 1.172 substrate concentration on the steady state concentration
(all these steady states are locally asymptotically stable).
+0.003&X + 0.8986X (5)  These data indicate that the steady state cell density
dp decreased by 13% and the steady state product concen-
i DP + 0.3364 - 0.124%P + 0.68246P tration decreased by 25%, when dilution rate varied from
0.008 (day') to 0.2 (day?). Furthermore only 7% of the
das increase and 2% of the reduction in the steady state concen-
Ta D(S -9 + 0.984XS- 0.051PS trations of cell and product respectively were observed

when the initial substrate concentration increased from
It can be seen from Eqgn (5) that no substrate inhibition0-4585 (g L*) to 2.751 (g L*). On the other hand, no great
exists for cell growth (0.89860) and product formation changes in the re_sultmg cell and product concentrations
(0.6824>0). But cell growth exerts an inhibitory impact on Were observed (Figures 5 and 6) transformed back from
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Figure 1 Time courses of cell growth, sodium acetate consumption and ?

w

astaxanthin formation foHaematococcus pluvialisn fed-batch mix- ¥ /b S0

otrophic culture. Star, filled box and filled triangle refer to the experi-

mental data for cell, astaxanthin and sodium acetate concentrationgigure 2 The trajectory and the surrounding vector field of the three-
respectively; lines refer to the calculated values. variable system (Eqgn 2). The arrows are directed towards the steady state.
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Figure 3 The effect of dilution rate on steady state concentrations. TheFigure 6 The effect of changing initial substrate concentration on the

open circle and open box refer to the steady state concentrations of celesulting product concentration. Solid line, this work with initial substrate

and product, respectively. concentrationS,; dotted line, with 50% increase i8,; dashed line, with
100% increase i1, dot-dashed line, with 50% reduction &,

b no multiplicity is found. The yeast cultur@richosporon
o/o___o___o_______o ] cutaneumhas been extensively used for chiometric and
T energetic studies and for reactor characterization [7,16].
Multiplicity has not been found due to substrate overflow
and no extracellular metabolites were found in the culture.
Negative examples for the occurrence of multiplicity
include a large number of continuous cultures limited by
substrate [19]. Though product inhibition may be involved
in these cultures, there is no metabolic overflow due to sub-
strate limitation. InKlebsiella pneumoniagrown on gly-
o — e — 0 cerol [19] and ethanol fermentation I8, cerevisiae[1],
0.0 05 10 15 20 25 30 multiplicity was always observed. The authors claimed that
Initial substrate concentration (g/L) product inhibition or the increased formation of a toxic pro-
Figure 4 The effect of initial substrate concentration on steady state con-duCt under conditions of substrate EXCess was the main rea-
centrations. The open circle and open box refer to the steady state concefON for the occurrence of stable multiple steady states in a
trations of cell and product, respectively. certain operation range of continuous culture. This could
be used to explain that no multiplicity was found in this
study due to the absence of substrate inhibition, product
inhibition and the increased formation of a toxic product.

Steady state cell concentration (g/L)
N
@
o
Steady state product concentration
{mgiL)
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