Journal of Industrial Microbiology & Biotechnology (1999) 23, 691-696
[J 1999 Society for Industrial Microbiology 1367-5435/99/$12.00

http://www.stockton-press.co.uk/jim

Kinetic models for astaxanthin production by high cell density
mixotrophic culture of the microalga Haematococcus pluvialis
XW Zhang, X-D Gong and F Chen

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

High cell density cultivation of  Haematococcus pluvialis ~ for astaxanthin production was carried out in batch and
fed-batch modes in 3.7-L bioreactors with stepwise increased light intensity control mode. A high cell density of

2.65 g L™ (batch culture) or 2.74 gL * (fed-batch culture) was obtained, and total astaxanthin production in the fed-
batch culture (64.36 mg L ) was about 20.5% higher than in the batch culture (53.43 mgL ™). An unstructured kinetic
model to describe the microalga culture system including cell growth, astaxanthin formation, as well as sodium

acetate consumption was proposed. Good agreement was found between the model predictions and experimental

data. The models demonstrated that the optimal light intensity for mixotrophic growth of H. pluvialis in batch or fed-
batch cultures in a 3.7-L bioreactor was 90-360 pmol m 2 s, and that the stepwise increased light intensity mode
could be replaced by a constant light intensity mode.
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Introduction However, little information is available concerning kin-

etic models for mixotrophic microalgal culture systems

Astaxanthin is receiving commercial interest due to its use . ;
. : nvolved in cell growth, acetate consumption, and product
as a preferred pigment in the feeds of farmed salmon an rmation simt?ltaneously although pthe reIatti)Jnship

E;%lft'a;"]lg 2Spgtegtgitﬁgogﬂgﬁzt'i;%i?& :g:";snttsflgpbﬁ:gge etween specific growth rate of microalgae and substrate
P P g or light intensity is sometimes involved in the investi-

carcinogenesis [22]. Despite the availability of synthet'cgations [5,7,15.19,21,24].

it peseam o 1o o, THE CEISIVES of e preert study vere o iniesigae
P g P 9 Dstaxanthin production by high cell density cultures of

?rf]lirc]?o ;F |(;r)o%rr?§ghs;?ﬁsa Srl;]%hd O?Erlﬁ;a;gg%c?ss p()lltjgr:?iliasl’ Haematococcus pluviali;m batch and fed-batch modes, to
9 ymay P develop an unstructured kinetic model and to analyze the

natural sources of the product. ) . X
L . . dynamics of microalgae growth and astaxanthin accumu-
H. pluvialis can grow heterotrophically on acetate in theIation under mixotrophic culture conditions.

dark [9]. Dark-grown cultures of. pluvialis accumulate
a trace amount of astaxanthin (mainly as mono-esters), a .
the specific growth rate was significantly lower under het[}gl""te”‘”IIS and methods
erotrophic conditions than in the same acetate-baselficroorganism and culture medium
medium under mixotrophic conditions [6]. Recently, pap-Haematococcus pluviali§. lacustris UTEX No. 16) was
ers have been published on the effects of nutritional an@btained from the University of Texas Culture Collection
environmental factors such as light intensity, temperaturéAustin, TX, USA). The medium consisted of (per litre):
and acetate concentration on the growtiHaematococcus 300 mg KNQ, 30mg NaHPQ, 35.5mg NaHPQ,
and accumulation of astaxanthin [2-3,10-13]. 246 mg MgSQ7HO, 73mg CaGl2HO, 6.7 mg
Large-scale synthesis of astaxanthin gematococcus EDTANa 2HO, 8.3 mg FeS®OH,O, 0.014 mg ZnSQ
pluvialis is hampered by problems associated with proces§.003mg HBO;, 0.0005mg CoGI2H,0, 0.012 mg
design [13]. Low productivity with typical cell densities CuSQ-5H0, 0.016 mg MnSQ5HO, 0.001 mg
of 0.5-1 g -2 is a major obstacle to the successful commerNa&MoO,-2H,0 and 1 g sodium acetate. The initial pH was
cialization of astaxanthin production [8]. The optimization adjusted to 7.0. The culture medium was sterilized afC21
and control of bioprocesses often require the establishmed®r 15 min before use.

of a mathematical model that describes the kinetics of PrOBLatch culture

cess variables (microbial growth, substrate uptake and pra: . . . .

pluct forma_tion). Despite impressive progress made recent?{giieﬁgfnee”eﬂﬁgt V\\;\?:I dcarg\?vizgﬁ;r:g) acg’hgi‘nigéor%agtﬁr
in developing structured models for microbial growth, themedium The cﬂlture vx;as agitated at 350 rppm and s.terile
unstructured models or sgmimechanistic models are still thgir Was éupplied to the culture at a flow rate of 100E h
most popular ones used in practice [28]. The temperature was set at’8and 200 ml of an inoculum
(approximately 22000 cellsm) were used. Light
irradiance was provided by cool white fluorescent tubes
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Kong, Pokfulam Road, Hong Kong which surrounded the vessel. Three experiments were run.
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intensity was gradually increased from @ghol m?2 s? Haldane model as a function of the substrate concentration
(the first 4 days) to 90 (days 5-7), 120 (days 8-11), 15Q@Cs [1]:
(days 12-15) and 180 (after day 15). In the second and

third runs, which were used to test the model, the light :LSZ @)
intensity was kept at 18@mol m?2 s™ till the end of the K_+ Co + Cs
experiment in the second run, and the light intensity was s TS UK,

changed according to the relationshipg 40 + 10t where
t=1,2,..,20 (days) in the third run. Each run was repeate

O‘/\/here K; is the inhibition constant. The smallé€;, the
three times. a

rger the inhibition effect of the substrate.
It is obvious that both models examine only the effect
of a single substrate and ignore the inhibition potential of

Fed-batch culture ) S :
. . . 1 hi ther environmental factors such as light intensity, the cell
The experiment was also carried out in a 3.7-L b'oreaCtoﬁself and the product.

containing 2.5 L. medium. The temperature, agitation rate, Practically, the most important environmental factor for

light intensity, and aeration rate were the same as in th - . o
batch culture. A solution 40 ml containing 1 g sodium acet-(tahe algal culture is light, which primarily concerns photo-

ate was added daily to the bioreactor for 4 days from da);yr;;hesg. Ina manner_tthT(at of tlhe Tamiya rr|10de(; [20],
4. The initial pH was adjusted to 7.0. @ Monod-type expression(Ky, + 1) was employed to

describe the effect of light. On the other hand, Weiss and
Ollis [23] proposed a model depending on biomass concen-

Analytical methods tration only by means of a logistic equation:

Cell dry weight was determined by filtering 10 ml of the
culture fluid through a predried membrane filter (Millipore c
0.45qum pore size, Bedford, MA, USA) and subsequently u = un, (1 - X)
drying the membrane in a vacuum oven at@®mvernight Cxi
to constant weight. Astaxanthin was determined as _
described by Yuaet al [26], ie HPLC was conducted on hence the expression 1C./Cy ) was employed to
a Waters liquid chromatograph equipped with two 510descrlbg autoinhibition of the cell |t§elf. Also, .thg
pumps and a 996 photodiode array (PDA) detector. Th&xpression (£ C)/C, ) was used to describe product inhi-
pigment extract filtered through 0.4 filters was separ- Pition, as in glycerol fermentation by Zerg al [27]. Thus
ated using a 258 4.6 mm Ultrasphere G (5 wm) column the Haldane model may be extended as follows:
(Beckman, Fullerton, CA, USA) at 26. A Resolve G

3

column (Waters, Milford, MA, USA, 30& 3.9 mm, 5um) - Cs ' (1 _ CX) (1 - CF’)
was also tested. The mobile phase consisted of methanol #= Hm CZ Ky + 1 Cx,, Ce,
(69.0%), dichloromethane (17.0%), acetonitrile (11.5%), Ks*+Cst

and water (2.5%). The flow rate was set at 1.0 ml thin (4)

Samples were injected with a Rheodyne 7725 valve with a

20-ul loop. A tridimensional chromatogram was recordedwhere u is the specific growth rate (day, w. is the
from 300 to 700 nm. Peaks were measured at a wavelengifaximum specific growth rate (day, Cy, Cp, Cs are the
of 450 nm. Astaxanthin was identified using a PDA detec-cell concentration (g %), the product concentration (mg
tor by comparing its spectrum with published data [24,25]L7"), the sodium acetate concentration (@)L respect-
and the concentration was measured by area comparisively. Cx,, andCp_ are the achievable maximum cell con-

with p-carotene [4]. centration (g £*) and maximum product concentration (mg
L™1), respectively.l is light intensity (umol m2 s7). Kg,
Model development Ky andK,; are, respectively, the sodium acetate saturation

constant, the light saturation constant and the sodium acet-
Cell growth model: ~ The most widely used unstruc- ate inhibition constant of cell growth (gh).
tured model for the specific growth rate, is the Monod ] . o
equation, which increases monotonically as a function of?roduct formation model: ~ The much-discussed kinetic

the substrate Concentra‘[i@l [16] model for prOdUCt formation is the fOIIOWing Equation [14]
dc dc
G TP =X
R Te (1) R ®)

: : . : The model states that the product formation rate of cells

where u,,, is the maximum specific growth rat&s is the . ;

Monod saturation constant, a kinetic parameter which indian be attrlbuted to a growth-associated part and a non-
growth-asociated part. Apparently, the model does not take

cates how fast the maximum specific growth rate is: e .
reached. In fact, according to Eqn (1),— f, when Ke into account the inhibition effects of sodium acetate, of the

. 0, ie the smalleiKs, the more rapidly the maximum product itself and light intensity. To account for sodium
’ S

specific growth rate is reached. Unfortunately, the Monou‘aceuﬂe inhibition of product formation, a Haldane-type

model often fails to account for substrate inhibition of expression% was incorporated. In fact,
growth at high substrate concentrations. To overcome the Koot Co + 5
drawback, another well-known model, the non-monotonic PSS T K

pi
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Moraine and Rogovin [17] used the following equation to 3 6o 693
describe xanthan production: a5l =8| .,
2 s
dt Kps+ Cs ES§ § =5
-;;’ F 15 +30 8 E’
Similarly, Monod-type expressiont/(Kg, + 1)) and Co/Kp b4 § £~
+ Cp) were formulated accordingly to describe light influ- S § T r % §
ence and product inhibition, respectively, as used in modes o5 | 110 2
ling growth of hybridoma cells by Zenet al [29]. There- %
fore, the Luedeking—Piret equation for product formation is 0 55 0
extended as follows:
Time (d)
d&’ =v d& + c 7 Figure 1 Time courses of cell growth, sodium acetate consumption and
dt — \"PX g T OHexex (7) astaxanthin formation foHaematococcus pluvialisn batch mixotrophic
Ce Co I culturg. The triangle 4), the box () _and the ci_rcle ©) represent the _
5 experlmental data_ for cell, astaxanthin and sodium acetate concentration,
Kps + Co + Ci Kp + Cp Kp, + | respectively; the line (—) represents the calculated values.
K

pi

Search Method [30]; the principal idea of this method is
where Cy, Cp, Cg, | are the same as aboves Ky, Ke 15 search the best value of the objective function in a space
and Kp, are the sodium acetate saturation constant, thgs points, P,, which represent feasible solutions. The first
sodium acetate inhibition constant, the autoinhibition CONoint, P, is arbitrarily selected as the starting point (base
stant and light inhibition constant of product formation point). The second poinB,, is chosen and compared with
(_m_g LY, respectively.pr is the instantaneous yield coef- P,. If P, is found to be a better solution thah, thenP,
ficient of product formation due to cell growth (M"Y s selected as the new base point; if By, stays as the
which reflects the ability of product formation with the page point. This process is continued until the best
increased cell yieldpeyx is the specific formation rate of gperating point is found. The starting values of model para-
product (day"). In fact, according to Eqn (5)@/dt = Yox  meters were determined by physiologically meaningful
dCy/dt (when Cx — 0), ie Ypx = dCJ/dCy; mex = 1/IX ranges.
(dCJ/dt) when C,/dt = 0, ie the concentration of cells
arrives at the maximum value, the cells cease to grow, so ) )
the non-growth-associated part is often considered to bResults and discussion

related to maintenance functions of cells. The results (the average values of three experiments) of
) ) batch and fed-batch culture experiments in the first run are
Substrate consumption model:  The most widely  shown in Figures 1 and 2. There is no significant difference
used substrate consumption model can be expressed as:hetween the cell dry weight concentrations in the batch cul-
ture (2.65g L*) and the fed-batch culture (2.74 g3,
dCs _ 1 dCy N id&:Jr c (8) but, by feeding sodium acetate during cultivation, the total
dt ~ Yys ot Yes dt | FX astaxanthin production of the fed-batch culture (64.36

which is used as the sodium acetate consumption model. 70
Cx, Cp andCs are the same as abovss is the yield coef- ?
ficient of cells on sodium acetate (g4 (Yxs = —dCy/dCs, 251 A A T80

cell and product arrive at the maximum values, the celld
and product cease to accumulate, so the parameter is also
considered to be related to maintenance functions of cells.
Consequently, an unstructured kinetic model (Eqns 4, 7
and 8) for astaxanthin production by mixotrophic culti-
vation of the microalgeHaematococcus pluvialiss pro- _ _ . _
posed in this work. This model contains 15 parameters; S0 % I Toues B o0 o vialien fed-batoh mix.
Whl(.:h' have important phyS}OIOQIC{il ’T‘ea”'”gsi e.aCh OI’]%trophic culture. The triangleY), the box (J) eFl)nd the circle©) represent
exhibits a process-state during cultivation of the microalgaihe experimental data for cell, astaxanthin and sodium acetate concen-
Parameter estimations were performed using a Simpleiation, respectively; the line (—) represents the calculated values.

0.5 +

-
o

)
)

when C,—0 and € /dt = 0). Ypsis the yield coefficient & -505
of product on sodium acetate (mg*p (Yes = —dCy/dCs, gj.‘, 24 2
whenCy—0 and C/dt = 0). usx is the specific consump- ES {40 £
tion rate of sodium acetate (day. In fact, usx = S E 151 g
l dCS dCX de . . g a=) T30 [x]
-— ——, when—==—7-=0, ie th ncentrations of g £
C. dt’ L ™ 0, ie the concentrations o §§ 14 |-
3
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694 mg L) was about 20.5% higher than that of the batch cu-a8 4
ture (563.43 mg ). - ———
By fitting the experimental data in the first run, the para- 3% T B
meter values of the kinetic models proposed are given ir = 31 | —a—ra0
Table 1. The average relative erroisfor cell and product i i =1 B0
concentrations in batch culture are 7.6% and 8.2%, respec § 2.4 + | M 36D
ively. While in fed-batch culture the corresponding errors, & | i1 4
E, are 10.6% and 9.3%, respectively. In general, the fit wa: E ET e Doy
good except for one or two points (Figures 1 and 2). 1zd ---I—I=E4I:I+‘.':I1-
For batch culture, the maximum biomass concentratior E -
wasCy,, = 2.92 g L'* (dry weight), the maximum astaxan- E 1
thin yield wasC,,, = 55.6 mg L*, and the maximum spe-
cific growth rate wasuw,, = 0.5258 (day") (Table 1); the L ¥

experimental values were 2.65 g*L.53.43 mg !, and
0.4928 (dayh), respectively. For fed-batch culture, the
maximum biomass concentration wWag,, = 3.31 g L' (dry
weight), the maximum astaxanthin yield wag, G 72.7
mg L™, and the maximum specific growth rate wag = b
0.6727 (dayt) (Table 1); the experimental values were 2.74
g L7 64.4 mg L't and 0.5820 (day), respectively. Fur-
thermore, for batch and fed-batch culture, the following
information may be obtained from Table 1: the yield coef-
ficient of cells on sodium acetats is 2.6872 g g* and
2.7629 g g%, respectively, and the yield coefficient of pro-
duct on sodium acetat.sis 60.4 mg g* and 66.7 mg ¢,
respectively. While the experimental values of correspond
ing parameters were 2.65 g*cand 2.74 g @, 53.4 mg g*
and 64.4 mg g, respectively. These showed a good fit
between the model predictions and experimental data.
The maximum specific growth rate was reached more
slowly for batch culture than fed-batch culture (Table 1),
because the velocity indication parameter in batch cultur
(Ks=0.0211 g L) was remarkably larger than that in fed-
batch culture Ks = 0.0109 g Lt%). Since the instantaneous
yield coefficient of product formation due to cell growth

Astazanihin concentration {imgilL)

a

]
[=]

b=
=

b
=
.
t

=]

]
=
I
T

Tima [d}

(Yex = 30.2 mg g@") in fed-batch culture was larger than Figure 3 Simulation curves for the effect of different light intensity on

that in batch cultureYex = 20.8 mg g%), astaxanthin for-  cell growth (a) and astaxanthin formation (b) in batch mixotrophic culture.

mation with the increased number of cells in fed-batch cul-
ture was stronger than that in batch culture.

Figures 3 and 4 show the predicted results of effects offhe results demonstrate that for batch culture the maximum
light intensity on cell growth and astaxanthin formation. cell concentration in this study was 39.7% higher than that

Table 1 Parameter values for different models

Model Parameters Batch culture Fed-batch culture
4) M (day™) 0.5258 0.6727
Ks (g L™ 0.0211 0.0109
Ky (g L™) 56.6813 60.7680
Ky (g L™t 53.26 71.8983
Cum (g L) 2.9161 3.3081
Com (@ L) 55.6192 72.6912
@) upx (day™®) 6.0679 2.7266
Yex (Mg g% 20.7502 30.1732
Kps (Mg L™) 0.0017 0.0138
Kpi (Mg L™) 63.9593 71.1257
Kp (Mg LY 72.5525 50.7622
K (Mg LY 19.1078 3.0782
(8) usx (day™) 1.8216 1.0362
Yus (@ g9 2.6872 2.7629
Yes (Mg g?) 60.3616 66.6776

in the constant light intensity modes= 45, and approached
the level at the constant light control modes 90, or the
variant light control model, = 40+10t (ie the light intensity
change complied with the law = 40+10t wheret =
1,2,..,20 (days), and the maximum astaxanthin concen-
tration in this study was 26.4%—-81.6% higher than that in
the constant light intensity modés= 45 andl = 90, and
approached the level at the constant light control pro-
gramme,l = 180, or the variant light control programme,

| = 40 + Ot. While for fed-batch culture the maximum cell
concentration in this study was 45.8% higher than that in
the constant light intensity modé,= 45, and approached
the level atl = 90 or the variant light control modé,= 40

+ 10t; the maximum astaxanthin concentration in this study
was 43.5% higher than that in the constant light intensity,
| = 45, and approached the level lat 90 or the variant
light control mode,l = 40 + 10t. These indicated that the
stepwise increased light intensity mode could be replaced
by a constant light intensity mode; lower light intensity
(<90 wmol m2 s1) produces the effect of light limitation,
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a *° [—e—this study | or 16.9% (fed-batch culture), the astaxanthin concentation 6%
41| ye—i45 increased by only 11.8% (batch culture) or 10.7% (fed-
354 |50 batch culture). These suggested that higher Ilg_ht intensities
d 180 (>360 pmol m2s™) result in the effect of photoinhibition.
T 37 -~ Thus according to the model predictions made above, the
2,1l o360 optimal light intensity for mixotrophic growth of. plu-
g0 A eove vialis in batch or fed-batch cultures using a 3.7-L bioreactor
g 2 —®—IF160+10t was found to be 90-36Q.mol m?2 s and the stepwise
s 151 —>—1=640+10t increased light intensity mode could be replaced by a con-
3 . stant light intensity mode.
o 1+ ¥ Furthermore, the comparison between the experimental
05 . data (the average values of three experiments) from the
second and third runs is shown in Figures 5 and 6. For cell
0 concentration and product concentration in batch culture,
1 3 5 7 9 11 13 15 47 19 the errors,E, between the two groups of data from the
Time (d) second run and the third run are 7.4% and 8.9%, respect-
b ively; and in fed-batch culture the corresponding erré&:s,
L ppe— for cell concentration and product concentration are 5.9%
go L | @ this study and 8.2%, respectively. It means that the result of the
70 —+— =45 second run with a constant light control mode= 180)
T |——I=90 approched the result of the third run with a variant light

control mode K = 40 + 10, ie, the variant light control
mode can be replaced by a constant light intensity mode.
This showed that the model prediction and the experimental
result were consistent, hence the proposed model is applicable.

60 + |—8—1=180
50 4+ |—o— =360
—8— |=40+10t
—&— =160+10t
—¥— [=640+10t

40+
30 +

Astaxanthin concentration (mg/L)

20 a s
10 -
34 | —@—Experimentai for 12180 4
0 — —— 3, —6—Experimental for 1=40+10t
1 3 5 7 9 M 13 15 17 19 8«
c
Time (d) g 21
Figure 4 Simulation curves for the effect of different light intensity on g 154
cell growth (a) and astaxanthin formation (b) in fed-batch mixotrophic g
culture. 3 1
o
. . . . . 05
and in batch culture the effect of light limitation on cell

growth was not as serious as the effect of light limitation 0 + t t
0 5 10 15 20

on astaxanthin formation.
On the other hand, it can also be seen that for the con- Time (d)
stant light intensity mode, when light intensity increasesp o
from | =45 umol m2s?tol =180 wmol m2 s, the cell
concentration increased by 63.3% (batch culture) or 82.5% 2 501 !

(fed-batch culture), and the astaxanthin concentration —®— Experimental for =180

increased 85.7% (batch culture) or 65.4% (fed-batch
culture); while with the further increase in light intensity,
up to | = 360 umol m?2 s, the cell concentration only
increased by 12.3% (batch culture) or 16.3% (fed-batch
culture), the astaxanthin concentration only increased by :
15.7% (batch culture) or 12.3% (fed-batch culture). For the
variant light intensity mode, when light intensity changed
from | = 40 + 10t (wmol m2 s, wheret = 1,2,...,20) to

40 + | —©—Experimental for [=40+10t

Astaxanthin concentration (m:

| =160+ 10t (wmol m2 s, wheret = 1,2,..,20), the cell 0l - ;
concentration increased by 16.3% (batch culture) or 21.2% 0 5 10 15 20
(fed-batch culture), and the astaxanthin concentration Time (d)

increased by 12.5% (batch culture) or 12.3% (fed-batch

. : . . P : ; Figure 5 Comparison of experimental results, (a) for cells and (b) for
culture), while with further increase in “ght intensity, up astaxanthin, of the second run with a constant light intenkity180, and

tol =640+ 10_t (P«_m0| m? s wheret = 1,2...,20), the  the third run with a stepwise increased light intensity 40 + 10t, where
cell concentration increased by only 12.4% (batch culture} = 1,2,..,20 (days) in batch culture.
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