
Journal of Applied Phycology 7: 399-406, 1995. 399
) 1995 Kluwer Academic Publishers. Printed in Belgium.

Use of response surface methodology to optimise carotenogenesis in the
microalga, Haematococcus pluvialis

Mark Harker, Alex J. Tsavalos & Andrew J. Young*
School of Biological and Earth Sciences, Liverpool John Moores University, Byrom Street, Liverpool L3 3AE, UK
(*Authorfor correspondence;fax +44 151 298 1014; e-mail besayoun@livjmrac.uk)

Received 14 January 1995; revised 2 May 1995; accepted 7 May 1995

Key words: astaxanthin, carotenoid, Haematococcus, response surface methodology

Abstract

The factors controlling biomass production and the synthesis of astaxanthin esters in the microalga Haematococcus
pluvialis (CCAP 34/7) have been investigated using a statistical approach employing response surface methodology
(RSM). The culture conditions required for optimal growth and carotenogenesis in this alga are very different. Of
particular importance is the photon flux density: for growth the optimum is 50-60 mol m- 2 s - , whereas the
optimum for astaxanthin synthesis is much higher at - 1600 mol m- 2 s - . The addition of low levels of NaCI to
the medium also stimulates to a small extent synthesis of astaxanthin, but photon flux density remains the overriding
factor. The optimal temperature for this strain is quite low at 14-15 C. RSM has been shown to be a rapid and
effective technique leading to the optimisation of algal culture conditions. This statistical approach can be applied
readily to the majority of microalgae and their products.

Introduction

A number of microalgae have the ability to accumulate
large amounts of commercially valuable biochemicals
(Borowitzka & Borowitzka, 1988; Borowitzka, 1995).
Perhaps the best known example is the production of P-
carotene by the halophilic alga Dunaliella salina. Oth-
er algae (e.g. Chlamydomonas nivalis, Haematococcus
spp.) have been reported to accumulate the carotenoid
astaxanthin, when cultured under specific, generally
growth-limiting, conditions (Goodwin, 1980). Whilst
the commercial production of Dunaliella is now well
established in many countries (Borowitzka & Borow-
itzka, 1988), the large scale synthesis of astaxanthin by
microalgae is hampered by problems associated with
process design and scale-up. As carotenoid synthesis in
algae such as Haematococcus is reported to be greatly
stimulated under growth-limiting conditions (Borow-
itzka et al., 1991; Boussiba & Vonshak, 1991; Droop,
1955; Goodwin & Jamikorn, 1954; Kobayashi et al.,
1992; Spencer, 1989), any commercial process for
their production must address the, not insubstantial,

problem of combining biomass production and prod-
uct formation.

Major improvements in the productivity of
many microbial fermentation processes are general-
ly ascribed to the development of superior strains via
genetic manipulation. As yet such techniques have
been limited to only a few cases in the development
of large scale algal fermentation processes. There are,
however, other parameters such as the nutritional and
physical environment to which an organism is exposed
and which are known to alter growth and product
yield significantly. However, media commonly used
to screen for industrially important microbial metabo-
lites frequently do not become part of the process
definition. Undesirable characteristics of these media
include economically unattractive nutrients, support of
sub-optimal productivity and support of the synthesis
of closely related product components. Optimum val-
ues of temperature and pH are also important factors in
the optimisation of the fermentation process. However,
consideration should be given to interactions between
the parameters and to the effects of increased scale
on so-called optimum conditions (Winkler, 1987). The
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resulting medium should support not only good algal
growth but also maximise product yield, reduce the
synthesis of compounds closely related to the product,
and enhance product recovery.

Once a suitable strain for a particular microbial
product has been selected, a medium for optimal pro-
ductivity can be devised. The process may then be
categorised, for example, as growth-linked or growth-
dissociated (Gaden, 1959), as subject to repression by
a specific nutrient assimilation rate or as a secondary
metabolite (Bushell, 1989). Preliminary formulation
work using an empirical approach can be enhanced
considerably by the use of factorial and other numeri-
cal experimental designs (Greasham & Inamine, 1986).
The first step in the use of statistical designs is to iden-
tify the most important nutritional and physical param-
eters independently, and determine the effect of these
on growth and/or product yield. The problem of being
confronted with many variables which may be of possi-
ble importance, and the pressure to select and optimise
the most important variables as efficiently as possi-
ble, led to the widespread adoption of the procedure
developed by Plackett and Burman (1946).

The next step in the optimisation procedure is the
determination of the optimum level of each of the
previously identified independent variables. Response
surface methodology (RSM) is one such technique
that can be applied. RSM is a heuristic approach and
does not guarantee the achievement of the unique opti-
mum. Optimization needs to take account of non-linear
responses, and for this purpose a full quadratic model is
required. Each variable is tested at a minimum of three
values, the upper and lower values being spaced equal-
ly from a centre point value. Once again the experi-
mental design is a fraction only of the full factorial, but
the Plackett-Burman design cannot be used because
it does not evaluate non-linear responses where they
occur. Instead, designs such as the Box-Wilson (1951)
which accommodates two-way and quadratic effects
are used. Trials are made in random sequence and the
coefficients calculated. The output from these com-
putations is depicted as contours of responses plot-
ted against two independent variables. Several con-
tour plots are required to accommodate three or more
variables. Whilst these plots (the response surfaces)
may directly reveal the optimum condition, or sug-
gest the region where the optimum is to be found, it
is also possible that they do not indicate the unique
optimum but rather a saddle point or ridge. Finally,
confirmation experiments are carried out once the val-
ue of each variable for optimum response has been

estimated. Whilst RSM has been successfully applied
to microbial systems, there are few, if any, reports of
its use for microalgal culture.

This paper reports on the use of RSM techniques to
optimise the production of astaxanthin in H. pluvialis.
RSM techniques were applied to astaxanthin produc-
tion with the identification of three key independent
variables with the aim of optimising the nutritional
and physical parameters to support maximum biomass
production in H. pluvialis.

Materials and methods

Optimum nitrogen source for the growth of
H. pluvialis

H. pluvialis 34/7 was obtained from the Culture Col-
lection of Algae and Protozoa (U.K.) and was cultured
in 250-mL Erlenmeyer flasks under constant illumi-
nation (supplied by a combination of fluorescent and
water-cooled tungsten-halogen lights) at 19 °C in BBM
(Nichols & Bold, 1964) modified to pH 7.0. A range
of nitrogen sources were also tested in the medium,
namely sodium nitrate, sodium nitrite, ammonium
chloride, urea and potassium nitrate at a concentra-
tion of 1.2 mM. The dry cell weight of the cultures
was determined after 3 weeks cultivation by removal
of 5-ml aliquots, washing in distilled water and drying
at 100 C to constant weight (24 h).

Optimisation of biomass production

Two sets of biomass optimisation experiments were
carried out to determine the optimum conditions. In
the first biomass optimisation experiment green motile
cells of H. pluvialis were cultured in 250-mL Erlen-
meyer flasks in modified BBM under continuous light.
The three key independent variables identified for
growth were (i) nitrogen concentration, (ii) photon
flux density (PFD) and (iii) temperature. Algal cultures
were grown at three different levels of each parame-
ter and in all combinations: nitrogen (0.15, 1.47 and
2.79 mM; PFDs (10, 40 and 70 lmol m- 2s- ); temper-
ature (15, 22 and 29 C). The response curves obtained
from these experiments were then used to modify these
values for a second (confirmation) set of optimisation
experiments: nitrogen (0.37, 1.47 and 2.57 mM); PFDs
(10, 50 and 90 j/mol m- 2 s-l); temperature (11, 15
and 19 C).
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Optimisation of astaxanthin production

The three key independent variables studied for astax-
anthin production were: (i) salt concentration; (ii) tem-
perature; and (iii) PFD. Low media nitrogen levels are
known to be very important in stimulating carotenoid
synthesis in many algae and the majority of studies are
in agreement that the optimum nitrogen concentrations
for astaxanthin synthesis are close to zero (Borowitzka
et al., 1991; Goodwin 1980). A statistical approach
such as RSM is however not suited to the identifica-
tion of an optimum which may be at zero. The algal
cultures were initially exposed to three different levels
of each parameter and in all combinations. However,
because of the observed high optimum for the PFD
used in these experiments it was not possible to main-
tain temperatures of the culture lower than 24 C for
an extended period. The salt concentrations used were
initially 100, 170 and 240 mM NaCI but later optimised
to 10, 50 and 90 mM NaCI and the PFDs investigated
were 30, 630 and 1230 #tmol m - 2 s-' .

The astaxanthin content of a fixed volume of the
cultures was determined after 3 weeks cultivation by
reversed-phase HPLC analysis (Tsavalos et al., 1992;
Harker & Young, 1995) using an absorption coefficient
of A1m = 2100 (in hexane). Carotenoid standards were
kind gifts of E Hoffinann La Roche (Basel) Ltd.

Statistical design and analysis

Table 1. Yield of cells of H. pluvialis cultured in
a range of nitrogen sources (n=3; standard error
<3.9%)

Nitrogen source Mean dry cell weight

(g - 1 )

Ammonium chloride 0.54

Potassium nitrate 1.10

Sodium nitrate 1.12

Sodium nitrite 1.02

Urea 1.22

Table 2. Optimum levels of key independent variables for
(A) growth and (B) astaxanthin synthesis in H. pluvialis as
determined by RSM.

Key independent variable Optimum level of key

variable as determined

by RSM

A. GrowthlBiomass production
Temperature 14-15 °C

Photon flux density 50-60 pmol m- 2 s-

Urea concentration 2.5-3.0 mM

B. Astaxanthin synthesis
Temperature

Photon flux density

NaCI concentration

14-15 °C

1600-1700 /mol m-2s - '

25-30 mM

Statistical design and analysis was achieved using
three-level factorial experiments which constituted the
basis of the statistical designs used. Computation was
carried out using a Ness-286 computer using the Uni-
versity of Nebraska Response Surface Methodology
program for regression analysis. The program used for
response surface plotting was Systat 5.1 on a Macin-
tosh Centris 650.

in ammonium chloride was significantly lower in com-
parison to the other nitrogen sources and was probably
the result of large pH fluctuations observed in these
cultures during cultivation (data not shown).

Optimisation of biomass production

Results

Optimum nitrogen sourcefor growth of
H. pluvialis

The dry cell weights of the algal cultures cultivated
in the various nitrogen sources for 3 weeks are giv-
en in Table 1. This indicates that urea and sodium
nitrate were the best nitrogen sources for supporting
maximum algal growth (in subsequent optimisation
experiments, urea was used). The growth of the alga

The dry cell weights of the algal cultures cultivated
under the range of physical and nutritional conditions
after three weeks were used to calculate the RSM
regression equations (equations 1 and 2) and coeffi-
cients (data not shown). Using the values obtained
from the regression equations and coefficients, contour
maps showing the response curves were then plotted
(Figs 1, 2). These can be used to determine the opti-
mum conditions when the values formulated by the
RSM regression equations and coefficients result in a
contour map in which the lines orbit a central point.
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Fig. 1. Contour map showing response curves used to determine
the optimum nitrogen (urea) concentration and photon flux density
for algal biomass production.
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Fig. 2. Contour map showing response curves used to determine
the optimum nitrogen (urea) concentration and temperature for algal
biomass production.

The two co-ordinates of this central point define the
optimum conditions of the dependent variable for that
contour map. If no central point is observable on the
contour map then the identification of the optimum
conditions is not possible.

The contour maps shown in Figs 1 and 2 indicate
that the urea concentration corresponding to maximum
algal biomass production was approximately 1.5 mM.
The PFD corresponding to the maximum level of algal
biomass production was approximately 50 Amol m - 2
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Fig. 3. Contour map showing response curves used to determine
the optimum photon flux density and temperature for algal biomass
production.

s- 1 and the optimum temperature required for the max-
imum production of algal biomass was 14-15 C. Since
the optimum temperature for the maximum production
of algal biomass was not clearly defined in these initial
experiments, a second series of experiments was per-
formed, using more carefully selected parameters for
each variable (the results of the first experiments were
used to determine the levels of parameters to be tested).
The dry weights of the algal cultures following three
weeks growth were again used to calculate the RSM
regression equations (equations 3 and 4) and coeffi-
cients (data not shown) and the contour maps were plot-
ted (Figs 3, 4). These indicate that the PFD correspond-
ing to the maximum rate of algal biomass production
was close to that determined in Fig. 1 at 60 mol m- 2

s - 1. The optimum temperature to achieve maximum
algal growth was clearly identified at 14 C, whilst,
in this case, the optimum urea concentration for algal
growth was determined to be higher at 3.0 mM.

Optimisation of astaxanthin production

The astaxanthin content of algal cultures cultivated
under the various salt concentrations and PFDs after
seven days was determined and used plot the contour
maps shown in Figs 5 and 6 (from RSM regression
equations 5 and 6 and coefficients - data not shown).
Figure 6 indicates that the optimum PFD for algal
growth lies between 1600-1700 /mol m- 2 s - l and
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Fig. 4. Contour map showing response curves used to determine
the optimum concentration of nitrogen (urea) and the photon flux
density for algal biomass production.
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Fig. 6 Contour map showing response curves used to determine the
optimum photon flux density and NaCI concentration for astaxanthin
production from H. pluvialis.

previous investigations into the growth requirements
for H. pluvialis have yielded complex relationships
between nutrient levels, growth rate, cell yield, cell
type and product (astaxanthin) formation.

In the present study the best nitrogen source for
biomass production was identified as urea, agreeing
with a previous report (Borowitzka et aL, 1991) for
Haematococcus spp. The use of an ammonium salt
as a nitrogen source in the present study resulted in
particularly poor levels of biomass. Previous investi-
gations with H. pluvialis have also shown that nitrate
nitrogen is preferred to ammonium nitrogen (Proctor,
1I T57 althniich .trne (1Q63 nntta that Yrvnnentiaiv

5 10 15 20 25 growing cells at acid pH preferred ammonium nitro-

Temperature (C) gen. H. pluvialis has been reported to differ from most
other microalgae in preferring nitrate nitrogen sources

showing response curves used to determine to ammonium nitrogen, at least under laboratory cul-
ure and NaCI concentration for astaxanthin
vialis. ture conditions (Syrett, 1962). Cultivation of the alga

in fast-growing, high cell density cultures in ammo-
nium nitrogen may lead to high cell mortality rates

concentration for algal astaxanthin because of the rapid acidification of the medium due
e range 25-30 mM NaCl. to ammonium uptake and metabolism (Borowitzka &

Borowitzka, 1988).
The key independent variables tested in the biomass

and astaxanthin production optimisation experiments,
all proved to be important factors in determining the

few studies of the nutrient and cul- overall levels of cell growth/product yield. The data
uirements of H. pluvialis, with par- obtained in the initial experiments to optimise growth
)n those requirements which result conditions indicated the range of parameter values
oduction of astaxanthin. The few where the optimum could be found. Just as important,

---
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the initial optimisation experiments also indicated the
range of parameter values where the optimum could
not be identified. A second series of optimisation stud-
ies allowed a narrower range to be used and a more
accurate determination of conditions to be made. This
trial and error approach is a significant component in
the optimisation procedure.

The biomass optimisation experiments identified
the optimum levels of all the key independent variables
tested. Table 2A shows the optimum levels identified
to achieve maximum biomass production in H. pluvi-
alis. The temperature required for optimum biomass
production was between 14-15 C, in agreement with
the findings of Borowitzka & Borowitzka, (1988).
The optimum concentration of urea required for algal
growth was 2.5-3.0 mM and the optimum PFD for
biomass production was in the range 50-60 /Amol m - 2

The astaxanthin production optimisation experi-
ments identified the optimum levels of two of the three
key independent variables investigated (Table 2B).
The optimum NaCI concentration required for astaxan-
thin production was low at 25-30 mM. The optimum
PFD identified for astaxanthin production was 1600-
1700 /mol m - 2 s - 1. This is much greater than any
value in the literature for the induction of astaxanthin
formation in H. pluvialis. Although this value lies out-
side the tested range, it would be difficult to optimise
this further due to the great difficulties encountered
when working with such high PFDs. Unfortunately,
the optimum temperature for astaxanthin production
could not be identified due to practical considerations
as the light source used radiated large amounts of heat.
The amount of heat produced made it impossible to cul-
tivate the cultures below 24 C. Even had 24 °C been
used as a minimum point to investigate the optimum
temperature, this value would have been much greater
than the optimal temperature required for astaxanthin
production. Therefore, the optimum temperature could
not be identified under these conditions. Because of the
temperature problems of using high light sources, the
best light source for commercial astaxanthin produc-
tion is natural sunlight.

Overall the use of RSM to optimise biomass
production and ultimately astaxanthin production in
H. pluvialis was very effective. It should, however, be
noted that this data is pertinent to only this particu-
lar strain of the alga and temperature and other opti-
ma may be somewhat different for other strains. The
optimisation experiments were designed around a two
stage production process using H. pluvialis to produce

astaxanthin: the first stage involved the bulking up of
algal biomass, and the second involved the induction
of astaxanthin synthesis.

The use of RSM involved carrying out a relatively
low number of trials. If an empirical approach had been
employed to optimise the key independent variables in
the optimisation experiments, it would have been nec-
essary to vary each nutrient and physical parameter
independently and determine the effect of this on algal
growth/product yield (evaluating nutrients at four con-
centrations, for example, would require 256 separate
trials). RSM avoids the need to carry out this num-
ber of trials, but is nonetheless a potent technique in
optimising algal fermentation processes.

RSM allows the visual representation of response
surfaces as a direct means of locating maximum points,
and with the availability of suitable computer pro-
grams, the mathematical manipulations are reduced
to routine procedures. This leaves the way open for
RSM to be applied to any algal fermentation process to
optimise key parameters and achieve maximum algal
growth/product yield. The next stage would be to con-
tinue the optimisation process during the scale-up of
the fermentation process. This can be achieved using
the simplex optimisation method. The simplex method
(Spendley et aL, 1962) for two-parameter optimisa-
tion would involve three initial trials which may be
represented by the vertices of a triangle in a plot with
concentrations of the parameters as axes. Having deter-
mined the algal growth/product yield, the trial with the
lowest growth/yield is identified and a further triangle,
a reflection of the first, is constructed opposite the low-
est growth/yield trial. The process is continued until the
optimum point is located at which point the 'simplex'
circles around it. This enables a fully optimised large
scale algal fermentation process to be developed.
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Regression equations:

Regression equation I (see Fig. 1):

[Predicted Biomass =0.144164 + 0.2940778 * urea concentration + 1.698319 x 10- 2 * PFD + -5.050581 x 10- 4

* urea concentration * PFD + -8.800137 x 10- 2 * urea concentration2 + -1.64815 x 10- 4 * PFD2]

Regression equation 2 (see Fig. 2):

[Predicted Biomass=0.1000167 + 0.1400093 * urea concentration + 5.810618x 10- 2 * temperature
+ -1.955085 x 10- 3 * urea concentration * temperature + -4.290296x 10- 4 * urea concentration 2 + -
1.601872 x 10- 3 * temperature 2]

Regression equation 3 (see Fig. 3):

[Predicted Biomass= 9.143954 x 10- 2 + 2.460869 x 10- 2 * PFD + 2.365008 x 10- 2 * temperature +
2.226146 x 10-5 * PFD * temperature + -1.927704 x 10 - 4

* PFD 2 + -9.306559 x 10-4 * temperature 2]

Regression equation 4 (see Fig. 4)

[Predicted Biomass = 0.1194797 + 0.2160638 * urea concentration + 2.122043x 10- 2 * PFD + -

1.04673 x 10- 4 * urea concentration* PFD + -3.287115 x 10- 2 * urea concentration 2 + -1.772189 x 10- 4 *
PFD2]

Regression equation 5 (see Fig. 5):

[Predicted Astaxanthin Content = 184.6898 + 2.839204 * temperature + -0.3448339 * salt concentration
+ 2.761079 10- 2 * temperature * salt concentration + -0.2118014 * temperature 2 + -2.68544 10- 3 * salt
concentration 2]

Regression equation 6 (see Fig. 6):

[Predicted Astaxanthin Content = 9.259102 + 0.6659855 * salt concentration + 3.630979 10-2 * PFD +
-2.214323 10- 4 * salt concentration * PFD + -5.347514 10- 3 * salt concentration 2 + -9.530493 10-6 * PFD2 ]

References

Borowitzka MA (1995) Microalgae as sources of pharmaceuticalls
and other biologically active compounds. J. appl. Phycol. 7: 3-15.

Borowitzka MA, Borowitzka LJ (1988) Dunaliella. In Borowitz-
ka MA, Borowitzka (eds), Micro-Algal Biotechnology. Cam-
bridge University Press, Cambridge: 27-58.

Borowitzka MA, Huisman JM, Osborn A (1991) Culture of
astaxanthin-producing green alga Haematococcus pluvialis. I.
Effects of nutrients on growth and cell type. J. appl. Phycol.
3: 295-304.

Boussiba S, Vonshak A (1991) Astaxanthin accumulation in the
green alga Haematococcus pluvialis. Plant Cell Physiol 32: 1077-
1082.

Box GEP, Wilson KB (1951) On the experimental attainment of
optimum conditions. J. Royal Stat. Soc. 13B: 1-38.

Bushell ME (1989) The process physiology of secondary metabolite
production. In Baumberg S, Hunter IS, Rhodes PM (eds), Micro-
bial Products: New Products: New Approaches. Cambridge: Uni-
versity Press, Cambridge: 95-120.

Droop MR (1955) Carotenogenesis in Haematococcus pluvialis.
Nature 175: 42.

Gaden EL (1959) Fermentation process kinetics. J. biochem. micro-
biol. Tech. Engag 1: 413-429.

Goodwin TW (1980) The Biochemistry of the Carotenoids. Vol. 1
Plants. 2nd edn, Chapman & Hall, London.

Goodwin TW, Jamikom M (1954) Studies in carotenogenesis. II
Carotenoid synthesis in the alga Haematococcus pluvialis. Nature
57: 376-381.

Greasham R, Inamine E (1986) Nutritional improvement of pro-
cesses. In Demain AL, Solomon NA (eds), Manual of Industrial
Microbiology and Biotechnology. Am. Soc. Microbiol. Washing-
ton: 41-48.



406

Harker M, Young AJ (1995) Inhibition of astaxanthin synthesis in the
green alga, Haematococcus pluvialis. Eur. J. Phycol. (In press).

Kobayashi M, Kakizono T, Nishio N, Nagai S (1992) Effects of
light intensity, light quality, and illumination cycle on astaxanthin
formation in a green alga, Haematococcus pluvialis. J. ferment.
Bioengng 74: 61-63.

Nichols HW, Bold HC (1964) Trichosarcina polymorpha gen et sp.
nov. J. Phycol. 1: 34-38.

Plackett RL, Burman JP (1946). The design of optimum multifacto-
rial experiments. Biometrika 33: 305-325.

Proctor VW (1957). Preferential assimilation of nitrate by Haema-
tococcus pluvialis. Am. J. Bot. 44: 141-143.

Spencer KG (1989) Pigmentation supplements for animal feed com-
positions. U.S. Patent No. 4,871,551. 3rd October.

Spendley W, Hext GR, Himsworth FR (1962). Sequential application
of simplex designs in optimisation and evolutionary operation.
Technometrics 4: 441-461.

Stross RG (1963). Nitrate preference in Haematococcus pluvialis is
controlled by strain, age of inoculum and pH of the medium. Can.
J. Microbiol. 9: 33-40.

Syrett PJ (1962). Nitrogen assimilation. In Lewin RA (ed.), Phys-
iology and Biochemistry of Algae. Academic Press, London:
171-188.

Tsavalos AJ, Harker M, Young AJ (1992) Secondary carotenoid
synthesis in microalgae. In Murata N (ed.), Research in Pho-
tosynthesis. Kluwer Academic Publishers, Dordrecht, Vol. 111:
47-50.

Winkler M (1987). Control-driven process-constraints and opportu-
nities. In Leigh JR (ed.), Modelling and Control of Fermentation
Processes. Peter Peregrinus, London: 260-271.


