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Abstract

Starting microalgae continuous culture generally includes a preliminary batch culture to obtain sufficient cell density. Itis possible to apply
continuous regime from the beginning of the culture (IC mode) rather than to begin by an initial batch (IB mode). Itis our purpose to check that
both initial modes lead to identical steady-state cell characteristics. The micrcatdeysis galbana affinis Tahiti was used for this
comparative study. With an initial cell densitf®x 10° cell m* and a dilution rate of about 1.0Y both IB and IC modes led to identical
cell density once steady-state is reached betweend68amh after inoculation in the two cases. Cell concentration of chloroghgihd
pheopigmena were found to be similar for IB and IC modes at steady-state. Initial culture conditions did not influence saturation irradiance
and oxygen consumption rate, which were found to be 650 + 143 pmol pifathand 1.54 x 10°+ 10~° umol Q, mI~* min~%, respectively.

At steady-state, nutrient cell uptakes wege= 83.3 + 2.0 fmol N celt* d* for NO,~andpp = 5.5 + 0.4 fmol P ceit* d~* for H,PO,~ and did

not exhibit significant differences between IB and IC modes. Under the prevailing experimental conditions, results show that IC mode involved
very similar steady-state cell characteristics when compared to IB mode subsequent steady-state. IC mode could be an attractive alternative
especially for experimental laboratory studies, as it should lead to higher flexibility in starting continuous cultures.

© 2003 Editions scientifiques et médicales Elsevier SAS and Ifremer/IRD/Inra/Cemagref. All rights reserved.
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1. Introduction During batch production, environmental factors alteration
induce modification in cells: biochemical composition of
Live microalgae are essential feed for larvae and juvenilescells depends on many factors such as irradiance (Rebolloso
of bivalve molluscs. Alternatives tested (dried, heterotrophi- Fuentes et al., 2000), specific growth rate (Fernandez et al.,
cally grown microalgae, compounded microcapsules, lipid 1998; Otero and Fabregas, 1997), medium composition (Fab-
emulsion or yeasts and bacteria) have had lower nutritionalregas et al., 1985), pH and harvest stage (Brown et al., 1993).
value than mixtures of microalgae commonly used in aquac-The biochemical composition of T-iso shows higher protein
ulture (Robert and Trintignac, 1997). In many hatcheries content during exponential phase and higher glucide and
molluscs are fed with different species suclChaetoceros  |ipid content during stationary phase (Brown et al., 1993;
calcitrans, Paviova lutheri, Thalassiosira pseudonana  zhu, 1997; Fidalgo et al., 1998; Phatarpekar et al., 2000).
(Brown et al., 1998; McCausland et al., 1999) and the prym-  Borowitzka (1999) argues in favour of continuous culture
nesiophyceaksochrysis galbana affinis Tahiti (T-iso). These  and good control over the growth environment, which result
cells are commonly grown using batch cultures. Biomassjn a consistent product quality. Examples of continuous cul-
grown in these conditions has a varying composition and tyre can easily be found in literature, but authors rarely
remains expensive to produce: live food production contrib- describe the culture mode (i.e. batch or continuous) they use
utes up to 30% of the total cost of production (Valenzuela- quring the transitional phase prior to steady-state. When they
Espinoza etal., 1999) and is considered the major bottleneckyq initial batch culture (IB mode) is commonly used to
in nursery culturing of molluscs (Fabregas et al., 1986). gptain sufficient cell density (Alonso et al., 2000; D’Souza
and Kelly, 2000). The use of continuous culture immediately
"+ Corresponding author. after inoculation (IC mode) could be an interesting alterna-
E-mail address: gael.bougaran@ifremer.fr (G. Bougaran). tive, which would provide the possibility of global process
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automation without requiring the use of a turbidimeter. The
aim of this study is to confirm standard chemostat theory
under the prevailing experimental conditions, showing that
I C mode does not induce any difference on steady-state when
compared with 1B mode culture. In two successive sets of
experiments, |C and |B mode cultureswere carried out at the
sametime until steady-state was reached. Various parameters
such as cell density, biomass, nutrient (N and P) uptake and
photosynthesis characteristics were checked in order to com-
pare cell populations grown with the two initial culture
modes.

2. Materials and methods
2.1. Experimental device

The experimental device (Fig. 1) includes six 2.2
dtirred-tank  polymethyl ~ methacrylate  bioreactors
(@ = 126 mm, H = 214 mm). Cultures were stirred by a
4-paddle impeller turbine at a rate of 120 rpm. The upper
head plate of the bioreactor was designed to support all
probes and tubing. The probes were connected to a computer
data-acquisition system equipped with a microprocessor in-
terface board with 32 analog channels. Each bioreactor used
four channel sto collect dataon light absorption, temperature,
pH and gas flow. A probe based on the Beer—Lambert law
was designed to measure light absorption of microalgal cells
and provide on-line estimation of biomass after standardiza-
tion with cell density. An on-line pH-meter transmitted mea-
surements to a central computer that controlled pH value by
injecting CO, into the bioreactors. The entire system was

9

controlled by a computer equipped with specific software
developed in Visual Basic, which managed probe calibration
and on-line recording of culture parameters. The reactors
were placed in aheat-regulated culture facility, with continu-
ouslight. Light was delivered by two 36-W fluorescent tubes
(Philips TLD) to each bioreactor. The system was adapted to
continuous-flow culture by adding a KNF STEPDOS dia-
phragm pump to supply nutrients and an ISMATEC peristal-
tic pump to collect overflow fractions.

2.2. Cultivation conditions

Growth medium was prepared with natural coastal seawa-
ter (origin St. Malo, France), enriched with 1 ml I of Walne
solution (1966). Seawater was filtered with a 0.45/0.22 pm
SARTORIUS filter. Each bioreactor was supplied with its
own storage tank in which culture medium solutions were
directly assembled.

Supply and harvest pipes and photobioreactors were ster-
ilized with a solution of 0.5% peroxyacetic acid for 20 min
and then rinsed three times with deionized water. Cultures
weregrown at 27 = 0.5 °Cin continuouslight. Irradiance was
110 + 10 umol phot m~ s in the middle of empty bioreac-
tors as measured with a spherical Li-Cor L1193 quantum
scalar meter. pH was regulated at 7.20 + 0.05 and gas were
filtered through a 0.22 pm Teflon membrane at a rate of
0.20 = 0.05 | min™. Impeller speed was set to 120 rpm.
Dilution rates were 1.00 d™ in the first experiment and
1.08 d* in the second experiment.

Inoculum was produced in a continuous flow culture with
a1l d? dilution rate at steady-state. All bioreactors were
inoculated at initial cell density of 5 x 10° cell mI™. Two
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Fig. 1. Experimental installation: 1, culture medium tank; 2, stepdos pump; 3, photobioreactor; 4, peristaltic pump; 5, harvest scale; 6, impeller motor; 7, motor
speed controller; 8, 0.22 um gas filter; 9, absorption probe; 10, temperature probe; 11, pH combined electrode; 12, four-paddle impeller turbine; 13, airflow
sensor; 14, pH-meter; 15, supervising computer; 16, data acquisition and digital output board; 17, electrovalve; 18, air flow regulator; 19, illuminated incubator;

20, fluorescent tubes.
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experiments were successively carried out. Two initial batch
mode cultures and two initial continuous mode cultureswere
grown in the first experiment while three of each were grown
inthe second. Initial batch mode (IB) first uses a batch phase
to attain higher cell density before starting continuous flow.
On the contrary, initial continuous mode (IC) cultures are
immediately grown in continuous flow since they are inocu-
lated.

Prior to biomass analysis, steady-state was assessed on a
cell-density basis and maintained for at least 4 d to assure
constant biomass composition (Molina Grima et al., 1996).

2.3. Analytical methods

Cell population kinetic in bioreactors was monitored with
on-line light absorption probes, with absorbance at 800 nm
(Aggo) and cell counts. On-line light absorption probe pro-
vides a continuous and real time estimation of biomassbut is
subjected to deviations due to fouling of optical surfacesin
long duration culture. Nevertheless, this information is very
helpful for the daily process control. Near infrared absor-
bance is often used for biomass control (Versteegh et a.,
2001; Schmitt et a., 2001; Sciandraet al., 2000). Therefore,
Agoo/cell ratio can be used asan indicator of cellular biomass.
Agoo @bsorbance was measured using aMILTON ROY Gene-
sys 5 spectrophotometer. Cell density was measured daily in
the outflow of cultures by microscopic counting using a
Malassez slide and Lugol fixing solution. Cells were auto-
matically counted with animage analysis software; the appli-
cation used was developed in the laboratory using the
SAMBA environment (Samba Technologies, Meylan,
France). The variation coefficient of this method was esti-
mated to be less than 6%. Dry weight were determined at the
end of the first experiment by filtering 25 ml of the culture
sample onto tarred GF/C Whatman filters earlier dried at
70 °C. Thefiltered sample was then washed three times with
25 ml of a 34 g It ammonium formate solution and then
dried at 70 °C for 24 h before weighing. Three dry weights
were performed for each culture for confidence interval de-
termination.

Major anions concentration (N and P) was measured daily
in al cultures and when new medium solutions were pre-
pared in culture medium tanks. Nutrient uptake (p) was
calculated at steady-state using the following equation

D(S-S
p= @

where p. is nutrient uptake per cell (fmol cell™ d™), Xiscell
density(cell 1Y), D isdilution rate (07%), S isinflow nutrient
concentration (fmol I™) and Sisresidual nutrient concentra-
tion in the bioreactor (fmol 1™). Cell quotas (Qy and Qp)
were calculated using Eq. (2) when steady-state was reached.

dQ,
ot - Ps T HQ, )]

where i is the specific growth rate (d7). Analyses were
performed by ionic chromatography using a DX500 (DI-

ONEX) fitted with an AS9-HC column. One millilitre
sampleswere 0.22 um filtered and then diluted with 14 ml of
18.2 MQ deionized water to reduce chloride concentration.
The threshold for NO;~ and HPO,?" detection was 15 and
4 pmol 17, respectively. NO;~and HPO,*~ represent a| theN
and P species in the medium solution used. All the biomass
and ionic concentrations given in this paper are the means of
data collected during the steady-state period.

Chlorophyll a (Chl @) and pheopigments a (Pheo a) were
determined at the end of the experiments using Lorenzen
method (1967). After extraction absorbance was measured at
665 and 750 nm using a10 mm optical length path quartz cell
and a MILTON ROY Genesys 5 spectrophotometer. Photo-
synthetic activity was measured as oxygen production using
a HANSATECH Oxylab unit fitted with a Clark electrode.
After an 1 min nitrogen flushing, 0.5 ml of a 144 mmol |~
NaHCO; solution was added to 11.5 ml of sample in the
measurement chamber. A 20 min light/10 min dark cyclewas
then applied. Irradiance was constant during one period but
increased from one period to the next.

Results are compared using 95% ANOVA test performed
with Statgraphics Plus 3.1 and expressed with the 95% con-
fidenceinterval in brackets except when otherwise specified.

3. Results
3.1. Cell population

In the two experiments, the cell density reached steady-
state after 6-8 d after inoculation (Fig. 2). Initial culture
mode did not induce significant differences between IC and
IB steady-states (ANOVA test). In thefirst experiment, mean
cell density averaged 9.0 x 10° (0.3 x 10°) cell mI= in both
IC and 1B modes. Mean cell density was slightly lower inthe
six cultures of the second experiment and averaged 7.7 x 10°
(0.2 x 10°) cell mI™.

Biomass was determinated 13 d after inoculation and
showed no significant differences between IC and IB modes
in the first experiment (ANOVA test). Mean biomass in the
four cultureswas 0.14 (0.01) gI™* (Table 1). In the two sets of
experiment Aggy/cell ratio did not show significant differ-
ences between IC and 1B modes either (ANOVA test).

ANOVA test reveal ed that both 1C and IB modes achieved
the same cumulated cell production in each experiment
(Table 2).

3.2. Photosynthetic apparatus

Chl aand Pheo awere analysed at day 13 and did not show
significant difference between IC and 1B modes (Table 3).
The (Pheo a/(Chl a+ Pheo a)) ratiois, therefore, comparable
in the two cases.

Oxygen production and respiration could not be measured
at the end of thefirst experiment. The photosynthetic charac-
teristics of the six cultures grown in the experiment 2 were
determined at steady-state (day 13). Table 4 showstheresults
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Fig. 2. Time course of cell density during the first (left) and the second (right) experiments. Solid squares: initial continuous cultures; open circles: I1B mode.

Arrows show the end of batch periods.

Tablel

Steady-state DW and Agyg/cell ratio comparison between IC and IB modes at day 13. Ninety-five percent confidence intervals are given in brackets. (-) DW

determination could not be made

DW (g1 Agog/cell (107 ml cell™)
IB IC 1B IC
Experiment 1 (n = 2) 0.13(0.02) 0.15(0.02) 412x 102 (0.07 x 10?9 4.12x 1072 (0.08 x 10?)

Experiment 2 (n = 3)

3.83x 1072(0.09 x 10?) 3.88x 102(0.10 x 102)

Table2

Cumulated cell productions (x10° cell mi™) calculated at day 13 in IC and
IB mode cultures. Ninety-five percent confidence intervals are given in
brackets

Table5

Volumic respiration and saturating gross photosynthesis mean rates calcula-
ted at steady-state of experiment 2 (n = 6). Ninety-five percent confidence
interval are given in brackets

IB IC R (umol O, mI=t min) P,™ (umol O, mi™* min™)
Experiment 1 89.5(15.6) 79.4 (15.6) —1.54x 1072 (0.01 x 10°%) 5.1x10°(0.8x 107)
Experiment 2 111.6 (34.6) 100.7 (25.8)
3.3. Nutrient uptake
Table3

Chl a and Pheo a cells concentration at steady-state. Ninety-five percent
confidence intervals are given in brackets

Chla Pheo a Pheoa
(pg cell™) (pg cell™) (Chla+
Pheo a)
Experiment1 1B  0.23(0.04) 0.026 (0.007) 10
IC 0.25(0.01) 0.023(0.003) 10
Experiment2 1B 0.22(0.02) 0.012(0.002) 5

IC  022(0001) 0012(0002) 5

Table4

Compensation irradiance (1), saturation irradiance (l) and maximum gross
photosynthesis related to Chl a (Py ¢y ™) recorded at steady-state at the
end of experiment 2. Ninety-five percent confidence intervals are given in
brackets

Ic IS Pg Chl amax

(umol phot m2s?) (umol O, mg Chl a™* min™)
1B 27(9) 667 (143) 2.57(0.71)
IC  28(7) 633(143) 2.75(0.86)

of compensationirradiance (I.), saturationirradiance (1) and
maximum gross photosynthesisrelated to Chl a (Pg cpy 4 )-
No significant difference was found between the two 1B and
IC modes for these three criteria (ANOVA test).

Inthesix culturesof experiment 2, volumic respiration (R)
and saturating gross photosynthesis (P,"*) rates did not
significantly differ between IC and IB modes at steady-state
(ANOVA test). Results are shown in Table 5.

Prior to steady-state, the residual concentrations kinetics
of N and P inside the bioreactors were drastically different
when IC or IB modeswere used (Fig. 3). Considering the IC
mode, N and P residual concentrations slowly reduced until
steady-state was reached. On the contrary, N and P residual
concentrations in the IB modes dramatically reduced in the
bioreactor until the continuous flow was started. Residua
concentrations then increased up to steady-state concentra-
tions.

At days 6-8, that is after steady-state was reached, N and
P uptakes (Table 6) were not significantly different between
IC and IB cultures (ANOVA test). In all the 10 cultures of
both successive experiments steady-state mean uptake were
pn =833+ 2.0fmol N cell™ d and pp = 5.5 + 0.4 fmol P
cell™ o™

4. Discussion

Results showed that |C mode had no significant impact on
steady-state cellular density. Although the steady-state estab-
lishment period (between 6 and 8 d after inoculationin all the
10 cultures) was difficult to estimate, it seemed similar for 1B
and IC modes. The cumulated cell production of the two
modes were similar too. Direct biomass determination
showed no significant difference between IC and 1B modes.
This was confirmed by infrared absorbance.

The Chl a cell content of culture grown using IC or IB
mode proved to be very similar at steady-state. This result
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Fig. 3. Residual kinetics of NO,~ (open circles) and HPO,~ (filled squares) in an |B mode (left) and an 1C mode (right) cultures during experiment 2. Inthe 1B
mode culture, continuous flowstarted at day 4. Error bars represent the variation coefficient for N (CV = 14.6%); and P (CV = 5.8%).

Table 6

Mean N and P uptake per cell (fmol cell™ d™), measured at steady-state in
the two experiments (n = 10). Ninety-five percent confidence intervals are
given in brackets

Experiment 1 Experiment 2

J4N Pp PN Pp
1B 79.6 (5.1) 5.8(0.7) 82.3(3.5) 5.0(0.4)
IC  888(9.7) 6.5(1.8) 86.3(2.6) 5.7 (0.6)

agreeswith the Chl a cell content of 0.2 pg cell™ reported by
Saoudi-Helis et al. (1994) in T-iso continuous flow culture at
the same dilution rate. Chl a degradation results in Pheo a
and is an indicator of the renewal rate of Chl a pool and
phenomena of senescence and cellular mortality (Louda et
al., 1998). Once steady-state was reached, the two initial
modes IC and IB led to the same ratio of Chl a degradation,
indicating that preliminary phase of the culture had no influ-
ence on Chl a renewal rate and cell senescence. IC and 1B
modes induced same P,™* and R rates at steady-state, the
|atter was 30% of Py™®. Among prymnesiophyceae, Lang-
don (1993) estimates R/P,™ ratio to 0.16 (+0.06). Thiswas
confirmed by Falkowski (1985) who observed a ratio of
0.17 on |. galbana. The R/P,"* ratio presented here is then
twofold higher. However, it has been shown that the respira-
tion of microalgae in continuous cultures at steady-state
could vary from 5% to 60% of gross photosynthesis and
could berelated to environmental conditions and physiologi-
cal status of the microalgae (Collos, 1997).

Before steady-state was reached | C and | B modesinduced
very different residual nutrient kineticsin the bioreactors. On
the other hand, N and P steady-state residual concentrations
werevery similar when using |C or B mode. At steady-state,
83 fmol N cell™ and 5.5 fmol P cell™ cell quotas were found
for T-iso for both IC and IB modes. It is about half the
170 fmol N cell™ uptake reported by Fidalgo et al. (1998) on
I. galbana during exponential growth. But our results are
similar to the 60 fmol N cell™ and 2.5 fmol P cell™ reported
by Elrifi and Turpin (1985) on Selenastrum minutumusing N
or Plimiting medium and to the 60 fmol N cell™ and 1.8 fmol
P cell™ reported by Terry (1982) and Terry et al. (1985) on
P. lutheri at the same dilution rate.

Under the prevailing experimental conditions, namely ini-
tial cell density and dilution rate, the cell population, the
photosynthetic apparatus and the nutrient uptake of the IC
grown cultures were found to be very similar to those of 1B
grown cultures. Results confirmed chemostat theory and
showed that |C mode could be an alternative for experimental
culturesasit could contribute to higher flexibility in planning
and running chemostat cultures.
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