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Abstract

Sequential heterotrophic/autotrophic cultivation method was investigated for production of high concentration of
Chlorella biomasswith high cellular protein and chlorophyll contents. By using autotrophic growth medium, which
contains glucose as organic carbon source, for heterotrophic culture, the protein and chlorophyll contents of the
cells could be increased by simply illuminating the culture broth and aerating with CO,-enriched air at the end
of the heterotrophic culture. A system was then constructed for continuous sequential heterotrophic/autotrophic
production of algal biomass. The system was composed of the conventional mini-jar fermentor for the heterotrophic
phase and a tubular photobioreactor for the autotrophic phase. The exhaust gas from the heterotrophic phase was
used for aeration of the autotrophic phase in order to reduce the CO, emission into the atmosphere. With this
system, it was possible to produce high Chlorella biomass concentration (14 g L —1) containing 60.1% protein and
3.6% chlorophyll continuously for more than 640 h. During the steady state, about 27% of the CO, produced in the
heterotrophic phase was re-utilized in the autotrophic phase. When the tubular photobioreactor was replaced with a
3.5-L internally illuminated photobioreactor, the productivity increased from2gL—1d~*to4g L~ d—1. However,
the chlorophyll content of the cells was lower due to the lower light supply coefficient of the photobioreactor.

Introduction

The potential of microalgae as a food staple in the
human diet hasbeen investigated for many yearsin dif-
ferent countries (Vincent, 1969; Schwarz et al., 1995).
Although research on the production of microalgae as
protein supplement in foods is declining, the num-
ber of malnourished children are still on increase in
many developing countries while in many devel oped
countriessuch as Japan, algal biomasssuch as Chlorel-
la and Spirulina are produced commercially, primari-
ly for consumption as health food. The high produc-
tion cost currently prevents wide usage of microalgae
as animal feed but numerous nutritional experiments
clearly demonstrate the high value of some species of
microal gae as protein supplement for fish, cattle, hogs,
and chickens (Soeder, 1986). There s thus a need for

development of efficient systems for algae biomass
production.

In commercial production of algal biomass, high
cell density culture are desirablein order to reduce the
cost for down-stream processing. Terry & Raymond
(1985) made a detailed discussion on the historical
background and various systems used for autotrophic
production of microalgae. They classified them into
ponds, channeled and shallow circulating systems and
discussed the merits and demerits of each system.
Because of variation in the climatic condition, growth
characteristics of the microorganism used as well as
methods of determining and reporting productivities,
it isextremely difficult to comparethe productivitiesof
the various systems. However, the highest productivity
reported waslessthan 30 g m—2 d—1. Thiscorresponds
to amaximum productivity of 0.3g L1 d ! assuming
a uniform reactor depth of 10 cm. This is till very
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low compared to more than 150 g L~ d~! produc-
tivity which can be obtained in heterotrophic cultures
(Ogbonna & Markl, 1993). Laws et a. (1986) gave a
list of productivities achieved with various systemsin
various parts of the world but the highest productivity
wastill lessthan35gm~2 d—1. They developed asys-
temwith adepth of 10.9 cminwhichfoilswereinserted
to create systematic vertical mixing. This resulted in
two times increase in the productivity but even then,
the maximum productivity was 35 g m—2 d=1 (0.32 g
L—t d~1). Another problem with most of the systems
reported is the low cell concentration which would
result in an increase in the harvesting costs. As a solu-
tion to these problems, devel opment of closed systems
with better light supply and control of culture condi-
tions has been investigated by many researchers. A lot
of closed systems such as tubular (Richmond et al.,
1993), helical (Watanabe et a., 1995), incline or hor-
izontal thin panel (Tredici et al., 1991) and internally
illuminated (Ogbonna et al., 1996a) photobioreactors
have been devel oped. Although, with these closed sys-
tems, the productivities are higher than those of the
open systems (as highas 1.5 g L~ d—* was reported
by Richmond et a. 1993), the increased cost of con-
struction and operation of the closed systems offset
the increase in productivity. Thus most of the com-
panies such as Cynotech Corporation and Dainippon
Ink and Chemicals inc. still use the open cultivation
ponds. There is therefore a need for development of
alternative culture systems.

Some agae are capable of metabolizing organic
carbon sources so that heterotrophic cultivation can
be used to achieve high cell concentrations. However,
under such conditions, the photosynthetically derived
products are not accumulated and the main advantage
of photosynthetic cell culturesislost. Endoet al. (1974)
reported that the chlorophyll content of heterotrophi-
cally grown Chlorella regularisisonly 1.8% whichis
less than 50% of the value (3 8%) in autotrophically
grown cells. Also the provitamin A, a-tocopherol and
carotenoids contents of the heterotrophically grown
cells were lower than those of the autotrophically
grown ones. Experiments in our laboratory (unpub-
lished) have also shown that in some other species
such as Euglena gracilis strain IAM E-6 (dtrain Z),
chlorophyll synthesis is almost completely inhibited
under heterotrophic conditionswhile the a-tocopherol
content is less than 25% of the values obtained in
autotrophic cultures.

One possible method of producing high biomass
concentration with high cellular concentration of pho-

tosynthetic productsis the use of mixotrophic culture,
where both organic carbon sources and light energy
are simultaneously supplied to the reactor. Howev-
er, in mixotrophic culture, the cellular concentrations
of the photosynthetic products depend on the relative
heterotrophic and autotrophic growth rates. At high
cell concentrations, light becomes limiting and the
autotrophic growth rateisvery low in comparison with
the heterotrophic growth rate. Under this condition,
both the protein and chlorophyll contents of the cells
are much lower than those of the autotrophic cultures.
Ogawaet al. (1981) reportedthat for Chlorellavulgaris
and Scenedesmus acutus, the chlorophyll contents of
the cells(chlorophyll a+ chlorophyll b) in mixotrophic
cultures were 61.4% and 45.5%, respectively of their
values in autotrophic cultures.

We have been working on development of sys-
tems for efficient cultivation of photosynthetic cells.
We have shown that mixing in open ponds should be
controlled in relation to the light intensity, cell con-
centration and depth of the reactor. On cloudy days,
mixing should be minimal while at night, it is better
to stop culture agitation (Ogbonnaet a., 19953). Also,
night biomass|osseswere studied and we have reported
that by adding very low organic carbon source during
the night (a quantity that can be completely metabo-
lized at night), continuous cell growth can be achieved
under light/dark cycles without adverse effect on the
composition of Chlorella pyrenoidosa (Ogbonnaet al.,
1996b). In order to develop a large scale stirred tank
photobioreactor, the relative significance of the vari-
ous growth phases during batch cultivation of photo-
synthetic cells was first investigated (Ogbonna et al.,
1995b) and alight supply coefficient was proposed as
an engineering parameter for design and quantitative
evaluation of light condition inside photobioreactors
(Ogbonna et al., 1995¢). Using the above parameter,
an internally illuminated stirred tank photobioreactor
was developed and a method for its efficient scale up
was proposed (Ogbonna et a., 1996a, Ogbonna &
Tanaka, 1997). In this paper, sequentia heterotroph-
ic/autotrophic cultivation system, whereby high con-
centration of monoal gae biomass from a heterotrophic
culture is passed through a photobioreactor for accu-
mulation of photosynthetic products, was investigated
asameans of producing high quality algal biomassfor
food and feed. Also utilization of the exhaust gasfrom
the heterotrophic phase (high in CO,) for aeration of
the autotrophic phase was investigated as a means of
reducing CO, emission into the atmosphere.



Materials and methods
Microorganism and medium composition

Chlorella pyrenoidosa C-212 was used in this study. It
was obtained from the algal collection of the Ingtitute
of Applied Microbiology, University of Tokyo, Japan.
The basal medium reported by Endo et a. (1974) was
modified as follows (in g L™) Urea, 1.2, KH,POy,
0.3; MgS0, - 7TH,0, 0.3; CaCl,, 0.02; Sodium citrate,
0.05; Fe-solution, 0.16 mL; and A5 solution, 0.8 mL.
Thismodified medium was used for both heterotrophic
and autotrophic phases but in the case of heterotrophic
phase, glucose was added as the carbon source. The
Fe-solution was composed of 25 g FeSO, - 7H,0 and
33.5g EDTA per liter of distilled water. The As solu-
tion described in our previous paper (Ogbonna et al.,
1995a) was used except that 2.5 g MnSO, - 7TH,0 was
replaced with 1.81 g MnCl; - 4H,0. The pH of the
medium (excluding the urea) was adjusted to 6.5 before
autoclaving at 121 °C for 15 min. Filter-sterilized urea
solution was added to the autoclaved medium after
cooling to room temperature.

Cultivation conditions

The pre-culture was done heterotrophically by inocu-
lating two loops of the dlant into a 500 mL Erlnmeyer
flask containing 100 mL of the basal mediumand 7 g
L~ of glucose as the carbon source. The flask was
wrapped with aluminum foil (to shade off the light)
and incubated on a rotary shaker at 200 rpm. The cul-
tivation temperature was 30 °C.

Batch Sequential heterotrophic/autotrophic
cultivation

Erlnmeyer flask containing 100 mL of a four times
concentrated basal medium with 28 g L~ of glucose
as the carbon source, was inoculated with the pre-
culture to give an initial cell concentration of 0.05 g
L. The cultivation conditions were as described for
the pre-culture. When the glucose concentration was
reduced to zero, the culture broth was transferred into
a 100 mL Roux flask and cultivated autotrophically
at 36 °C. Seven daylight fluorescent lamps for plant
growth experiments (8FL-40-s-PG, Nationa Electric
Co. Ltd., Tokyo), arranged in parallel on a vertical
plane, were used as the light source. The light inten-
sity at the surface of the flask was 310 pmol m—2
s~1. Aeration and mixing were achieved by sparging

361

air enriched with 5% CO, through a glass-ball filter,
(which was inserted to the bottom of the Roux flask),
at 0.3vvm.

Continuous sequential heterotrophic/autotrophic
cultivation in a system using a tubular
photobioreactor for the autotrophic phase

The experimental set-up used for the continu-
ous sequential heterotrophic/autotrophic cultivation is
shown in Figure 1. The heterotrophic phase is com-
posed of a conventional 2.5 L aerated stirred mini-
jar fermentor (Iwashiya Bioscience Co Ltd, Saitama,
Japan) with a working volume of 2.0 L. It was inoc-
ulated with a pre-culture to give an initial cell con-
centration of 0.05 g L. The cultivation temperature,
aeration rate (with ordinary air), and agitation speed
were 30 °C, 0.5 vvm and 300 rpm, respectively. Dur-
ing the cultivation, the pH was maintained at 6.5. When
the glucose concentration was reduced to zero, contin-
uous feeding of 5 times concentrated basal medium
containing glucose (35 g L) was started at a feed
rate of 15 mL h—1. The effluent from the heterotrophic
culturewas passed through the tubular photobi oreactor
whose working volume was 450 mL. The temperature
of the autotrophic phase was maintained at 36 °C by
immersing the photobioreactor in a water bath. 1t was
illuminated using the system described for the batch
culture. The light intensity at the surface of the pho-
tobioreactor was 310 pmol m—2 s, The exhaust gas
from the heterotrophic phase was used for aeration of
the photobioreactor, through the glass ball filters, at
0.5 vvm. The average residence time of the broth in
the photobioreactor was 30 h.

Use of an internally illuminated photobioreactor for
the autotrophic phase

Continuous cultivation in which the tubular photo-
bioreactor was replaced with an internally illuminated
photobioreactor wasal so investigated. Easy of scale-up
wasthe primary design criterion for this photobioreac-
tor. It consists of units, with each unit composed of a
light source in a glass tube surrounded by a tank-type
reactor. The unit’'s size optimizesthelight supply coef-
ficient — an engineering parameter that reflects both
the level of light energy supplied per unit volume and
the distribution of the light energy within the photo-
bioreactor (Ogbonnaet al., 1995c). By increasing the
number of units in three dimensions, a large photo-
bioreactor with alight supply coefficient similar to that
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of asingleunit can be constructed. The photobioreactor
was constructed for autotrophic cultivation of Chlorel-
la pyrenoidosa, using a light supply coefficient with
maximum cell yield from the supplied light energy.
Detailed description of this photobioreactor was given
in our previous paper (Ogbonnaet al., 1996a).

The same mini-jar fermentor was used for the het-
erotrophic phase while the working volume of the pho-
tobioreactor was 3.0 L. Both bioreactors were filled
with 28 g L~ glucose in 4 times concentrated basal
medium and inoculated with the pre-culture to give
an initial cell concentration of 0.05 g L 1. The pho-
tobioreactor was wrapped with aluminum foil with-
out illumination and both bioreactors were cultivated
heterotrophically. The agitation speed for the photo-
bioreactor was 200 rpm while other cultivation con-
ditions were as described above for the heterotrophic
phase. In order to ensure homogeneity in both biore-
actors, pump was used to circulate the culture broth
between the two bioreactors. When the glucose con-
centration was reduced to zero, the medium circulation
between the two bioreactors was stopped and the pho-
tobioreactor was illuminated by four 4-W fluorescent
lamps. The light intensity at the surface of the glass
tubes housing the lamps was 163 mol m—2 s71, giv-
ing alight supply coefficient of 0.374 kJ kg m—% s~*
(Ogbonna et al., 1995c, 1996a). Continuous sequen-
tial heterotrophic/autotrophic cultivation was started
by continuously feeding the concentrated mediuminto
themini-jar fermentor and feeding the effluent fromthe
mini-jar fermentor into the photobioreactor. The feed
rate was 60 mL h—* while other cultivation conditions
were as described before.

Analytical methods

Cell dry weight determinationswere made using dupli-
cate samplesof the culture. Thecellswerewashed with
0.5 M HCI to remove the precipitated salts and oth-
er non-organic substances, rinsed with distilled water,
dried at 105 °Cfor 24 h, cooled over silicagel in ades-
iccator, and weighed (Ogbonna et al., 1996b). When
the cell concentration was very low, it was estimated
by measuring the optical density at 680 nm (Spec-
tronic 20A. Shimadzu Scientific Instruments, Japan).
In the latter case, the O.D. readings were converted
todry cell concentrationsusing predetermined calibra-
tion curves. The glucose concentration was determined
with aglucosetest kit (Wako Pure Chemical Industries,
Osaka. Japan). The light intensities were measured
by an analogue photometer (LI-185B, Licor, Nebras-
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Figure 2. Changesin glucose and cell biomass concentrations inthe
broth aswell as chlorophyll, and protein contents of the cells during
batch sequentia heterotrophic/autotrophic cultivation of Chlorella
pyrenoidosa. After heterotrophic cultivation in Erlnmeyer flask, the
cellswere transferred into a Roux flask illuminated and aerated with
5% COs-enriched air.

ka. USA). Elemental analysis of the biomass (CHN)
was performed on duplicate samples with a CHN €ele-
mental analyzer (Perkin-Elmer 2400, Norwalk, Conn.,
USA). The protein content was calculated as N x 6.25
(Canizares-Villanueva et al., 1995). The chlorophyll
content of the cells was measured according to the
method described by Holden (1976). The absorbance
of the methanol extract was measured at 650, 665 and
750 nm and the total chlorophyll concentration (ug
mL ~1) was cal culated as 25.5 (Agso—A 750) + 4.0 (Aggs—
A7s0). The carbon dioxide content of the exhaust gas
was analyzed by gas chromatography (Model GC-8A,
Shimadzu Co. Ltd, Japan).

Results
Batch process

Theresults of heterotrophic cultivationin an Erlnmey-
er flask followed by autotrophic cultivation in a Roux
flask is shown in Figure 2. When the heterotrophi-
caly grown cells were transferred into a Roux flask
and cultivated autotrophically, the cell concentration
decreased dightly but the chlorophyll content of the
cells increased rapidly within the first 24 h. Longer
autotrophic cultivation did not result in any further sig-
nificant increasein the chlorophyll content of the cells.
In the case of protein content, the increase was gradual
but continued even after 96 h of autotrophic cultivation.
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Figure 3. Time courses of glucose and cell biomass concentrations
during continuous sequential heterotrophic/autotrophic cultivation
of Chlorella pyrenoidosa, using the system shown in Figure 1. The
closed and open symbols represent heterotrophic and autotrophic

phases, respectively.

Continuous process

Asshownin Figure 3, after 91 h of batch heterotrophic
cultivation, the glucose concentration was reduced to
zero and the continuous process was started by con-
tinuously feeding the stock nutrient into the mini-jar
fermentor and feeding the effluent from the mini-jar
fermentor into the tubular photobioreactor. The glu-
cose concentration in the effluent of the heterotrophic
phaseremained zero throughout the cultivation. During
more than 640 h of cultivation, there was no signifi-
cant differencesin the cell concentrations between the
effluents from the heterotrophic and autotrophic phas-
es (Figure 3). The changesin the cellular protein and
chlorophyll contents of the cells in the heterotrophic
and autotrophic phases are shown in Figure 4. During
the steady states, the protein and chlorophyll contents
of the cells in the effluent of the autotrophic phase
increased to very high valuesof 60.1 and 3.6%, respec-
tively.

When the internally illuminated photobioreactor
was used for the autotrophic phase, the productivi-
ty increased from2gL1d 1to4gL1d L The
process was also stable for more than 600 h (data not
shown) and during the steady state, the cellular pro-
tein and chlorophyll contents increased from 51 and
1.9 in the heterotrophic phase to 63.5 and 2.5% in the
autotrophic phase, respectively.

Re-utilization of the CO,
The CO, concentrations in the exhausts of the het-

erotrophic and autotrophic phases are shown in Fig-
ure 5. By using the exhaust gas from the heterotrophic
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Figure 4. Changes in chlorophyll and protein contents of Chlorel-
la pyrenoidosa cells during the continuous sequentia heterotroph-
ic/autotrophic cultivation using the system shown in Figure 1. The

closed and open symbols represent heterotrophic and autotrophic
phases, respectively.
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Figure 5. Carbon dioxide contents of the exhaust gases from the
heterotrophic and autotrophic phases during the steady state of the
continuous process. The exhaust gas from the heterotrophic phase
was used for aeration of the autotrophic phase.

phase for aeration of the autotrophic phase, the CO,
content of the gas was reduced from 0.44% to 0.33%
during the steady state.

Discussion

Theresults of batch cultivation show that both the pro-
tein and chlorophyll contents of the heterotrophically
grown cells can beincreased by simply switching from
heterotrophic to autotrophic conditions (illuminating
the culture broth and aerating with CO,-enriched air).
The optimum duration of the autotrophic phase (in



the case of continuous process, the optimum residence
time in the photobioreactor) would depend on the cell
concentration and the light supply coefficient of the
reactor. Asshown in Figure 2, by considering the facts
that thechlorophyll content of the cellsreached amaxi-
mum value after 24 h of autotrophic culture and that by
extending the period of autotrophic culture, the protein
content increased only dightly while the cell concen-
tration decreased, it was concluded that the optimum
period of autotrophic culture under this experimental
condition (12 g-cell L—*ina100 mL Roux flask illumi-
nated from one surface at alight intensity of 310 ymol
m2s1)is24h.

In this process, it is important that the glucose
is completely consumed in the heterotrophic phase.
If glucose is carried over to the autotrophic phase,
the cells would grow mainly by the heterotrophic
metabolism sinceat high cell concentration, theillumi-
nated volume fraction is very low and the cells spend
most of the time in the non-illuminated part of the
reactor. This would result in cells with low protein
and chlorophyll contents. Furthermore, although many
efficient closed systems have been proposed, open
ponds are till used for most commercial production
of algal biomass because of the problems with scale-
up as well as construction and operation costs of the
closed systems. For economic reasons, itisdesirableto
use open ponds for the autotrophic phase. Passing over
of glucose from the heterotrophic to the autotrophic
phase could cause serious contamination problemsin
the open cultivation ponds.

The chlorophyll and protein contents of the cells
obtained in the continuous process are close to the
maximum values reported for purely autotrophically
grown cells (Endo et al., 1974). This shows that by
using the sequential heterotrophic/autotrophic cultiva-
tion system, high concentration of cellswith high pro-
tein and chlorophyll contents can be produced contin-
uously for long period of time. The cell concentration
obtainedinthisstudy (14 gL —%) ismorethanfour times
higher than the maximum values we have obtained
for autotrophic cultivation of this strain using various
types of photobioreactors (Ogbonna et a., 1995a, b,
1996 a, b) while the productivity achieved in thiswork
(4 gLt d 1) ismorethan twice higher than the val-
ue reported for most systems (Richmond et al., 1993,
Lawset a., 1986). Higher cell concentration can easily
be obtained by using higher glucose concentration in
the heterotrophic phase, but it would be very difficult
to efficiently supply light to such a dense culture. The
chlorophyll content of the cells obtained with theinter-
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nally illuminated photobioreactor was lower than that
of the tubular photobioreactor because the light supply
coefficient of the former (0.374 kJ kg m—® s })was
lower than that of the latter (1.9 kJkgm~®s~1). Since
theautotrophic phaseisthelimiting stepinthisprocess,
the efficiency and productivity of this system can be
improved by using a photobioreactor with high light
supply coefficient.

The main advantages of this system over the
mixotrophic culture is that the heterotrophic and
autotrophic phases can be optimized independently.
Efficient mixotrophic cultivation requires a steriliz-
able (to prevent contamination) reactor with high mass
transfer (for efficient heterotrophic growth) and light
supply (for efficient autotrophic growth) coefficients.
Industrial scale stirred tank bioreactorsare suitable for
heterotrophic growth but are not good for autotroph-
ic growth because of the difficulty of supplying light
uniformly to the reactor.

On the other hand, most of theindustrial scale pho-
tobioreactors (open ponds, tubular or tin panels) are
not suitable for mixotrophic growth because of therel-
atively low masstransfer capacities and more especial-
ly because of the difficultiesin maintaining sterility to
avoid contamination in the presence of organic carbon
sources. However, with the system proposed in this
study, the conventional stirred tank bioreactors and
photobioreactors can be used for the heterotrophic and
autotrophic phases, respectively.

About 27% of the CO, producedin the heterotroph-
ic phase was re-utilized in the autotrophic phase. The
amount of CO; fixed in the autotrophic phase is com-
parable with the values reported for biological CO,
fixation systems. Using a photobioreactor which is
internally illuminated with optical fibers, the CO, con-
centrationsin the exhaust gaswere 0.37% and 0.935%,
when the CO, concentration in the aeration gas were
0.55% and 1.10%, respectively (Takano et al., 1992).
Longer residence time of the gas in the photobioreac-
tor isrequired for further reduction in the CO, content
of the exhaust gas. With this system, aerating only
from one end and having the gas exit from the other
end would result to high residence time of the gasin
the photobioreactor but the gas bubbles would lead to
poor flow of the culture broth. A compromise has to
be made between the gas residence time and the cul-
ture flow characteristic when deciding the number and
positions of the aeration and gas exit points.
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