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Abstract This paper describes the association of two bio-
reactors: one photoautotrophic and the other heterotrophic,
connected by the gas phase and allowing an exchange of O2

and CO2 gases between them, beneWting from a symbiotic
eVect. The association of two bioreactors was proposed with
the aim of improving the microalgae oil productivity for bio-
diesel production. The outlet gas Xow from the autotrophic
(O2 enriched) bioreactor was used as the inlet gas Xow for the
heterotrophic bioreactor. In parallel, the outlet gas Xow from
another heterotrophic (CO2 enriched) bioreactor was used as
the inlet gas Xow for the autotrophic bioreactor. Aside from
using the air supplied from the auto- and hetero-trophic bio-
reactors as controls, one mixotrophic bioreactor was also
studied and used as a model, for its claimed advantage of
CO2 and organic carbon being simultaneously assimilated.
The microalga Chlorella protothecoides was chosen as a
model due to its ability to grow under diVerent nutritional
modes (auto, hetero, and mixotrophic), and its ability to
attain a high biomass productivity and lipid content, suitable
for biodiesel production. The comparison between heterotro-
phic, autotrophic, and mixotrophic Chlorella protothecoides
growth for lipid production revealed that heterotrophic

growth achieved the highest biomass productivity and lipid
content (>22%), and furthermore showed that these lipids
had the most suitable fatty acid proWle in order to produce
high quality biodiesel. Both associations showed a higher
biomass productivity (10–20%), when comparing the two
separately operated bioreactors (controls) which occurred on
the fourth day. A more remarkable result would have been
seen if in actuality the two bioreactors had been inter-con-
nected in a closed loop. The biomass productivity gain would
have been 30% and the lipid productivity gain would
have been 100%, as seen by comparing the productivities of
the symbiotic assemblage with the sum of the two bioreactors
operating separately (controls). These results show an advan-
tage of the symbiotic bioreactors association towards a cost-
eVective microalgal biodiesel production.

Keywords Microalga · Biodiesel · Heterotrophic · 
Autotrophic · Mixotrophic

Introduction

Microalgae could be seen as a suitable alternative feedstock
for the next generation of biodiesel production. Certain spe-
cies contain high amounts of oil, which can be extracted,
processed, and reWned into biodiesel, using the currently
available technology for processing vegetable oils.

Currently, biodiesel is produced from plant and animal
oils only, and not from microalgae [3] but this is likely to
change. Microalgae have faster growth rates than plants,
allowing the use of non-arable land and non-potable water,
using far less water and avoiding food crop displacement;
their production is not seasonal and they can be harvested
daily [12]. The oil yield from algae is estimated to be
5.8 l m¡2, which is nine times higher than the best oil yield
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crop (palm 0.595 l m¡2) [7, 8]. However, microalgae as a
feedstock for biodiesel are currently more expensive than
traditional agricultural crops and further R&D is required to
reach the market. Two of the key factors in microalgal pro-
duction are low productivity and high labor and harvesting
costs [6]. The use of fully controlled photobioreactors and
fermenters allows a reduction in labor costs. An operating
cell concentration of 0.5 g/l is widely reported in open
ponds, whereas cell concentrations above 5 g/l have been
reported in a closed thin photobioreactor [25]. Several hun-
dred tons of microalgae have been produced annually at a
cost of over 10 D/kg [4]. In terms of scale, productivities
and costs, microalgae biomass production technology must
advance in magnitude to be considered as an alternative
fuel source [4]. Several technical and physiological diYcul-
ties associated with the supply and distribution of light and
carbon dioxide to the photosynthetic mode of cultivation
have been described [16]. High light intensities combined
with low biomass concentrations could be detrimental to
photosynthetic cultures due to photo-inhibition and photo-
oxidation. Low light intensities and/or high biomass con-
centrations enhance endogenous biomass consumption by
respiration. Both situations are common in outdoor mass
cultures, inducing low productivities.

Carbon dioxide may be supplied by blowing air into the
photobioreactor, but the carbon dioxide content in the air is
only 0.04%, making dense cultures C-limited, as microal-
gae need 2–5% of carbon dioxide for their optimum
growth. Soeder [24] estimated US$2,000 for pure carbon
dioxide to produce 1 ton of dry algal biomass. Flue gas can
be used as a cheap carbon dioxide source, but SO2, NOx and
VOC may cause microalgae growth inhibition [15]. How-
ever, to remove the toxic pollutants in Xue gas is quite
expensive.

Some microalgae assimilate and thus utilize organic
carbon as an energy source for growth in the dark (hetero-
trophy) or combined with CO2 uptake under light (mixo-
trophy), oVering the possibility of increasing cell
concentration (up to 40 g/l) and productivity [16]. It is
widely observed that the maximum speciWc growth rate of
algae increases in the following order: heterotrophy, auto-
trophy, and mixotrophy. Mixotrophic cultures exhibit high
cell densities and speciWc growth rates and thus, higher bio-
mass output rates [17].

Heterotrophic cultures are denser (up to 100 g/l) and,
according to Lee [16], projected costs of producing algae in
industrial fermenters seems to be approximately ten times
lower when compared to the conventional autotrophic culti-
vation mode. On the other hand, dense heterotrophic cul-
tures are often oxygen-limited. The aeration conditions are
of crucial importance for cell growth as the speciWc growth
rate decreases when the cells grow under restricted supply
oxygen conditions. Moreover, oxygen transfer is likely to

be a limiting factor during a commercial-scale high-cell-
density cultivation of heterotrophic microalgae, leading to a
decrease in process productivity. In such conditions, to
maintain aerobic conditions, a very high stirrer speed has to
be maintained during much of the process, resulting in
power input increase and increased costs. Cell proliferation
of microalgae can be negatively aVected by mechanical agi-
tation due to severe shear stress, which is the way generally
used to improve mass transfer in submerged fermentations
[13].

Another solution was suggested by Pack [22], who
claimed a method for producing economically biomass of
microalgae and Wsh, by establishing a symbiotic relation
between the above two organisms in a culture pond
exposed to sunlight or artiWcial illumination.

This symbiotic approach could be extended to any mic-
roalgae capable of growth under hetero and autotrophic
nutritional modes, particularly, microalgae belonging to
Chlorella Genus, such as Chlorella protothecoides, which
have been recognized as a good lipid producer for biodiesel
[19, 20].

According to the present work, extra dissolved carbon
dioxide required for the growth of photoautotrophic micro-
algae is supplied through respiration of heterotrophic mic-
roalgae. The use of CO2 from microalgal respiration as
carbon source for autotrophic microalgal biomass produc-
tion has particular signiWcance in three aspects: (1) low-
cost C source; (2) C source of universal supply; (3) toxic-
ity-free C source. This is in sharp contrast to the produced
microalgae using Xue gases as carbon dioxide source: any
use besides oil for biodiesel, such as carotenoids for the
feed, food and pharmaceutical markets, may face too strong
politico-social resistance. Furthermore, part of the oxygen
needed for the respiration of heterotrophic microalgae
is supplied through photosynthesis of photoautotrophic
microalgae.

The aim of this work is to demonstrate the symbiotic
eVect of the association of two bioreactors, a photoautotro-
phic and a heterotrophic one.

Materials and methods

Microalgal strain

The microalgal strain used in this study was Chlorella prot-
othecoides strain 25 from the UTEX Collection (Texas
University of Austin, USA).

Medium

Heterotrophic and mixotrophic Chlorella were cultivated in
a simple organic medium containing per liter: 18.2 g
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glucose, 2 g yeast extract and 3 g Red Sea salt. The pH was
adjusted to 7.2 by adding NaOH. This medium decreases
production costs and gives demonstrably equivalent results
to a microalgal standard medium (unpublished results). To
prevent contaminations, a mixture of three antibiotics was
added: chloramphenicol 5 mg/l, penicillin-G 62 mg/l, and
streptomycin 100 mg/l previously Wlter sterilized. The use
of antibiotics did not aVect Chlorella growth rate and maxi-
mal biomass density (unpublished results).

Autotrophic Chlorella was cultivated in an inorganic
medium containing per liter: 1.25 g KNO3, 1.25 g KH2PO4,
1 g MgSO4·7H2O, 0.11 g CaCl2·2H2O, 0.5 g NaHCO3,
0.1 mg FeEDTA·3H2O, and 10-ml trace elements solution
[26]. The trace elements solution contained per liter:
286 mg H3BO3, 154 mg MnSO4·H2O, 22 mg ZnSO4, 5 mg
CuSO4, 6 mg Na2MoO4·2H2O and 8 mg CoSO4·6H2O.

All media were sterilized before inoculation.

Cultivation

The glass bubble column bioreactor is often used for micro-
algae autotrophic cultivation and was easily adapted for
heterotrophic and mixotrophic cultivation.

Five of these bioreactors were used to grow Chlorella in
three diVerent modes: two autotrophic, two heterotrophic
and one mixotrophic growth.

Four of them were associated in pairs by connecting the
gas phase from the Wrst to the second: one group was an
autotrophic bioreactor (a) that had its gas exit connected to
the gas inlet of an heterotrophic bioreactor (H); another
group was an heterotrophic bioreactor (h) that had its gas
exit connected to the gas inlet of an autotrophic bioreactor
(A). The Wfth bioreactor was standing alone. Atmospheric
air (compressed) was supplied to the Wrst bioreactor in each
group association and to the mixotrophic bioreactor
(Fig. 1).

We designate the bioreactors that were receiving atmo-
spheric air as control bioreactors (a, h, mixo) and the ones
receiving air enriched with CO2 or O2 as symbiotic bioreac-
tors (A, H, respectively).

Each bubble column bioreactor was Wlled with 810 ml of
the respective medium and 90 ml of inoculum. Two sorts
of inocula were used: one obtained from a 3-day growth of

heterotrophic Chlorella incubated in Erlenmeyer at 28°C
and 180 rpm; another obtained from a 5-day growth of
autotrophic Chlorella incubated in bubble column at 28°C
and 180 rpm. All cultures were axenic. Microscopic obser-
vations were done daily during the growth to check for pos-
sible contamination.

The Wve bubble columns were incubated under low light
conditions (150 �E m¡2 s¡1). However, the ones containing
heterotrophic Chlorella (h) were covered with aluminium
foil to avoid light reaching the culture. The incubation
temperature ranged from 25 to 28°C. Air inXow was
750 ml/min.

Microalgae were harvested at the end of 7 days by cen-
trifugation at 5,000 rpm for 10 min at 5°C. The pellet was
Wrst freeze-dried and then grounded to powder in a mortar
prior to analysis.

Analytical methods

Growth analysis

The growth of Chlorella was monitored daily by determi-
nation of dry weight (DW) after Wltering 10–15 ml culture
medium with a cellulose nitrate Wlter and drying 24 h at
100°C and by measuring the optical density at 540 nm [2].
Both measures were made in duplicate.

Determination of fatty acid composition

Fatty acid composition of Chlorella after 7 days growth
under diVerent cultivation modes was analyzed by gas
chromatography. The fatty acids were transesteriWed by the
method of Lepage and Roy [18] with modiWcations prior to
GC analysis. To a sample of Chlorella powder (100 mg)
2 ml of a mixture of methanol/acetyl chloride (95:5 v/v)
and 0.2 ml of internal standard solution from heptadecanoic
acid in petroleum benzin 60–80°C (5 mg/ml, Sigma) were
added.

The mixture was sealed in a light-protected TeXon-lined
vial under nitrogen atmosphere and heated at 80°C for 1 h.
The vial contents were allowed to cool down to room tem-
perature, diluted with 1 ml of water and 2 ml of n-heptane
and let stay for 15 min. The upper layer was recovered,

Fig. 1 A schematic representa-
tion of bubble column bioreac-
tors in two symbiotic 
associations of two bioreactors 
‘a ! H’, ‘h ! A’ and a stand-
alone bioreactor ‘mixo’
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then dried over anhydrous Na2SO4 Wltered and collected in
a vial, obtaining the fatty acid methyl esters. These were
analyzed by gas chromatography in a Varian 3800 chro-
matograph (Palo Alto, California, USA), equipped with a
Xame ionization detector (FID). Separation was carried out
in a 0.32 mm £ 30 m fused silica capillary column (Wlm
0.32 �m) Supelcowax 10 (Supelco, Bellafonte, Palo Alto,
California, USA) with helium as carrier gas at a Xow rate of
3.5 ml/ml. The column temperature was programmed at an
initial temperature of 200°C for 8 min, then increased at
4°C/min to 240°C and held for 16 min. Injector and detec-
tor temperatures were 250 and 280°C, respectively, and
split ratio was 1:50 for 5 min and 1:10 for the remaining
time. The column pressure was 13.5 psi. Peak identiWcation
and response factor calculation was carried out using stan-
dard GLC-462 (Nu-Chek-Prep, Elysian, Minnesota, USA).
Each sample was made in duplicate and injected twice.

Determination of lipid content

Nile Red Xuorescence (NRFL) was determined daily to
assess lipid content of microalgal cells [19].

Multi-parameter Xow cytometry used NR (Riedel de
Haën, Buchs SG, Switzerland) using a modiWed protocol
described by de la Jara et al. [9]. A working solution (10 �l)
of NR and acetone (0.033 mg/ml) was added to 1.305 ml of a
cell suspension »106 cells/ml (300 events/s). This mixture
was gently submitted to vortex and incubated for 2 min at
37°C in darkness. NR Xuorescence was determined using a
FACScan Xow cytometer (Becton-Dickinson Instruments,
Erembodegem, Belgium) equipped with a 488-nm argon
laser. Upon excitation by a 488-nm argon laser, NR exhibits
yellow–gold and red Xuorescence when dissolved in neutral
and polar lipids, which are detected by the FL2 and FL3
channels, respectively. Non-stained cells were used as an
autoXuorescence control measured in FL2 and FL3 (AF2 and
AF3, respectively), which were always set to the same pre-
Wxed Xuorescence value, in all experiments. The total Xuo-
rescence (NRFL) corresponding to total cellular lipids was
determined as the sum of the ratios FL2/AF2 and FL3/AF3.

The lipid content in biomass was assumed to be propor-
tional to the total fatty acids obtained directly from transe-
steriWcation of microalgal powder according to previous
references [10, 14].

A correlation between FA% and NRFL was obtained in
this work, which was applied to the three diVerent modes of
growth. This correlation was then used to estimate the FA
content as the total microalgal lipid content.

Glucose determination

Glucose in the medium after separation of the cells was
analyzed by 3,5-dinitrosalicylic acid (DNS) assay [21].

Nitrate determination

The ultraviolet spectrophotometric method was used to
analyze nitrate in the medium after cells separation [1].

Productivity determination

The biomass productivity in batch was calculated as
P = (Xi ¡ X0)/(ti ¡ t0), at constant culture volume along the
time of experiment, and the lipid productivity was calcu-
lated as Lp = (Xi £ %FAi ¡ X0 £ %FA0)/(100 £ (ti ¡ t0)),
where Xi is the biomass concentration after a period of time
ti and X0 the biomass concentration at the beginning of the
experiment (t0); FAi is the biomass fatty acid content after a
period of time ti and FA0 the biomass fatty acid content at
the beginning of the experiment (t0).

Results and discussion

Heterotrophic, mixotrophic, and autotrophic growth

The growth of Chlorella protothecoides under the hetero-
trophic, mixotrophic and autotrophic conditions was suc-
cessful, as was in the symbiotic bioreactors. No
contamination was detected during the growth.

Chlorella protothecoides in the bubble column (Fig. 2)
reached its highest biomass concentration (7 g DW/l) in
both heterotrophic bioreactors, followed by the mixotrophic
bioreactor (5 g DW/l) and, lastly, by the autotrophic biore-
actors, that reached only 2 g DW/l.

DiVerent cellular densities from autotrophic to heterotro-
phic and mixotrophic cultivations were used at the begin-
ning of the trials. Under the photoautotrophic mode of

Fig. 2 Chlorella protothecoides growth in bubble columns for three
diVerent cultivation modes: mixotrophic mode (mixo), heterotrophic
mode (‘h’ and ‘H’), and autotrophic mode (‘a’ and ‘A’). The average
STDEV was § 0.13 g/l
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cultivation, growth could be limited by light due to the self-
shading eVect; therefore operation at low cellular densities
in these bioreactors was used (initial cellular density: 0.1 g
DW/l). Nevertheless, the heterotrophic mode of cultivation
allows the use of higher cellular densities, because it is
independent on light intensity (initial cellular density: 0.6 g
DW/l). The same cellular density was used for the mixo-
trophic cultivation.

The mixotrophic cultivation depicted the fastest speciWc
growth rate (0.0402 h¡1) among the Wve cultivations; auto-
trophic cultivation (�a = 0.0371 h¡1, �A = 0.0392 h¡1)
showed a closed second speciWc growth rate and the hetero-
trophic cultivations had the slowest growth rate
(�h = 0.0258 h¡1, �H = 0.0278 h¡1). This order is in accor-
dance with Yuan-Kun Lee [16] who stated that the
maximum speciWc growth rate of algae, cultured heterotro-
phically on simple sugars, is lower than that of photosyn-
thetic cultures. The mixotrophic speciWc growth rate was
the highest of all, which happens to be also in agreement
with the same author that wrote up speciWc growth rate of
the mixotrophic culture is approximately the sum of those
under photoautotrophic and heterotrophic conditions,
because respiratory and photosynthetic metabolisms oper-
ate concurrently.

The symbiotic bioreactor had a speciWc growth rate
increase in comparison to the control bioreactor, due to the
positive eVect of the aeration becoming richer in O2 for the
heterotrophic culture and in CO2 for the autotrophic cul-
ture. The positive eVect of an extra supply of CO2 from the
heterotrophic bioreactor to the autotrophic is much higher
than that observed in the heterotrophic symbiotic bioreac-
tor; this may be explained by the relatively small CO2 par-
tial pressure (0.04%) in the air in the incoming Xow and a
signiWcant increase when leaving the heterotrophic bioreac-
tor. The partial pressure of O2 is high in the air and there-
fore the variation may not be as signiWcant as depicted in
the CO2 variation. For future work, the volume of the auto-
trophic reactor must be higher compared to the heterotro-
phic reactor in order to reXect the diVerences in cellular
densities, or the photobioreactor optical path should be nar-
rower in order to induce higher cellular densities, for the
same volume.

Glucose consumption

The heterotrophic bioreactor intake air enriched O2 from
the autotrophic bioreactor, depleted glucose, which
occurred after 6 days of growth (Fig. 3). The heterotrophic
bioreactor intake air (control) attained nearly the same
result 1 day later. The mixotrophic bioreactor consumed
only one-third (31.6%) of the initial glucose, but attained
the highest yield coeYcient on biomass to glucose
(Table 1). This yield does not take into account the carbon

consumption from CO2 that also takes place in the mixo-
trophic cultivation and so, the yield value is lower than that
obtained from heterotrophic cultivation.

Despite the apparent highest speciWc growth rate, the
mixotrophic cultivation attained the stationary phase after
48-h growth, compared to the others and, therefore the bio-
mass concentration after 7 days was relatively low. This
was the most eYcient process to produce biomass with low
glucose consumption, although it would take longer to pro-
duce the same amount of biomass as compared to any of the
heterotrophic cultivation, where a higher biomass concen-
tration was attained after the 7-day growth.

Nitrate consumption

The autotrophic cultivation intaking gases from the hetero-
trophic bioreactor, showed higher nitrate consumption than
the bioreactor intaking air (Table 2). The same trend was
observed in the produced biomass and in the yield coeY-
cient for biomass to nitrate consumption; the higher the
nitrate consumed, the higher the biomass produced and
therefore the higher the observed yield.

Fig. 3 Variation of normalized Nile Red Xuorescence and glucose
concentration during the 7-day period of growth for bioreactors. NR
Xuorescence (continuous line); glucose concentration (broken line)

Table 1 Glucose consumption and biomass yield at the end of the 7-
day period of heterotrophic and mixotrophic cultivation of Chlorella
protothecoides

Note that YX/S for the mixotrophic reactor is an apparent coeYcient, as
CO2 is also consumed

Bubble 
column

Glucose 
consumption 
(g l¡1 day¡1)

% Glucose 
consumption

Yx/s (g biomass 
DW/g glucose)

h 2.9 92 0.389

H 3.0 98 0.336

Mixo 1.0 32 0.672
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Nile Red Xuorescence and total lipid content

A correlation between the microalgal total lipid content
assayed by the established method (FA) and the NR Xuo-
rescence was obtained, analyzing cells collected after
7 days of microalgal batch growth. Data is shown on
Table 3, (FA%(w/w) = 0.132 £ NRFL + 3.77, R = 0.973).

After a 7-day growth period, a comparison of heterotro-
phic, autotrophic and mixotrophic Chlorella protothecoides
growth for lipid production revealed that heterotrophic pro-
duction achieved the highest fatty acid content at 23 § 1%
(w/w) (fatty acid/biomass DW), followed by the mixo-
trophic production (18.1 § 0.4%) and, lastly, the auto-
trophic production (4.9 § 0.2%) (Table 3). The low
autotrophic FA production could be due to an excess of
nitrate in the medium.

The measured Nile Red Xuorescence was proportional to
that of the total lipid content, which was nearly constant or
showed a slight variation during the autotrophic cultiva-
tions; however, a diVerent trend was observed during the
glucose cultivation. In the latter case, the Xuorescence
attained a maximum peak and then decreased, which was
followed by a decrease in the glucose concentration (Fig. 3).
Indeed glucose concentration was very low (2.7 g/l) in the
bioreactor, intaking enriched air after a 5-day period. Simul-
taneously, the Xuorescence started decreasing, which shows
evidence that glucose was likely used for lipid accumula-
tion. The heterotrophic bioreactor intaking air, showed that
glucose was exhausted only after a 7-day period, and that
the Xuorescence was lower in the last day of experiment.

The at-line Xow cytometric method used to assess the
microalga lipid showed strong advantages related to the
established methods for lipid analysis (fatty acids gas chro-

matography analysis [19], Bligh and Dyer method [5], or
soxhlet extraction [20]). The cytometric method is quicker
and accurate (each run analyzed 10,000 cells), does not use
organic solvents and uses small sample volumes in compar-
ison to the established methods.

Productivity

The variation of biomass productivity with time for each
bioreactor individually is represented in Fig. 4. It shows
that at the end of the assay the productivity was much lower
as compared to the maximum obtained at the beginning of
the assay for all the cultivations except for the autotrophic
control bioreactor. Both heterotrophic cultivations reached
their maximum biomass productivity on the fourth day, but
the productivity in the bioreactor intaking air enriched O2

was higher (1.27 g DW l¡1 day¡1) than the one intaking
only air (control bioreactor) (1.17 g DW l¡1 day¡1).

The mixotrophic cultivation attained the highest biomass
productivity (1.33 g DW l¡1 day¡1) in only 2 days, and
afterwards decreased signiWcantly, contrarily to the hetero-
trophic cultivations where the productivity decreased
slowly after reaching its maximum.

The daily fatty acid content (Fig. 5) was estimated from
the correlation between FA% versus NRFL, as explained
above, obtained from data in Table 3: FA%(w/w) =
0.132 £ NRFL + 3.77, with an R = 0.973.

The maximum lipid productivity for heterotrophic culti-
vations was attained on the Wfth day (Fig. 5), 1 day later than
the maximum biomass productivity for the same cultiva-
tions. The symbiotic bioreactor achieved double lipid pro-
ductivity compared to the control bioreactor. After that day,
lipid productivity decreased indicating that the Wfth day is
the time when harvesting should be done. At this point the

Table 2 Nitrate consumption and biomass yield at the end of the
7-day period of autotrophic cultivation of Chlorella protothecoides

Bubble 
column

NO3
¡ consumption 

(g l¡1 day¡1)
% NO3

¡ 
consumption (%)

Yx/s (g biomass 
DW/g NO3

¡)

a 0.053 45 3.9

A 0.069 54 4.3

Table 3 Fatty acid (FA) content in biomass and the corresponding
normalized NRFL for each cultivation

A linear regression was used to calculate the following correlation
[FA (% w/w DW)] = 0.132 £ NRFL + 3.77, R = 0.973

Bubble column NRFL 7th day FA/biomass % (w/w)

h 160.1 22 § 1

H 128.1 23 § 2

Mixo 97.7 18.0 § 0.4

a 13 4.9 § 0.2

A 13 4.9 § 0.1

Fig. 4 Biomass productivity variation for each individual bioreactor,
during the 7-day period
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biomass concentration is also close to the maximum 7 g
DW/l, attained with these experimental conditions.

The productivity of the symbiotic associations (a ! H,
h ! A) was calculated as the sum of the two individual
productivities divided by two, as the two bioreactors com-
prised in the association have the same volume; results are
shown in Table 4.

The biomass productivity of the two bioreactors associa-
tions (a ! H, h ! A) was higher (10 and 20%), than the
sum of the productivity of the two bioreactors operating
separately (controls), after 4 days of growth, when the max-
imum productivity was attained.

The lipid productivity of the association ‘a ! H’ was
90% higher than the sum of the productivities of the two bio-

reactors operating separately (controls), however, the associ-
ation ‘h ! A’ had the same lipid productivity as the control
(Table 4), on the Wfth day, when the maximum was attained.

If the two bioreactors had been inter-connected in a
closed loop (A , H), the biomass productivity gain would
be 30% and the lipid productivity gain would be 100% as
can be seen by comparing the productivities of the symbi-
otic association with the sum of the two bioreactors operat-
ing separately (controls) (Table 4).

The eVect is more remarkable on the fourth day because
all cultivations are still growing and have not achieved the
stationary phase yet. At this phase, microalgae are actively
growing and so, producing CO2 during respiration (hetero-
trophic bioreactor) or O2 during photosynthesis (auto-
trophic bioreactor).

These results show an advantage of the symbiotic associ-
ation of the two bioreactors over the separate operation.

In further scale-up studies with the symbiotic bioreactor
a photobioreactor is to be connected to a fermenter with
mechanical agitation and improved mass transfer between
the gas and liquid phase in order to obtain higher cellular
densities and productivities.

Fatty acid composition of microalgae oil

The total cellular fatty acid content was higher when
Chlorella was cultivated in glucose, and the heterotrophic
cultivation demonstrated (yielding) the highest values, at
22–23% (w/w) (Table 3).

With regards to the microalgae fatty acid composition
(Table 5) under diVerent nutritional modes, the heterotro-
phic oil (h and H) was mainly composed of oleic acid
(18:1�9 54–57%), linoleic acid (18:2�6 22%) and palmitic
acid (16:0 » 14%); the mixotrophic oil was quite similar,
however, the proportion of the oleic acid to linoleic acid

Fig. 5 Biomass fatty acid content and lipid productivity of mixo-
trophic and heterotrophic bioreactors, obtained from the NR Xuores-
cence correlation. Fatty acid content % (w/w) (continuous line); Lipid
productivity (g l¡1 day¡1) (broken line)

Table 4 Biomass and lipid productivity after 4- and 5-day period, for
each individual bioreactor, the three possible bioreactors associations
(‘a ! H’, ‘h ! A’ and A , H) and the sum of the controls

For each experimental condition for either individual bioreactors or
bioreactors associations maximal values are expressed in bold

Bubble 
column

Biomass 
productivity 
(g DW l¡1 day¡1)

Lipid 
productivity 
(g l¡1 day¡1)

4 days 5 days 5 days

h 1.17 1.16 0.349

H 1.27 1.24 0.687

Mixo 0.77 0.64 0.071

a 0.11 0.18 0.009

A 0.39 0.28 0.014

(Pa + PH)/2 0.69 0.71 0.348

(Ph + PA)/2 0.78 0.72 0.182

(PH + PA)/2 0.83 0.76 0.351

(Pa + Ph)/2 0.64 0.67 0.179

Table 5 Fatty acid proWle of total FA identiWed in biomass, after
7 days of growth, of the Wve diVerent cultivation modes of Chlorella
protothecoides

FA name FA % (w/w)

h H Mixo a A

14:0 2.5 2.1 2.4 0.3 1.0

14:1 0.2 0.2 0.3 0.2 0.8

16:0 14.8 13.7 15.8 28.6 27.2

16:1�7 1.8 0.7 1.4 1.2 1.5

18:0 3.2 2.3 3.3 1.5 2.8

18:1�9 53.9 56.9 38.7 26.2 16.5

18:2�6 21.9 21.8 34.8 13.9 15.4

18:3�6 0.2 0.4 0.1 13.5 3.1

18:3�3 1.2 1.6 3.0 14.6 31.1

20:0 0.2 0.3 0.2 0.0 0.7
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changed and showed a decrease in oleic acid to 39% and an
increase in linoleic acid to 35%. The autotrophic oil had
quite a diVerent composition, which showed a decrease in
oleic acid (26–17%) and in linoleic acid (15%), and an
increase in palmitic acid (28%) and in linolenic acid
(18:3�3 15–31%).

The heterotrophic and mixotrophic oils could be used
directly as a feedstock for biodiesel, as they comply with
the European Standard EN 14214 [11] that limits linolenic
acid methyl ester to 12% (w/w) for biodiesel vehicle use.
This is not the case for the autotrophic oil, and so an inter-
mediate process like blending the latter with other oils or
hydrogenation of the oil is necessary in order to overcome
this particular limitation.

Predictions for biodiesel properties from the raw oil FA
composition can be made according to Ramos et al. [23]
when undergoing a transesterWcation process. These
researchers found that the critical properties of biodiesel
corresponded to the cetane number, oxidation stability,
iodine value and cold Wlter plugging, which happens to
depend on the nature of oil.

These researchers concluded that oils having more than
50% of monounsaturated FA, 20% or less of saturated FA
and 30% or less of polyunsaturated (dienoic, trienoic) FA,
produced quality biodiesel which in turn complied with the
limits imposed by the European Standard EN 14214 [11]
for critical parameters. The heterotrophic oil obtained in
this research had this exact composition (Table 6) and
therefore, it had a suitable FA composition for biodiesel
production.

When comparing the heterotrophic oil with oils normally
used in producing biodiesel (Table 6), we can conclude that
it is quite similar to corn and rapeseed oil, and these are
also held within the area limited by the saturated, monoun-
saturated and polyunsaturated (dienoic, trienoic) FA com-
position, achieving quality biodiesel according to the
European Standard EN 14214 [11].

Conclusions

Chlorella protothecoides cultivated under heterotrophic
conditions achieved a higher biomass concentration, higher
fatty acid content, and higher lipid productivity when

compared to mixo- and auto-trophic cultivation conditions.
Furthermore, the fatty acid composition from Chlorella
protothecoides that was cultivated heterotrophically, was in
fact the most suitable for biodiesel production.

The symbiotic bioreactor, which is a photobioreactor or
a fermenter that takes air enriched from another bioreactor,
increased the biomass and oil productivity of the microalga
Chlorella protothecoides. This was due to an extra supply
of O2 in the fermenter and extra supply of CO2 in the photo-
bioreactor to the microalgal cells. Therefore, the limitation
of these substrates was avoided when cultures were dense.
The symbiotic bioreactor association lipid productivity was
greater than the sum of the productivities of the two biore-
actors operating separately. The production costs of micro-
algal lipids produced by each of the bioreactors making up
the symbiotic system will be lower in comparison to the
production costs of the bioreactor operating under the same
mode individually.

Moreover, the biomass produced does not have the Xue
gas contamination coming from the CO2 supply, and there-
fore the use of biomass or use of its by-products for food,
feed, cosmetic and/or pharmaceuticals is also possible with
little to no restrictions.

The symbiotic association oVers the possibility of
decreasing, or even eliminating, CO2 production from the
microalgae heterotrophic metabolism, by supplying the
photoautotrophic bioreactor with CO2.

It is theoretically possible to raise the dissolved CO2

content in the culture medium to the required level for opti-
mal autotrophic growth simply by modifying the cell den-
sity at the heterotrophic stage. The high cell density at the
heterotrophic stage requires a high rate of O2 supply. Such
requirements will be met by establishing high cell mass
density at the autotrophic stage. In future studies, the
autotrophic/heterotrophic reactor volume ratio should be
carefully designed in order to optimize the overall system.

The symbiosis concept applied to bioreactors associated
with two diVerent metabolic modes for cultivation was
demonstrated here as a feasible way of producing microal-
gae for biodiesel, which had a number of advantages over
the one metabolic mode of cultivation.

The concept could be easily extended to any heterotro-
phic culture connected to an autotrophic culture including
other promising Single Cell Oil producers such as yeasts.

Table 6 Comparison of FA composition grouped as saturated, monounsaturated, and polyunsaturated (dienoic and trienoic) from the diVerent oils
obtained and vegetable oils typically used to produce biodiesel [23]

FA % (w/w) h H Mixo a A Palm Rapeseed Corn

Saturated 20.7 18.4 21.6 30.4 31.7 44.7 6.5 8.0

Monounsaturated 55.9 57.9 40.5 27.6 18.7 46.4 65.3 66.4

Polyunsaturated (2,3) 23.3 23.7 37.9 42.0 49.5 8.9 28.3 25.3
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