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A B S T R A C T

Eukaryotic green microalgae hold potential as green-cell factories for the production of heterologous compounds 
such diterpenes. Previously, a C. reinhardtii UVM4 strain was genetically modified to express heterologous 
diterpene synthases (diTPSs) and the enzymes participating in the 2-C-methyl-D-erythritol 4-phosphate (MEP) 
pathway. In this work, bench-scale continuous production of manoyl oxide (MO) was performed to prove the 
technical feasibility of the production system and to estimate the MO production rates. Furthermore, the in
fluence of the operational conditions like biomass concentration, light availability, and the extraction capacity on 
the MO productivity was assessed.

In this work, we showed that it is possible to continuously produce/extract of manoyl oxide from a genetically 
engineered C. reinhardtii cultures in bench-scale photobioreactors, producing up to 6.7 mg l− 1 d− 1. Next, we 
analyze the influence of the culture conditions on the biomass and manoyl oxide production rates. We found that 
increasing the light intensity enhances manoyl oxide production but, if diterpenes are not efficiently extracted 
from the culture, the MO production is significantly hindered, decreasing 7.5 times in relation to the maximum 
production rate. From our experimental results, we conclude that the extraction capacity is one of the most 
important factors affecting the efficiency of MO production in microalgal cultures and, if the extraction process is 
not efficient, increasing the light availability in the culture has a minor impact on the MO productivity.

1. Introduction

Isoprenoids (also known as terpenes or terpenoids) are a large family 
of chemical compounds exhibiting an enormous variety in terms of 
structural and functional properties. Because of this diversity, they can 
take part in a wide range of biological functions: from photosynthesis to 
plant defense and signaling and membrane constituents [1]. Besides 
their natural functions, some isoprenoids are also economically inter
esting, as they might be used in the production of medicines, food ad
ditives, biocontrol agents, cosmetics, chemical building blocks, and 
biofuels [2,3].

Although high-value isoprenoids can be obtained from their natural 
source (mainly from the plant Salvia sclarea), their industrial production 
is expensive [4]. As an alternative, the production of heterologous iso
prenoids using genetically modified fermentative microorganisms like 
yeast and bacteria is also possible and shows several economic advan
tages [26]. In addition, biological synthesis is preferred over chemical 

synthesis because the last might display low yields and different stereo- 
specific orientations of the functional groups [5]. Lauersen et al. (2018) 
[6] demonstrated that C. reinhardtii cells have a remarkable potential for 
heterologous production of non-native isoprenoids. In that work, the 
diterpenoids casbene, taxadiene, and 13R(+) manoyl oxide were pro
duced after expressing heterologous diterpene synthases and enzymes 
participating in the 2-C-methyl-D-erythritol 4-phosphate (MEP) 
pathway. From lab scale experiments, it was concluded that microalgae 
might hold enormous potential as green-cell factories for the production 
of diterpenoids. Nevertheless, additional results at bench scale photo
bioreactors are required to prove the techno-economic feasibility of this 
technology.

Biomass cultivation is the starting point for the commercialization of 
industrial products from algae. When the desired product needs to be 
isolated from other cellular components, after cell density achieves the 
desired concentration, downstream process stages should follow. 
Downstream processing could involve harvesting, cellular disruption, 
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product extraction, and solvent recovery. These processes, in general, 
imply high energy-consuming steps, which directly impact the final cost 
of the product [7]. Biomass disruption is not only expensive but also 
brings associated to it, the necessity of producing high volumes of 
microalgae, demanding large photobioreactor volumes, and high costs 
associated with nutrient usage and energy consumption for biomass 
cultivation [8]. To avoid expensive downstream processes, the use of a 
“milking” process for in-situ extraction of compounds from microalgae 
has been assessed [9,10]. Milking is a cultivation method that allows the 
simultaneous production and extraction of hydrophobic compounds 
from cell suspensions. It involves a two-phase bioreactor containing an 
aqueous phase and an organic solvent phase. Cells are cultivated in the 
aqueous phase, where they produce the target lipophilic compound. 
This compound is extracted from the cells to an organic phase in contact 
with the culture in a continuous process. The milking approach becomes 
particularly relevant in the case of isoprenoids, as many—especially 
smaller molecules like manoyl oxide—can diffuse freely across the cell 
membrane into the aqueous phase, from which they must be efficiently 
removed. In this context, in situ extraction offers both technical and 
economic advantages by enabling continuous product removal and 
potentially reducing downstream processing costs. In situ extraction has 
great potential but can be limited in practice due to undesired side ef
fects [11]. Depending on the solvent choice, cells may be disrupted, 
leading to membrane destabilization and lysis, which affects cell 
growth. Additionally, emulsions can form during the extraction of 
lipophilic and amphipathic compounds, negatively impacting both cell 
propagation and downstream processing [12]. Continuous extraction, or 
“milking,” is particularly important if the accumulation of the product is 
inhibitory which could drastically reduce the overall productivity. [6].

The aim of this research was to study a potential process to produce 
and extract manoyl oxide (MO) from a genetically engineered 
C. reinhardtii strain in bench scale photobioreactors cultures. Three 
different experimental set ups were used to analyze the effect of the light 
intensity on biomass and manoyl oxide production rates. In the first set 
of experiments, the effect of light intensity on manoyl oxide production 
was assessed in Erlenmeyer flasks culture (Algaebator). Results showed 
no significant differences in terms of growth and manoyl oxide pro
duction when high and low light conditions were compared. In a second 
set of experiments, the process was scaled up to a 1.8 l flat panel pho
tobioreactor (Infors) under turbidostat control and included an external 
extraction system for continuous diterpene extraction. Since manoyl 
oxide productivities in the Infors system underperformed all Erlenmeyer 
cultures, a third set of experiments was performed in a 400 ml flat panel 
photobioreactor (Algaemist) to investigate the influence of the MO 
extraction capacity on the MO productivity. From all these experiments, 
we can conclude that though light availability influences MO pro
ductivities, the extraction capacity of the system needs to be optimized 
to achieve efficient production processes.

2. Materials and methods

2.1. Microalgae strain and inoculum

Chlamydomonas reinhardtii (B2) was gently provided by Kyle 
Lauersen (Lauersen et al. 2018). C. reinhardtii (B2) was genetically 
modified to produce 13R(+) manoyl oxide after expressing heterologous 
diterpene synthases and enzymes participating in the 2-C-methyl-D- 
erythritol 4-phosphate (MEP). For cell maintenance and inoculum pro
duction, microalgae were grown in 250 ml Erlenmeyers containing 100 
ml of Tris-Acetate-Phosphate (TAP) Medium [13]. Cultures were kept in 
a shake incubator at 25 ◦C with 0.2 % CO2 and 150 μmol m− 2 s− 1 of light 
intensity in a 16 h:8 h day-night cycle.

2.2. Algaebator experiments

Algaebator (Workshop Wageningen University, The Netherlands) is 

an incubator chamber designed for microalgal cultivations. In this sys
tem, microalgae are grown in 250 ml Erlenmeyer flasks with 100 ml of 
T2P 2 N medium. Mixing is achieved through agitation at the bottom of 
the flask using a magnetic stirrer. Initially, cultures were illuminated 24 
h with a light intensity of 150 μmol m− 2 s− 1 for two days. After one day 
of culture, a 10 ml of extraction solvent (dodecane) overlaye was added 
to the flasks. After two days of culture, the light was increased to 318 or 
636 μmolPAR s− 1 m− 2 for the low or high light conditions, respectively. 
Samples were taken daily for biomass and MO determinations. The 
contact area between the aqueous and dodecane phase in these experi
ments was 90.8 cm2.

2.3. Infors experiments

Microalgae were grown in 1.8 l Infors flat panel photobioreactors 
[14]. Temperature was set at 25 ◦C, pH set-point was 7.2, an airflow of 1 
LPM enriched with 2 % CO2 and a 16 h:8 h day-night cycle was estab
lished. Cultures were grown in T2P 2 N medium, a TAP modified me
dium with 2× phosphate and nitrogen concentrations [15]. After 
sterilization, the reactor was filled with sterilized medium and inocu
lated at an optical density of 0.05 (λ = 750 nm), equivalent to a biomass 
concentration of 23 mg l− 1. Cultures were grown in batch mode until 
stationary phase was reached. Immediately afterwards, the photo
bioreactor was shifted to turbidostat control. It was considered that the 
culture achieved a steady state, when the same biomass concentration 
was determined for, at least, a period of 3 residence times. During the 
batch operation phase, light intensity was gradually increased, from 50 
μmol m− 2 s− 1 to the final intensities used in each experiment (Table 2). 
The photobioreactor illuminated area was 0.047 m2. Once a steady state 
was reached, the culture was recirculated constantly between the pho
tobioreactor and an extraction vessel by means of a peristaltic pump 
(Watson-Marlow multi-channel peristaltic pump was used, model 205 U, 
15.3 ml min− 1). The extraction vessel consisted in a 500 ml Schott flask 
containing 200 ml of culture and 100 ml of extraction solvent (dodec
ane) (Fig. 1). The contact area between the aqueous and dodecane 
phases was 33.7 cm2.

Biomass concentration, CO2 availability, and the PFD (Photon Flux 
Density, μmolPAR m− 2 s− 1) were kept constant during the cultivation 
period. Both nutrients concentration in aqueous and extraction phase 
(dodecane) were assumed constant during each run for calculation 
purposes despite daily sampling. This assumption was based on the fact 
that sample volumes could be considered irrelevant (<1 ml) when 
compared to the dodecane volume in the extraction vessel.

2.4. Algaemist experiments

Similar to infors cultivations, microalgae were grown in a turbidostat 
mode in a 400 ml flat panel photobioreactor named Algaemist (Work
shop Wageningen University, The Netherlands) [16]. Culture condi
tions, experimental setup and procedures were the same as in Infors 
reactor experiments. Light intensities selected and biomass concentra
tions achieved in each steady state were different in each experiment 
(Table 3). The illuminated area of the Algaemist photobioreactors was 
0.028 m2. However, in these experiments, the extraction vessel con
sisted in a 250 ml Schott flask containing 100 ml of culture and 50 ml of 
extraction solvent (dodecane). The contact area between the aqueous 
and dodecane phases in these experiments was 23.8 cm2.

2.5. Biomass concentration

Culture growth was determined by optical density (λ = 750 nm) and 
dry weight measurements. Briefly, a sample of culture was filtered 
through pre-dried (100 ◦C overnight) and pre-weight Whatman glass 
fiber filter (GF/F; Whatman International Ltd., Maidstone, UK). After the 
filtration, the glass fiber filter containing the microalgal biomass from 
the sample was dried overnight at 100 ◦C and cooled down at room 
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temperature right before weighing. The following correlation (Eq. (1)) 
between the OD750nm and the biomass concentration was established 
(R2 = 0.993): 

Biomass concentration
(
gL− 1) = 0.4592 • OD750 nm. (1) 

2.6. Manoyl oxide concentration

The concentration of each sample (200 μl) containing manoyl oxide 
(MO) in the dodecane phase was determined using a GC-FID 7890A from 
Agilent using a RESTEK Rxi-5 ms column 0.25 μm (5 % diphenyl, 95 % 
dimethylpolysiloxane). The calibration curve was performed by means 
of a set of standard samples with a known concentration of manoyl oxide 
(100-50-25-10-5 mg l− 1) (Sigma-Aldrich) and correlating them with the 
peak’s area shown in the GC-FID chromatogram [15]. The temperature 
of the injector was 250 ◦C, a constant flow of 1 ml min− 1 of hydrogen at 
18.139 kPA was used as a carrier gas. The oven temperature was held at 
50 ◦C for 0.45 min, then raised to 120 ◦C at 22.04 ◦C min− 1, followed by 
6.61 ◦C min− 1 to 160 ◦C, later to 270 ◦C at 22.04 ◦C min− 1 which was 
held for 1 min. Finally, temperature was raised to 320 ◦C at 22.04 ◦C 
min− 1 and held for 5 min. The detector temperature was placed at 
325 ◦C. Areas of peaks with retention time related to manoyl oxide were 
then determined using the calibration curve.

3. Results and discussion

3.1. Preliminary experiments in Erlenmeyer flasks, Algaebator

This work started by reviewing the available information on the 
strain, which was developed and tested by Lauersen et al. [6]. Their 
results showed that a genetically modified Chlamydomonas reinhardtii 
strain (named as strain B2) can produce manoyl oxide (MO). In those 
experiments, a MO productivity of 7.14 mg l− 1 d− 1 was accomplished, 
using 16 h:8 h day:night cycles and CO2 as the sole carbon source 
(Table 1). The produced MO was extracted in situ by a dodecane over
layer in contact with the broth. Because of the high hydrophobicity of 

MO, it is assumed that it will be moved from intracellular membranes 
into the dodecane overlay, where it accumulates throughout the process. 
Another important conclusion drawn from the experimental data in 
Laeursen et al. is that MO production stops if the diterpene is not 
extracted from the culture media (i.e., product inhibition). On the other 
hand, when microalgae were grown without solvent (dodecane) in the 
culture, the amount of MO produced decreased 30,000 times compared 
to experiments under the same conditions but with dodecane (Table 1). 
The results of these experiments were used as a starting point to design 
the experiments of the current work.

Although the results described above show that C. reinhardtii B2 
might produce MO, it is not described how the culture conditions and, 
specially, light availability might affect the MO production rate. In the 
current work, we aimed to analyze how MO productivity and extraction 
rates are influenced by light intensity.

The influence of light availability was first analyzed in the Algae
bator. Cells of C. reinhardtii grown in Erlenmeyers, were exposed to two 
different light intensities: 318 (Low light intensity, L_D) and 636 (High 
light intensity, H_D) μmol m− 2 s− 1 (Fig. 2).

Our results suggest that increasing light availability displays a minor 
impact on MO production (Fig. 2). Under low light conditions (318 
μmol m− 2 s− 1), average biomass and MO productivities were 0.33 ±
0.06 g l− 1 d− 1 and 6.2 ± 0.5 mg l− 1 d− 1, respectively. Both results, ob
tained at different light intensities, are similar to the previous reported 
by Lauersen [6]. When the photon radiation flux was doubled (from 318 
to 636 μmol m− 2 s− 1), biomass and MO productivities remained the 
same, with values of 0.30 ± 0.06 g l− 1 d− 1 and 6.7 ± 0.6 mg l− 1 d− 1 

respectively. Chlamydomonas species can withstand high light intensities 
[17]. Both high and low conditions led to the maximum biomass pro
duction at the same time, leading to similar productivity. The reason for 
the lack of a difference could be due to light saturation. This is a common 
phenomenon in microalgae cultivation [18,19] and would explain why 
doubling the photon radiation flux showed little effect on productivity. 
Another possible explanation could be limited aeration in the flasks, 
resulting in reduced CO2 availability. For this reason, we proposed to 
scale up the process to 3 l and continue the investigation in thin flat 
panel reactors (Infors: 2 cm depth cultivation chamber), where light 
penetration wouldn’t be an issue even for the highest biomass densities.

3.2. Continuous production of MO in bench scale photobioreactor

Using light and CO2, microalgae can produce MO inside the chlo
roplasts and, to reach the dodecane phase, diterpene molecules need to 
be excreted from cells into the culture medium and then extracted into 
the organic phase. The cellular mechanism for the extraction of non- 
polar intracellular metabolites in bilayer bioreactor systems is still not 
completely understood [11,20]. However, considering the experimental 
results from the current and previous research, we propose a mechanism 
consisting in three steps: (1) compounds are produced inside the cells, 

Fig. 1. Experimental set-up used to continuously produce and extract MO from C. reinhardtii (B2).

Table 1 
MO titers for cultures with (DD+) or without (DD− ) dodecane from the work of 
Lauersen et al. (2018).

Culture parameter Units DD+ DD-

Dodecane volume [ml] 0.5 0
Culture volume [ml] 4.5 4.5
Biomass concentration [g l− 1] 0.050 0.099
Cell count [cell ml− 1] 3.53E+07 3.84E+07
MO conc. in the Biomass [mg g− 1] 0.036 0.050
MO conc. in the culture medium [mg l− 1] 0.015 0.039
MO conc. in the dodecane [mg lDD

− 1] 40.647 –
Total MO produced [μg] 20.6 6.24 × 10− 4
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(2) from the intracellular space they diffuse to the culture media, after 
which, (3) they are extracted into the organic phase by a liquid-liquid 
extraction process (Fig. 3).

To demonstrate the feasibility of continuous heterologous produc
tion and extraction of diterpenes from genetically modified microalgae, 
C. reinhardtii B2 strain was cultured in a flat-panel Infors photo- 
bioreactor under turbidostat control with a constant PFD (photon flux 
density) of 636 μmol m− 2 s− 1. This PFD was selected based on previous 
work [14]. Light intensity simulated the average outdoors light regime 
of 3 summer months (June, July, and August) for the last ten years at 
AlgaePARC (51◦59′44.1″N 5◦39′26.2″E) using the European Photovoltaic 
Geographical Information System (PVGIS). Details of the experimental 
set up can be seen in Fig. 1. Different turbidostats experiments were 
done, at different biomass concentrations: 0.79, 1.37, and 2.32 g l− 1 

(Table 3). A fourth experiment was included using a PFD of 1877 μmol 
m− 2 s− 1 and a biomass concentration of 2.01 g l− 1 in order to assess the 
performance under high light intensity [21]. The different PFD and 
biomass concentrations allowed different ratios of light/cell, i.e., the 
ratio between the PFD and the biomass concentration (Eq. (6)).

In a photobioreactor operated under turbidostat control, fresh media 
is continuously added to the bioreactor to compensate microalgae 
growth keeping the biomass concentration constant [22]. To avoid 
changes in the reactor volume, the same amount of media must be 
harvested from the reactor vessel. In this scenario, the total amount of 
MO produced in the photobioreactor will be divided into three fractions: 
the amount of MO extracted in the dodecane phase and the amount of 
MO that leaves the bioreactor through the harvest (thus, inside the cells 
and in the aqueous phase) (Fig. 3).

From the mass balances for the microalgae biomass and manoyl 

oxide in each phase, the following differential equations system emerges 
(Eqs. (1) to (4)). 

µx =
Q
VR

(1) 

dmDD
MO

dt
=

VR

VDD
KT mAQ

MO (2) 

dmAQ
MO

dt
= −

Q
VR

mAQ
MO −

Q
VR

x mX
MO − KT mAQ

MO + rEX (3) 

dmX
MO

dt
=

rMO

x
−

rEX

x
(4) 

where, µx

[
1
h

]

is the specific biomass growth rate; rEX

[
g

L h

]
is the manoyl 

oxide excretion rate; rMO

[
g

L h

]
is the manoyl oxide production rate, Q

[
L
h

]

is the medium flow rate, VR[L] is the total volume of medium in the 
reactor; VDD[L] is the volume of the dodecane phase in the extraction 

vessel; x
[

g
L

]
is the biomass concentration in the photobioreactor; mX

MO

[
g
g

]

is the concentration of diterpene inside the biomass; mAQ
MO

[
g
L

]
is the 

concentration of diterpene in the medium; mDD
MO

[
g
L

]
is the concentration 

of diterpene in the dodecane phase; and, KT

[
1
d

]

is a constant related to 

the liquid-liquid exchange area (a), the mass transfer coefficient (kT), 
and the partitioning constant (KEQ).

3.2.1. Effect of cell concentration and light availability on microalgae 
growth rate

In a photobioreactor operated under turbidostat control, the biomass 
specific growth rate (µx) can be calculated from the ratio between the 
flow rate and the reactor volume according to Eq. (1). The biomass 
productivity (rX) can then be calculated as the product of the specific 
growth rate (µx) and the biomass concentration (x). Comparing all 
experimental conditions performed in Infors photobioreactors (Fig. 4), it 
is possible to observe that the culture with a biomass concentration of 
1.37 g l− 1 reached the highest biomass productivities (rX) and the 
highest biomass specific growth rate (µX). The lowest biomass pro
ductivities reached in the photobioreactor with a biomass concentration 
of 0.79 g l− 1 might be related to photosynthetic inhibition inside the 
reactor, a well described phenomena [23]. On the other hand, at a high 
biomass concentration (i.e. 2.32 g l− 1), the light stratification inside the 

Fig. 2. Biomass (a) and MO (b) concentrations over time for cultures under High light intensity (H_D) and Low light intensity (L_D).

Fig. 3. Schematic representation of the steps involved in the production and 
extraction of MO from C. reinhardtii. MO is produced intracellularly (rMO) and 
excreted (rEX) to the liquid phase. Once in the aqueous phase, diterpenes are 
extracted through a liquid-liquid extraction process using dodecane as solvent.
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culture and the self-shading effect resulted in a lower light availability 
for cellular growth. Using those conditions, the specific growth rate (µX) 
and the productivity (rX) barely exceeded 0.05 d− 1 and 0.1 g l− 1 d− 1, 
respectively. Last, increasing the PFD three times (from 636 to 1877 
μmolph m− 2 s− 1) did not result in higher biomass productivity but, on the 
contrary, the biomass production rate turned out to be the lowest.

Results in Fig. 4 showed that under turbidostat conditions, a light 
intensity of 636 μmolph m − 2 s− 1 positively affected the biomass pro
ductivity and the specific growth rate in comparison to 1877 μmolph 
m− 2 s− 1. The maximum biomass productivity and specific growth rate of 
0.85 g l− 1 d− 1 and 0.62 d− 1 was achieved under 636 μmolph m − 2 s− 1 and 
a biomass concentration in the reactor of 1.37 g l− 1.

The specific growth rates (μ) obtained in this work, however, are 
lower than previous ones reported for Chlamydomonas reinhardtii wild 
type [24,25] but similar to the one previously reported by Lauersen et al. 
[6].

3.2.2. Effect of cell concentration and light availability on MO production 
and extraction rates

Photobioreactors experiments in this work were run in turbidostat 
mode to keep the biomass concentration in the culture constant. How
ever, in a system like the one described in Fig. 3, the concentrations of 
MO inside the cells (mX

MO), in culture media (maq
MO), and in the dodecane 

phase (mDD
MO) are not necessarily constant. The evolution of MO con

centration in the different compartments will be the consequence of four 
simultaneous processes as described in Fig. 3: the intracellular MO 
production (rMO); the MO excretion to the aqueous phase (rEX); the rate 

of MO extraction to the dodecane overlayer (dmDD
MO

dt ); and, the dilution rate 
of the reactor (Q/V). Changes in the concentration of MO in each phase 
can be modeled according to Eqs. (2), (3), and (4).

Experimental results showed that the MO concentrations inside the 
biomass, mX

MO, and in the aqueous phase, mAQ
MO, were different in each 

experimental condition (Table 2); but remained constant over time in all 
the conditions assayed during the turbidostat control phase (see Fig. 5a). 
In other words, manoyl oxide did not accumulate in the cells or in the 
culture media during the continuous phase of cultivation. With that, 
values of dmAQ

MO/dt and dmX
MO/dt in Eqs. (3) and (4) are equal to zero and 

Eq. (3) can be rearranged as 

rMO =
Q
VR

mAQ
MO +

Q
VR

x mX
MO +KT mAQ

MO (3́ ) 

With this consideration, the model is reduced to Eqs. (1), (2) and (3′). 
In the model, the values of mAQ

MO, mX
MO and x were experimentally 

measured; VR, VDD and Q are process parameters; dmDD
MO

dt can be calculated 
from the slope of mDD

MO vs. time (see Fig. 5a); and, KT and rMO can be 
calculated using Eqs. (2) and (3′) respectively.

The MO concentration in the dodecane phase increases linearly along 
the time in all assessed conditions. In Fig. 5a mDD

MO(t) and mAQ
MO(t) are 

plotted as function of time for the best case scenario for biomass pro
ductivity and specific growth rate (1.37 g l− 1). This trend is described by 
Eq. (2), where the term dmDD

MO/dt represents the slope of the plot 
mDD

MO(t) vs t (MO concentration in the dodecane phase vs time).

When the rate of MO extraction to the dodecane overlayer (dmDD
MO

dt ) is 
compared the concentration of MO in the aqueous phase (mAQ

MO) in the 
different culture conditions assayed in this research (Fig. 5b), it’s 

observed that the value of dmDD
MO

dt increases linearly with the MO concen
tration mAQ

MO. From these results, we can conclude that the use of the first- 
order equation used in Eq. (2) is consistent with the experimental re

sults. Furthermore, the parameter KT

[
1
d

]

in the differential equation 

system can be computed from the slope of Fig. 5 (a) and considering the 
volumes of the aqueous and dodecane phases according to Eq. (2). The 

value of KT

[
1
d

]

is presented in Table 2.

Two important conclusions can be drawn from these results: First, 
the fact that MO is not accumulated in the biomass implies that mX

MO 
does not change in time and therefore, MO production rate, rMO, is equal 
to the MO excretion rate, rEX (Eq. (4)). Second, due to the lack of MO 
accumulation in the aqueous phase, mAQ

MO does not change in time and 
the total MO produced can be divided in three fractions. These fractions 
can be identified as separated terms as seen in Eq. (3′): the MO extracted 
into the dodecane overlayer (KT mAQ

MO), the MO in the aqueous phase 
(Q/VRmAQ

MO), and the MO inside the cells (Q/VRx mX
MO). Thus, it’s 

possible to discern the contribution of these three fractions to the total 
MO productivity in each experimental set-up (Fig. 6).

From our results, it is possible to see that considering all three ex
periments at a PFD of 636 [μmol m− 2 s− 1] (Fig. 6), the culture conditions 
with the larger fraction of MO extracted into dodecane corresponds to 
the higher biomass concentration (2.32 g l− 1). However, in these con
ditions, the total MO produced (this is the addition of the three fractions) 
was the lowest. On the other hand, the maximum overall MO produc
tivity at a PFD of 636 was reached in the experiment with a biomass 
concentration of 1.37 g l− 1 (Fig. 6): 1.20 mg l− 1 d− 1. In this condition, 

Fig. 4. Biomass volumetric productivity, rX

[
g

L d

]
, and microalgae specific 

growth rate µX

[
1
d

]

in the Infors experiments.

Table 2 
Experimental results for the production and extraction of MO in the Infors 
photobioreactors.

x 
[
g l− 1

]
PFD 
[
µmol m− 2 s− 1]

dmDD
MO/dt 

[
g l− 1 d− 1

]
mAQ

MO [
g l− 1

]
mX

MO [
g g− 1]

KT 
[
d− 1

]

0.79 ±
0.09

636 1.02 × 10− 2 

± 9,0 × 10− 4
3.11 ×
10− 4 ±

4,4 ×
10− 5

1.54 ×
10− 3 ±

3,8 ×
10− 4

1.70 
±

0.26

1.37 ±
0.13

1.24 × 10− 2 

± 1.0 × 10− 3
3.30 ×
10− 4 ±

3,4 ×
10− 5

4.38 ×
10− 4 ±

1,0 ×
10− 4

2.32 ±
0.31

1.70 × 10− 2 

± 2,6 × 10− 3
4.51 ×
10− 4 ±

1,2 ×
10− 4

4.15 ×
10− 4 ±

6,2 ×
10− 5

2.02 ±
0.11

1877 3.16 × 10− 2 

± 2,6 × 10− 3
8.76 ×
10− 4 ±

0,9 ×
10− 4

1.85 ×
10− 4 ±

5,2 ×
10− 5
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the biomass growth rate was also the highest, resulting in the highest 
dilution rate. As a consequence, a substantial fraction of the MO was lost 
in the harvest, either inside the cells (black bars) or in the aqueous phase 
(gray bars).

When the cultivation was performed using a higher PFD (1877 μmol 
m− 2 s− 1; 2.01 g l− 1), the total amount of MO produced increased 25 % 
(from 1.20 to 1.60 mg l− 1 d− 1), when compared to the best condition at 
636 μmol m− 2 s− 1 (biomass concentration = 1.37 g l− 1) and up to 50 % 
(from 0.80 to 1.60 mg l− 1 d− 1) when compared to the others 636 μmol 
m− 2 s− 1 conditions (biomass concentrations = 0.79 and 2.32 g l− 1 

respectively). Although the concentration of MO in the aqueous phase 
was the highest in that condition, because of the low dilution rate, the 
fraction of MO extracted in the dodecane was the largest, corresponding 
to 98 % of the total MO produced. However, our MO titers are slightly 
lower than those published by Lauersen et al. [6], which may be due to 
the difference in culture conditions. In their best scenario, a batch 
cultivation was performed with 3 % CO2 as a sole source of carbon under 
a 16:8 light cycle (light intensity 100 μmol m− 2 s− 1), rendering 7 mg MO 
l− 1 d− 1 (vs 1.6 mg MO l− 1 d− 1 in our best case). However, it’s difficult to 

theorize and individualize the reasons behind this difference. Aside from 
the culture conditions, we determined biomass concentration (g l− 1) 
whereas they determined cell density (number cells ml− 1), making it 
more difficult to compare both results.

3.2.3. Effect of light availability and MO concentration on MO production
As mentioned before, it’s been demonstrated that, if MO is not 

removed from the culture media, the synthesis of this diterpene is 
inhibited, hindering the MO production [6]. To analyze the effect of the 
accumulation of MO in the aqueous phase, we compared the specific MO 
production rate (Eq. (5)) and the specific light availability (Eq. (6)), 
together with the aqueous concentration of MO in the PBR experiments 
(Fig. 7). 

µsp
MO =

rMO

x
(5) 

PFDsp

[
μmol
g s

]

= PFD
[

μmol
L m2

]

×
Illuminated PBR area [m2]

PBR volme [L]
×

1

x
[

gr
L

] (6) 

The variable µsp
MO in Eq. (5) represents the amount of MO produced by 

Fig. 5. (a) -(□)- MO concentration in the aqueous phase, maq
MO(t); and, -(◆)- MO concentration in the dodecane phase, mDD

MO(t), for the experiment with a biomass 
concentration of 1,37 [g l− 1]. The slope of the plot mDD

MO(t) vs t correspond to the parameter dmDD
MO/dt in Eq. (2). (b) dmDD

MO/dt vs mDD
MO(t) for all four experiments. 

Experimental conditions are specified in the plot as {x [gr l− 1]; PFD [μmolph m− 2 s− 1]}.

Fig. 6. MO productivities rMO

[
g

L d

]
considering the three different fractions: 

(□) MO in the dodecane phase; ( ) in the biomass; and, (■) in the aqueous 
phase for all culture conditions assayed.

Fig. 7. MO specific productivity, left axis, µsp
MO

[
1
d

]

, ( ); MO concentration in the 

aqueous phase, left axis, maq
MO

[
g
L

]
, (■); and, (□) specific photon radiation flux, 

PFDsp [μmol s− 1 g− 1], right axis, for the four Infors experiments.
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the cells. The variable PFDsp in Eq. (6) is related to the amount of light 
absorbed per gram of biomass in the culture. From these results (Fig. 7), 
it is possible to reach a better understanding of how light availability 
and the MO concentration in the aqueous phase influence the overall 
MO production rate.

When PFD is 636 μmol m− 2 s− 1, the biomass concentration and the 
aqueous concentration of MO increases simultaneously (gray boxes), 
whereas, the amount of light absorbed per gram of biomass (white box) 
and, the amount of MO produced per gram of biomass (black boxes) 
decreases simultaneously. These results suggest that the reduction in 
µsp

MO might be the consequence of the reduction in light availability, the 
accumulation of MO in the medium, or a combination of both variables.

When microalgae were cultured at larger PFD (1877 μmol m− 2 s− 1, 
biomass concentration of 2.01 g l− 1), neither the increase in the aqueous 
concentration of MO resulted in a proportional reduction of µsp

MO nor the 
increase in the light availability produced a proportional increase in that 
value. Although in that condition the amount of light available in the 
culture PFD was the largest from all four experiments, the amount of MO 
produced per cell, µsp

MO, was not the maximum. On the other hand, the 
concentration of MO in the media was the largest in that condition but 
the amount of MO produced per gram of biomass, µsp

MO, was not the 
lowest. This result might indicate that both parameters (maq

MO and PFDSP) 
are simultaneously affecting MO productivity. More light available in 
the culture stimulates the MO production but, the accumulation of the 
product in the aqueous phase also inhibits its own synthesis.

According to our results, both light availability and MO accumula
tion in the aqueous phase are key variables influencing the MO pro
duction rate. These factors also affect growth and other cellular 
processes, highlighting their biological relevance. To better understand 
their impact, further work is needed to develop models that describe and 
optimize microalgal growth and MO production kinetics—taking into 
account both light availability and MO accumulation in the aqueous 
phase.

3.3. Effect of the extraction area on MO productivity

The analysis of our results suggests that both the accumulation of MO 
in the aqueous phase and the light availability in the photobioreactor 
influence the overall MO production and the total amount of MO 
extracted in the dodecane phase (Figs. 6 and 7). Comparing the MO 
productivities obtained in flasks and PBRs, it is observed that flasks 
productivities were significantly higher, despite having lower light 
availability compared to experiments in photobioreactors.

Aiming at understanding how the extraction capacity of the systems 
favors the MO production, C. reinhartii was cultured in a 0.4 l flat panel 
photobioreactor (Algaemist Experiments). The difference in extraction 
capacity between this reactor and the previous PBRs is due to a change 
in the ratio between the liquid–liquid extraction area and the culture 
medium volume within the reactor. In this reactor, two different light 
conditions were tested. The biomass concentration in these experiments 
was adjusted to reach a similar value of PFDSP in both conditions. Thus, 
the first experiment was performed at 150 μmol m− 2 s− 1 and a biomass 
concentration of 0.6 g l− 1, resulting in a PFDSP of 17.5 [μmolPAR s− 1 

g− 1]. The second experiment was performed at 363 μmol m− 2 s− 1 and a 
biomass concentration of 1.29 g l− 1, resulting in a PFDSP of 19.67 [μmol 
s− 1 g− 1]. These values of PFDsp were kept in proximity to allow the 
assessment of the effect of the surface contact area on the productivity of 
MO.

In these two experiments, the total MO productivity reached a 
similar value (2.40 and 2.17 mg − 1 d− 1 for the first and second experi
ment respectively). This outcome was comparable to the results from the 
Infors reactors, showing that although the amount of light in the 
Algaemist bioreactors was lower, the MO production was significantly 
higher. Indeed, under Algaemist conditions, C. reinhardtii was able to 
increase the MO production up to 7.5 times.

The maximum MO productivity obtained in Infors reactors was 1.78 
mg l− 1 d− 1; under those conditions, the specific amount of light avail
able, PFDSP, was 43.9 μmolPAR s− 1 g− 1. A greater difference is observed 
when results in Infors reactor are compared with the experiments in 
Erlenmeyer flasks. In Erlenmeyer flasks, under a PFD of 318 and 636 
μmolPAR m− 2 s− 1, MO productivities were 6.20 and 6.70 mg l− 1 d− 1 

respectively. Experimental results for all experiments in the three 
different devices (Erlenmeyer, Infors and Algaemist) are listed in 
Table 3.

MO productivity in Erlenmeyer reached the maximum values and 
that increasing the radiation flux from 318 to 636 μmolPAR did not result 
in a significant increase in the amount of MO produced (Table 3). In 
Algaemist reactors, MO productivities were lower than the ones in 
Erlenmeyers and, having almost the same value in the PFDSP, the total 
MO productivity was similar in both experiments.

The observed differences between the different experiments and 
light intensities in terms of the MO productivities might be attributed to 
the extraction capacity of the production system, more specifically, to 
the extraction area for the dodeacane-media interface in each device. 
The extraction area is the surface of contact between the culture media 
and organic phase. The extraction area per culture volume (a [cm2 l− 1] 
= dodecane contact area [cm2]/culture volume [L]) can be calculate 
dividing the contact area and the total culture volume. In Erlenmeyer, 
the extraction area per culture volume (a) was the largest, with a value 
of 362.7 cm2 l− 1. When microalgae were cultured under a similar ra
diation flux (363 μmol m− 2 s− 1), but in Algaemist reactor, there was a 6- 
time reduction in the extraction area (a = 59.4 cm2 l− 1), and the MO 
production was significantly reduced. In Infors reactors, the area con
centration was the lowest, with a value of 18.7 cm2 l− 1 and an additional 
reduction in the MO productivity was observed. Regardless of the 
biomass concentration and the radiation flux selected, the values of the 
rMO in Infors reactors were the lowest among all the experiments even 
when a PFD of 1877 μmol m− 2 s− 1 was used.

Our results, therefore, confirm that the variation in culture condi
tions has a minor effect on MO production and that the average MO 
productivity in each reactor linearly increases with the volumetric the 
extraction area (Fig. 8).

Based on these results, a key conclusion can be drawn: optimizing the 
extraction capacity of the system is crucial for both the design of the MO 
production setup and the overall process efficiency.

4. Conclusions

In this work, we showed that the continuous production and simul
taneous extraction of MO from C. reinhardtii is technologically feasible. 
The process was demonstrated at bench scale photobioreactors in tur
bidostat control mode. We evaluated growth and manoyl oxide (MO) 
production under varying light intensities and analyzed how the sys
tem’s extraction efficiency impacts MO yields. The highest productivity, 
6.7 mg l− 1 d− 1, was achieved in Erlenmeyer flask cultures. While higher 
light intensity led to slight productivity gains, we observed that although 
increased light boosts MO production, ineffective extraction signifi
cantly limits it, reducing production rates by up to 7.5 times compared 
to the maximum. These findings indicate that extraction capacity plays a 
crucial role in optimizing MO production in microalgal cultures, and 
without effective extraction, additional light availability offers limited 
benefit to MO productivity. From this work, three key conclusions arise: 
the accumulation of MO in the aqueous phase and light availability in
fluence the MO production, the main factor determining MO production 
is the capacity of the production system to remove the diterpene from 
the aqueous phase, and, the design of the experimental device should 
assure the efficient removal of the produced diterpene.

CRediT authorship contribution statement
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