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Summary

MELiSSA (Microecological Life Support System
Alternative) is a developing technology for regenera-
tive life support to enable long-term human missions
in Space and has developed a demonstration Pilot
Plant. One of the components of the MELiSSA Pilot
Plant system is an 83L external loop air-lift photo-
bioreactor (PBR) where Limnospira indica (previ-
ously named Arthrospira sp. PC8005) is axenically
cultivated in a continuous operation mode for long-
periods. Its mission is to provide O2 and consume
CO2 while producing edible material. Biological and
process characterization of this PBR is performed by
analysing the effect of two main variables, dilution
rate (D) and PFD (Photon Flux Density) illumination.
A maximum oxygen productivity (rO2 ) of
1.35 mmol l−1 h−1 is obtained at a D of 0.025 h−1 and
PFD of 930 µmol m−2 s−1. Photoinhibition can occur
when a 1 g l−1 cell density culture is exposed to PFD
higher than 1700 µmol m−2 s−1. This process is
reversible if the illumination is returned to dim light
(150 µmol m−2 s−1), proving the cell adaptability and
capacity to respond at different illumination condi-
tions. Influence of light intensity in cell composition

is also described. Specific photon flux density
(qPFD) has a direct effect on phycobiliproteins and
chlorophyll content causing a decrease of 62.5% and
47.8%, respectively, when qPFD increases from 6.1
to 19.2 µmol g−1 s−1. The same trend is observed for
proteins and the opposite for carbohydrate content.
Morphological and spiral structural features of L.
indica are studied by confocal microscopy, and size
distribution parameters are quantified. A direct effect
between trichome width and CDW/OD ratio is
observed. Changes in size distribution are not corre-
lated with environmental factors, further confirms
the adaptation capacity of the cells. The systematic
analysis performed provides valuable insights to
understand the key performance criteria of continu-
ous culture in air-lift PBRs.

Introduction

For decades, projects envisioning sustained human explo-
ration of Space have focused the interest of researchers
and space agencies. Feasibility of long-term human explo-
ration missions, including permanent human bases on
Mars or the Moon will require advances in several enabling
technologies to guarantee their feasibility and safety,
including ECLSS (Environmental Control and Life Support
System). Among them, bioregenerative life support sys-
tems and technologies are called to increase self-
sustainability in Space by substantially reducing the needs
from regular food supply from Earth. In this context,
MELiSSA (Microecological Life Support System Alterna-
tive) was conceived as a bioregenerative ECLSS (Mer-
geay et al., 1988; Lasseur et al., 2010). It is inspired in a
terrestrial ecological system, reproducing its main func-
tions in separated microbiological compartments (Hen-
drickx et al., 2006). A total of six distinct compartments are
considered in the MELiSSA loop (Gòdia et al., 2004), with
the aim to provide the main functions of food supply, atmo-
sphere revitalization, water reclamation and waste recy-
cling. All of them are operated in continuous mode under
controlled conditions and connected to each other through
the corresponding gas, liquid and solid interfaces. The
overall approach is based on the use of defined microbial
cultures in each compartment and the generation of
knowledge-based mathematical models supporting the
design, monitoring and control of each one of the individual
compartments of the loop and the complete system.
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Long-term continuous ground demonstration is manda-
tory in any ECLSS previous to space adaptation and
adoption, in order to demonstrate its feasibility, effi-
ciency, reliability and robustness. The MELiSSA Pilot
Plant is a facility conceived to provide such integration
and demonstration. Its scenario is to produce the oxygen
needs of one human and 20%–40% of the food. A key
element is to find the optimum performance conditions of
each biological compartment to reach the production tar-
gets.
The work presented hereafter focuses on the process

and biological characterization of one of the compart-
ments in the loop: the photosynthetic bioreactor (C4a in
the MELiSSA loop). Even that the motivation of this work
arises in the context of the development of the Life Sup-
port System MELiSSA focussed on human Space explo-
ration, the results from it should also be of interest and
applicability in a much more general context of the use
of photobioreactors (PBRs) in advanced bioprocesses
based on photosynthetic microorganisms for the produc-
tion of added value chemicals, food components, waste
treatment and biofuels, among others Cultivation of the
cyanobacteria Limnospira indica (previously known as
Arthrospira sp. PC8005) takes place in an external loop
air-lift PBR in a continuous operation mode. One main
advantage of this type of bioreactor lays on avoiding
shear stress on cyanobacterial cells. Mixing is provided
by differences of density between the riser, where the
gas is sparged, and the downcomer. It creates a circular
flow circulation pattern in which the cells flow alterna-
tively through illuminated and non-illuminated zones of
the bioreactor (Vernerey et al., 2001; Barbosa et al.,
2003; Gupta et al., 2015). They are also interesting
because of their high mass transfer rate between gas
and liquid phases, avoiding accumulation of O2 and
enabling an efficient CO2 transfer (Miron et al., 2000).
The function of the air-lift PBR in the loop is to provide
oxygen and edible material. Indeed, L. indica was
selected because it is edible and has a high protein con-
tents. In the loop, the function of this compartment is
complemented by a higher plant chamber. Also as part
of the loop, the nitrification compartment provides the
necessary Nitrogen source for the growth of cyanobacte-
ria (Clauwaert et al., 2017).
Limnospira culture characterization and photosynthesis

capacity has received substantial research interest,
although most of the work has been performed at Erlen-
meyer flasks or lab-scale and in batch experiments.
Here, continuous operation of 83 L pilot scale bioreactor
is performed during long duration experiments. In such a
context, there is a need for a deep understanding of the
dynamics of the PBR operation when the culture is
exposed to changes in operational conditions. Particu-
larly, it is essential to characterize the biological

response of the culture when exposed to light and dilu-
tion rate variations. Indeed, these are the two main con-
trolled variables in the MELiSSA loop that are adjusted
by its predictive control system to achieve the desired
performance in terms of air revitalization and biomass
production (Poughon et al., 2009).
Extensive previous work has been done on the analy-

sis of the response of cyanobacteria when exposed to
high PFD (Photon Flux Density; Vonshak et al., 1996;
Tomaselli et al., 1997), also considering gene expression
level (Hihara et al., 2001; Muramatsu and Hihara, 2012).
It was identified as a potential limitation to reach high
productivities in open ponds systems since the very
beginning (Vonshak et al., 1988; Richmond et al., 1990).
Optimization of cultivation conditions for high pigment
productivities has also been reported (Rodrı́guez et al.,
1991; Begum et al., 2016). Light availability is often con-
sidered as only depending on light intensity, and the rel-
evance of the interaction with cell density has received
less attention.
This study aims to investigate the dynamics of L. indica

cultures under different illumination conditions as well as
the influence of long-term operation. Understanding of
these dynamics is a fundamental aspect in the MELiSSA
loop since inputs variables of each compartment must be
continuously adjusted to fit the needs of the crew. An inno-
vative approach regarding treatment of light availability is
presented: qPFD (specific PFD), defined in order to
assess the influence of both light intensity and cell density
on light availability and consequently, in culture perfor-
mance. This variable is considered of significant rele-
vance in continuous operation of PBR because light
availability becomes an output of the liquid flow and light
PFD provided by the illumination system. Further, the
effect of qPFD on different biomass composition parame-
ters should also be considered. In continuous cultures
operating at steady-state, the impact of the previous cul-
ture conditions on a given operation condition should also
be considered. Indeed, multiplicity of steady sates has
been observed in mammalian or bacterial cultures,
wherein different cells and product concentration can be
reached with the same operational conditions depending
on the conditions of the previous steady-state (Follstad
et al., 1999; Yongky et al., 2015). This phenomenon is
observed in this work, to the best of our knowledge, for the
first time in L. indica and is highly related to qPFD value.
Additionally, variations in cell size and morphology have
been reported in the literature to be an indicator of cell
response to fluctuations in environmental conditions (Kag-
gwa et al., 2013), specially related to stress. However,
morphology changes observed in this study are not corre-
lated with experimental conditions. These changes are
analysed as well as their consequences on online moni-
toring techniques of PBRs.
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Finally, the operational robustness of the PBR is a rel-
evant aspect for long-term operation in a bioregenerative
life support systems context, not only in a wide opera-
tional range, but also when exposed to extreme light
availability situations and its recovery capacity from
potential photoinhibition. Indeed, in the scope of the
MELiSSA loop, a high PFD scenario could occur if a
peak in O2 demand occurs. In this case, the control sys-
tem would increase the light up to its maximum to miti-
gate the lack of O2, The systematic analysis performed
in this work provides valuable insights to understand the
key performance criteria of continuous culture in air-lift
PBRs.

Results

Process performance under different light and dilution
rate conditions

The key operational variables influencing the perfor-
mance of a PBR are the dilution rate (D) and light inten-
sity (PFD), especially considering that the objective of its
operation in the context of MELiSSA is the production of
O2 and consumption of CO2 for atmosphere revitalization
and the production of edible biomass. A total of eight
conditions combining different values for D and PFD
were tested. One condition (D = 0.025 h−1; PFD =
932 µmol m−2 s−1) was tested four times at different
time points to analyse the reproducibility of results. The
summary of the tested conditions is provided in Table 1.
Between Runs 7 and 8 additional conditions were tested
as a response to the photoinhibition event further dis-
cussed. Figure 1 provides the results of O2 production
and cell density at steady state and during transitory
phases for each condition, in a continuous operation of
the PBR for a period of 180 days. Steady state is
reached in all conditions presented in Fig. 1A. Contrarily,
for the last period of Fig. 1B (days 137–171), a photoin-
hibition effect is observed after setting D = 0.025 h−1

and PFD = 1700 µmol m−2 s−1 (Run 7b) and

consequently steady state is not reached. This last per-
iod also includes Transition phase (D = 0.025 h−1;
PFD = 387 µmol m−2 s−1; days 151–164) and Recovery
(D = 0 h−1; PFD = 150 µmol m−2 s−1; days 164–171).
Values of oxygen and biomass productivities at steady
state are presented in Table 2, which also includes the
range of values obtained in Run 7b. The highest oxygen
production is obtained with a PFD of 932 µmol m−2 s−1

and a D of 0.025 h−1. Average production of 3.2 g h−1

and an average productivity of rO2 = 1.19 mmol l−1 h−1

are obtained, considering the four repeated conditions.
Maximum biomass productivity is also obtained under
these conditions because of high dilution rates (rx =
23.7 mg X�l−1 h−1), although at a lower biomass con-
centration at steady state (X = 0.95 g l−1). The highest
cell concentration (X = 1.65 g l−1) is reached in Run 5
(D of 0.01 h−1; PFD of 932 µmol m−2 s−1), but this high
value penalises O2 production because of the shadow
effect generated by higher cell density. Lowest oxygen
productivities are obtained for Runs 2 (D = 0.014 h−1;
PFD = 387 µmol m−2 s−1) and 3 (D = 0.025 h−1; PFD =
163 µmol m−2 s−1) with rO2 = 0.73 mmol l−1 h−1 and
rO2 = 0.4 mmol l−1 h−1 respectively. Such low productivi-
ties are explained by the lowest PFD. Run 3 also coin-
cides with the lowest cell density (0.32 g l−1). In
contrast, Run 2 reaches a cell density of 1 g l−1 even at
relatively low PFD because of lower dilution rate
(D = 0.014 h−1).
Repetition of condition at 932 µmol m−2 s−1 and

0.025 h−1 aims to understand if the conditions in one
given steady-state are affected by the conditions experi-
enced by the culture in the previous period. For this, the
same condition is repeated four times, but with different
conditions in the previous culture step. One-way ANOVA
analysis of results for the repeated condition (Runs 1, 4,
6 and 8) indicates that O2 production mean values are
significantly different (P < 0.05). The same effect is
observed on biomass concentration (P < 0.05). O2 pro-
duction for Run 4 is 13.6% lower than Run 1, followed
by 7% reduction in Run 6. Finally, a recovery is
observed in Run 8 where O2 production increases by
15% compared with Run 6. A new term is included in
the results, which is the specific PFD (qPFD). It is
defined as the amount of photons provided to the culture
per mass of cells. Influence of past qPFD (µmol g−1 s−1)
on the rO2 of a certain condition is analysed. Pearson’s
correlation shows that past qPFD has an effect on pre-
sent rO2 (r = −0.971; P < 0.05).

Reversibility of photoinhibition effect

The results presented in last period of Fig. 1B corre-
spond to a 30 days period where a photoinhibition phe-
nomenon is observed. On day 137, PFD is increased to

Table 1. Summary of tested conditions including values of manipu-
lated variables and starting and final culture day.

Run PFD (µmol m−2 s−1) D (h−1) Starting day Final day

1 932 0.025 10 22
2 387 0.014 22 40
3 163 0.025 40 50
4 932 0.025 50 62
5 932 0.010 62 88
6 932 0.025 88 99
7 1472 0.014 99 137
7b 1700 0.025 137 151
Transition 387 0.025 151 164
Recovery 150 → 300 0 164 171
8 932 0.025 171 177
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a maximum light power, from 1473 (Run 7) to
1700 µmol m−2 s−1, and D is as well increased from
0.014 to 0.025 h−1. In Run 7b, the rO2 shows a progres-
sive decrease from 1.00 to 0.88 mmol l−1 h−1 (Table 2)
with no stabilization, even after six HRT. The initial
decrease of biomass was expected because of higher
D, but a steady condition is never reached. A minimum
cell density of 0.66 g l−1 is reached during this condition.
However, the dynamics regarding rO2 differs from the
expected results and shows a decline. Stabilization of
oxygen production is never achieved, and all evidences
make clear the photoinhibition phenomena: biomass
wash out, rO2 drop, impossibility to reach steady state
and culture appearance. In Run 7b, the rO2 shows a pro-
gressive decrease from 1.00 to 0.88 mmol l−1 h−1

(Table 2) with no stabilization, even after six HRT. On
day 137, D was set at 0.025 h−1 and PFD at
1700 µmol m−2 s−1. The initial decrease of rO2 was
expected because of higher D, but a steady condition
was never reached. Indeed, during those days the broth
shows a yellowish colour (data not shown), which is an
indication of pigment degradation.

In order to investigate if this photoinhibition event was
reversible, on day 152, light was decreased to
390 µmol m−2 s−1 while D was kept at 0.025 h−1. As
presented in Fig. 1, the negative effect on rO2 and cell
density is still occurring and stability is not achieved
(from day 151 to day 164). True culture recovery only
occurs when the bioreactor is switched to batch opera-
tion mode (from day 164 to day 171) and PFD is set at
a low value of 150 µmol m−2 s−1. No immediate
response is observed on rO2 and biomass for the first
two days, but a significant change is appreciated in cul-
ture colour (from yellowish to green), which is a clear
indication of higher pigment content. Recovery of cell
concentration and rO2 takes place after further increasing
the PFD to 300 µmol m−2 s−1. The confirmation of recov-
ery from photoinhibition is obtained when biomass
reaches 1 g l−1, run 8 is started (PFD 932 µmol m−2 s−1;
D 0.025 h−1) and stability is reached after one HRT and
maintained during three additional HRT. In this condition,
rO2 reaches 1.22 � 0.03 mmol l−1 h−1 and is not statisti-
cally different (P > 0.05) than average rO2 from Runs 1,
4 and 6.

Fig. 1. Evolution of O2 production (g �l−1), online biomass absorbance and cell density (g �l−1) during the continuous cultivation carried out at
different dilution rates (D) and illumination levels (PFD).
A. Depicts results of Run 1 (0.025 h−1; PFD = 932 μmol �m−2 �s−1), Run 2 (0.014 h−1; PFD = 387 μmol� m−2 �s−1), Run 3 (0.025 h−1; PFD =
163 μmol �m−2 �s−1) Run 4 (0.025 h−1; PFD = 932 μmol� m−2 �s−1) and Run 5 (0.01 h−1; PFD = 932 μmol�m−2�s−1.
B. Depicts results of Run 6 (0.025 h−1; PFD = 932 μmol�m−2�s−1), Run 7 (0.014 h−1; PFD = 1472 μmol �m−2 �s−1), the culture behaviour during
photoinhibition and the recovery process until last Run 8 (0.025 h−1; PFD = 932 μmol �m−2�s−1).

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.

4 D. Garcia-Gragerapeiro et al.



L. indica composition

Table 3 presents the cell composition corresponding to
each steady state condition in the PBR operation as pre-
viously described. It focuses on pigments, protein and
CH content.
A wide range of pigment content is obtained along the

experiments for both PBPs and Chl a. The highest PBPs
content, 12.5%, is obtained for a qPFD of 6.1 µmol g−1-

s−1. The lowest PBP, 3.7%, is obtained for a qPFD of
17.6 µmol g−1 s−1. Same behaviour is observed for Chl
a with a maximum of 1.8% (qPFD 6.1 µmol g−1 s−1) and
a minimum of 0.7%–0.8% (qPFD 17.6–19.2 µmol g−1-

s−1). Carotenoid content ranges between 0.4% and
0.7%, but it shows a lower influence by light. Correlation
between qPFD and pigment content has been statisti-
cally analysed based on Pearson’s correlation. There is
a strong negative correlation between PBPs content and
qPFD (r = −0.888; P < 0.05). The same is observed for
Chl a content even at a stronger correlation (r = −0.936;
P < 0.001). Carotenoids do not show a significant corre-
lation with qPFD (r = −0.681; P > 0.05).
Among all PBPs, the main pigments generally found

in L. indica were analysed (PC, APC, PE). The most
abundant is PC representing in all conditions between
73% and 77% of the total PBPs composition, followed
by APC ranging from 20% to 24% of total PBPs. PE
presence is reduced to a level of 1%–4% of total PBPs.
L. indica is reported to reach PC, APC and PE content
up to 17%, 4% and 1% respectively (Bhattacharya and
Shivaprakash, 2005; Patel et al., 2005; Chen et al.,
2010). Additionally, no differences are found in the PC/
APC ratio, which is maintained between 3.1 and 3.9, in
agreement with previous reported data (Vonshak, 2002).
Special attention is focused on the dynamics of the

system during transition phases or conditions were
steady state is not reached. Figure 2 displays the evolu-
tion of cell composition during the 177 day experimental
period. Chla and PBPs both follows the same behaviour.
It is in agreement with the negative Pearson’s correlation
values previously obtained. The period between days
140 and 165 shows the lowest pigment content for PBPs
and Chl a. It coincides with previously reported photoin-
hibition period. Lowest content values for PBPs and Chl
a are 0.76% and 0.58%, respectively, in day 161. At this
moment, culture colour looks yellow-like (data not
shown) suggesting pigments degradation. Recovery of
pigment content is observed 24 h after decreasing the
PFD from 386 to 150 µmol m−2 s−1. PBPs increases
from 1% to 3.88%, and Chl a +carotenoids changes
from 0.8% to 1.1%. At the end of the recovery phase, on
day 171, PBPs and Chl a +caroteniods content reaches
11.3% and 2.51% respectively.
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Average protein and CH content for each steady state
is presented in Table 3. Protein content ranges from
42% to 55% depending on the condition. These results
are in agreement with previous work reporting protein
content between 40% and 70% (Ciferri, 1983; Vonshak,
2002; Masot, 2007). The highest value is obtained for
Run 7 (PFD 1472 µmol m−2 s−1; D 0.014 h−1), while the
lowest content is found in Run 6 (PFD 932 µmol m−2-

s−1; D 0.025 h−1). A statistical significant correlation
(Pearson’s method) between protein content and qPFD
is found (r = −0.82; P < 0.05). Maximum and minimum
PBPs fraction are 23% and 8.8%, respectively, which is
considerably lower than theoretical maximum of 50% out
of total protein. This can be explained by the relatively
low phycobiliprotein content (maximum of 12% for Run
2). Regarding CH content, the opposite behaviour than
protein is observed. High qPFD results in higher carbo-
hydrate amounts. Maximum carbohydrate content is
24.6% and corresponds to the maximum qPFD of
19.2 µmol m−2 s−1. The lowest CH content is 13% when
qPFD is 6.12 µmol g−1 s−1. Evidence of correlation
between qPFD and CH content is found (r = 0.925;
P < 0.05). Values are in accordance to previously
reported content of 10%–20% (Ciferri, 1983; De Oliveira
et al., 1999).

Cell morphology characterization and CDW/OD ratio

On-line monitoring of cell density was performed during
the 180 days experimental period. Figure 3 shows the
evolution of off-line absorbance, off-line CDW and the
optical biomass sensor signal (Dencytee®, Hamilton
Company, Bonaduz, Switzerland). The optimal perfor-
mance of the optical biomass sensor is proved by the
very accurate fitting between off-line and on-line absor-
bance values. In most cases, there is a good correlation
between optical measurement and off-line cell densities,
but a deviation in respect to cell density is observed in
some specific conditions. Among the different steady
state conditions, the highest CDW/OD ratio of
0.99 � 0.01 is obtained for Run 1. If all the test is con-
sidered (not only steady states), the highest CDW/OD
ratio value is observed in the transition phase (between
days 152 and 161) with a value of 1.00 � 0.05. The low-
est ratio value is observed in Run 7 with 0.67 � 0.01.
Average ratio during batch phase is maintained at
1.05 � 0.04. According to the last results evaluation,
CDW/OD ratio might depend on cell density. High cell
densities results in lower ratio and low cell densities
results in higher ratios values (r = −0.61; P = 0.047).
Microscopic observations enabled to obtain the distri-

butions of characteristic size parameters (Fig. 5) at dif-
ferent culture conditions (L: trichome Length; W:
trichome Width; C: coil counts; P: pitch). These resultsTa
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Fig. 2. Evolution of cellular composition of L.indica during continuous cultivation mainly affected by cell density and light intensity (PFD).
A. Shows the composition based on protein and carbohydrate content.
B. Focuses on pigment content: PBPs and chlorophyll. Content of Chl a and carotenoids is presented together.

Fig. 3. Changes in CDW/OD ratio observed from off-line and on-line cell density analysis. Ratio is not maintained constant and absorbance cell
dry weight values differs depending on tested condition. Initial period (1–10 days) corresponds to batch phase after inoculation.
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are presented in Fig. 4 for each steady state condition
and for additional conditions. Run 7b refers to period
where cells were exposed to maximum PFD
(1700 µmol m−2 s−1) and photoinhibition was observed
(time = 137–151 days); Transition corresponds to the

period where the culture was exposed to lower PFD
(386 µmol m−2 s−1) during photoinhibition (t = 151–
164 days); Recovery corresponds to the batch period
(t = 164–171 days) where photoinhibition was reversed
at 150 µmol m−2 s−1. Trichome Length (Fig. 4A) shows

Fig. 4. Normalised cell size distributions for different parameters estimated from fitting Equation (12) with experimental measurements. Distribu-
tions correspond to trichome Length (A), trichome Width (B), coil Counts (C) and Pitch (D), and are obtained from steady states of each run.
Run 7b, Transition and Recovery are representative from periods with photoinhibition (Run 7b and Transition) and recovery (Recovery). Run 4
data is not available.

Fig. 5. Illustration of morphological parameters in L.indica. Helix Pitch is considered as the distance between two consecutive coils. Real deter-
mination of this parameter is performed dividing the length of the trichome by the number of coil turns.
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a similar distribution for each condition. k values (indicat-
ing the area attained by 50% of the population) ranges
between 89.6 µm (Run 7b) and 117.2 µm (Run 2). The
highest trichome length is observed for the initial period
[Run 1 (k = 109 µm), 2 (k = 117 µm), 3 (k = 114 µm)].
No significant differences in trichome Length are found
between these three conditions (P > 0.05). Afterwards, a
decrease is observed for Run 5 (k = 98.5 µm) and the
minimum value is observed in Run 6 (k = 79.6 µm), fol-
lowed by a recovery for Run #7 until Recovery phase.
Again, no significant differences are observed between
Runs 7, 7b, Transient phase and Recovery phase
(P > 0.05). Finally, Trichome Length is recovered to ini-
tial levels (k = 113 µm) for Run 8. Bibliographical values
for Trichome Length can reach up to 3000 µm in some
outdoors cultivated strains, with a minimum of 100 µm
(Wu et al., 2005; Cheng et al., 2018). Trichome Width
distribution is presented in (Fig. 4B). The highest Tri-
chome Width results correspond to Run 1 (k = 20.5 µm).
Similar values are obtained in Runs 2 and 3, where
k = 19 µm in both cases. Then, a drastic decrease is
observed as distribution moves to lower values. Lowest
k occurs for Run 5 (k = 14.1 µm) and Run 7
(k = 13.6 µm). Finally, at the end of the experiment (Run
7b, Transition, Recovery and Run 8), the distribution
recovers the initial Width. Reported values for Trichome
Width in L. indica can be found between 20 and 100 µm
(Kaggwa et al., 2013), or even lower values (7–11 µm)
in some strains (Mühling et al., 2003). A third interesting
parameter is the Coil Counts. A similar pattern than that
observed for Trichome Length occurs for Coil Counts
(Fig. 4C). Highest counts are observed in Runs 1, 2, 3
(k = 4.1; k = 3.9; k = 4.4). Afterwards, coil counts
slightly drops from Run 6 up to Recovery phase showing
significant differences in the results than in the initial
scenarios (P < 0.05). At the end of the experiment (Run
8) coil Coil Counts recovers its initial value range

(k = 3.8). The last important parameter is the Pitch size,
which is the distance between two consecutives coils.
An opposite pattern than the rest of parameters is
observed. Lower Pitch is measured during the starting
conditions than at the end of the experiment. The lowest
value is observed in Run 6 (k = 24.7 µm). From that
moment onwards a progressive increase is observed
until reaching a maximum of k = 32.0 µm during Recov-
ery condition. Typical reported values of Pitch range
from 10 to 150 µm, (Wu et al., 2005) so the observed
data shows that Limnospira strain used here is in the
low range for Pitch size
The influence of previous parameters in CDW/OD ratio

was further analysed by a Person’s correlation approach.
The only parameter that shows a significant influence on
CDW/OD ratio is the Trichome Width (r = 0.935;
P < 0.001). Fitting of CDW/OD ratio with k values of each
size parameter are provided in Supporting Information
(Fig. S3). A linear correlation is observed. Higher ratios
are positively correlated with higher k values for Trichome
Width, meaning that wider trichomes causes CDW/OD
ratio to increase. Difference in Trichome Width is also evi-
dent in Fig. 6. It shows z-projection images from confocal
microscope that had been used during the analysis. Tri-
chome coil in image A is clearly wider than in B. A corre-
sponds to Run 1 with k = 20.5 µm, while B corresponds to
Run 7 with k = 13.6 µm. No significant correlation is found
between any other parameter and CDW/OD ratio
(P > 0.05). In relation to the parameter responsible of
CDW/OD ratio variability, which it is trichome Width, it
shows a significant correlation with cell density (r = −0.7;
P = 0.024). Wider coils coincide with lower cell densities.
The effect of the different process conditions on the

cell size parameters has been further analysed. Special
attention has been focused on qPFD, PFD and cell den-
sity. Correlation study between variables indicates that
no significance correlation is found between PFD and

Fig. 6. Z-projections from confocal microscope slices obtained from Run 1 (A), Run 7 (B). Average coil width obtained from size distribution
analysis is 20.5 and 13.6 respectively. These values were calculated from 120 cells obtained from different optical fields.

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.

Dynamics of Limnospira indica in photobioreactors 9



any size parameters. There is no linear correlation
(Pearson’s correlation) between qPFD and any size
parameters also (P > 0.05 in all cases). On the contrary,
a non-linear significant correlation (Spearman’s rho) is
found between qPFD and Length (P < 0.05). Higher
qPFD is correlated with lower trichome length.

Discussion

The obtained results evidence that D and PFD affect the
performance of the studied PBR in terms of O2 and bio-
mass production. The continuous operation of the PBR
was very stable and robust in the range of D from 0.01
to 0.025 h−1, illumination of 163–1472 µmol m−2 s−1.
However, the performance can differ for a given condi-
tion in a different time period. This finding suggests that
conditions experienced by the cells in a given period of
operation have an effect on culture performance in the
next period of operation. Indeed, similar phenomena
have been observed in bacterial (Silva et al., 2015) or
mammalian cell cultures (Mulukutla et al., 2015; Yongky
et al., 2015), and has been described as steady-state
multiplicity. It is generally related to the metabolic state
of the cells and can be directly affected by the intracellu-
lar concentration of metabolic enzymes that are deter-
mined by the past metabolic status of the cells. A new
term, qPFD, is identified as the key parameter governing
light availability to the cells. Our results prove that the
cell culture exposed to high qPFD tends to decrease O2

production rate in the next environmental condition. Such
behaviour might be explained by downregulation of light-
harvesting complexes under high qPFD (Muramatsu and
Hihara, 2012) to avoid accumulation of ROS, which
could have a counter effect on physiological state of the
cell when shifting from high to lower qPFD exposure.
Therefore, the observed results suggest that multiplicity
of steady-state in continuous operation can also occur in
the culture of cyanobacteria. To the best of our knowl-
edge, this is the first time that such observation is made
for cyanobacteria. Although no references have been
found regarding steady-state multiplicity in cyanobacte-
ria, a lot of work has been done regarding physiological
responses of these microorganisms to environmental
conditions. The most relevant are light changes, directly
affecting growth rate and photosynthetic activity (Mura-
matsu and Hihara, 2012; Chakdar and Pabbi, 2015). In
this sense, physiological state of the cells is reflected by
pigment content (Table 3). Low pigment content is a
response of the cell to high light energy absorbed to pre-
vent formation of reactive oxygen species (ROS; Chak-
dar and Pabbi, 2015). As PFD and D are the same for
Runs 1, 4, 6 and 8, the only factor that could explain
such physiological differences is the dynamic of the sys-
tem in transition phases from previous conditions.

Results also show the photoinhibition effect affecting
the cells. It was observed at a cell concentration lower
than 1 g l−1 (corresponding to a D of 0.025 h−1 and PFD
of 1700 µmol m−2 s−1) and a qPFD of 29 µmol g−1 s−1or
higher. From a kinetic point of view, a lot of research
has been undertaken in the last 15 years to develop
mathematical models for the prediction of volumetric
rates of biomass production (Cornet et al., 1998; Dau-
chet et al., 2015; Charon et al., 2016). It has been
defined that cells can be under a ‘Kinetic regime’ where
rX depends on cell concentration, or under ‘Physical limi-
tation regime’ where rX depends on light availability (Cor-
net, 2007). In the first condition, part of the light is
transmitted through the bioreactor volume and the trans-
mittance value is > 0%. It is likely that last situation is
the one taking place during the photoinhibition process.
In this case, the high P/2e− ratio imposes constrains on
cell metabolism leading to changes in biomass composi-
tion. P/2e− can even reach the theoretical limit of 1.7
when biomass growth is devoted only to exopolysaccha-
ride (EPS) production. In the second condition (‘Physical
limitation regime’) all the light is absorbed by the culture,
so the volume illuminated fraction (γ) is < 1. Conse-
quently, it is recommended to maintain a P/2e− ratio
below 1.5, which is ensured by γ < 1(Cornet, 2007). An
additional consequence of photoinhibition is the damage
of photosystem II (PSII). As PSII is involved in H2O pho-
tolysis (Z-scheme photosynthesis; Cogne et al., 2003a),
the macroscopic consequence is the rO2 drop, which
occurred here at the mentioned conditions (Run 7: PFD
1700 µmol m−2 s−1; D 0.025 h−1). Additionally, the fact
that steady state could not be reached for Run 7 also
supports the photoinhibition event.
Our findings also show that photoinhibition process

can be reversible. The cells recovered when the culture
was set in batch mode and PFD reduced to
150 µmol m−2 s−1 followed by a PFD 300 µmol m−2 s−1

after 2 days (Fig. 1B). Recovery of the cells was clearly
observed in the last condition. Although this might seem
a contradiction, it can be explained on the basis of the
cell dynamics. Initially, cells were exposed to very dim
light conditions (150 µmol m−2 s−1). During these two
days period (initial two days of the batch; days 164 and
165), reparation mechanisms would be active (Allakhver-
diev et al., 2005; Muramatsu and Hihara, 2012). How-
ever, at such low PFD cell growth might be physically
limited by light until PFD is doubled on day 166 (from
150 to 300 µmol m−2 s−1). Reversibility of the process is
demonstrated during Run 8. O2 production for this condi-
tion was not statically different than average production
from other conditions with same experimental parame-
ters (Runs 1, 4 and 6). It means that the performance of
the PBR is within the range observed for previous peri-
ods under the same illumination and flow rate conditions.
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Photoinhibition recovery was possible after switching the
PBR to batch mode. Considering the context of the
MELiSSA loop, it is characterized by uninterrupted oper-
ation of all the compartments in continuous mode. How-
ever, the fact that by exploring the limits of the operation
we found photoinhibition that needed a batch mode
operation time should not be read as that continuous
operation cannot be maintained. It should be read as
that continuous operation can be maintained by setting
the operation conditions out from the inhibition zone. In
case, by accident a photoinhibition conditions occurs, it
is demonstrated that the biological system shows a
recovery capacity that enables to resume the continuous
operation after an interrupted period of batch.
From the described results, it is concluded that cells

experienced photoinhibition in the PBR when growing at
a concentration lower than 1.5 g l−1 and were exposed
to high PFD (1700 µmol m−2 s−1). Photoinhibition pro-
cess in cyanobacteria, algae and higher plants has been
widely studied due to the increased interest in culture
intensification. It is known to be a complex mechanism
where the critical step is the activation of PSII (Allakhver-
diev et al., 2005). D1 is the main protein forming PSII.
During photoinhibition, D1 protein is affected and pro-
vokes a functionality loss of PSII. However, this is rever-
sible by de novo synthesis of D1 protein, resulting in a
high rate turnover light-dependent process (Mattoo et al.,
1989). Additionally, it has been demonstrated that low
temperatures might delay PSII repair (Jensen and Knut-
sen, 1993). In our case, temperature is kept constant at
36°C, which might have helped in the recovery process.
Cell recovery from photoinhibition occurred at

150 µmol m−2 s−1. This value is in the range of recom-
mended minimal PFD values of 50 µmol m−2 s−1 (Jen-
sen and Knutsen, 1993; Vonshak et al., 2000;
Allakhverdiev et al., 2005). Success of recovery might
be influenced as well by two elements. First, cells were
not irreversibly inhibited, so regeneration of PSII was
possible under such PFD considering 150 µmol m−2 s−1

is a relatively low value. Second, minimum cell density
was 0.5 g l−1, comparably higher than those reported for
other photoinhibition studies. In the same direction, for a
cell concentration of 0.17 g l−1 recovery from photoinhibi-
tion was possible at lower PFD than 150 µmol m−2 s−1

(Jensen and Knutsen, 1993). Therefore, the photoinhibi-
tion phenomenon is a complex mechanism where both
the light intensity and cell concentration are influencing
parameters. From the PBR operational point of view, the
main conclusion from the photoinhibition disturbance
experienced is that it must be ensured that the process
operates under a ‘Physical limited regime’ and all inci-
dent light is absorbed by the culture.
As discussed previously, what really influences the

behaviour of cyanobacteria under different light

intensities is light availability rather than the amount of
light. Light availability is directly proportional to the
amount of light and inversely proportional to the amount
of cells. Hence, it was considered that for better under-
standing of cell composition changes, qPFD is more suit-
able. Results described in Table 3 regarding CH and
pigments content together with correlations found
between them and qPFD corroborate that the main
physiological response of the cells to changes in light
availability is the regulation of the mechanisms elements
related to light absorption. This response aims to protect
the cell from the generation of ROS and from an excess
of generated energy (P/2e−). Decrease in Chl a is
directly related to the downregulation of PS I, as it
accounts for 80% of the total Chl a (Weiwen Zhang,
2018), while decrease in PBPs is linked to the downreg-
ulation of genes encoding for PBS subunits (Muramatsu
and Hihara, 2012; Weiwen Zhang, 2018). Irreversibility
of photoinhibition was probably avoided thanks to the
biological regulation of PSI content. It is known that
cyanobacteria downregulate their PSI content to avoid
the generation of significant amounts of ROS under high
light (Muramatsu and Hihara, 2012), as confirmed by a
lower Chl a content. A second factor that might have
contributed is the PFD value attained. In our case, PFD
maximum value was 1700 µmol m−2 s−1 when the pho-
toinhibition was detected, compared with 2500 µmol m−2-

s−1 for those cases where irreversible photoinhibition
has been reported (Allakhverdiev et al., 2005). These
results show the importance of analysing cell composi-
tion related to specific PFD rather than absolute PFD.
For example, when comparing Runs 4 and 5 PBPs con-
tent, it increases from 3.7% to 11.1% even the absolute
PFD is maintained at 932 µmol m−2 s−1. Indeed, this is
caused by the change in D from 0.025 down to 0.01 h−1

provoking an increase in cell density and consequently,
decreasing qPFD from 17.56 to 9.59 µmol g−1 s−1

respectively. The opposite effect was observed when
reversing the conditions and a D of 0.025 h−1 was
recovered in Run 6. In most studies there is a tendency
to analyse the cell composition and all the regulation ele-
ments involved depending on light intensity. The effect
of light availability has been mentioned by some authors
studies (Rodrı́guez et al., 1991; Begum et al., 2016), but
no quantitative analysis has been carried out. The light
availability approach might be useful for transient phases
where biomass concentration does not change signifi-
cantly in a short time frame. However, when it comes to
long-term operation in continuous PBRs, cell concentra-
tion changes are very relevant at different dilution rates.
In closed-loop life support systems, there are different
parameters to optimize: biomass production and compo-
sition, and O2 production. In these continuous systems,
if high PFD operation is fixed, it is possible to modulate
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the biomass response by changing the dilution rate and,
consequently, cell density.
Regarding pigment content, it followed the same trend

as cell density, confirming the strong dependence of pig-
ment synthesis with light availability (Fig. 2). In all transi-
tion phases, changes in pigment content were detected
within 1 or 2 days after setting the new illumination or
dilution conditions. Changes in molecular composition
where not assessed in this transition phases, since effort
was focussed on the analyses of steady-state conditions.
However, there is evidence in the literature that
response from Limnospira cells is reflected at composi-
tion level in < 5 h (Tomaselli et al., 1997). The lowest
pigment content coincided with the photoinhibition
phase. Their recovery was the first indication of cells
recovery from photoinhibition. These observations sup-
port that cell composition is the first parameter to be
affected before any change is observed at process level,
as no response was still detected in rO2 and cell density
(Fig. 1 day 164 to day 166). Pigment content of the cells
on day 171 confirmed the culture recovery from photoin-
hibition. The ratio between different types of PBPs
showed that no significant differences were found in PC/
APC (Table 3). Variability in PC/PE might be related to
the analysis deviation caused by the lowest PE content,
rather than changes in the ratio itself. Some authors
have reported changes in the PC/APC ratio of Syne-
chocystis due to changes in light intensity, mainly
because of reduction of PC synthesis to drop antenna
size (De Lorimier et al., 1992; Hihara et al., 2001). Other
studies focused on L. indica do not suggest any signifi-
cant variation in PC/APC ratio with light intensity (Nom-
sawai et al., 1999). This might indicate that changes in
PC/APC ratio to light intensity are species dependent.
In order to discuss the results related to protein and

CH content (Table 3), it is important is to consider the
light availability, rather than absolute intensity. Our
results are in agreement with literature, as the negative
correlation obtained between qPFD and protein content
proves the effect of low light availability, low qPFD, on
protein content. Most authors found a clear effect of light
intensity on protein content showing that high light inten-
sities causes drops in protein synthesis (Tomaselli et al.,
1997; Markou et al., 2012). Considering that PBPs con-
tent can account up to 50% of total protein (Nomsawai
et al., 1999), a reduction in PBPs synthesis as observed
here, should have been translated into a lower total pro-
tein content. However, the opposite result previously
described could be explained by a significantly lower
PBPs fraction out of total protein. Regarding CH, varia-
tion in CH content is normally related to stress condi-
tions. Nutrient limitation such as nitrogen or phosphorus
limitation, causes an increase of CH content as a way to
increase carbon feedstock (Markou et al., 2012;

Depraetere et al., 2015). In the presented results, the
increase of CH cannot be related to nutrient limitation
because nitrogen, phosphorous and sulphur were always
in excess. CH content could be potentially affected by
qPFD, since higher light availability causes accumulation
of intracellular CHs. Some authors already observed this
cell metabolic behaviour when comparing situations with
low light or high light (Tomaselli et al., 1997). Under high
light availability, resulting in a P/2e− ratio near 1.5, the
cells triggers the accumulation of EPS. It is understood
as a metabolic strategy to divert the energy excess of
produced by photosynthesis. As EPS are formed by
CHs (Ahmed et al., 2014), observing a high CH content
under high light availability is consistent with the metabo-
lism response of the cell described in the literature. From
an evolutionary point of view, such accumulation during
high light availability periods could serve as a feedstock
for protein and pigment synthesis during low light avail-
ability and it would result in higher photosynthetic effi-
ciency under light limiting conditions. However, these
initial hypotheses should be further investigated.
We showed that changes in CDW/OD ratio occurs

along the long-term cultivation. A significant negative
correlation was found between CDW/OD ratio and cell
densities. A possible explanation is the influence of cell
density in off-line OD measurement. However, this
hypothesis must be discarded because in the initial
batch phase (from day 0 to day 11), the ratio was main-
tained constant at R = 1.05 independently of the cell
density. The hypothesis proposed to understand this lack
of fit is based on the fact that changes in cell morphol-
ogy at different culture condition affect the radiative prop-
erties of the cell that are, in turn, reflected in the
spectrophotometric determinations (Dauchet et al.,
2015). In the presented results, Width was the responsi-
ble morphological parameter affecting the CDW/OD ratio.
Aside from the statistical result, no biological explanation
is found for this behaviour. From a radiative perspective,
trichome Width showed an influence in scattering proper-
ties of the cells. In case of wider coils, more light is scat-
tered and therefore, measured absorbance increases for
the same cell density. Cell shape and size distribution
have been identified as key aspects in finding the radia-
tive properties of photosynthetic microorganisms (Pilon
et al., 2011; Dauchet et al., 2015, 2016). In the case of
Limnospira, more difficulties were found to obtain a
radiative model that fits with experimental results (Dau-
chet et al., 2015) because of the spiral shape. However,
in addition, we proved that light availability not only influ-
ences the biological activity of the cells, but it might also
influence the trichome morphology. The influence of
environmental conditions (light, temperature, salinity, pH,
nutrients) on trichome morphology of Limnospira has
been reported in the literature. The main parameters
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affected by such variables are mainly the trichome
length and the helix pitch, as a morphological response
of cyanobacteria to stress conditions (Kaggwa et al.,
2013; Ogato and Kifle, 2014). Long trichome is normally
related to high vitality cells and growth rate, while short
trichome is related to cells under stress conditions or lim-
itations. An almost complete breakage of cells and helix
pitch decrease when exposed to high solar radiation
including UV-B for short (hours) and long periods (days)
has been reported (Wu et al., 2005). However, this
breakage was significantly reduced to 50% if UV-B is fil-
tered out. Such effects were observed in the literature
with cell density cultures between 0.33–0.78 g l−1. In the
presented study, reduction in trichome length was not
drastic and, even that a correlation was found, the mini-
mum length is 67% of the maximum. This observation is
coherent with the conditions used in the current experi-
ments, avoiding the UV region, and higher cell densities.
Several authors have reported changes in helix pitch
with exposure to high levels of solar radiation in open
ponds or in natural environments (Kaggwa et al., 2013;
Cheng et al., 2018). The data obtained in our work
demonstrate that even cells were photoinhibited when
exposed to high qPFD, this did not translate into signifi-
cant morphology changes, except for a minor decrease
in length. Additionally, spiral breakage is not clearly
observed, which is consistent with the reversible photoin-
hibition process. In some studies, spiral breakage has
been related to ROS accumulation (Ma and Gao, 2010).
From a process point of view, changes in trichome mor-
phology would present some implications in on-line
cyanobacteria biomass monitoring techniques. On-line
biomass monitoring is proved to be valid when morpho-
logical properties of the cells are maintained. If variations
in such properties occurs, then the on-line values might
be corrected with the information from off-line CDW/OD
ratios. Additionally, optical based techniques can be
complemented with sensors based on media permittivity,
such as capacitance probes (Kiss and Németh, 2016).
Hence, the use of different technology based sensors
could provide information about changes in cell morphol-
ogy.
The characterization of the continuous air-lift PBR

demonstrates the role played by the two main opera-
tional variables, PFD and dilution rate, in the reactor per-
formance. The identification of qPFD as an indication of
light availability allows to understand and predict the bio-
logical behaviour of the cells in the various experimental
conditions tested. Moreover, it has also resulted as a
key parameter determining the operational limits of the
PBR in order to avoid potential photoinhibition phenom-
ena. This is a significant advance in the MELiSSA loop
context, where robustness, reliability and reproducibility
of biological systems is a must. In view of such

possibilities, this scenario provides the opportunity to
optimize the performance of L. indica continuous culture
in closed-life support systems, where efficient processes
for food production and air revitalization are needed. In
addition to the importance of the presented work in the
field of Life Support Systems in Space within the
MELiSSA project, the knowledge generated in this
research it is as well of interest beyond. The potential of
photosynthetic processes and the associated bioreactor
development are receiving increased interest in diverse
applications ranging from added value chemicals produc-
tion, functional food components, advanced waste treat-
ment and biofuels, among others. Hence, the
characterization of intensive illumination in PBRs
described here could certainly be of general interest in
many of these applications.

Experimental procedures

Pilot plant PBR description

A 83 l external-loop air-lift PBR was used for L. indica
cultivation. Bioreactor construction details have been
described in previous work (Alemany et al., 2019). It
consists of two glass cylindrical sections of 15 cm diam-
eter surrounded by a LED-based illumination system.
For continuous operation of the bioreactor, the inlet feed
medium was pumped by a variable speed gear pump
(Lewa, EEC0002S11, Hispania S.L., Leonberg, Ger-
many) followed by a 0.2 µm filtration (MCY4440DFLPH4,
Pall Corporation, New York, NY, USA). Outlet flow is
regulated with a variable speed peristaltic pump
(Watson-Marlow 323Du, Watson Marlow Fluid Technol-
ogy Group, Wilmington, NC, USA). Inlet and outlet air
supply was regulated and measured by means of three
flow-metres and controllers (Bronkhorst, F-202D-FA,
Bronkhorst, Ruurlo, Netherlands).

Illumination system

PBR was illuminated by a specifically designed system
(Intravision, Oslo, Norway) with a total of 16 LED lamps
distributed around the two glass columns (eight lamps
per column). Each lamp was composed of 80 cool white
LEDs (LUXEON SunPlus 20 Line L1SP-
CW90002000000; Lumileds, San Jose, CA, USA). Light
intensity was regulated with a 0–10 V analogue signal
connected to the drivers (EUD-600S140DV, Invertronics,
China) providing a maximum electrical power of 2500 W.
Light PAR (Photosynthetic Active Radiation; 400–
700 nm) intensity was measured at the bioreactor sur-
face, in the glass-liquid interface, with a plane cosine
quantum sensor (Li-Cor 190R; Li-COR, Lincoln, NE,
USA). A maximum PPFD (Photosynthetic Photon Flux
Density) was 1700 µmol m−2 s−1. Additional information
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about the light intensity profile and light spectrum is
described in Supporting information.

Cell strain, culture media and culture conditions

Limnospira indica PCC 8005 was provided by SCK
CEN, Belgium. The strain was cultured in axenic condi-
tions in continuous mode. A medium based on modified
Zarrouk (Cogne et al., 2003b) was used. It consisted in
a composition as follows: 2.5 g l−1 of NaNO3, 1 g l−1 of
K2SO4, 1 g l−1 of NaCl, 0.1 g l−1 of MgSO4�7H2O,
0.04 g l−1 of CaCl2�2H2O, 0.01 g l−1 of FeSO4�7H2O,
0.08 g l−1 EDTA-2Na�2H2O, 0.5 g l−1 K2HPO4, 0.18 g l−1

of (NH4)6Mo7O2�4H2O, 1.81 mg l−1 of MnCl2�4H2O,
0.22 mg l−1 of ZnSO4�7H2O and 0.079 mg l−1 of
CuSO4�5H2O. Bioreactor was operated at 80 mbar over-
pressure. pH was controlled at 8.5 with the addition of
NaOH (1 M) and of H2SO4 (1 M) as required. CO2 was
supplied by continuous gas injection at 2%–3% in order
to maintain a TIC (total inorganic carbon) concentration
above 200 ppm in the liquid phase. A set of dilution
rates ranging from 0.01 to 0.025 h−1 and light intensities,
from 150 to 1700 µmol m−2 s−1 were tested. Each condi-
tion was tested until reaching steady state.

Biomass concentration and optical density determination

On-line and off-line monitoring of biomass was carried
out in parallel. An optical cell density probe (Dencytee®,
Hamilton Company, Bonaduz, Switzerland) measuring at
880 nm was used for on-line absorbance monitoring.
Biomass concentration was estimated off-line by cell dry
weight (CDW) determination. Culture broth of 25–50 ml
of were filtered through a 47 mm-glass microfibre
(GMFC-52047, Scharlab, Barcelona, Spain), dried at
105°C until constant weight. Additionally, biomass was
measured by optical density at 750 nm in an optical
spectrophotometer (UV–vis DR6000, Hach, Düsseldorf,
Germany).

TIC and nitrogen determination

Filtered fractions for biomass determination were used
for NO3

− and TIC analysis. Samples were diluted 1:100
with mili-Q H2O and NO3

− was analysed by spectropho-
tometry with LCK 339 kits (Hach, Germany). For TIC
determination a 1:5 dilution with mili-Q H2O was
required; 1.5 ml of sample were loaded to a multi N/
C2100S equipment (Analytik Jena, Germany). Two-
hundred microlitres sample from the sample were
injected into the acidic TIC reactor and 0.5 ml of H3PO4

at 10% were added to the chamber. CO2 generated from
the acidification was detected by the NDIR detector and
quantified by triplicate.

Gas analysis, O2 production and CO2 consumption

Outlet gas composition from the PBR was measured on-
line by an IR analyser for CO2 coupled to a paramag-
netic analyser for O2 (600 series, CAI, USA). Oxygen
volumetric production rate (g l−1 h−1) was calculated on-
line by the gas–gas-in–gas-out method:

rO2 ¼ðððF in�FCO2 Þ �0:2089�ðF out �O2out=100ÞÞ=22:4 �MWO2 Þ=VR

(1)

where Fin is the inlet air flow, FCO2 is the inlet CO2 flow,
Fout is the total outlet gas flow, O2out is the outlet con-
centration of O2 in %, MWO2 is the molecular weight of
O2 (32 g mol−1) and VR is the PBR volume (83 l).
CO2 consumption was calculated for each condition

considering on-line gas analysis and off-line TIC concen-
tration in the steady state. In such situation, no carbon
accumulation takes place and CO2 can be calculated in
mmol l−1 h−1 by means of the following material balance:

rCO2 ¼CO2Loutlet�ðCO2gastransferÞ (2)
rCO2 ¼CLout �DþF in �22:4ðXCOUT�XCINÞ (3)

where CLOUT is the carbon concentration (mmol l−1) in
the liquid outlet converted into CO2 by means of molecu-
lar weight, D is the dilution rate (h−1), Fin (l h−1) is the
bioreactor gas flow rate, XCOUT is the molar fraction of
CO2 in the outlet gas and XCIN is the molar fraction of
CO2 in the inlet gas.

Cell composition

Pigment, protein and carbohydrate (CH) content were
measured in every sample. Pigment analysis, including
phycobiliproteins (PBPs), chlorophyll (Chl a) and carote-
noids, was based on extraction and spectrophotometry
measures as follows.

Phycobiliproteins. Phycobiliproteins concentration was
estimated based on the method previously reported by
(Patel et al., 2005), with some changes. Fresh biomass
samples (by triplicate) were diluted to reach a concentration
in the range of 0.5 g l−1 in a final volume of 15 ml. Cell
suspension was further submitted to two cycles of flash
freezing in liquid N2 followed by thawing in a water bath at
37°C. Samples were incubated 1 h in the dark under very
soft mixing after adding a concentrated CaCl2 solution to
reach a biomass-CaCl2 ratio of 1:12 (g g−1). Two millilitre of
sample are collected for Chl ameasurement. The rest of the
sample was incubated one extra hour without agitation.
Finally, 2 ml of sample were centrifuged at 10 000 g for
1 min at 4°C (accuSpinMicro 17, FisherScientific, Hampton,
VA, USA) and the supernatant was collected and filtered
through a 0.2 µm filter (Millex; MerkMillipore, Burlington,MA,
USA) to remove any residual debris. The absorbance of
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phycobiliproteins in the supernatant was measured on a
UV–vis Spectrophotometer (DR6000, Hach) at wavelengths
of 562, 615 and 652 nm. C-PC (C-phycocyanin), APC
(Allophycocyanin) and PE (Phycoerythrin) concentration
were calculated using the following equations respectively
(Bennett andBogorad, 1973).

PCðg � l�1Þ¼ ðA615�0:474 �A652Þ=5:34 (4)

APCðg � l�1Þ¼ ðA652�0:208 �A615Þ=5:09 (5)

PEðg � l�1Þ¼ ðA562�2:41 �PC�0:849 �APCÞ=9:62 (6)

Chlorophylls. Samples collected in the previous
procedure after 1 h of incubation were centrifuged at
10 000g for 1 min at 4°C, the supernatant was discarded
and the pellet was resuspended with 80% acetone
solution until no biomass particles were observed.
Samples were centrifuged again at 10 000g for 1 min at
4°C (accuSpin Micro 17, FisherScientific) and the
supernatant absorbance was read at 470, 647 and
664 nm. Acetone at 80% was used as a reference. Chl
a and carotenoid content were estimated using the
following equations (Wellburn, 1994; Porra, 2002):

Chlaðmg � l�1Þ¼ 11:78 �A664�2:29 �A647 (7)

chlb ðmg � l�1Þ¼ 20:05 �A647�4:77 �A664 (8)
carotenoidsðmg � l�1Þ¼ ð1000 �A470�1:82 �chla85:02 �chlbÞ=198

(9)

Proteins. Protein content was determined by a modified
Lowry method (Masot, 2007). All analyses were
performed on lyophilized biomass, which was diluted
with water to reach 1 g l−1 initial cell concentration.
NaOH of 0.1 ml of 1N was added to 0.1 ml of cell
suspension and incubated for 10 min at 100°C. Samples
were then immediately cooled down and 1 ml of a
reagent, prepared with 50 ml of 5% Na2CO3 and 2 ml of
0.5% CuSO4�5H2O in 1% sodium potassium tartrate,
was added and mixed. One millilitre of 1N Folin-
Ciocalteu reagent was added and incubated in the dark
for 30 min. Standard solutions prepared with BSA (0–
800 mg l−1) underwent the same procedure. Optical
densities were read at 750 nm (DR6000, Hach).

Carbohydrates. Total CHs were analysed by the phenol-
sulphuric method (Herbert et al., 1971). A biomass
suspension with a final concentration of 0.5 g l−1 was
prepared from lyophilized biomass. Phenol of 0.2 ml at
5% was added to 0.2 ml of suspension, followed by the
addition of 1 ml of H2SO4 96%. Samples were incubated
for 10 min at room temperature and absorbance read at
488 nm (DR6000, Hach). Standard solutions prepared
with glucose (0–100 mg l−1) underwent the same
procedure.

Microscopic analysis

For each experimental condition, cell samples from the
steady state were collected for microscopic observation
by means of CLSM (Confocal Laser Scanning Micro-
scopy). CLSM was performed with a Leica TCS-SP5
(Leica Microsystems Heidelberg GmbH, Mannheim, Ger-
many) using the 63× (1.3 NA) plan apochromat oil
immersion objective. Red autoflorescence from thy-
lakoids was detected in the red channel (630–725 nm)
using one laser diode (561 nm). Twenty microlitres of
fresh samples were mounted on MatTek culture dishes
(MatTec Corp., Ashland, MA, USA). Fluorescence was
measured in x–y–z planes every 0.5 µm along the verti-
cal axis with 1 Airy confocal pinhole. Projections were
generated by the Fiji (IMAGEJ 1.52) software (National
Institutes of Health, Bethesda, MD, USA) for 3D recon-
structions by summing the intensities from all the z-
planes. These projections were used for measuring the
size parameters with the same software: length of the tri-
chome, number of coils and diameter of coils.

Size distribution analysis

Different size parameters were analysed from micro-
scopic images. A minimum of 120 cell counts were con-
sidered for each sample in order to obtain a
representative estimation of the real distribution. Analysis
did not only include steady state of each condition, but
also included samples during photoinhibition period and
recovery phase. The cell size parameters were fitted to
a classic S-type curve. Then, the normalized cumulative
cell distribution S was represented by the following
equation:

S¼ xa=ðkaþxaÞ (10)

where S is the cumulative cell parameter distribution, x
is the corresponding size parameter, k is the ‘half satura-
tion constant’ that indicates that half of the population is
under that value and a indicates the spread of the distri-
bution (higher a values indicate a narrower distribution).
Determination of a and k parameters for each sample
was done by fitting experimental results to Equation (10)
with Solver function (Excel, Microsoft Corporation, Red-
mond, WA, USA). The derivative of the previous equa-
tion gives the cell distribution and frequency for a
specific size as a continuous function.

s¼ dS=dx (11)

s¼ða �x ða�1Þ �kaÞ=ðkaþxaÞ2 (12)

Constants a and k were found for each size parameter.
Distribution was obtained for trichome length (L), tri-
chome width (W), coil count (C) and pitch size (P).
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Statistical analysis

One-way ANOVA analysis assuming differences in vari-
ances was performed to assess O2 production results
from repeated conditions (Runs 1, 4, 6 and 8 as further
described in the Results section). A significance value of
P < 0.05 was considered. Data did not follow a normal
distribution, but no transformation was needed as large
number of samples from each condition was used.
Games-Howell method (with a level of significance
P = 0.05) was used for multiple comparison after one-
way ANOVA analysis of the four types of size parame-
ters. Pearson’s correlation was used to study the influ-
ence of past qPFD on current O2 production values with
a level of significance P < 0.05. The same correlation
analysis was performed with the molecular composition
of the cell with a level of significance P = 0.05, where
the influence of light availability on pigments, protein and
CH content was studied. Pearson’s correlation and
Spearman’s rho was used for correlating cell size
parameters with potential influencing variables. All the
statistical analysis was performed with MINITAB 18.1 soft-
ware.

Nomenclature

a spread of size distribution (dimensionless)

C coil counts (dimensionless)

CLOUT outlet liquid CO2 concentration (mmol l−1)

D dilution rate (h−1)

FCO2 inlet CO2 gas flow (l h−1)

Fin bioreactor inlet gas flow (l h−1)

Fout bioreactor total outlet gas flow (l h−1)

HRT hydraulic residence time (days)

L trichome length (µm)

O2out outlet O2 fraction (%)

P pitch size (µm)

PAR photosynthetically active radiation. It
comprises light between 400 and 700 nm

PFD photon flux density (µmol m−2 s−1)

PPFD photosynthetic photon flux density
(µmol m−2 s−1). Referred to the PAR region
(400–700 nm)

PQ photosynthetic quotient (molO2�molCO2
−1)

qO2
specific O2 production (mmol l−1 h−1)

qCO2
specific CO2 consumption (mmol l−1 h−1)

qPFD specific photon flux density per unit of
biomass (µmol g−1 s−1)

r regression coefficient (dimensionless)

rCO2 CO2 volumetric consumption rate (mmol l−1 h−1)

rO2 O2 volumetric production rate (mmol l−1 h−1)

rX biomass volumetric production rate (g l−1 h−1)

S cumulative cell parameter distribution
(dimensionless)

t time (days)

VR bioreactor volume (l)

W trichome width (µm)

X biomass concentration (g l−1)

x size parameter (µm)

k half-saturation constant for a given size
parameter (µm)

XCOUT molar fraction of CO2 in the outlet gas
(mol mol−1)

XCIN molar fraction of CO2 in the inlet gas
(mol mol−1)

Greek letters
γ bioreactor volume illuminated fraction

(dimensionless)
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