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Chapter 1
Introduction and thesis outline

Chapter 1

The continuous growth of the human population is placing increasing pressure on our limited
natural resources.

enewable and sustainable alternatives for fossil-derived products are

required because of depleting fossil resources and concerns over climate change. Currently,
these alternatives are mainly derived from agricultural crops. Plants can be used directly as
food, converted into commodities abiotically (e.g. production of biodiesel from vegetable oil),
or converted by microbial fermentation to other commodities (e.g. production of poly- hydroxybutyrate -based bioplastic from fermentation of sugars). espite the constant increase
in production, agroindustry is facing more and more challenges to meet the growing demand
there is competition for arable land, fresh water, and energy while, simultaneously, there is an
urgent need to reduce the negative impact of agriculture on the environment. This has resulted
in an ongoing search for renewable resources and more environmentally friendly production
processes ( odfray et al., 2010).
icroalgae-derived products are considered as a promising source of food and crop-derived
commodities ( arc a et al., 2017

i ffels et al., 201 ).

icroalgae can provide a significant

number of essential nutrients, such as vitamins, minerals, pigments, and essential fatty acids
and amino acids, to support human health ( arc a et al., 2017

upatini et al., 2017). Their high

protein content (up to 72 ) ( upatini et al., 2017) and well balanced amino acid profile ( uys
et al., 201 ) make microalgae a promising novel source of proteins. Under conditions of stress,
some microalgae species can accumulate up to 60

of their dry weight as triacylglycerol

( odolfi et al., 200 ), the oil used for biodiesel production, but also suitable to replace palm oil
( raaisma et al., 201 ).

icroalgae can reach higher areal productivity than terrestrial plants,

do not require arable land or fresh water, ( i ffels
with almost 100

8

efficiency (Tredici, 2010).

arbosa, 2010) and can use fertilizers
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espite of these advantages over conventional crop production, the current application of
microalgae lies in specialties, or high value products, such as pigments (e.g. astaxanthin,
phycocyanins) or ω- fatty acids (e.g. PA,

HA) ( polaore et al., 2006). One of the main

reasons for these limitations is the relatively high production cost. In 2016 the cost of
microalgae production and harvesting have been estimated between 6.2 and 2 .4 ·Kg-1 for a
facility of 1 hectare ( uiz et al., 2016 Tredici et al., 2016). According to these studies, ( uiz
et al., 2016 Tredici et al., 2016) the production costs can be decreased to .2 ·Kg-1 by
increasing the scale of the facility to 100 hectare.
uiz et al ( uiz et al., 2016) performed a sensitivity analysis pinpointing the improvements
needed to further drop microalgae production costs. The authors changed individual parameters
in the production process to values expected in the future. The most influential improvements
required to reduce production costs are the following:
1.

Increasing the photosynthetic efficiency, which will lead to higher biomass productivity

2.

educing photobioreactor light path, which will allow for reactor operation at a higher

biomass concentration, thus reducing the downstream process cost
.

ecreasing the aeration needed for mixing and gassing, thus reducing the energy

consumption

9
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icroalgae are commonly grown exploiting their photoautotrophic capacity (henceforth
referred to as autotrophic) ( in

u, 2015), in which cells harvest light energy, use carbon

dioxide (CO2) as a carbon source, and release oxygen (O2) as a byproduct ( igure 1).

espite

the advantage of CO2 mitigation and use of free solar energy, autotrophic cultures have
limitations. In autotrophic cultures, light availability is the main growth limiting factor. Cellular
self-shading hinders light availability and therefore limits biomass production. To limit selfshading, generally low biomass concentrations are maintained in autotrophic cultures leading
to a dilute harvest flow and a large volume of liquid to be handled. Another limitation of
autotrophic culture is the need for gassing which demands a substantial amount of energy.
as liquid transfer is necessary to avoid O2 accumulation in the liquid culture and to provide
the CO2 required for photosynthesis.
Alternatives to autotrophic cultures are chemo-organotrophic (henceforth referred to as
heterotrophic) cultures in which organic carbon, such as sugars and organic acids, are used as
carbon sources in the absence of light ( igure 1). In contrast to autotrophic cultures,
heterotrophic cultures can be grown in conventional fermenters, providing the O2 required by
intensive aeration, reaching higher concentration and higher volumetric productivity. However,
darkness can lead to reduced pigmentation, limiting the potential of heterotrophic cultivation
for the large-scale production of these phytochemicals ( ee, 2001).
Autotrophic and heterotrophic cultivation of microalgae can be combined in mixotrophic
cultivation ( igure 1). In this trophic mode, light and organic carbon are simultaneously
provided and both heterotrophic and autotrophic metabolism operate concurrently within a
single microalgal monoculture.

ixotrophic cultivation offers several advantages that can

overcome limitations of both autotrophic and heterotrophic cultivation. In mixotrophic
cultivation, the simultaneous presence of two energy sources (light and reduced organic carbon)

10
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Figure 1. Schematic representation of the autotrophic, heterotrophic and mixotrophic
microalgal cultivation. The generic molecular formula CH2O is used to indicate sugars.

1
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can significantly increase biomass productivity (Turon et al., 2015c

ang et al., 2014).

oreover, a higher biomass concentration can be reached at a given light intensity, reducing
downstream processing cost (Chandra et al., 2014

esch nes et al., 2015).

ixotrophic

cultivation has the potential to drastically reduce the need for gas liquid exchange since the O2
required by aerobic heterotrophic growth can be covered by oxygenic photosynthesis.

ice

versa, the CO2 needed to carry on photosynthesis can be provided by the heterotrophic
metabolism. This internal CO2 recirculation will maximize the biomass yield on substrate
(Turon et al., 2015c), making the process close to carbon neutrality.

oreover, preventing the

need for any gas liquid exchange of oxygen and carbon dioxide greatly reduces the power
required for the mixotrophic production process, as compared to either an autotrophic or a
heterotrophic production process.
In order to minimize gas exchange, the heterotrophic and autotrophic contributions to the
overall mixotrophic growth need to be equilibrated. uch balanced mixotrophic growth can
only be obtained if the supply rate of organic carbon is controlled. Unfortunately, batch
experiments are dominant in the literature on mixotrophic cultivation of microalgae. In such
dynamic batch processes, the dominance of the autotrophic and heterotrophic metabolism
changes over time ( mith et al., 2015), making balanced mixotrophic cultivation impossible.
These batch dynamics might be a reason for contradictory conclusions in previous studies.
Although there are many indications that autotrophic and heterotrophic metabolism can take
place non-competitively, and that overall growth is the sum of the two metabolisms ( art nez
Or s, 1

1 Ogawa

Aiba, 1

1 Turon et al., 2015c), interactions can occur and affect

algal growth. Previous studies on mixotrophy indicated the presence of negative side-effects,
such as decreased pigment content ( rama et al., 2016

ilken et al., 2014

ang et al., 2000)

and reduced photosynthetic activity in the presence of organic carbon. ( art nez
ozaffari et al., 201

12
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Aiba, 1 1). Others reported that light inhibits glucose uptake
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(Kamiya

Kowallik, 1

7a Kamiya

Kowallik, 1

7b). Also, positive interactions have

been reported. or example, photorespiration and carbon concentrating mechanisms seem to be
suppressed due to an increase of intracellular CO2 ( rama et al., 2016
increasing the energy available for growth.

illare o et al., 1

5),

esigning a process strategy which balances

contributions of the autotrophic and heterotrophic metabolisms within the overall mixotrophic
growth is thus needed. A balanced mixotrophic strategy could finally clarify whether the overall
growth in mixotrophy is the sum of the autotrophic and heterotrophic metabolisms or not.
On one hand, Chlorella sorokiniana has similar maximum growth rate under autotrophic and
heterotrophic conditions (Cuaresma et al., 200

Turon et al., 2015c) and is the most studied

mixotrophic algal species ( e n- az et al., 201

an

agenen et al., 2015). On the other

hand, organic substrate addition makes the culture more prone to contamination by
heterotrophic microorganisms. A possible solution for this challenge is to use a microalgal
strain able to grow under extreme conditions, such as low pH, where most of the common
contaminants cannot grow. Unfortunately, acidophilic microalgae are less studied compared to
the ones living in neutral or alkaline environments.
The most studied acidophilic microalgae is the species Galdieria sulphuraria ( ydney et al.,
201 ). G. sulphuraria has potential commercial application in the production of the blue
pigment phycocyanin and given its high nutritional value G. sulphuraria may be a suitable
component in foods (Abdelmoteleb et al., 2021

raziani et al., 201 ). Nevertheless, G.

sulphuraria has been considered extremely photosensitive ( rock, 1 7

loth et al., 2006).

or this reason, before testing a balanced mixotrophic process on extremophile microalgae,
their growth conditions need to be optimized.

13
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The overarching aim of the research presented in this thesis is to decrease microalgae
production costs by designing a balanced mixotrophic strategy where autotrophic and
heterotrophic metabolic contributions to the overall mixotrophic growth are equilibrated. In
order to reach this aim, the mixotrophic cultivation process was explored in a sequence of
separate studies.
In a first step described in

, Chlorella sorokiniana was used as model organism in

the design of a new mixotrophic cultivation method denominated

oxygen balanced

mixotrophy. In oxygen balanced mixotrophy the dissolved oxygen concentration is controlled
by ad usting the substrate supply rate to the light-limited rate of photosynthesis. Using this
approach under continuous illumination, a closed photobioreactor was operated without any
gas exchange. teady state oxygen balanced mixotrophy was used to validate the hypothesis
that mixotrophic stoichiometry is the sum of heterotrophic and autotrophic metabolisms.
hen sunlight is used, microalgae are exposed to day night cycles and seasonal variations of
the irradiance on a microalgal cultivation system. or this reason, in

oxygen

balanced mixotrophy in C. sorokiniana was explored under day night cycles. The reactor was
operated at a fixed dilution rate (i.e. chemostat), only diluted during daytime and not during the
night (cyclostat).

uring daytime the reactor was operated in oxygen balanced mixotrophy.

uring nighttime, no substrate was fed to the mixotrophic culture. In both the mixotrophic and
autotrophic cultures the oxygen consumption related to night respiration was measured to
elucidate the impact of day-time mixotrophy on night-time biomass loss.
Contamination by bacteria and fungi is a notable challenge when microalgae are cultivated in a
medium that contains a source of organic carbon. In

cultivation of the acidophilic

microalgae Galdieria sulphuraria is proposed as a solution to prevent undesired contamination
by heterotrophic microorganisms. In order to successfully cultivate light sensitive G.

14
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sulphuraria the specific light supply rate needs to be optimized. This was done using a series
of repeated batch experiments where the specific light supply rate continuously decreased
during the batch phase because of the increasing biomass concentration. Under optimal light
regime, autotrophic and oxygen balanced mixotrophic biomass production were compared.
A study aiming to stabilize biomass productivity of G. sulphuraria in a continuous process is
described in

. The optimal specific light supply rate found in chapter 4 was used for

continuous biomass production in chemostat.

ixotrophic and autotrophic productivity, amino

acid profile, C-phycocyanin and protein content were compared. Our results reveal that G.
sulphuraria amino acid content and profile is superior to any other known food, especially
regarding sulfureted amino acid.

oreover C-phycocyanins extracted from G. sulphuraria

were more thermo- and acid-stable than C-phycocyanins extracted from Spirulina (Arthrospira
platensis)
In

, the insights of this thesis are combined in a techno-economic model for an

ob ective evaluation of the cost-impact of the oxygen balanced mixotrophic process.
Pro ections are presented on the biomass production costs for a 100-hectare facility located in
southern pain.

ertically stacked horizontal tubular photobioreactors are employed in the

pro ections. The techno-economic model is used to compare the biomass production cost of
autotrophic and

oxygen balanced

mixotrophic cultures of Chlorella sorokiniana and

Galdieria sulphuraria. The techno economic analysis is then used to identify targets for a
further improvement of the process. In addition, water and land use of large-scale mixotrophic
cultivation of algal protein is compared to traditional soy protein.

15
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Chapter 2
Doubling of microalgae productivity by
oxygen balanced mixotrophy

This chapter has been published as:
Fabian Abiusi, Rene H. Wijffels, Marcel Janssen.
Doubling of microalgae productivity by oxygen balanced mixotrophy

ACS Sustainable Chem. Eng. 2020, 8, 6065−6074

Chapter 2

icroalgae productivity was doubled by designing an innovative mixotrophic cultivation
strategy that does not require gas-liquid transfer of oxygen or carbon dioxide. Chlorella
sorokiniana A

211- K was cultivated under continuous operation in a 2

stirred-tank-

photobioreactor re-designed such that respiratory oxygen consumption a was controlled by
tuning the acetic acid supply.
In this mixotrophic set-up, the reactor was first operated with aeration and no net oxygen
production was measured at a fixed acetic acid supply rate. Then the aeration was stopped and
the acetic acid supply rate was automatically regulated to maintain a constant dissolved oxygen
level using a process control software.

espiratory oxygen consumption was balanced by

phototrophic oxygen production and the reactor was operated without any gas-liquid exchange.
The carbon dioxide required for photosynthesis was completely covered by the aerobic
conversion of acetic acid. Under this condition the biomass substrate yield was 0. 4 C-molx·Cmol -1. Under chemostat conditions both reactor productivity and algal biomass concentration
were doubled in comparison to a photoautotrophic reference culture.
ixotrophic cultivation did not affect the photosystem II maximum quantum yield (

v

m)

and

the average dry weight-specific optical cross section of the microalgal cells. Only light
absorption by chlorophylls over carotenoids decreased by

in the mixotrophic culture in

comparison to the photoautotrophic reference. Our results demonstrate that photoautotrophic
and chemoorganotrophic metabolism operate concurrently and that the overall yield is the sum
of the two metabolic modes. At the expense of supplying an organic carbon source,
photobioreactor productivity can be doubled while preventing energy intensive aeration.
:

icroalgae productivity, biomass yield on substrate, oxygen balance, carbon

balance, mixotrophic cultivation.
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The growing demand for food and fossil-derived products is placing increasing pressure on our
current resources. This has resulted in an ongoing search for renewable resources and more
environmentally friendly production processes (Amulya et al., 2016). In this scenario,
microalgae are regarded as a high potential renewable feedstock ( oncada et al., 2014

uiz et

al., 2016). The most common procedure for cultivating microalgae is photoautotrophic culture
(henceforth referred to as autotrophic) ( in

u, 2015), in which cells harvest light energy,

use carbon dioxide (CO2) as a carbon source, and release oxygen (O2) as a by-product.
espite the advantage of CO2 mitigation and use of solar energy, autotrophic cultures have
limitations. In autotrophic culture light availability is the main growth limiting factor. Cellular
self-shading hinders light availability limiting biomass production. To overcome this problem,
generally low biomass concentrations are maintained in autotrophic cultures reducing the
volumetric productivity. Another limitation of autotrophic culture is the need for gassing
demanding substantial energy. as-liquid transfer is necessary to avoid O2 accumulation in the
liquid culture and to provide the CO2 required to run photosynthesis.
CO2 supply is a frequently overlooked challenge in microalgae commercialization.
Atmospheric CO2 levels ( 0.04

v v) are not sufficient to support high biomass productivities

because the driving force for gas-liquid transfer is too small and too high gas flows would be
required ( angley et al., 2012). or this reason, CO2-enriched gas streams are provided to
achieve high biomass productivity. Not all CO2 provided is taken up and in open ponds up to
the 7

of the provided CO2 might be lost to the atmosphere ( anuza

ven in optimized photobioreactors, CO2 loses minimally are 25
(PBRs) (Aci n et al., 2012), and 50

Tonkovich, 2016).

in closed photobioreactors

in open ponds ( oucha et al., 2005). Anthropogenic CO2-

enriched gas (e.g. flue-gas with 10-15

CO2) are envisioned to meet the requirement for large

scale production. However, considering the high CO2 demand of a large scale facility, without

19
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an extensive and costly infrastructure of CO2 capture and transportation, only a limited amount
of areas are suitable for large scale production ( mith et al., 2015).
An alternative to autotrophic culture are chemoorganotrophic (henceforth referred to as
heterotrophic) culture in which organic carbons, such as sugars and organic acids, are used as
carbon sources in the absence of light. In contrast to autotrophic culture, heterotrophic culture
can be performed in conventional fermenters, requiring O2 by intensive aeration, reaching
higher concentration and productivity. espite the high productivity, heterotrophic growth has
been observed in a few microalgal species only.

oreover, darkness can lead to reduced

pigmentation limiting the potential of heterotrophic cultivation for the large-scale production
of these phytochemicals ( ee, 2001).
Autotrophic and heterotrophic cultivation of microalgae can be combined in mixotrophic
cultivation. In this trophic mode, light and organic carbons are simultaneously exploited and
both heterotrophic and autotrophic metabolism operate concurrently within a single microalgal
monoculture.

ixotrophic cultivation offers several advantages that can overcome both

autotrophic and heterotrophic limitations. In mixotrophic cultivation, the simultaneous presence
of two energy sources (light and reduced organic carbon) can significantly increase biomass
productivity (Turon et al., 2015c

ang et al., 2014).

oreover, higher biomass concentration

can be reached at a given light intensity reducing downstream processing cost (Chandra et al.,
2014

esch nes et al., 2015). ecent studies also indicated that mixotrophic cultivation has

the potential to drastically reduce the need of gas-liquid exchange ( rama et al., 2016

mith

et al., 2015) since the O2 required by aerobic heterotrophic growth can be covered by oxygenic
photosynthesis. ice versa, the CO2 needed to carry on photosynthesis can be provided by the
heterotrophic metabolism. This internal CO2 recirculation will maximize the biomass yield on
substrate (Turon et al., 2015c) making the process close to carbon neutrality. As a comparison
in a heterotrophic culture typically 40 to 60

20

of the carbon is lost ( lanken et al., 2016).
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oreover, preventing any gas-liquid exchange of oxygen and carbon dioxide greatly reduces
the power required for the mixotrophic production process, as compared to either a
photoautotrophic or a chemoheterotrophic production process.
In order to minimize gas exchange, the heterotrophic and autotrophic contribution to the overall
mixotrophic growth needs to be equilibrated. uch balanced mixotrophic growth can only be
obtained if the organic carbon supply rate is controlled. Unfortunately, batch experiments are
dominant in the literature on mixotrophic cultivation of microalgae. In such dynamic batch
processes, the dominance of the autotrophic and heterotrophic metabolism changes over time
( mith et al., 2015), making balanced mixotrophic cultivation impossible. These batch
dynamics might be a reason for contradictory conclusions in previous studies. Part of the studies
agree on the fact that during mixotrophic cultivation, autotrophic and heterotrophic metabolism
can proceed non-competitively and that the overall growth is the sum of the two metabolisms
(Aci n et al., 2012
2016

ee, 2001

ang et al., 2014). In other studies both positive ( rama et al.,

illare o et al., 1 5) and negative (Kamiya

Kowallik, 1

7a Kamiya

Kowallik,

1 7b) interactions between the two metabolisms are reported.
The aim of the study is to design an oxygen balanced mixotrophic process that does not require
any gas exchange. To this end, the model strain C. sorokiniana A 211- K was cultivated in
a closed PBR, under continuous operation, trying to maintain constant dissolved oxygen
concentration (DO) by tuning the acetic acid supply rate to the rate of photosynthesis. pecial
attention was given the carbon balance to investigate the hypothesis that the mixotrophic
metabolism is the sum of the heterotrophic and autotrophic metabolisms.

21
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Organism, media and cultivation conditions
Chlorella sorokiniana A 211- K was obtained from the algae culture collection at
University ( A ) and cultivated in modified

medium ( andalam

ttingen

Palsson, 1

).

edium composition can be found in supporting information 1. Axenic algal cultures were
cryopreserved and stored in liquid nitrogen. efore reactor inoculation, cryopreserved cultures
were defrosted and used to inoculate 250 m
operated at 7 C, 4.5

flasks with 100 m volume in an incubator

v v CO2, and stirring at 100 rpm with a magnetic rod. In this incubator

the flasks were illuminated 24h 24h from below with a warm-white

(

A 1200,

ridgelux, U A) at a photon flux density (PFD, mol m 2 s 1) of 500 mol m 2 s 1. The PFD
was measured with a I CO

1 0 A 2 sensor (PA range: 400 700 nm).

procedure two inocula were prepared: an autotrophic inoculum on
mixotrophic inoculum on

ased on this

a medium, and a

a supplemented with .41 g· -1 of sodium acetate.

In the heterotrophic flask experiments glucose, acetate and glycerol were supplemented to the
modified

a medium. The heterotrophic experiments were started by using an autotrophic

inoculum and this culture was adapted to heterotrophic growth for at least 2 weeks using the
three different substrates. lasks were incubated at 7 C in darkness while being shaken at 250
rpm. The acclimated heterotrophic cultures were diluted the day before the experiment using
the same

a medium with organic carbon resulting in exponentially growing cultures, which

were used as inoculum for the experiment.

Heterotrophic flask experiments
The heterotrophic biomass yield on substrate (Yhetx/s, C-molx·C-mols-1) was determined in dark
batch experiments. lucose, acetate, and glycerol were supplemented to the
on their carbon molarity (C-mol·

22

-1

). In order to provide

. C-mmol·

a medium based

-1

, 2.75g·

-1

, .4 g·

-

Doubling of microalgae productivity by oxygen balanced mixotrophy
1

, and 2.56 g·

-1

of glucose monohydrate, sodium acetate, and glycerol were used. odium

acetate was tested also at double concentration (167 C-mmol·

-1

).

lucose and glycerol were

sterilized by autoclaving while acetate was sterilized by filtration. The pH was stabilized by
adding 0.1 mol·
(O

750)

-1

of H P

. The experiments were started at an optical density at 750 nm

between 0. and 0.5.

uring the experiments, samples were taken every 2 hours until steady values were reached
indicating substrate depletion. The microalgae concentration was quantified measuring OD750.
or each sample, first O

750

was measured and then 1 m was centrifuged, and the supernatant

was extracted and stored at -20 C prior to analysis of substrate concentration by (U)HP C.
The O

750

was converted into dry weight (Cx, gx·

-1

) using a linear regression (see analytical

methods). At the end of each experiment, the Cx was measured to verify that the correlation was
still valid. The heterotrophic biomass yield on substrate Yhetx/s was calculated as follow:

𝑌𝑌��� =

(1)

where Cx0 Cxe and S0 Se are respectively the biomass and the substrate concentrations (C-mol·
1

-

) at the start and the end of the exponential phase while MWx (gx·molx-1) is the weight of 1

carbon mole of biomass. The MWx was determined at the end of the experiment and it was
assumed to be constant during the batch.
The specific growth rate (µ, h-1) during exponential growth was calculated according to:
=

�

�

(2)

where t0 te and Cx0 Cxe are respectively the time and the biomass concentration at the start and
the end of the exponential phase. xperiments were performed in biological duplicates. The
averages and standard deviations will be shown in graphs and tables.
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Photobioreactor set up and experiments
Chlorella sorokiniana

A

211- K was grown in chemostat mode in a

bioreactor

(Applikon, The Netherlands) depicted in figure 1. The fermenter had a working volume (VPBR)
of 1. 2

when aeration was provided and 1. 75

without aeration.

Figure 1. Top view (A) and side view (B) of the photobioreactor used in the study.

The internal diameter was 0.1 0 m, while the culture height was maintained at 0.165 m by a
level probe, resulting in an illuminated area (APBR) of 0.067 m2. The cylindrical reactor was
illuminated from all sides resulting in a homogenous light field over the vertical reactor surface.
ore specifically, a circular light source was constructed, consisting of

vertical light panels

placed around the fermenter as an octagon. ach panel was composed of 16 warm-white
s (Avago A

24

T-

22-N P00,

att

roadcom, U A) equipped with a plastic lens with
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H

of 25.5 (Part no. 10

, Carclo-optics, UK). ight intensity on the reactor surface was

measured at 16 fixed points inside the empty reactor prior to each experiment. The measured
light intensities at all 16 points were averaged obtaining an average PFD of 4

±17 mol m 2

s 1.
The reactor was equipped with a dissolved oxygen (DO) sensor ( isi erm

O

C 225,

Hamilton, U ). This DO sensor was calibrated inside the reactor filled with growth medium
and sparged with dinitrogen gas, or air, to give a DO level of respectively 0 and 100 . The
reactor was kept at 7 C by a heat exchanger inside the reactor vessel. To prevent evaporation,
the reactor was equipped with a condenser connected to a cryostat feeding cold water of 2 C.
Continuous stirring at 500 rpm was applied during all experiments.
with 2

hen aerated, air enriched

v v carbon dioxide was provided at a flow rate of 1 ·min-1 using mass flow controllers

( mart T

5 50 ,

rooks Instruments, U A). The pH was continuously measured and

controlled at 6.7 by automatic base addition (1

, NaOH).

Two reactor experiments were performed. In the first experiment the reactor was operated
mixotrophically inoculated at a density of 0. gx·
mixotrophic cultures. A 5

-1

with a mixture of phototrophic and

w w acetic acid solution was supplied at a fixed rate while gassing

the reactor with air enriched with CO2 ( mixo with gas exchange ). After this phase, the aeration
was stopped resulting in a mixotrophic cultivation without gas exchange ( mixo without gas
exchange ) where the supply rate of acetic acid was automatically ad usted to maintain a DO
of 1 5 . efore ending this first experiment, the acetic acid supply was stopped, the aeration
re-established, and the reactor was operated autotrophically ( autotrophic 1 ). In the second
experiment the reactor was operated autotrophically ( autotrophic 2 ) inoculated with an
autotrophic culture at a density of 0. gx·

-1

.

The base solution, the acetic acid solution and the harvest bottles were placed on analytic
balances.

alances, DO sensor, temperature, pH sensor, and mass flow controllers were

25
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connected to a data acquisition system interfaced via a computer by means of a virtual
instrument ( ab

iew, National Instruments, U A) allowing for continuous data logging and

process control. Culture samples for off-line measurements were taken aseptically from the
middle of the reactor through a dedicated port. The complete set-up, including all the solutions,
where sterilized by autoclaving for 60 min at 121 C. After inoculation, the reactor was operated
-1

in batch until a biomass density of about 1.5 gx·

was reached and then it was operated as

chemostat at a dilution rate of about 2 day-1. Once the steady state was obtained, it was
maintained for a least 4 consecutive days during which samples were taken for off-line
measurements.

Photobioreactor calculations
In the chemostat experiments, the volumetric biomass production rate (rx, gx·
calculated multiplying the measured biomass concentration (Cx, gx·

-1

-1

·day-1) was

) with the measured

dilution rate (D, day-1). The rx was also converted into its carbon equivalent (rc, C-molx·
1

-1

·day-

) by dividing rx by the molecular weight of 1 C-mol of biomass (MWx, gx·C-molx-1). The MWx

was determined in each sample taken from the reactor. In the two autotrophic experiments rc
was used to determine the biomass yield on light (Yx/ph, C-molx·molph-1) according to the
formula:
𝑌𝑌��

=

�

( )

�

In the mixotrophic experiments, the volumetric substrate consumption rate (rs, C-mols·
1

-1

·day-

) was calculated as follows, assuming ideal mixing:
�

=

here FAA ( ·day-1) and CsAA (C-mols·

�

-1

�

�

(4)

) represent respectively the supply rate of the acetic

acid solution rate and the concentration of the acetic acid solution while Cs (C-mols·
acetic acid concentration in the reactor (C-mols·
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The mixotrophic yield on substrate (Ymixox/s, C-molx·mols-1) was calculated dividing rc by rs.

Culture sampling and off-line measurements
amples were taken aseptically multiple times per day for off line measurements. Two 1 m
aliquots were centrifuged at 202

C for 10 minutes. The supernatant fractions were stored

at -20 C until analysis, while the pellet was washed with demineralized water and cooled to
-20 C, lyophilized and stored. xtra aliquots of sample were taken from the reactor to quantify
the total inorganic carbon concentration (TIC) in the medium. To avoid CO2 stripping,
immediately after centrifugation, 50
of 50

of base (2

of the supernatant fraction was alkalized by addition

, NaOH). Alkalized samples were stored at -20 C until analysis.

Dry weight concentration
Culture growth was estimated by biomass dry weight (Cx, gx·
culture (2.5-5 m ) were diluted to 25 m
weighed

hatman

-1

) determination: aliquots of the

with demineralized water and filtered over pre-

glass microfiber filters (diameter of 55 mm, pore size 0.7 m).The

filters were washed with deionized water (25 m ) and dried at 105 C until constant weight.
Optical density

The optical density was measured in duplicate on a spectrophotometer (
U ) at 6 0 and 750 nm. The relationship between Cx and O
grown heterotrophically in a range of 0.1 to 2 gx·

-1

750 was

6000, Hach- ange,

determined with biomass

by filtering at least 5 mg of algal dry

biomass onto pre-weighed glass fiber filters ( hatman

,

Healthcare UK td., UK)

which were dried overnight at 105 C until constant weight. This resulted in the following
correlation:
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Cx (gx·

-1

)

0.4 ·O

750

(

2

0. )

Cell concentration and bio-volume
Cell bio-volume and concentration were measured using the

ultisizer III ( eckman Coulter

Inc., U A) with a 50 m aperture tube. amples were diluted in I OTON II diluent. The
measured cellular biovolume was converted to cell diameter assuming spherical cells.

Average dry weight-specific optical cross section
The average dry weight-specific optical cross section ( , m2·Kg-1) was measured and calculated
according to de

ooi et al. (de

ooi et al., 2015) using the absorbance from 400 to 750 nm

with a step size of 1 nm. The absorbance was measured in U - I double beam
spectrophotometer ( himadzu U -2600, apan) equipped with integrating sphere (I

-2600).

Cuvettes with an optical path of 2 mm were used.

Photosystem II quantum yield
The photosystem II maximum quantum yield (QY,
AquaPen-C AP-C 100 (Photon

v

m)

was measured at 455 nm with an

ystems Instruments, Czech

epublic). Prior to the

measurement, samples were adapted to darkness for 15 min at room temperature and diluted to
an OD750 between 0. and 0.5.

Acetic acid and glucose determination
Acetic acid and glucose concentrations were determined using an Agilent 12 0 Infinity
(U)HP C equipped with a guard column ( ecurity

uard Cartridge ystem, Phenomenex,

U A). The compounds were separated on an organic acid column ( ezex OA-Organic acid
H

column, Phenomenex, U A) at 55 C with a flow of 0.5 m min 0.005

eluent. A final concentration of 50 m
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Total organic and total inorganic carbon
The organic carbon content in the pellet was measured as total carbon (gc·

-1

) using a TOC-

analyzer ( himadzu, apan). Possible traces of inorganic carbon in the lyophilized pellet were
removed by resuspending the pellet in 1 m of HCl (1 ) and sonicating the solution at 0 kHz
40 C for 0 minutes. After this treatment samples were diluted ten times in demi water and
immediately placed in the TOC- analyzer. The biomass carbon content (C%,

wc·wx-1) was

calculated by dividing the obtained total carbon by the Cx determined on the same sample. The
C% was used to determine the biomass molecular weight (MWx, gx·C-molx-1). MWx was
determined by dividing the carbon molecular weight (12.011 gc·C-mol-1) by C%. The TIC was

2

measured in the undiluted supernatant with the TOC- analyzer.

Assessment bacterial contaminant
uring the experiment, axenicity was checked daily by NA staining of culture samples with
reen I ( igma-Aldrich, U ) and fluorescence microscopy (

O

auto, Thermo

isher cientific, U ).
Statistical analysis
Propagation of errors was calculated according to q. (5) and q. (6) for sum and multiplication
operations, respectively, to obtain the error.
=
�

(5)
=

��

�

�

(6)

where Δx is the absolute error associated to the value x and so on.
eproducibility of duplicates was perform by t test. ignificant differences between different
conditions was analyzed by one-way ANO A, followed by Tukey s multiple comparison test,
using the software

raph Pad Prism 5.00 ( raphPad Prism

oftware, an

iego, U ). The

significance level was P 0.05.
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Heterotrophic reference experiments
trict heterotrophic and autotrophic reference experiments were conducted to determine the
heterotrophic biomass yield on substrate (Yhetx/s) and the biomass yield on photons (Yx/ph).
The Yhetx/s was determined in heterotrophic batch experiments where C. sorokiniana was grown
in darkness in modified

a medium supplemented with three organic substrates: glucose,

glycerol and acetate. ince the inoculum was obtained from an autotrophic culture, the culture
expressed a lag phase of about 4 h (data not shown). After this lag phase, the cultures on
glucose or acetate grew exponentially while no growth was observed on glycerol (data not
shown).
Heterotrophic biomass production and substrate consumption are reported in figure 2. At 100
C-mmols·

-1

, cultures grew exponentially until the substrate was completely consumed. oth

substrates, glucose and acetate, resulted in a biomass concentration of 57 C-mmolx·

-1

corresponding to a Yx/s of 0.4 ±0.06 (C-mols·C-mols-1). A significant (P 0.05) difference in the
specific growth rate (µ) was found for growth on glucose and acetate: on glucose, µ was
0.14±0.00 h-1 whereas on acetate it was 0.1 ±0.00 h-1. iven its better performance, acetate was
also tested at 200 C-mmols·

-1

( igure 2). At this concentration, the culture grew exponentially

for 14 h and a slightly higher Yx/s was found (0.51±0.05 C-molx·C-mols-1) although it was not
statistically significant (P 0.05).The specific growth rate µ (0.15±0.00 h-1) was comparable
with the µ obtained using glucose but significantly lower than the one obtained at 100 Cmmols·

-1

of acetate (P 0.05). In summary, a Yx/s of 0.50±0.04C-molx·C-mols-1 was obtained on

both glucose and acetate. This value falls in the middle of the range 0.40-0.6 C-molx·C-mols1

reported for this microalgal species ( lanken et al., 2016) and it will be used for further

calculations. The maximal Yhetx/s for aerobic heterotrophic organisms is 0.7 molx mols-1 and it is
bound by thermodynamic constraints (Hei nen, 1 4). A yield of 0.7 C-molx·C-mols-1 has also
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been found in Chlamydomonas reinhardtii (Chen

ohns, 1

6) and in Scenedesmus

acuminatus ( in et al., 2020), indicating that microalgae are as efficient as other heterotrophic
organisms (bacteria and yeasts) in the aerobiotic conversion of substrate into biomass.

Autotrophic reference experiments
The Yx/ph was determined in two strictly autotrophic cultures. The first autotrophic culture was
performed after two week of mixotrophic cultivation, called autotrophic 1, while the second
experiment, called autotrophic 2, was performed in an independent experiment. All the
experiments, including the mixotrophic cultures, were conducted in chemostat at the same

2

dilution rate and light regime.
The two autotrophic cultures reached a stable and identical biomass concentration (Cx) of 0.7
g·

-1

and a volumetric biomass production rate (rc) of 61.4 C-mmolx·

-1

·day-1 ( igure 2, table

1). ikewise, all the other parameters measured (table 1) did not shown any statistical difference
(P 0.05) between the two cultures. These results indicate that the autotrophic 1 was not affected
by the previous two weeks of mixotrophic cultivation and that the experimental setup and
routines were reproducible. The only exception was the average dry weight-specific optical
cross section (ax) that was the 16

higher in the autotrophic 2 compared to the autotrophic 1.

C. sorokiniana is known to ad ust his ax in few hours in response to changes in the light regimes
(de

ooi et al., 2017), for this reason the difference in ax between the two autotrophic cultures

might have been caused by unknown batch to batch variation rather than to the shift between
mixotrophic and phototrophic metabolism.
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Figure 2. Heterotrophic biomass production (dark) and substrate consumption (open) of C.
sorokiniana SAG 211-8K cultivated in M8a medium with 100 C-mmol·L-1 sodium acetate
(circles), and 200 C-mmol·L-1 sodium acetate (squares), and 100 C-mmol·L-1 glucose
(triangles).
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In summary, a Yx/ph of 40.7±0.0 C-mmolx·molph-1 was obtained in the two autotrophic
experiments, which is equivalent to 0.

gx·molph-1. This Yx/ph is

lower than the maximum

reported value (54.2 C-mmolx·C-molph-1) for this strain (Cuaresma et al., 2011b).

e used the

light model developed by vers for cylindrical vessels ( vers, 1 1) to estimate the attenuation
of the light intensity, caused by cellular light absorption, from the reactor surface toward the
reactor center. etails of this calculation are presented in supporting information 2. The model
requires as input the biomass concentration (Cx) and ax. The values reported in table 1 were
used to calculate the light gradient for each condition tested. The model clearly indicates that,
in all the conditions tested, over 64

of culture volume was experiencing a light level below

10 mol m 2 s 1 which we assumed to be the compensation point of photosynthesis ( lanken et
al., 2016). Under this light regime suboptimal Yx/ph is expected since the culture spends a
relevant part of the light absorbed for maintenance purposes rather than for growth, lowering
the overall biomass yield on light.

espite being suboptimal, this light regime is within the

range of light conditions prevalent within outdoor PBRs. or example, tubular PBRs have
diameters between 5 and
(Aci n et al., 2012

cm and are operated at biomass concentrations of 1. to 2.1 gx·

-1

uiz et al., 2016). In PBRs, yields of 0.6 to 0. gx·molph-1 have been

obtained, similar to the one reported in this study.

urthermore, outdoor vertical PBRs,

experience maximal incident light intensities close to the light intensity tested in our study
(Cuaresma et al., 2011b), making our study comparable to outdoor microalgae production.
Nevertheless, a direct extrapolation of the present work to large scale outdoor production is
complicated and is beyond the scope of this study.

Mixotrophic growth and oxygen balance
In the two mixotrophic experiments the carbon based volumetric biomass production rate (rc)
was the double of the autotrophic references ( igure , table 1).

e indeed expected that in a
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mixotrophic culture the presence of two energy sources (light and reduced organic carbon)
would lead to a significant increase of productivity (Turon et al., 2015c

ang et al., 2014).

The extent of this increase can be quantified assuming that in mixotrophy, the autotrophic and
the heterotrophic metabolism can proceed non-competitively and that the overall growth is the
sum of the two metabolisms. In the next section we will elucidate in detail this hypothesis.
The volumetric biomass production rate in mass units (rx) also doubled under mixotrophy in
comparison to autotrophy because the biomass carbon content was constant under all conditions
tested (51-54

wc·wx-1, Table 1). iomass productivity is the product of biomass concentration

Figure 3. Volumetric carbon based biomass production rate (rc) of C. sorokiniana SAG 2118K grown mixotrophically with gas exchange (diamonds) and without gas exchange (triangles).
Also included are two autotrophic reference cultures: autotrophic 1 (squares), which was
carried out immediately after 2 weeks of mixotrophic growth, and autotrophic 2 (circles), which
was carried out as a second independent experiment. The dashed line indicates the average rc
in mixotrophic cultivation (top) and in the two autotrophic cultures (bottom).
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and dilution rate. This implies that at steady state and constant dilution rate, biomass
productivity can only be doubled by doubling biomass concentration. The mixotrophic
experiment with gas exchange and the two autotrophic experiments were performed at an
identical dilution rate and, as expected, the biomass concentration of the mixotrophic
experiment with gas exchange was about the double the autotrophic cultures. Unfortunately,
this was not the case in the mixotrophic culture without gas exchange were the biomass
productivity was doubled but the biomass concentration was only 46

higher than the

autotrophic reference. This discrepancy can be explained having a close look to the dilution rate
(D). The D was comparable among the cultures with gas exchange, while it was 22

higher in

the mixotrophic culture without gas exchange (table 1). The different D has been caused by the
outlet pump that operated at constant rpm. In the culture with gas exchange the outlet pump
was removing a mixture of liquid and gas. Instead, without gas exchange, only the liquid phase
was pumped out of the reactor, increasing the volume removed from the reactor per rpm of the
outlet pump. issolved oxygen and biomass concentration over the entire experiment 1 and 2
are reported in supporting information .
A surprising result was that in the two mixotrophic experiments all the substrate was completely
converted into biomass, resulting in a mixotrophic biomass yield on substrate (Ymixox/s) of 1
(table 2). This finding implies the absence of CO2 production. uch hypothesis was verified in
the mixotrophic experiment without gas exchange, where the CO2 production rate (rCO2, Cmol·

-1

·day-1) can be estimated by measuring the total inorganic carbon concentration (TIC, C-

mol·

-1

) in the liquid phase:
=

�

�

(7)
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Unit

ixo without gas
ixo with gas
exchange
exchange
DO
Air saturation
2. ±1. a
141. ±5.4b
TICin
C-mmol -1
n.d.
0.04±0.02
C-mmol -1
n.d.
.7 ±0.45
TICout
gx· -1
1.41±0.07a
1.16±0.06b
Cx
D
day-1
1. 4±0.00a
2.44±0.00b
rx
g· -1·day-1
2.74±0.07a
2.7 ±0.06a
C%
wc·wx-1
51.0±2. a
54.2±2.5b
-1
a
m ·cell
2 .6±1.1
22. ± . a
Cell volume
2
-1
a
m ·kg
24 ±11
271±1 a,b
a
0.5 ±0.00
0.55±0.00b
Chl/Car
0.70±0.00a
0.77±0.01b
QY
v m
Along the rows the same letter indicates no significant differences (P 0.05).
Not determined (n.d.)

mixotrophic conditions with and without gas exchange.
Autotrophic 2
1 2.7±1.6c
n.d.
n.d.
0.70±0.06c
2.11±0.00a
1.4 ±0.06b
50. ±2.4a
.5± .0b
2 ± 0c
0.60±0.00c
0.77±0.01b

Autotrophic 1
1 5.7±2.6c
n.d.
n.d.
0.70±0.07c
2.07±0.00a
1.41±0.07b
51.1±1.4a
.5±5.7b
272±11b
0.60±0.00c
0.77±0.01b

Table 1. Overview of the off-line, DO, D measurements on the cultivation of C. sorokiniana SAG 211-8K under autotrophic conditions, and under
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Table 2. Carbon mass balance of C. sorokiniana SAG 211-8K grown mixotrophically with and
without gas exchange. The value predicted by the summation of autotrophic and heterotrophic
stoichiometry assuming oxygen balance are reported as comparison. Yields are expressed as
C-molx·C-mols-1 while all the other parameters are expressed as C-mmol·L-1·day-1.
ixo with gas exchange
rc,mixo
116. ±0.0
Cs·D
.2±0.2
rs
-111.5±0.2
rc,het’
54. ±0.0
Yhet’x/s
0.46±0.00
rCO2
n.d.
Ymixox/s
1.04±0.00
Ymixo’x/s
n.d.
Not determined (n.d.)

ixo without gas exchange
127. ±0.0
0.0±0.0
-126.5± .
66.5±0.0
0.5 ±0.00
.0±0.0
1.01±0.00
0. 4±0.00

Prediction
1 6.
-151.
75.
0.5
14.
0. 0

2

here (TICin) and (TICout) are the total inorganic carbon concentration in the inlet and outlet
medium. The TICin was measured once in medium in equilibrium with air and assumed constant
over the whole experiment, while the TICout was measured daily. The TICin was about 2 orders
of magnitude smaller than the TICout (table 1), clearly indicating CO2 production (table 2). The
rCO2 calculated was used to correct the mixotrophic yield on substrate (Ymixo*x/s, C-molx·C-mols1

) according to the following formula:
�����
𝑌𝑌���
=

�� �����
��

( )

Using this correction, the Ymixox/s in the mixotrophic culture without gas exchange decreased
from 1 to 0. 4 C-molx·C-mols-1, which fits with our expectations as explained later
Complete substrate conversion cannot be excluded in the mixotrophic experiment with gas
exchange. A close look to the volumetric substrate consumption rate (rs) (table 2) reveals that
in the mixotrophic experiment with gas exchange rs was 16

lower than in the mixotrophic

without gas exchange. In the experiment with gas exchange rs was empirically ad usted to
maintain the DO constant around the value measured in the same conditions with only medium.
In this empirical approach, the provided feeding rate might not have been enough to balance
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the photosynthetic oxygen production rate, but instead it might have balanced photosynthetic
carbon dioxide consumption. Using the stochiometric equations , 10 and 11 that will be
presented in next section, it is possible to predict the net oxygen production rate in the scenario
case of CO2 balance.

e calculated a rate of 1 . mmol O2

-1

day-1. Although this is a plausible

scenario, oxygen production did not result in a significant increase of the DO. Possibly the
increase in DO was too low to be detected.
In our mixotrophic experiments, we were able to reach almost complete substrate to biomass
conversion. This is much higher than the biomass yield on substrate (Ymixox/s) of 0.5-0.7 Cmolx·C-mols-1 that are generally reported in mixotrophic experiments operated in batch ( i et
al., 2014

forza et al., 201 ). Our higher performance can be explained looking at the

mixotrophic stoichiometry (see next section). In an oxygen balanced mixotrophic culture, the
autotrophic and the heterotrophic metabolisms are operating concurrently almost at the same
rate, equally contributing to the overall energetics of the cell. Previous studies on mixotrophic
cultivation ( i et al., 2014

forza et al., 201 ) were often unbalanced with a larger

heterotrophic contribution to the mixotrophic growth in comparison to autotrophic metabolism.
Under this condition, the heterotrophic metabolism dominates, and the culture produces CO2 at
a higher rate compared to the photosynthetic needs. In contrast to these batch approaches,
arros et al. ( arros et al., 2017) applied a fed-batch and reached a higher Ymixox/s. In this work
the acetic acid supply was added stepwise and coupled to the incident solar radiation to ensure
that excess organic carbon substrate did not accumulate in the culture medium. Using this
approach, the authors obtained a Ymixox/s of 0. 4 C-mmolx·C-mols-1, which is equal to the yield
found in our mixotrophic culture without gas exchange.
In the mixotrophic experiment without gas exchange we demonstrated that is possible to
regulate and maintain constant dissolved oxygen (DO) levels by automatically regulating
substrate feeding. Using this approach, the reactor was operated for several days without any
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gas exchange. urthermore, in automated feeding the substrate was completely consumed,
while when the substrate was fed at a constant rate the

of the supplied substrate was not

consumed (table 2). The better performance of the automatic feeding can be explained by
looking at the regular fluctuations of the DO around the pre-set value (supporting information
). These fluctuations were caused by the variation in the substrate feeding rate (rs), that
increased when the DO exceeded the pre-set value.

ost likely this increase in DO was a sign

of complete substrate consumption.
The DO is often used to dose the substrate supply in heterotrophic fed-batch cultivations
( chmidt et al., 2005), but this feeding strategy is not commonly used in mixotrophic cultivation
of microalgae.

anuza et al. in a patent application ( anuza et al., 2015) claimed to

automatically control DO and pH by ad usting the acetic acid and the CO2 feeding rate. The
authors claimed to couple DO and pH control by feeding acetic acid when DO and pH
simultaneously exceeded the set point, while CO2 was provided to lower the pH when only the
pH exceeded the set pH. Although the DO can be successfully controlled using this strategy,
coupling pH and DO control has some limitations. or example, this strategy can only be
applied when the overall stoichiometry of the process consumes protons (e.g. when nitrate is
used as nitrogen source). In addition, the substrate must be an organic acid with a pKa lower
than the pH of the culture (e.g. acetic acid to control the pH around neutrality). In our process,
by decoupling pH and DO control, these limitations are solved allowing to use any type of
substrate (e.g. glucose) and to cultivate any type of mixotrophic microalgae (e.g. acidophilic
strains).
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Mixotrophic growth stoichiometry and interaction between heterotrophic and autotrophic
metabolism
In this section we will describe mixotrophic growth stoichiometry and we will investigate the
hypothesis that the mixotrophic metabolism is the sum of the heterotrophic and autotrophic
metabolisms. According to this hypothesis mixotrophic stoichiometry can be split in two
components:
1) A heterotrophic component in which an organic substrate is partly oxidized to derive
energy to support biomass growth (catabolism), and partly used as a building block for
growth (anabolism). In the overall reaction CO2 is produced and O2 consumed
2) An autotrophic component in which light is used as energy source, CO2 is consumed
and used as a building block, while O2 is produced as a waste product
To describe the stoichiometry of autotrophic and heterotrophic cultivations, the biomass
elemental composition, the heterotrophic biomass yield on substrate (Yhetx/s), and the autotrophic
biomass yield on light (Yx/ph) need to be known. If the mixotrophic metabolism is the sum of
the heterotrophic and autotrophic metabolisms, the yield factors can be assumed to be constant
regardless of the trophic mode. The elemental biomass composition of CH1.62O0.41N0.14P0.01
reported by Kliphuis et al. (Kliphuis et al., 2012) was used as reference. The Yhetx/s and Yx/ph
were measured in this study and were respectively 0.50±0.04C-molx·C-mols-1and 40.7±0.0 Cmmolx·molph-1.
It has to be stressed that these numbers reflect nutrient replete growth conditions using ammonia
as nitrogen source. Under nitrogen limited conditions storage compounds such as carbohydrates
and lipids accumulate and the relative contribution of proteins in algal biomass decreases.
Consequently the elemental composition and the growth stoichiometry will change. At the same
time algal growth rates decline. An analysis of mixotrophy under these specific conditions were
outside of the scope of our study.
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The autotrophic stoichiometry, given a light input of 1.5 molph·
�

-1

·day-1can be written as:

( )

here all stoichiometric coefficients reflect volumetric rates in mmol·

-1

·day-1 observed in the

photobioreactor (PBR). imilarly, the heterotrophic stoichiometry can be set up where the
oxygen consumption is set equal to the oxygen production according to the autotrophic part of
the metabolism shown above:
�

(10)

Adding up the autotrophic to the heterotrophic stoichiometry the following overall reaction
equation is obtained reflecting mixotrophic growth under O2 balance:
�

(11)

Also, in this equation the stoichiometric coefficients reflect the volumetric rates in mmol·
1

-

·day-1 expected in the PBR.

According to the mixotrophic stoichiometry the volumetric biomass production rate (rc,mixo) was
expected to be 1 6. mmol·
1

-1

·day-1. This value closely matches the rc,mixo of 127. mmol·

-

·day-1 found in the mixotrophic culture without gas exchange. In the mixotrophic with gas

exchange the biomass production rate was 116. mmol·

-1

·day-1, which is 15

lower than the

expected value (table 2). The lower performance of the mixotrophic with gas exchange can be
explained by a lower substrate consumption rate (rs), which can be attributed to the empirical
approach used to set the feeding rate, as discussed in the previous section.
In order to correct for the different rs, we calculated the fraction of biomass heterotrophically
produced during the mixotrophic growth (rc,het’, C-molx·

-1

·day-1). The rc,het’ was calculated by

subtracting the autotrophic biomass productivity (rc,auto) to rc,mixo. The rc,het’ was then used to
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calculate the heterotrophic yield on substrate occurring in mixotrophy (Yhet’x/s) according to the
equation:

𝑌𝑌��� =

(12)

A close look at the numbers in table 2 reveals that Yhet’x/s in both the mixotrophic experiments
was equal to the biomass yield on substrate found in the heterotrophic reference experiment,
supporting our hypothesis that the mixotrophic stoichiometry is the sum of the heterotrophic
and autotrophic metabolism.
The finding that mixotrophy can be described as the sum of heterotrophic and autotrophic
metabolisms, implies that photosynthesis is not affected by the presence of organic substrate.
In our experiments the effect of organic carbon on photosynthesis was assessed by measuring
the photosynthetic efficiency of P II directly as the quantum yield (QY) and by measuring the
average dry weight-specific optical cross section (ax). In the mixotrophic culture without gas
exchange the QY was 0.77, the same value found in the two autotrophic cultures (table 1),
indicating that photosynthesis is not affected by the presence of organic substrate. In the
mixotrophic culture with gas exchange the QY was 0.70.

espite this value is lower than the

QY under the other conditions a QY of 0.70 still indicate optimal P II performance (de

ooi

et al., 2017).
The average dry weight-specific optical cross section ( ) obtained in all the experiments falls
in the range that is normally observed in mass culture for this strain (de

ooi et al., 2017).

Also, ax was constant along the all experiments regardless of the trophic mode a further
indication that the heterotrophic and autotrophic metabolism can operate concurrently without
affecting each other.
The absorption spectra recorded to calculate the average dry weight-specific optical cross
section were also used to detect possible changes in pigment ratios when shifting from
autotrophy to mixotrophy. Chlorophylls have an absorption maximum at both 400-500 nm and
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600-700 nm, while carotenoids only have an absorption maximum between 400-500 nm. Thus
the ratio between light absorbed at 600-700 nm (Chlorophylls) and at 400-500 nm (Carotenoids)
(Chl/Car) can be used as a proxy for the relative chlorophyll abundance within the pigment
pool. The mixotrophic cultures had a lower Chl/Car than the autotrophic cultures, this might
indicate either a lower chlorophyll abundance in total pigments or a higher carotenoids content.
In conclusion, we do not exclude that the presence of organic carbon might have some effect
on pigment composition as reported in other studies ( rama et al., 2016

ilken et al., 2014

ang et al., 2000), but according to our results these changes are not affecting the overall
photosynthetic activity.
The finding that mixotrophy can be described as the sum of the heterotrophic and autotrophic
metabolism allowed us to conduct a sensitivity analysis on the effect of the elemental biomass
composition, Yx/ph and Yhetx/s on the oxygen balanced mixotrophic productivity. The effect on
an increase of Yx/ph and Yhetx/s on the volumetric biomass productivity (rC) is reported in the
figure 4. The results indicate that an increase in Yx/ph is not affecting the ratio between rc,auto and
rc,het and leads to a linear increase of rc,mixo. On the contrary, an increment in Yhetx/s changes the
ratio between rc,auto and rc,het and dramatically increases the contribution of rc,het on the overall
oxygen balanced mixotrophic growth leading to an exponential increase of rc,mixo. According to
our sensitivity analysis, the cultivation of a microalgal strain with high Yhetx/s might lead to
quadruplicate rc,mixo that is the maximum biomass increase expected in an oxygen balanced
mixotrophic culture.
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Figure 4. Sensitivity analysis on the effect of (a) the biomass yield on photons (Yx/ph) and (b)
the heterotrophic biomass yield on substrate (Yhetx/s) on the oxygen balanced mixotrophic
biomass productivity (rc,mixo, square). The contributions of autotrophic (rc,auto, circle) and
heterotrophic (rc,het, triagle) metabolisms to the mixotrophic volumetric biomass productivity
are reported separatly. A constant Yhetx/s was assumed in the simulation of the effect on an
increase in Yx/ph. Vice versa, a constant Yx/ph was assumed in the simulation of the effect of on
an increase in Yhetx/s. As starting point, the Yhetx/s and Yx/ph found in this work were used.
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In the present work, and to the best of our knowledge, a mixotrophic microalgae monoculture
was grown for the first time for several days in a closed PBR without net oxygen production
and CO2 consumption, allowing the system to operate without any gas exchange. Under this
condition, mixotrophic stoichiometry could be described as the sum of heterotrophic and
autotrophic stoichiometry and the overall biomass productivity was the exactly the sum of the
two metabolisms. The presence of two complementary growth modes within a microalgal
monoculture led to doubled biomass productivity and doubled biomass concentration in
comparison to an autotrophic reference. urthermore, the 4

of the substrate was converted

into biomass, making the process close to carbon neutral. Our results indicate that mixotrophy
is a successful strategy to increase microalgae biomass concentration.
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DO
PBR
PFD
PAR
TIC

issolved oxygen concentration ( air saturation)
Photobioreactor
Photon flux density ( mol·m 2·s 1)
Photo active radiation, 400-700 nm
Total inorganic carbon (C-mol· -1)

Yx/s
OD750
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MWx
µ
VPBR
APBR
rx
rc
D
Yx/ph
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iomass yield on substrate (C-molx·C-mols-1)
Optical density at 750 nm
iomass dry weight concentration (gx· -1)
iomass molecular weight (gx·C-molx-1)
pecific growth rate (h-1)
Photobioreactor working volume ( )
Photobioreactor illuminated area (m2)
olumetric biomass production rate (gx· -1·day-1)
Carbon based volumetric biomass production rate (C-molx·
ilution rate (day-1)
iomass yield on light (C-molx·molph-1)
ubstrate consumption rate (C-mols· -1·day-1)

FAA
Cs,AA
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Acetic acid supply rate ( ·day-1)
Acetic acid concentration in the stock solution (C-mols·
Acetic acid concentration in the reactor (C-mols· -1)

-1

·day-1)

-1

)

Average dry weight-specific optical cross section (m2·g-1)
C%
rCO2
Chl/Car

iomass carbon content (

wc·wx-1)

CO2 production rate (C-mol·

-1

·day-1)

atio between light absorbed at 600-700 nm (Chlorophylls) and at 400-500 nm
(Carotenoids)

auto

autotrophic

het

heterotrophic

het'

heterotrophic fraction of the mixotrophic biomass

mixo

mixotrophic

ph

PA photons

x

iomass

s

ubstrate
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Supporting information 1: Medium composition
odified

medium was prepared as follows (composition expressed in mmol·

KH2PO4 1.5 Na2HPO4 ·2 H2O 1.6
ferric sodium salt 0.1 Na2

g O4·7H2O 0.0 CaCl2·2H2O 2 . ClNH4 0.

TA·2 H2O 1·10- H O

65.6·10-

-1

): 5.4
TA

nCl2·4 H2O 11.1·10-

n O4·7 H2O 7. ·10- Cu O4·5H2O. To prevent foaming, we added 0.05

v v Antifoam

silicone emulsion ( allinckrodt aker . , The Netherlands). The pH was ad usted to 6.7 with
a concentrated solution of NaOH.

2

Supporting information 2: Calculation of light gradient in the photobioreactor
The light gradient inside the photobioreactor was estimated using ambert eers law and the
geometrical relationship derived for cylindrical vessels by vers (1 1). The cylindrical vessel
was considered evenly illuminated and the light field was considered to isotropic. The spectral
composition of the light is not incorporated in the model and we used the spectrally averaged
absorption coefficient. Attenuation of light intensity at a given point of the reactor (Iph(r),
mol m-2 s-1) caused by cellular light absorption was calculated as follow:
=

�

( 1)

�

here Iin is light intensity at the surface of the cylindrical vessel ( mol m-2 s-1), r the distance
from vessel surface (m), R the vessel radius (m),

is the angle of light path with line trough

vessel center, ax the average dry weight-specific optical cross section (m2·g-1) and Cx the
biomass dry weight concentration (gx·

-1

). The light gradient in the mixotrophic culture with

and without gas exchange and in the two autotrophic cultures was calculated using the Cx and
ax originated from the actual experiments described in this paper (Table 1). The light gradient
was used to calculated at which radial position of the photobioreactor (rdark, m) the light
intensity drops below the compensation point. The rdark was used to calculate the volume
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fraction of the vessel in the photic zone with net growth (Vlight, ), and the dark zone with
biomass loss because of maintenance respiration (Vdark, ), according to:

�

According to equations 1, 2 and

=

��

=

�

�

�

�

( 2)
(

)

, Vdark was estimated to be 64 , 70 , 7

and 0

respectively in the autotrophic 1, autotrophic 2, mixotrophic without gas exchange and in the
mixotrophic with gas exchange.
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Supporting information 3: Dissolved oxygen and biomass concentration over the entire
experiment 1 and 2
issolved oxygen (DO,

air saturation, blue line) and biomass concertation (Cx, gx·

-1

, red

circles) over the entire experiment 1 and 2. The boxes indicated adaptation periods excluded
from the calculations.

2
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Chapter 3
Oxygen Balanced Mixotrophy Under
Day-Night Cycles

This chapter has been published as:
Fabian Abiusi, Rene H. Wijffels, Marcel Janssen.
Oxygen Balanced Mixotrophy Under Day-Night Cycles

ACS Sustainable Chem. Eng. 2020, 8, 11682−11691

Chapter 3

Using sunlight to fuel photosynthesis exposes microalgae to day-night cycles. Under day-night
cycles microalgae tend to synchronize their metabolism by optimizing light utilization during
daytime. uring night storage compounds are consumed, leading to biomass losses and demand
of O2.

e investigated oxygen balanced mixotrophy under14:10 day: night cycles. In this

mixotrophic setup, photosynthetic O2 production was balanced by respiratory oxygen
consumption and CO2 required for photosynthesis was provided by aerobic conversion of acetic
acid. This strategy allowed operation of the reactor without any gas-liquid exchange during
daytime. Under these conditions Chlorella sorokiniana A
substrate into biomass.
quantum yield (
contained 50

v

m)

211- K converted 6

of the

ixotrophic cultivation did not affect the photosystem II maximum
or pigment contents of the microalgal cells.

ixotrophic biomass

w w of protein and 7. mg·g-1 of lutein.

Acetic acid feeding was discontinued at night and aeration initiated. espiration was monitored
by on-line off-gas analysis and O2 consumption and CO2 production rates were determined.
iomass night losses were around 7

on carbon basis with no significant difference between

mixotrophic and photoautotrophic cultures. Over 24 h, the mixotrophic culture required 61
times less gaseous substrate and its biomass productivity was doubled compared to the
photoautotrophic counterpart.

: Circadian rhythms, lutein, microalgae productivity, biomass yield on substrate,
photosynthetic efficiency, gas-liquid transfer, oxygen balance, carbon balance.

52

Oxygen Balanced Mixotrophy Under Day-Night Cycles

The continuous growth of the human population is placing an increasing pressure on our limited
natural resources. Producers are facing more challenges to meet the growing food demand, there
is competition for arable land, fresh water, and energy while simultaneously an urgent need to
reduce the negative impact of agriculture on the environment ( odfray et al., 2010).
icroalgae are regarded as one of the most nutritious foods known to man ( arc a et al., 2017).
icroalgae can provide a significant number of essential nutrients, such as vitamins, minerals,
pigments and essential fatty acids and amino acids, to support human health ( arc a et al., 2017
upatini et al., 2017). The high protein content (even 70 ) ( upatini et al., 2017) and quality,
especially in relation to the composition and digestibility of amino acids ( ecker, 2007) makes
microalgae a promising novel source of proteins.
icroalgae can reach higher areal productivity than terrestrial plants, do not require arable land
or fresh water ( i ffels

arbosa, 2010), and they can use fertilizers with almost 100

efficiency (Tredici, 2010).

urther research is needed to better understand the microalgal

metabolic flexibility to be able to improve the production process aiming for a higher
productivity, simpler reactor design, and lower energy requirement.
One of the strategies to decrease microalgae production costs is utilizing mixotrophic
cultivation. In this trophic mode, light and organic carbons are simultaneously exploited and
both chemoheterotrophic (henceforth referred to as heterotrophic) and photoautotrophic
(henceforth referred to as autotrophic) metabolisms operate concurrently within a single
microalgal monoculture.

e recently designed an oxygen balanced mixotrophic cultivation

method which doubled microalgae productivity under continuous light and operation (Abiusi
et al., 2020a).

e demonstrated that dissolved oxygen concentration (DO) can be controlled by

ad usting acetic acid supply rate with the rate of photosynthesis. In oxygen balanced
mixotrophy the O2 required for aerobic heterotrophic growth was supplied by oxygenic
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photosynthesis.

ice versa, the CO2 needed to carry out photosynthesis was provided by the

heterotrophic metabolism. This internal CO2 recirculation converted 4
biomass, making the process close to carbon neutrality.

of substrate into

ue to internal gas recirculation the

photobioreactor (PBR) was operated without any gas-liquid exchange therefore saving the
power otherwise needed for aeration.

oreover, presence of two energy sources, light and

reduced organic carbon, doubled biomass productivity and concentration.
The light energy needed to fuel photosynthesis can be provided by the sun or with the
employment of lamps. Cultivation of microalgae on artificial light requires substantial energy
input that increases production costs and decreases sustainability of the process ( lanken et al.,
201 ). unlight is free and abundant. However, the use of sunlight exposes microalgae to daynight cycles and seasonal change on the light pattern.
In most photosynthetic organisms, part of the carbon fixed during the light period, is
accumulated in storage compounds (e.g. carbohydrates or lipids). uring the night, in absence
of light, storage compounds are used to support cell division ( e n- aiki et al., 2017). The
metabolic energy required is created by respiration and, for this reason, oxygen must be
supplied in the night. Cell division is usually completed during the first hours after sunset (de
inter et al., 2017a

e n- aiki et al., 2017), after which energy is expected to be mainly

consumed for non-growth related processes defined as maintenance (Pirt

Hinshelwood,

1 65). Thus, microalgal energy consumption, and with it microalgal oxygen demand, is not
expected to be constant throughout the night.

urthermore, the consumption of cellular

components leads to a decrease in cell weight, often referred to as biomass losses.
losses in autotrophic culture are typically reported to be between
Huesemann, 2015

ichels et al., 2014 Ogbonna

during the daytime, although losses up to 4
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Tanaka, 1

and

iomass

( dmundson

6) of the biomass produced

have been reported (Torzillo et al., 1 1).

Oxygen Balanced Mixotrophy Under Day-Night Cycles

No studies have been carried out to elucidate possible differences on night losses between
autotrophic and mixotrophic culture. In a mixotrophic culture, when the organic substrate is
completely consumed during daytime, night biomass losses will lead to a decrease of the
biomass yield on substrate. urthermore, respiration requires O2 and at nighttime aeration is
needed to avoid anaerobic conditions. The amount of oxygen that needs to be provided to
support nighttime metabolism is essential information for the scale-up of mixotrophic
cultivation. The aim of this work therefore is to evaluate the effect of day-night cycles on the
oxygen balanced mixotrophy. pecifically, we wanted to investigate the effects of these cycles
on the biomass yield on light and the biomass yield on the organic substrate during daytime,
and the oxygen consumption and biomass losses during nighttime.
In order to achieve our goals, the model strain C. sorokiniana A

211- K was cultivated

under day-night cycles and a mixotrophic culture was compared to its autotrophic counterpart.
The two cultures were grown in continuous mode with a fixed dilution rate (i.e. chemostat)
where the culture was only diluted during daytime and not during the night (cyclostat). uring
daytime the dissolved oxygen concentration in the mixotrophic culture was controlled by tuning
acetic acid supply rate to the rate of photosynthesis.

uring nighttime, no acetic acid was fed

to the mixotrophic culture. In both the mixotrophic and autotrophic cultures the oxygen
consumption related to night respiration was measured. iomass productivity was assessed over
the entire day and also the biomass loss during the night was measured. inally, the protein and
pigment contents of the mixotrophic and autotrophic cultures were compared.
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Organism, Media and Cultivation Conditions
Chlorella sorokiniana A 211- K was obtained from the algae culture collection of
University ( A ) and cultivated in modified

ttingen

medium (Abiusi et al., 2020a) using

ammonium as nitrogen source. Axenic algal cultures were cryopreserved and stored in liquid
nitrogen. efore reactor inoculation, cryopreserved cultures were used to inoculate 100 m of
medium in 250 ml flasks placed in an incubator operated at 7 C, 4.5

v v CO2 and stirring at

100 rpm with a magnetic rod. In this incubator the flasks were illuminated 24h 24h from below
with a warm-white

(

A 1200, ridgelux, U A) at a photon flux density (PFD, mol

m 2 s 1) of 500 mol m 2 s 1. The PFD was measured with a I CO 1 0 A 2 PA quantum
sensor.

Photobioreactor Setup and Experiments
Chlorella sorokiniana A 211- K was grown in a

bioreactor (Applikon, The Netherlands)

described in more detail in Abiusi et al. (Abiusi et al., 2020a). This reactor had a working
volume (VPBR) of 1. 46 . The internal diameter was 0.1 0 m, while the liquid height was
maintained at 0.166 m by a level sensor, resulting in a cylindrical illuminated area (APBR) of
0.06 m2. The reactor was operated in cyclical steady state (cyclostat) under day-night cycle.
At daytime the reactor was diluted at fixed rate, while the cultures were not diluted during the
night. uring daytime we aimed to reproduce the dilution rate (D, day-1) of our previous work
(Abiusi et al., 2020a).

e aimed for a D of 2 day-1 when considering only daylight hours, which

is equivalent to 1.1 day-1 when referencing to the 24 hours day-night period.
The reactor was illuminated from all sides creating a homogenous light field over the cylindrical
reactor surface. ight intensity on the reactor surface was measured at 16 fixed points inside
the empty reactor obtaining an average PFD of 514±17 mol m 2 s 1. ight was provided in
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day-night cycle of 14 :10N in block with constant illumination during the day. Previous work
(de

inter et al., 2017a) indicated that light provided in block resulted in the same biomass

yield on light (Yx/ph, C-molx·C-mols-1) as in sine wave form. The block approach was preferred
over sine due to easier operation and comparison to our previous study.
The reactor was equipped with a dissolved oxygen (DO) sensor ( isi erm

O

C 225,

Hamilton, U ). This DO sensor was calibrated inside the reactor filled with growth medium at
operation temperature ( 7 C) and pH (6.7). Calibration was done by sparging dinitrogen gas to
obtain the 0

DO level, and sparging air to obtain the 100

corresponds to 224 mol·

-1

DO level. A DO of 100

at 7 C. The reactor was kept at 7 C by a heat exchanger inside

the reactor vessel. To prevent evaporation, the reactor was equipped with a condenser connected
to a cryostat feeding cold water of 2 C. Continuous stirring with a marine impeller at 500 rpm
was applied during all experiments.
compressed air enriched with 2
mass flow controllers ( mart T

uring day, the autotrophic culture was aerated with

v v carbon dioxide at a flow rate of 0.5 ·

-1

-1

·min using

5 50 , rooks Instruments, U A) while the mixotrophic

culture was not aerated. uring night both cultures were aerated with compressed air at a flow
rate of 0.1 ·

-1

·min-1. The CO2 content of the compressed air was reduced below detection

limit by zeolite adsorption. The pH was controlled at 6.7 during day by automatic base addition
(1

, NaOH) and at 6. during night by automatic addition of acid (0.5

, H2 O4).

The reactor was inoculated with an autotrophic culture at a density of 1.0 gx·

-1

.A5

ww

acetic acid solution was supplied at a fixed rate while gassing the reactor with CO2 enriched air
for 5 hours. After this start-up phase the aeration was stopped during daytime resulting in a
mixotrophic cultivation without gas exchange, where the supply rate of acetic acid was
automatically ad usted to maintain a DO of 105 . At nighttime the feeding of acetic acid was
stopped. The reactor was operated under these conditions for

consecutive days. or the last 4

days, a harvesting vessel was placed into an ice-cooled water bath. The harvesting vessel was
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changed daily at the end of the light phase. The harvested culture was mixed well, 10 m of it
was used for dry weight determination, while the remaining culture was collected for pigment
analysis.

uring these 4 days, reactor samples were taken for off-line measurements multiple

times a day.
After the first

days, acetic acid supply was stopped, aeration re-established, and reactor was

operated autotrophically. The autotrophic experiment also lasted for

days and during the last

4 days again samples were taken using the same procedure as for the mixotrophic experiment.
Cultures were considered at cyclical steady state (cyclostat) when the daily change in biomass
concentration over the day:night cycle was constant for at least

days. In our previous work

(Abiusi et al., 2020a) we demonstrated that a mixotrophic culture can switch to autotrophic
metabolism with no effect on photosynthesis. This finding simplified our experimental design
as we had no need to stop and restart the experiment to switch between trophic states.
The acid and base solutions, acetic acid solution, and the harvest bottle were placed on analytic
balances. The balances, DO sensor, temperature probe, pH sensor, mass flow controllers and
gas analyzer (see next section) were connected to a data acquisition system interfaced via a
computer by means of a virtual instrument ( ab

iew, National Instruments, U A) allowing

for continuous data logging and process control. Culture samples for off-line measurements
were taken aseptically from the reactor through a dedicated port. The complete setup, including
all the solutions, were sterilized prior the experiment by autoclaving for 60 min at 121 C.

On-Line Gas Analysis
Oxygen and carbon dioxide concentrations in the off-gas were measured online using a gas
analyzer ( ervomex 4100, The Netherlands). The gas analyzer was fitted with two sensor
modules, a paramagnetic purity transducer to measure oxygen and an infrared 1500 transducer
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to measure carbon dioxide.

ata from the gas analyzer and the mass flow controllers were

collected every 4 seconds and these data were stored per minute as moving average of 15 points.
efore the experiment, two wet and dry baselines were measured: one under nighttime
conditions (0.1 ·

-1

·min-1 of air) and one under autotrophic daytime conditions (2

CO2 air at a flow rate of 0.5 ·

-1

vv

·min-1). The dry baseline was measured by leading the gas

inlet directly over the gas analyzer. or the wet baseline the gas inlet was first sparged through
the reactor filled with medium and maintained at the same temperature and pH as during the
experiment. To minimize water vapor, the off -gas was passed through a condenser which was
maintained at 2 °C. After passing the condenser the reactor off-gas was led through a membrane
module (gas dryer model

-110-24P, Perma Pure, U A) in which the reactor gas was further

dried before being analyzed. The total gas flow leaving the reactor (Fg,out, mol·min-1) including
remaining water vapor (≈ 0.5

v v) was then calculated as follow:
=

�

�

�

�

3

(1)

where Fg,in is the total gas inlet flow and XO2,db and XO2,dw are the molar fractions of O2
respectively measured in the dry and wet baseline.
The total gas inlet flow (Fg,in, mol·min-1) was calculated by summing the air (Fair,in) and CO2
inlet flow (FCO2,in). The resulting Fg,out was used to calculate the oxygen (rO2, molO2·
-1

and carbon dioxide (rCO2, molO2·

-1

·min-1)

·min-1) production or consumption rate at a resolution of

one minute according to:
=

=

�

(2)

�
�

�

( )

where XO2,out and XCO2,out are the molar fractions of O2 and CO2, respectively, measured during
the experiment and XO2,b and XCO2,wb are the molar fractions of O2 and CO2 measured in the wet
baseline.
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Photobioreactor Calculations
The biomass production rate over 24 h (rx24, gx·

-1

biomass concentration in the harvesting vessel (Cx, gx·

·day-1) was calculated multiplying the
-1

), collected after a complete day:night

cycle, times the dilution rate (D, day-1). In the mixotrophic culture, we also calculated the rx
-1

during daylight period (rx14, gx·
�

·day-1) by correcting for the night biomass loss.

����

=

�

�

(4)

�

where Cx0 and Cx14 are the biomass concentrations at the beginning and the end of the day
respectively. The rx was also converted into its carbon equivalent (rc, C-molx·

-1

·day-1) by

dividing rx by the molecular weight of 1 C-mol of biomass (MWx, gx·C-molx-1). MWx was
determined in all off-line samples taken from the reactor and the average of those values was
used to calculate the mixotrophic and the autotrophic MWx. In the autotrophic culture rc14 was
calculated based on the CO2 uptake rate (rCO2, C-molCO2·

-1

) and both rc,14 and rc,24 were used

to determine the biomass yield on light (Yx/ph, C-molx·molph-1) over 24 h and during daytime
only according to the formula:
𝑌𝑌��

=

�

�

�

(5)

�

In the mixotrophic experiments, the volumetric substrate consumption rate (rs, C-mols·
1

-1

·day-

) was calculated as follows:
�

=

here FAA ( ·day-1) and CsAA (C-mols·

�

(6)

-1

) represent respectively the supply rate and the

concentration of the acetic acid (AA) solution while Cs (C-mols·
concentration in the reactor (C-mols·

-1

-1

) is the acetic acid

). The mixotrophic biomass yield on substrate (Ymixox/s,

C-molx·mols-1) was calculated dividing rc by rs. The rs was used also to estimate the fraction of
biomass heterotrophically produced during the mixotrophic growth (rc,het’, C-molx·

-1

·day-1).

This was done by multiplying rs for the heterotrophic biomass yield on substrate (Yx/s, C-
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molx·C-mols-1). A Yx/s value of 0.5 C-molx·C-mols-1 was used for this purpose (Abiusi et al.,
2020a). The resulting rc,het’ was subtracted from the overall mixotrophic rc to estimate the
fraction of biomass autotrophically produced during mixotrophic growth (rc,auto’, C-molx·
1

-

·day-1).

Nighttime losses were quantified measuring the difference in dry weight concentration (Cx,
gx·

-1

) and the difference in total organic carbon content (TOC, gc·

-1

) between samples taken

at the beginning and at the end of the night. The third method used to quantify nighttime losses
was the CO2 production rate (rCO2, C-molCO2·

-1

) over the whole night, which was derived from

the off-gas analysis.

3
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Culture Sampling and Off-Line Measurements
amples were taken aseptically multiple times per day for off-line measurements. Two 1 m
aliquots were centrifuged at 202

C for 10 min. The supernatant was stored at -20 C until

analysis, while the pellet was washed twice with demineralized water and cooled to -20 C,
lyophilized and stored at room temperature in the dark. xtra samples were taken from the
reactor to quantify the dissolved inorganic carbon concentration (DIC, C-mol·

-1

) in the

medium. This was done daily at the beginning and at the end of the night. To avoid CO2
stripping, 50

of the supernatant fraction was alkalized immediately after centrifugation by

the addition of 50
analysis.

of base (2

, NaOH). Alkalized samples were stored at -20 C until

uring the last 4 days of the mixotrophic and the autotrophic experiment, 1

harvested culture was centrifuged at 1200

of the

C for 0 min. The supernatant was discharged

while the pellet was washed twice with demineralized water and cooled to -20 C, lyophilized
and stored.

Dry Weight Concentration
Culture growth was estimated by biomass dry weight (Cx, gx·

-1

) determination: aliquots of the

culture (5 m ) were diluted to 25 m with demineralized water and filtered over pre-weighed
hatman

glass microfiber filters (diameter of 55 mm, pore size 0.7 m). The filters were

washed with deionized water (25 m ) and dried at 105 C until constant weight.

Cell Concentration
Cell concentration was measured using a
m aperture tube.

ultisizer III ( eckman Coulter Inc., U A) with a 50

amples were diluted in I OTON II diluent. The measured cellular

biovolume was converted to cell diameter assuming spherical cells.
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Average Absorption Cross Section
Average absorption cross section ( , m2·kg-1) in the PA region (400-700 nm) of the spectrum
was measured and calculated according to de

ooi et al. (de

ooi et al., 2015). The

absorbance was measured in U - I double beam spectrophotometer ( himadzu U -2600,
apan) equipped with integrating sphere (I

-2600). Cuvettes with an optical path of 2 mm

were used.

Photosystem II Quantum Yield
The photosystem II maximum quantum yield (QY,
AquaPen-C AP-C 100 (Photon

v

m)

was measured at 455 nm with an

ystems Instruments, Czech

epublic). Prior to the

measurement, samples were adapted to darkness for 15 min at room temperature and diluted to
optical density at 750 nm between 0. and 0.5.

3

Acetic Acid determination
Acetic acid concentrations was determined using an Agilent 12 0 Infinity (U)HP C equipped
with a guard column ( ecurity uard Cartridge ystem, Phenomenex, U A). The compounds
were separated on an organic acid column ( ezex

OA-Organic acid H

Phenomenex, U A) at 55 C with a flow of 0.5 m min 0.005
concentration of 50 m

column,

H2 O4 as eluent. A final

propionic acid was used as internal standard.

Pigment Analysis
Pigment extract were obtained by a sequence of mechanical cell disruption and solvent based
(methanol) pigment extraction using 10 mg of lyophilized biomass. Cells were disrupted by
beat beating (Precellys 24, ertin Technologies, rance) at 5000 rpm for cycles of 60 seconds
with 120 seconds breaks on ice between each cycle. The extraction was done through five
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washing steps with methanol. eparation, identification and quantification of pigments was
performed using a himadzu (U)HP C system (Nexera

2, himadzu, apan), equipped with

pump, degasser, oven (25 C), cooled autosampler (4 C), and photodiode array detector (P A).
amples (20 u ) were quantitatively in ected on a
mm) coupled to a
1

C C 0 guard column (20 x4 mm) (

. The mobile phases consisted of

0.2

C Carotenoid C 0 column (250 x 4.6
C, apan) at 25 C, flow 1 ml·min-

ethanol (A), water methanol (20 0 by volume) containing

ammonium acetate ( ) and tert-methyl butyl ether (C). The gradient of elution used with

this column was 5

A, 5

isocratically for 12 min, a step to 0

min, followed by 1 min of linear gradient to 0

A, 5

, 65

A, 5

, 15

C at 12

C. A conditioning phase ( 0-

40 min) was then used to return the column to the initial concentrations of A and .

Total Organic and Total Inorganic Carbon and Nitrogen
The dissolved inorganic carbon (DIC) concentration was measured in the undiluted supernatant
with a TOC- analyzer ( himadzu, apan). The organic carbon and nitrogen content in the
pellet were measured as total carbon (TOC, gc·

-1

) and total nitrogen (TON, gN·

-1

) respectively

using the TOC- analyzer. Possible traces of inorganic carbon in the lyophilized pellet were
removed by resuspending the pellet in 1 m of HCl (1 ) and sonicating the solution at 0 kHz
40 C for 0 minutes. After this treatment samples were diluted ten times in demi water and
immediately placed in the TOC- analyzer. The biomass carbon content (C%,
nitrogen content (N%,

wc·wx-1) and

wN·wx-1) was calculated by dividing the obtained total carbon and total

nitrogen by the dry weight determined on the same sample. The C% was used to determine the
biomass molecular weight (MWx, gx·C-molx-1). MWx was determined by dividing the carbon
molecular weight (12.011 gc·C-mol-1) by C%. The N% was used to determine the biomass
protein content using a protein-nitrogen fraction (0.16 g-N·g-protein-1) (Kliphuis et al., 2012).
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Assessment of Bacterial Contaminant
uring the experiment, axenicity was checked daily by NA staining of culture samples with
reen I ( igma-Aldrich, U ) and fluorescence microscopy (

O

auto, Thermo

isher cientific, U ).

Statistical Analysis
Propagation of errors was calculated according to q. (7) and q. ( ) for sum and multiplication
operations, respectively, to obtain the error.
=

=

(7)
��

�

�

( )

where Δx is the absolute error associated to the value x and so on.
In the comparison between the mixotrophic and the autotrophic cultures each day was
considered as a replicate during the last four days of cyclostat. igures and tables reports the
standard deviation of these 4 replicates (n 4).

ignificant differences between those two

conditions were analyzed by one-way ANO A. The significance level was P 0.05.
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Oxygen Balanced Mixotrophy Under Day-Night Cycles
e previously demonstrated that a mixotrophic culture can operate without any gas-liquid
transfer of oxygen or carbon dioxide (Abiusi et al., 2020a).

e proposed to control respiratory

oxygen consumption by tuning acetic acid supply. However, envisioning outdoor scale-up, this
strategy needed to be tested under day-night cycles. In this study, a mixotrophic and an
autotrophic culture grown under the same light-dark conditions were compared. irst, we will
describe the overall biomass productivity and biomass composition over a 24 h period. Next,
we will zoom in on daytime and nighttime metabolisms.
efore going to the actual results, we will first discuss how off-gas analysis was applied in this
study. On-line off-gas analysis was used to calculate the oxygen (rO2, molO2·
carbon dioxide (rCO2, molO2·

-1

-1

·day-1) and

·day-1) production or consumption rates. ay-night transitions,

however, were followed by a change in the aeration rate and gas composition, which led to
rapid changes in the chemical-physical equilibria of dissolved O2 and CO2. These chemicalphysical artefacts necessitated further data treatment.
uring the transition from day to night the rO2 was positive for a few minutes according to our
raw data, meaning that oxygen was produced, which is impossible from a biological point of
view ( upporting Information 1). This phenomenon is caused by the step-wise reduction in the
aeration rate at the beginning of the night. In addition, especially in the autotrophic culture, the
dissolved oxygen (DO,

air saturation) was higher than 100

during the day.

hen the night

began, part of the oxygen dissolved in the liquid phase was stripped from the culture, giving an
apparent positive rO2. This experimental artefact was removed by re-calculating the rO2 based
on the dissolved oxygen (DO) and the general relations used to describe transfer of gaseous
compounds between liquid and gas. The detailed procedure is explained in supporting
information 1.
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coefficient (kLa, h-1) adopting the steady state method (supporting information 1) while still
using rO2 determined from off-gas analysis outside of the time with the day-night transition
phenomena.

ore specifically, we calculated the kLa, during a long period at the end of the day,

and at the end of the night, where gas analysis was not affected by transition events and where
the system was in a steady state.
imilar to the rO2, the carbon dioxide production or consumption rate (rCO2) showed a peak
during day-night transition (supporting information 2) which was too high to be merely due to
biological activity. This overestimation is related to the fact that at the beginning of the day
dissolved inorganic carbon (DIC, C-mol·

-1

) accumulates in the liquid phase until it reaches its

chemical-physical equilibrium. This DIC is then stripped from the culture as CO2 at the
beginning of the night. DIC measured at the end of the day is reported in table 1, and this DIC
was completely removed by the end of the night. or this reason, to calculate the real rCO2 , the
DIC was subtracted from the cumulative amount of the CO2 exchange measured during the day
and night (table 2). Consequently, the rCO2 presents a nighttime average and we do not have
insight of the dynamics of CO2 production during the night.

Mixotrophic and Autotrophic Productivity and Composition over 24 h
The oxygen balanced mixotrophic strategy confirmed that microalgae productivity and
concentration can be doubled (table 1).

urthermore, we established that mixotrophic

stoichiometry is the sum of the heterotrophic and autotrophic metabolism (table ). In fact,
subtracting the fraction of biomass heterotrophically produced during the mixotrophic growth
(rc,

het,

C-molx·

-1

·day-1) from overall mixotrophic productivity (rc,mixo, C-molx·

-1

·day-1),

allowed us to calculate the fraction of biomass produced autotrophically (rc,auto’). The rc,auto’,
and therefore the biomass yield on light (Yx/ph, C-molx·molph-1), was not significantly (P 0.05)
different from the rc of the autotrophic culture. urprisingly, despite the 10 h of darkness, Yx/ph
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was identical to the 40.7 C-mmolx·molph-1 reported in our previous study under continuous light
(Abiusi et al., 2020a). Therefore, under day-night cycle, where some biomass is lost during the
night, the daytime Yx/ph is expected to be higher than under continuous light, and this higher
yield compensates for night biomass losses (de

inter et al., 2017a). Those findings will be

elucidated in more detail in the next sections. Thanks to the higher Yx/ph and despite the 10 h of
darkness, the mixotrophic biomass yield on substrate under day-night cycle (Ymixox/s, C-molx·Cmols-1) was 0.

C-molx·C-mols-1 (table ) only 6

lower than previously reported under

continuous light (Abiusi et al., 2020a).
imilar Yx/ph of the mixotrophic and the autotrophic cultures indicate that photosynthesis is not
affected by the presence of organic substrate. In our experiment the effect of organic carbon on
photosynthesis was assessed by measuring photosynthetic efficiency of P II directly as
quantum yield (QY), by measuring the average specific absorption cross section (ax), and by
measuring the total chlorophyll (a b) and lutein contents (table 1). These values did not vary
between the mixotrophic and autotrophic cultures.
These results confirm our previous finding (Abiusi et al., 2020a) but are in contrast with most
of the existing literature where a decrease in pigment content is reported ( rama et al., 2016
ilken et al., 2014

ang et al., 2000). A possible explanation is that in order to balance oxygen

production, the heterotrophic (rc,het’) and the autotrophic ( rc,auto’) metabolisms are equally
contributing to the overall mixotrophic growth (table ).

ost of the previous work were

conducted in batch or in repeated batch17,1 with high initial substrate concentration and low
light intensity, therefore the rate of heterotrophic metabolism was much higher than the rate of
autotrophic metabolism. The dominance of heterotrophy in these studies might have resulted in
a lower pigment content in comparison to our study.
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Table 1. Overview of the off-line, DO, D measurements on the cultivation of C. sorokiniana
SAG 211-8K under mixotrophic and autotrophic conditions. The data presented are the average
of 4 consecutive days at cyclostat (n=4) and reported with the standard deviation of
measurements.

Air saturation
C-mmol -1

DO (daytime)
DICout (end of the day)
Cx (end of the day)

gx·

-1

Cx (harvesting)

gx·

-1

D

day-1
-1

g·

rx

·day-1

C%

wC·wx-1

N%
QY (end of the day)
ax (end of the day)

wN·wx-1
v

m

2

m ·kg-1
wP·wx-1

Protein (end of the day)
Lutein (harvesting)

mg gx-1

Chlrophyll a+b
ignificant differences (P 0.05).

mg gx-1

3

Table 2. Average mixotrophic and autotrophic specific oxygen (qO2) and carbon dioxide (qCO2)
consumption/production rate over the day and night. The data presented are the average of 4
consecutive days at cyclostat (n=4) and reported with the standard deviation of measurements.
ixotrophic
ay
0
4.7·10-6±0.

Autotrophic
Night

ay

Night

-40.5·10- ±4.

1. 0±0.04

-44.6·10- ±2.4

56.6·10- ±6.

-1.15±0.04

7 .2·10- ± .
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Table 3. Carbon mass balance of C. sorokiniana SAG 211-8K grown mixotrophically over the
14 hours of the day-light period and over 24 hours. In the table the overall mixotrophic
productivity (rc,mixo) was split in the fraction of biomass heterotrophically produced (rc,het’) and
the fraction of biomass produced autotrophically (rc,auto’). As comparison isthe autotrophic
productivity (rc,auto ) also reported. The data presented are the average of 4 consecutive days at
cyclostat (n=4) and reported with the standard deviation of measurements.
Unit
rs
rc,mixo
Ymixox/s
rc,het’

C-mmols·

24 h

-1

·day-1

-1

mmolx·

-1

·day

-1

-1

Autotrophic
24 h
14 h

- 5. ± .4

n.a

n.a

4. ±2.7

1.5± .5

n.a

n.a

0. ±0.04

0. 6±0.05

n.a

n.a

47. ±4.2

47. ±2.2

n.a

n.a

6. ±5.0

4 .16±5.5

.5±1.1 42.4±0.

4 . ±6.4

4 . ±2.1 47.1±2.0

-1

rc,auto’ / rc,auto
C-mmolx· ·day
C-molx·C-molph-1
Yx/ph
Not applicable (n.a.)

14 h

- 5. ± .4

-1

C-mmolx· ·day
C-molx·C-mols-1

ixotrophic

40. ±5.

A chlorophyll content between 20 and 40 mg·gx-1 is commonly found in this species ( andalam
Palsson, 1

yers

raham, 1 71

an

agenen et al., 2015) and our results are on the

high side of this range (table 1). The high chlorophyll content indicates that our cultures were
photo-limited. In our previous work we used a light model to estimate the attenuation of light
intensity, caused by cellular light absorption, from the reactor surface towards the reactor center
(Abiusi et al., 2020a). Applying this model to the present work, we estimated that 5
mixotrophic and 71
2

of

of autotrophic cultures were experiencing a light level below 10 mol m

s 1 which we assumed to be the compensation point of photosynthesis ( lanken et al., 2016).
icroalgae acclimate to the light regime they experience. In case the algae are light limited

they are known to increase their pigmentation ( ubinsky

tambler, 200 ).

The lutein content found in our cultures was 7 to mg gx-1, one of the highest ever reported for
microalgae. Previous studies have reported lutein content commonly being in the range of 1 4. mg·gx-1 and values above this range are considered rare. In this strain, a maximum lutein
content of 6 mg·gx-1 has been previously reported (Cuaresma, 2011) while up to 15 mg·gx-1 has
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been obtained in C. vulgaris ( ong et al., 201 ). Understanding the biological reason behind
this high lutein content might have important commercial applications. However, the scope of
this work was primarily to compare mixotrophic and autotrophic cultures, and we can clearly
conclude that pigments were not ill-affected by the presence of an organic substrate.
C. sorokiniana has been proposed as a sustainable source of food given its high protein content
and nutritional value ( afi et al., 2014).

e measured a protein content of 50.1 ±2.2 w w in

the mixotrophic and 45.1 ±1. w w in the autotrophic culture. These values are within the
range reported for these species ( andalam

Palsson, 1

) (Kumar et al., 2014). The higher

protein content of the mixotrophic culture can partially explain its higher carbon content (C%)
(table 1). This hypothesis was confirmed by Kumar et al. (Kumar et al., 2014) in another C.
sorokiniana strain.

3
Daytime Metabolism in Mixotrophic and Autotrophic Cultures
Under day-night cycles, the application of automatic feeding of acetic acid to control DO
proved to be more challenging than under continuous light (figure 1) and some settings needed
ad ustment. In the initial configuration, the process was designed to provide acetic acid to the
culture only if DO was exceeding a set point ( O 105 ). Therefore, feeding of acetic acid
would have started only after an initial oxygen production had begun. urprisingly, without an
initial addition of acetic acid, the culture did not start producing oxygen (data not shown). This
phenomenon might have been caused by an insufficient level of dissolved inorganic carbon
(DIC) present in the medium after the night, and without CO2, photosynthesis could not start.
or this reason, a small and constant acetic acid supply rate (FAA, ·min-1) was maintained
between 0.1 and 0. m ·min-1. Thus, the substrate was provided even when DO did not reach
the setpoint yet. Introducing this basal FAA led to a decrease in DO during the first 1.5 hours,
where the DO reached a minimum of 20 , after which DO rose again to the setpoint (DO
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105 ), which was reached after

h ( igure 1). Once the setpoint was reached, automatic

feeding began to ad ust FAA based on the DO and succeeded in maintaining DO at the setpoint.

Figure 1. Daytime dissolved oxygen (DO) of C. sorokiniana SAG 211-8K grown
mixotrophically without aeration. The data presented are the average of 4 consecutive days at
cyclostat (n=4) and the shaded area represents the standard deviation of measurements.

The autotrophic culture also needed about
corresponding to an rO2 of 62 mol·O2·

-1

h before reaching its full photosynthetic capacity

·min-1 ( igure 2). It has been reported that in the first

hours of the day algae need to restart photosynthesis and ad ust the photosynthetic apparatus to
the light intensity by increasing, or decreasing, their pigment content, among others ( trenkert
et al., 201 ). After this period, rO2 further increased reaching the maximum value of 6
mol·O2·

-1

·min-1 5 h after the sunrise ( igure 2).

aximum rO2 was maintained for about 5 h,

after which rO2 declined in the last 4 h of the daytime. imilar trends have been reported in
other microalgal species (de

inter et al., 2017a de

inter et al., 2017b

e n- aiki et al.,

2017) and although the precise mechanisms behind these circadian variations have not been
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discovered yet, it is well known that photosynthesis is controlled by the circadian clock (Post
et al., 1 5). Cell division might reduce photosynthetic efficiency (de

inter et al., 2017a de

inter et al., 2017b) which could have been the case in our culture at the end of the day ( igure
) explaining the rO2 decline in the last 4 h of the daytime ( igure 2).
ynchronized cultures, where cell division occurs mainly at night, might have a higher daytime
biomass yield on light (Yx/ph, C-molx·molph-1) compared with continuous light culture, where
cell division occurs randomly (de

inter et al., 2017a

e n- aiki et al., 2017). This was the

case in our experiment, where the average of daytime biomass yield on light for both the
mixotrophic and autotrophic cultures was 4 C-molx·molph-1 (table ), while in our previous
experiment in continuous light culture it was 41 C-molx·molph-1 (Abiusi et al., 2020a). However,
in order to confirm that the beginning of the cell division corresponded exactly with the decline
in photosynthetic activity, cell counting should have been measured over 24 h, while our study
we mainly focused on cell division at nighttime (see next section).
In this study the autotrophic carbon uptake rate (rCO2) (supporting information 2) equals the
biomass production rate rC (rC, C-molx·

-1

·day-1) (table ). The accuracy of this method was

also confirmed by the ratio between rO2 and rCO2 that matched the value of 1.1 expected from
autotrophic stoichiometry (Abiusi et al., 2020a) using ammonium as nitrogen source. Off-gas
analysis was also used to calculate the amount of CO2 taken up from the reactor, on the total
amount provided during the daytime (supporting information ). Our results indicate that 0
of the ingoing CO2 was lost in the autotrophic reference culture.

imilar CO2 losses are

commonly reported ( mith et al., 2015, Kim et al., 201 ). ow CO2 uptake efficiency might
have a dramatic impact on microalgae production cost and carbon footprint (Kim et al., 201
mith et al., 2015). everal studies have been conducted to decrease CO2 losses but even in
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Figure 2. Daytime oxygen production rate (ro2) of C. sorokiniana SAG 211-8K grown
autotrophically. The data presented are the average of 4 consecutive days at cyclostat (n=4)
and the shaded area represents the standard deviation of measurements.

Figure 3. Nighttime cell number of C. sorokiniana SAG 211-8K that during the daytime was
grown either mixotrophically (orange) or autotrophically (blue). The data presented are the
average of 4 consecutive days at cyclostat (n=4) and reported with the standard deviation of
measurements.
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optimized photobioreactors (PBRs), CO2 losses are 25
al., 2012) and 50

at minimum in closed PBRs (Aci n et

in open ponds ( oucha et al., 2005), indicating that CO2 uptake efficiency

is one of the challenges in autotrophic cultivation of microalgae.

Nighttime Metabolism in Mixotrophic and Autotrophic Cultures
The average volumetric oxygen consumption rate (rO2) was measured for 4 consecutive days
and used to calculate the biomass specific oxygen consumption rate (qO2, molO2·C-molx·day-1).
e will use these specific rates because in the mixotrophic culture the biomass concentration
was roughly double the concentration of the autotrophic culture (table 1).
ixotrophic and autotrophic cultures expressed a similar trend of qO2 in time (figure 4) with
higher oxygen consumption at the beginning of the night decreasing to a low and constant rate
towards the end of the night. Calculations show that 50
the first

of the oxygen was consumed within

hours. A closer look at the graph reveals that qO2 decreased more rapidly in the

mixotrophic culture compared to the autotrophic culture, while towards the end of the night the
two cultures had a similar qO2. As a consequence of the more rapid decline, the average qO2
during the night was slightly lower in the mixotrophic culture than in the autotrophic culture
(table 2).
ew studies have employed on-line off-gas analysis in microalgae to study dynamics in
metabolism during the day-night cycle (Cuaresma et al., 2011b de
et al., 201 ).

inter et al., 2017a Norsker

ost of these studies were conducted only during the day in an autotrophic culture,

with the goal of quantifying biomass production rate based on rO2.

uring the night,

carbohydrate reserves are consumed to produce energy. In the case of aerobic respiration of
sugar for energy production (catabolism), 1 mol of sugar (CH2O) is respired, consuming 1 mol
of O2 and producing 1 mol CO2. In a situation where part of the sugar is used as molecular
building block for the formation of functional biomass (e.g. proteins, pigments) in anabolic

75

3

Chapter 3

pathways, the ratio between rO2 and rCO2 is lower than 1. Thus, the ratio between qO2 and qCO2
gives information on the relative contribution of catabolic and anabolic pathways. In our
experiment this ratio was 0.71 for the mixotrophic culture during the night, and 0.61 for the
autotrophic culture (table 2). The difference suggests that in the autotrophic culture anabolic
processes were more dominant.

Figure 4: Nighttime specific oxygen consumption rate (qO2) of C. sorokiniana SAG 211-8K that
during the daytime was grown either mixotrophically (orange) or autotrophically (blue). The
data presented are the average of 4 consecutive days at cyclostat (n=4) and the shaded area
represents the standard deviation of measurements. The dotted line indicates the time in which
half of the total rO2 is reached.

The finding that anabolic processes were more dominant in the autotrophic culture than in the
mixotrophic culture, was confirmed by nighttime cell division ( igure ). In the autotrophic
culture cell number increased by 62

while in the mixotrophic culture only by 1

. However,

neither of the cultures doubled their cell number during the night, indicating that cell division
must have already started during the day as discussed in previous section. In the mixotrophic
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culture cell division was completed after .5 hours while in the autotrophic culture it lasted for
6.5 hours.
Not surprisingly qO2 declined after cell division ( igure 4) and this decline was faster in the
mixotrophic culture than in the autotrophic culture. Cells need energy for growth related
process, such as cell division, and less so for non-growth related process defined as maintenance
(Pirt

Hinshelwood, 1 65). At night, after cell division, the cells enter in a metabolically

quiescent stage of the cell cycle known as

0

( trenkert et al., 201 ). In this stage energy is

spent mainly for maintenance, and the energy for maintenance was constant in both cultures.
The specific oxygen consumption for maintenance in this strain has been reported (Kliphuis et
al., 2011

i ffers et al., 2010) to be 0. mmolO2·gx-1·h-1, which is in the same order the 0.1

mmolO2·gx-1·h-1 measured in our study.
The most relevant question with respect to scale-up of mixotrophic cultivation is the amount of
oxygen that needs to be provided to support night time aerobic heterotrophic metabolism (i.e.
respiration). The amount of oxygen consumed during the night was similar between the two
cultures, with mixotrophic culture requiring slightly less oxygen at night (table 2).

oreover,

most of the oxygen was consumed in the first hours of the night, so it is advisable to tune the
aeration based on the DO, rather than aerate the culture at a constant rate. In fact, the oxygen
requirement at night is only a minimal part of the overall daily gaseous substrate demand under
autotrophy. Averaged over 24 hours the mixotrophic culture required 61 times less gaseous
substrates than the autotrophic culture (table ), confirming that the energy required for gassing
under mixotrophy is almost negligible.
Another relevant question regarding scale-up is the amount of nighttime biomass losses.
Nighttime losses were quantified using three methods: biomass dry weight concentration (Cx,
gx·

-1

mols·

), total organic carbon content (TOC, C-mols·

-1

), and CO2 production rate (rCO2, C-

-1

). The results obtained with these three different methods are reported in table 4.
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The three methods did not show any significant difference (P 0.05) with the exception of Cx
of the autotrophic culture. The Cx based method failed to quantify nighttime losses of the
autotrophic culture, probably because it was not sensitive enough, and for this reason the night
losses of the autotrophic culture were calculated using the other two methods. xcluding the Cx
and making an average of rCO2, and TOC, no significant difference in the nighttime losses were
found between the two cultures. Nighttime losses were around 7
is within the typical range of
Huesemann, 2015

-

reported for autotrophic cultures ( dmundson

ichels et al., 2014 Ogbonna

et al., 2014 Ogbonna

on carbon basis. This value

Tanaka, 1

6). Previous studies ( ichels

Tanaka, 1 6) indicated that nighttime losses depend on the growth

rate of the day. In our experiment the cultures were grown in a cyclostat at a constant dilution
rate during the day, and therefore expressed the same specific growth rate. This equivalent
specific growth rate might explain the similar nighttime losses for both cultures. Total organic
nitrogen content (TON, gN·

-1

) did not change significantly along the night (supporting

information 4). Absence of nitrogen uptake has been previously reported in other green algae
( oelee et al., 2014

oltolina et al., 2005) and is consistent with the hypothesis of a quiescent

stage ( trenkert et al., 201 ). The protein fraction contains 0

of microalgal nitrogen ( ecker,

2004), therefore an absence of nitrogen uptake might be associated with a lack of protein
synthesis. Other studies however reported that part of the carbon accumulated during the day
in the form of starch or lipids, is consumed during the night for protein synthesis ( lanken et
al., 2017 Ogbonna

Tanaka, 1 6). ven so, whether or not protein synthesis occurs during

the night is unclear and goes beyond the scope of this study. Neither mixotrophic or autotrophic
cultures expressed significant nitrogen uptake nitrogen during the night, and we can safely
conclude that night time nitrogen uptake is not affected by mixotrophy.
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Table 4. Nighttime losses in a mixotrophic and an autotrophic culture, according to biomass
dry weight concentration (Cx, gx·L-1), total organic carbon content (TOC, C-mols·L-1) and CO2
production rate (rCO2, C-mols·L-1). The data presented are the average of 4 consecutive days at
cyclostat (n=4) and reported with the standard deviation of measurements.
ethod

ixotrophic

Autotrophic

ignificant differences (P 0.05).

Practical Application of Oxygen Balanced Mixotrophy
In this study we demonstrated that oxygen balanced mixotrophy allows for complete removal
of day-time gas-liquid exchange and that the oxygenation required in the night period is very
low. In several photobioreactor (PBR) designs, however, gassing is an integral part of the
mixing of the microalgal culture. In vertical panel or column type PBRs mixing is exclusively
provided by gassing, but in tubular PBRs mixing and gassing are separated. In tubular PBRs
mixing is ensured via a liquid pump, while oxygen and carbon dioxide gas-liquid exchange is
supported by a dedicated unit usually in the form of a bubble column. In tubular PBRs the
energy for gassing is 25

of the operational energy cost (Aci n et al., 2012). Our process might

allow for the complete removal of the bubble column saving the related energy consumption
and dramatically decreasing the complexity of the system. Also the rate of mixing (liquid
circulation through the tubes) potentially can be decreased as no accumulation or depletion of
oxygen or carbon dioxide is expected.
One of the ma or challenges of mixotrophic outdoor cultivation is the undesired contamination
of heterotrophic microorganism, mainly bacteria and fungi (Unnithan et al., 2014), that compete
with microalgae for the assimilation of organic carbon. acteria have a growth rate that is an
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order of magnitude higher than microalgae and they can easily outcompete microalgae for
organic carbon uptake. However, since the start of commercial production of Chlorella in 1 64
the pioneers involved already replaced CO2 by acetic acid in open ponds (Iwamoto, 2004),
without serious contamination of the culture. A similar approach has been recently embraced
by Heliae evelopment

C ( anuza

Tonkovich, 2016).

In search of strategy to prevent bacterial contamination,

esch nes et al. ( esch nes et al.,

2015) demonstrated the possibility to control bacterial contamination under mixotrophic
conditions by preventing the simultaneous presence of nitrogen and organic carbon in the
culture medium. The main idea behind this cultivation strategy was that microalgae can grow
when either nitrogen or organic carbon are not present in the culture medium by consuming the
internal quota of nitrogen and by photosynthesis, respectively, whereas most bacteria can grow
only if all nutrients are simultaneously present in the culture medium. A similar strategy has
been successfully adopted for microalgae heterotrophic growth in non-axenic condition ( i
Caprio et al., 201 ).
Another possible solution to avoid bacteria contamination is to employ acidophilic microalgae
that have a pH optima below , where most of the bacteria cannot grow. This strategy has been
used to cultivate Galdieria sulphuraria in unsterilized primary effluent ( elanka-Pedige,
201 ). The authors reported that at pH 2 the initial bacterial population was reduced by
and lowering the pH resulted in a complete removal of pathogen.
e strongly believe that although it might be technically feasible to run a closed
photobioreactor, without aeration, with minimal infection risk, contaminations can be further
controlled by employing one of the above mentioned strategies.
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In the present work, a mixotrophic microalgal monoculture was grown without gas exchange
during the day, and with minimal aeration during the night. In mixotrophy biomass productivity
and concentration doubled compared to an autotrophic reference culture. In the mixotrophic
culture, due to efficient light utilization,

of the substrate was converted into biomass,

making the process close to carbon neutrality.

ixotrophic and autotrophic cultures had similar

nighttime oxygen consumption patterns, with most of the oxygen consumed within the first
hours of the night. Overall, mixotrophy required 61 times less gaseous substrates compared to
autotrophy. Thus, mixotrophy is an effective strategy for reducing the requirement for gassing
by at least

. iomass nighttime losses were about 7

mixotrophic culture had 5

regardless of the trophic mode. The

more protein and the same lutein content as the autotrophic culture.

Our results indicate that mixotrophy is a successful strategy for producing protein and lutein,
while still maintaining the same efficiency of light utilization as an autotrophic culture.
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DO
PBR
PFD
PAR
TOC
DIC
TON

issolved oxygen concentration ( air saturation)
Photobioreactor
Photon flux density ( mol·m 2·s 1)
Photo active radiation, 400-700 nm
Total organic carbon (gc· -1)
issolved inorganic carbon (C-mol· -1)
Total organic nitrogen (gN· -1)

VPBR
APBR
D
Yx/ph
F
r
X
C
Yx/s
MW
QY
C%
N%
KLa
q

Photobioreactor working volume ( )
Photobioreactor illuminated area (m2)
ilution rate (day-1)
iomass yield on light (C-molx·molph-1)
low (mol·min-1)
olumetric production consumption rate (mol· -1·min-1)
as molar fraction ( )
Concentration (mol· -1)
iomass yield on substrate (C-molx·C-mols-1)
olecular weight (g·C-mol-1)
Average absorption cross section (m2·Kg-1)
uantum yield ( v m)
iomass carbon content ( wc·wx-1)
iomass nitrogen content ( wN·wx-1)
O2 gas-liquid transfer coefficient (h-1)
iomass specific production consumption rate (mol·C-molx·day-1)

mixo
auto
auto'
het'
g
in/out
ph
x

ixotrophic
Autotrophic
Autotrophic fraction of the mixotrophic biomass
Heterotrophic fraction of the mixotrophic biomass
as
Inlet outlet
PA photons
iomass

c

Carbon based biomass

s
AA

ubstrate
Acetic acid
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Supporting information 1: O2 Production/Consumption Rate
In our study, on-line off-gas analysis was used to calculate the oxygen (rO2, molO2·
and carbon dioxide (rCO2, molO2·

-1

·day-1) production or consumption rates.

-1

·day-1)

ay-night

transitions, however, were followed by a change in the aeration rate and gas composition
( igure 1 and 2), which led to rapid changes in the chemical-physical equilibria of dissolved
O2 and CO2. These chemical-physical artefacts necessitated further data treatment.
uring the transition from day to night the rO2 was positive for a few minutes ( igure 1),
meaning that oxygen was produced, which is impossible from a biological point of view. This
phenomenon is caused by a stepwise reduction of the aeration rate at the beginning of the night.
In addition, especially in the autotrophic culture, the dissolved oxygen (DO,
at the end of the day was 150 .

air saturation)

hen the night began, part of the oxygen dissolved in the

liquid phase was stripped from the culture, giving an apparent positive rO2. This experimental
artefact was removed by re-calculating the rO2 based on the DO and the general relations used
to describe transfer of gaseous compounds between liquid and gas.

ore specifically, we

calculated the oxygen gas-liquid transfer coefficient (kLa, h-1) using the steady state method. In
order to do that, we first determined from the off-gas analysis a period at the end of the day and
at the end of the night where rO2 was not affected by day-night transition phenomena.

e

considered rO2 to be at steady state for the last 2 h of the night ( igure 1), and between 4. and
14 h after sunrise for the daytime in the autotrophic culture ( igure 2). These two periods were
used to calculate the kLa, according to:
=

�

�

��

�

( q. 1)

where CO2* and CO2 are the concentration of dissolved oxygen at 100
specific time point respectively. A DO of 100

air saturation and at a

corresponds to 224 mol·

-1

at 7 C. Using

this procedure, we estimated a kLa value of .6±1.2 and 2 . ±1.2 h-1 when the aeration rate was
0.1 and 0.5

·

-1

·min-1 respectively. These values are in the range reported by the
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manufacturing

company

(https: www.applikon-biotechnology.com files applikon-poster-

scalability-in-lab-bioreactors-kla.pdf).
These two kLa were used to recalculate rO2 (figures

and 4) and it was used for further

calculations as presented in the main text.

Figure S1. Night time raw data of the oxygen consumption rate (rO2) and dissolved oxygen
(DO) of C. sorokiniana SAG 211-8K that during the daytime was grown either mixotrophically
(orange) or autotrophically (blue). The red box indicates the steady state period used to
calculate the oxygen gas-liquid transfer coefficient (kLa, h-1). The data presented are the
average of 4 consecutive days at cyclostat (n=4) and reported with their standard deviation.
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Figure S2. Daytime raw data of oxygen production rate (rO2) and dissolved oxygen (DO) of C.
sorokiniana SAG 211-8K grown autotrophically. The red box indicates the steady state period
used to calculate the oxygen gas-liquid transfer coefficient (kLa, h-1). The data presented are
the average of consecutive days at steady state and the shaded area represents the standard
deviation of measurements.

3
Figure S3. Night time oxygen consumption rate (rO2) of C. sorokiniana SAG 211-8K that during
the daytime was grown either mixotrophically (orange) or autotrophically (blue). The data
presented are the average of 4 consecutive days at cyclostat (n=4) and the shaded area
represents the standard deviation of measurements.

85

Chapter 3

Figure S4. Daytime oxygen production rate (rO2) of C. sorokiniana SAG 211-8K grown
autotrophically. The data presented are the average of 4 consecutive days at cyclostat (n=4)
and the shaded area represents the standard deviation of measurements

Supporting information 2: Raw Data of CO2 Production/Consumption Rate
imilar to the oxygen production rate, carbon dioxide production consumption rates (rCO2)
showed a peak during day-night transitions (figure 5 and 6) which were too high to be merely
due to biological activity. At the beginning of the day dissolved inorganic carbon (DIC, Cmol·

-1

) accumulates in the liquid phase until it reaches its chemical-physical equilibrium. This

DIC is then stripped from the culture as CO2 at the beginning of the night resulting in an over
estimation of rCO2. or this reason, rCO2 was corrected for DIC.
daytime rCO2 in the autotrophic culture was -42.4±0. C-mmolx·

mploying this correction, the
-1

·day-1 while during the night

time the autotrophic and mixotrophic had a of 2.7±0.1 and 4. ±0.5 C-mmolx·

-1

·day-1

respectively. The net carbon uptake equals the biomass production rate rC (table ) confirming
the accuracy of this method
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Figure S5. Daytime carbon dioxide consumption rate (rO2) of C. sorokiniana SAG 211-8K
grown autotrophically. The data presented are the average of 4 consecutive days at cyclostat
(n=4) and the shaded area represents the standard deviation of measurements.

Figure S6. Night time raw data of the carbon dioxide production rate (rCO2) of C. sorokiniana
SAG 211-8K that during the daytime was grown either mixotrophically (orange) or
autotrophically (blue). The data presented are the average of 4 consecutive days at cyclostat
(n=4) and the shaded area represents the standard deviation of measurements.
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Supporting information 3: CO2 Fraction in the Gas Inlet and Outlet
Figure S7. Molar fraction of the CO2 (XCO2) in the inlet (CO2,in) and outlet (CO2,out) gas
measured in the autotrophic culture of C. sorokiniana SAG 211-8K during daytime.
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Supporting information 4: Total Organic Nitrogen Content at Nighttime
Figure S8. Nighttime total organic nitrogen content (TN, gN·L-1) of C. sorokiniana SAG 2118K biomass, that during the daytime was grown either mixotrophically (orange) or
autotrophically (blue). The data presented are the average of 4 consecutive days at cyclostat
(n=4) and the shaded area represents the standard deviation of measurements.
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G. sulphuraria is an acidophilic microalga isolated in proximity of sulfuric ponds where pH is
below

and most organisms cannot grow.

e cultivated G.sulphuraria ACU 64 free of

contamination for over 2 months in a media containing organic carbon at pH 1.7 with
continuous, high intensity, lighting.

e compared biomass productivity of chemostat and

repeated batch cultivations. The optimal biomass density in autotrophic and mixotrophic
cultures were identified. In autotrophy biomass productivity was 2 . gx·m-2·day-1, 1. to 7.7fold higher than previously reported. Autotrophy was compared to oxygen balanced
mixotrophy where intracellular recirculation of O2 and CO2 take place. Aeration was not needed
and

1

of the substrate carbon was converted into biomass. In mixotrophy biomass

productivity was 1. times higher than autotrophic culture and linear growth was maintained at
high biomass concentration ( .7 gx·

-1

). ight tolerance and high productivity in dense culture

make our strain promising for mixotrophic outdoor cultivation.
: Photoinhibition, biomass yield on substrate, oxygen balance, high density,
acidophilic microalgae.
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icroalgae are oxygenic photoautotrophic microorganisms (henceforth referred to as
autotrophic), meaning that they harvest light energy, use carbon dioxide (CO2) as a carbon
source, and release oxygen (O2) as a by-product.

icroalgae can reach high areal productivity,

do not require arable land or fresh water for growth ( i ffels
use fertilizers with almost 100

arbosa, 2010), and they can

efficiency (Tredici, 2010). These unique traits make

microalgae a promising sustainable source of food and feed ( uiz et al., 2016).
ome microalgal species are able to exploit light and organic carbons simultaneously resulting
in a mixotrophic metabolism. In mixotrophic cultivation, the simultaneous presence of two
energy sources (light and reduced organic carbon) can significantly increase biomass
productivity (Turon et al., 2015c

ang et al., 2014).

e recently designed an oxygen

balanced mixotrophic cultivation method in which the dissolved oxygen concentration (DO)
was kept constant by coupling the substrate supply rate with the rate of photosynthesis (Abiusi
et al., 2020a). This method allowed internal O2 and CO2 recirculation between photosynthesis
and respiration avoiding (Abiusi et al., 2020a), or minimizing (Abiusi et al., 2020b), gas
exchange. urthermore, under these conditions biomass productivity and biomass concentration
were doubled and 6

of the substrate carbon was converted into biomass carbon.

Contamination by bacteria and fungi is a notable challenge when microalgae are cultivated in a
medium that contains a source of organic carbon, as microalgae have a growth rate one order
of magnitude lower than its competitors. Cultivation of extremophilic microalgae has been
proposed as a strategy to reduce the risk of bacterial contamination ( elanka-Pedige, 201 ).
These algae are able to grow in conditions defined as extremes such as very acidic or alkaline
pH, unusually high or low temperatures, or high salinity which are all unfavorable to most other
micro-organisms.
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The microalgal genus Galdieria emerged as a promising extremophile ( ydney et al., 201 ).
Among the Galdieria genus, G. sulphuraria is the most studied species. G. sulphuraria is a
polyextremophile that can tolerate low pH (1 4) ( loth et al., 2006), high temperature (up to 57
C) (Ott

eckbach, 1 4) and high osmotic pressure (up to 400 g·

salt) ( chmidt et al., 2005).

-1

of sugar and 2-

of

ue to these exceptional traits, G. sulphuraria is often the only

organism able to colonize acidic hot springs where it forms mats of a deep blue-green color
(Pinto et al., 2007). The peculiar color is due to a presence of the blue pigment phycocyanin
and of chlorophyll a (Albertano et al., 2000). In addition to phycocyanin, G. sulphuraria is rich
proteins (Cheng et al., 201 ), insoluble dietary fibres ( raziani et al., 201 ), and antioxidants
(Carfagna et al., 2016).

iven its high nutritional value G. sulphuraria may be a suitable

component in foods ( raziani et al., 201 ) .
iven its benthonic nature, G. sulphuraria has been considered extremely photosensitive with
light inhibition occurring at intensities above 200 mol·m-2·s-1 ( rock, 1 7

loth et al., 2006).

ue to photosensitivity, most of the research on G. sulphuraria has focused on heterotrophic
cultivation. G. sulphuraria has been successfully grown heterotrophically using 27 organic
substrates ( raziani et al., 201

ross

chnarrenberger, 1 5) although most of G.

sulphuraria strains completely lose their pigmentation when grown in the dark ( raziani et al.,
201

ross

chnarrenberger, 1 5). Previous studies also indicated that the presence of

organic substrates in the light strongly reduced photosynthesis of G. sulphuraria ( ozaffari et
al., 201

tadnichuk et al., 1

). Oesterhelt et al (Oesterhelt et al., 2007) reported that if

glucose is available G. sulphuraria prefers heterotrophic metabolism over autotrophic growth,
repressing O2 production and CO2 fixation.
A screening performed by the Algal Collection of the University ederico II (ACU ) on 4 G.
sulphuraria strains ( raziani et al., 201 ), identified the strain G. sulphuraria ACU 64 as the
most promising autotrophic strain. The aim of our work was to assess if the strain G.
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sulphuraria ACU 64 could be cultivated under oxygen balanced mixotrophy and therefore
grow without any gas exchange in a closed photobioreactor (PBR). The strain was cultivated at
pH 1.7 and we investigated the potential of such acidic environment to prevent bacterial
contamination. In addition, we studied both autotrophic and mixotrophic cultivation of G.
sulphuraria ACU 64 at a high light intensity to identify the cell concentration resulting in
maximal biomass productivity.

e explored the hypothesis that in G. sulphuraria ACU 64

the mixotrophic metabolism is the sum of the heterotrophic and autotrophic metabolisms paying
special attention to the carbon balance.

4
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Organism, Media and Cultivation Conditions
Galdieria sulphuraria ACU 64 (http: www.acuf.net) was kindly donated by Prof A. Pollio
(University

ederico II, Naples, Italy). The culture medium was prepared as following

(composition expressed in mol·

-1

): 2.2·10-

g O4·7·H2O, 0.1·10- ·CaCl2, 0.16·100. ·10- NaCl, 0.2·10- ·H O , 20.2·10-6

KH2PO4, 20.0·10-

(NH4)2 O4, 1.6·10-

TA ferric sodium salt, 0.05·10- Na2

TA·2H2O,

nCl2·4H2O, 20.6·10-6 nCl2, .0·10-6 Cu O4·5H2O,

4.1·10-6 Na2 oO4·2H2O, 4.2·10-6CoCl2·6H2O. The pH was ad usted to 1.7±0.1 with about 1
m ·

-1

of 2.5

of H2 O4.

uring photobioreactor experiments all concentrations were

increased fourfold with exception of

TA ferric sodium salt and Na2

TA·2H2O that were

doubled, and NaCl that was not increased. Axenic algal cultures were maintained in 250 ml
flasks containing 100 m medium. Cultures were maintained in light-limited linear growth by
weekly dilution. They were incubated at 7 C, 4.5

v v CO2 and stirring at 100 rpm with a

magnetic rod. The flasks were illuminated 24h 24h from below with a warm-white
(

A 1200, ridgelux, U A) at a photon flux density (PFD, mol m 2 s 1) of 00± 5 mol

m 2 s 1.

Heterotrophic flask experiments
The heterotrophic biomass yield on substrate (Yhetx/s, C-molx·C-mols-1) was determined in dark
batch experiments. The heterotrophic experiments were conducted in flasks adding glucose
monohydrate at 0. C-mols·

-1

to the autotrophic medium. The heterotrophic experiments were

started using an inoculum that was acclimated to the heterotrophic growth for at least 2 weeks.
Cultures were maintained in exponential growth by diluting the culture with fresh medium
every -5 days. lasks were were wrapped in aluminum foil and incubated at 7 C in darkness
while being shaken at 250 rpm. The experiments were started at an optical density at 750 nm
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(O

750)

of 0.24.

uring the experiments, multiple samples per day were taken until glucose

was depleted. The microalgae concentration was quantified measuring OD750. or each sample,
first O

750

was measured, 1 m was centrifuged and the supernatant was stored at -20 C prior

to analysis of glucose concentration.
The O

750

was converted into dry weight (Cx, gx·

-1

) using a linear regression (see analytical

methods). At the end of each experiment, the Cx was measured to verify that the correlation was
still valid. The heterotrophic biomass yield on substrate Yhetx/s was calculated as follow:

𝑌𝑌��� =

(1)

where Cx0 Cxe and S0 Se respectively are the biomass and the substrate concentrations (C-mol·
1

-

) at the start and the end of the exponential phase while MWx (gx·molx-1) is the weight of 1

carbon mole of biomass. The MWx was determined at the end of the experiment and it was
assumed to be constant during the batch.
The specific growth rate (µ, h-1) during exponential growth was calculated according to:
=

�

�

4

(2)

where t0 te and Cx0 Cxe are respectively the time and the biomass concentration at the start and
the end of the exponential phase. xperiments were performed in biological duplicates. The
averages and standard error will be shown in graphs and tables.

Photobioreactor Setup and Experiments
Galdieria sulphuraria ACU 64 was grown in a

bioreactor (Applikon, The Netherlands)

described in more detail in Abiusi et al., 2020a. This reactor had a working volume (VPBR) of 2
. The internal diameter was 0.1 0 m, while the liquid height was maintained at 0.166 m by a
level sensor, resulting in a cylindrical illuminated area (APBR) of 0.06 m2.
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The reactor was operated under continuous lighting provided by warm white

s that were

configured around the reactor creating a homogenous light field over the cylindrical reactor
surface at an average PFD of 514±17 mol m 2 s 1.
The reactor was equipped with a dissolved oxygen (DO) sensor ( isi erm

O

C 225,

Hamilton, U ). This DO sensor was calibrated inside the reactor filled with growth medium
and sparged with dinitrogen gas, or air, to give a DO level of respectively 0 and 100 . The
reactor was kept at 7 C by a heat exchanger inside the reactor vessel. To prevent evaporation,
the reactor was equipped with a condenser connected to a cryostat feeding cold water of 2 C.
Continuous stirring at 500 rpm was applied during all experiments.
with 2

hen aerated, air enriched

v v carbon dioxide was provided at a flow rate of 1 ·min-1 using mass flow controllers

( mart T

5 50 ,

rooks Instruments, U A). The pH was continuously measured and

controlled at 1.7 by automatic base (2

, NaOH) or acid (2

H2 O4) addition.

The acid and base solutions, glucose solution, and the harvest bottle were placed on analytic
balances. The balances, DO sensor, temperature probe, pH sensor and mass flow controllers
were connected to a data acquisition system interfaced via a computer by means of a virtual
instrument ( ab

iew, National Instruments, U A) allowing for continuous data logging and

process control. Culture samples for off-line measurements were taken aseptically from the
reactor through a dedicated port. The complete setup, including all the solutions, were sterilized
prior the experiment by autoclaving for 60 min at 121 C.
In one experiment the reactor was operated in chemostat while in another experiment it was
operated in repeated batch. The chemostat experiment was performed at a dilution rate (D, day1

) of 0.5 day-1. The culture was first grown autotrophically for two weeks. or the 4 last days

of this period the harvest bottle was placed in ice water. The harvested culture was collected
daily. A 10 m aliquot was used for dry weight determination. Other measurements (see section
culture sampling and off-line measurements ) were taken multiple times per day directly from
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the reactor during these 4 days. After these first 14 days oxygen balanced mixotrophy was
initiated at a DO of 0 . In this period the reactor was not aerated and a glucose solution was
automatically supplied when the DO exceeded the set-point of 0 .

ixotrophic cultivation

was maintained for 14 days and during the last 4 days samples were taken again according to
the same procedures as described for the autotrophic experiment.
In another experiment the photobioreactor was operated in repeated batch mode. The
experiment was started inoculating the reactor with an autotrophic culture at 0.4 gx·

-1

. The

microalgal culture in the reactor was diluted every 5- days for three times (batches I-III) for
an overall cultivation period of 21 days. After the first 21 days, the glucose solution was
supplied at a constant rate while maintaining gassing with CO2 enriched air resulting in a
mixotrophic culture. After 2 days we switched to oxygen balanced mixotrophy as we stopped
gassing and switched to the automatic supply of glucose to maintain the

O at

0

air

saturation. The culture was diluted every 6- days for three times (batches I - I) for an overall
cultivation period of 2 days.

uring each batch daily samples were taken daily for different

analyses.

Photobioreactor Calculations
In the chemostat experiments, the volumetric biomass production rate (rx, gx·
calculated multiplying the measured biomass concentration (Cx, gx·

-1

-1

·day-1) was

) with the dilution rate

(D, day-1). In the repeated batch experiment rx was calculated from a linear regression of the
-

increase of Cx over time. The rx was also converted into its carbon equivalent (rc, C-molx·
1

·day-1) by dividing rx by the molecular weight of 1 C-mol of biomass (MWx, gx·C-molx-1). The

MWx was determined in each sample taken from the reactor. In the autotrophic cultures rc was
used to determine the biomass yield on light (Yx/ph, C-molx·molph-1) according to the formula:
𝑌𝑌��

=

�

�

(1)
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In the mixotrophic experiments, the volumetric substrate consumption rate (rs, C-mols·
1

-1

·day-

) was calculated as follows, assuming ideal mixing:
�

�

=

�

�

(2)

here Fglu ( ·day-1) and Cs,glu represent respectively the supply rate of the glucose solution and
the concentration in the glucose solution while Cs (C-mols·
measured in the reactor (C-mols·
1

-1

) is the glucose concentration

-1

). The mixotrophic yield on substrate (Ymixox/s, C-molx·mols-

) was calculated dividing rc by rs.

The specific light supply rate (qph, molph·gx-1·s-1) was calculated as follow:
=

100

�

( )
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Photo Flux Density Measurements
The photo flux density PFD was measured with a I CO 1 0 A 2 PA quantum sensor.
ight intensity on the reactor surface was measured at 16 fixed points inside the empty reactor.

Culture Sampling and Off-Line Measurements
amples were taken aseptically multiple times per day for off-line measurements. Two 1 m
aliquots were centrifuged at 202

C

for 10 min.

hen needed, the supernatant was

immediately analyzed for glucose or phosphorus content. The pellet was washed twice with
demineralized water and cooled to -20 C, lyophilized and stored at room temperature in the
dark.

Dry Weight Concentration
Culture growth was estimated by biomass dry weight (Cx, gx·

-1

) determination: aliquots of the

culture (2-5 m ) were diluted to 25 m with demineralized water and filtered over pre-weighed
hatman

glass microfiber filters (diameter of 55 mm, pore size 0.7 m). The filters were

washed with deionized water (25 m ) and dried at 105 C until constant weight.

Optical density
The optical density was measured in duplicate on a spectrophotometer (
U ) at 6 0 and 750 nm. The relationship between Cx and O
grown heterotrophically in a range of 0. to 5 gx·

-1

750 was

6000, Hach- ange,

determined with biomass

by filtering at least 5 mg of algal dry

biomass onto pre-weighed glass fiber filters ( hatman

,

Healthcare UK td., UK)

which were dried overnight at 105 C until constant weight. This resulted in the following
correlation:
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Cx (gx·

-1

)

0.55·O

750

0.06 (

2

1.00)

Average Absorption Cross Section
Average absorption cross section ( , m2·Kg-1) in the PA region (400-700 nm) of the spectrum
was measured and calculated according to de

ooi et al. (de

ooi et al., 2015). The

absorbance was measured in U - I double beam spectrophotometer ( himadzu U -2600,
apan) equipped with integrating sphere (I

-2600). Cuvettes with an optical path of 2 mm

were used.

Photosystem II Quantum Yield
The photosystem II maximum quantum yield (QY,
AquaPen-C AP-C 100 (Photon

v

m)

was measured at 455 nm with an

ystems Instruments, Czech

epublic). Prior to the

measurement, samples were adapted to darkness for 15 min at room temperature and diluted to
optical density at 750 nm between 0. and 0.5.

Glucose and phosphorus determination
In the mixotrophic culture, glucose concentrations were daily measured using an
(

I 2700,

I ife ciences,

I analyzer

ellow prings, OH, U A). Total phosphorus was quantified

with a spectrophotometric phosphorus detection kit ( CK 4

50, Hach ange, ermany).

Total Organic and Carbon and Nitrogen
The organic carbon and nitrogen content in the pellet were measured as total carbon (TOC, gc·
1

) and total nitrogen (TON, gN·

content (C%,

-1

-

) respectively using the TOC- analyzer. The biomass carbon

wc·wx-1) and nitrogen content (N%,

wN·wx-1) was calculated by dividing the

obtained total carbon and total nitrogen by the dry weight determined on the same sample. The
C% was used to determine the biomass molecular weight (MWx, gx·C-molx-1). MWx was
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determined by dividing the carbon molecular weight (12.011 gc·C-mol-1) by C%. The N% was
used to determine the biomass protein content using a protein-nitrogen fraction (0.16 g-N·gprotein-1). (Kliphuis et al., 2012)

Assessment of Bacterial Contamination
uring the experiment, axenicity was checked daily by NA staining of culture samples with
reen I ( igma-Aldrich, U ) and fluorescence microscopy (

O

auto, Thermo

isher cientific, U ).

Statistical Analysis
Propagation of errors by summation and multiplication of individual measurements were
calculated according to Abiusi et al., 2020a. In the chemostat experiment each day of the steady
state was considered as a replicate (n 4). In the autotrophic repeated batch experiment, batch I
and III were considered as replicates (n 2) while in the mixotrophic experiment each batch was
considered as a replicate (n

). In each experiment autotrophic and mixotrophic cultures were

compared and significant differences were analyzed by one-way ANO A (P 0.05).
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Contamination of algal cultures at low pH
One of the ma or challenges of mixotrophic outdoor cultivation is the undesired contamination
by heterotrophic microorganisms, mainly bacteria and fungi (Unnithan et al., 2014), which
compete with microalgae for the assimilation of organic carbon. In the present work G.
sulphuraria was cultivated at pH 1.7±0.1 and fluorescence

NA staining did not show

contaminations neither during the several weeks of heterotrophic cultivation in flasks, nor in
our closed photobioreactor (PBR) for

days and for 42 days.

Prior studies ( elanka-Pedige, 201 ) demonstrated that low pH reduced the initial bacterial
population by

and resulted in complete removal of pathogens when G. sulphuraria was

cultivated in unsterilized primary effluent at pH 2. However, G. sulphuraria has been reported
to be prone to fungal contamination when grown mixotrophically in open biofilms (Carbone et
al., 2020). In the current work, we employed a closed cultivation vessel and all the inputs and
outputs used in our experiments were filter sterilized. This reactor configuration combined with
the low pH was effective in preventing contaminations.

Heterotrophic reference experiments
trict heterotrophic experiments were conducted to determine the heterotrophic biomass yield
on substrate (Yhetx/s). The Yhetx/s was determined in a heterotrophic batch experiment performed
in flasks. G. sulphuraria ACU 64 was grown in darkness in a medium supplemented with
glucose. ince the inoculum was obtained from an autotrophic culture, the culture was allowed
to adapt to heterotrophic growth conditions for two weeks.

uring this pre-cultivation period,

the culture lost most of its pigments (fig. 1). This was verified by measuring the absorption
cross section spectrum (fig. 2). The loss of pigmentation during heterotrophic cultivation of
this strain has been previously reported ( raziani et al., 201 ).
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Figure 1. Heterotrophic biomass production (squares) and substrate consumption (triangle) of
G. sulphuraria ACUF 64 cultivated at pH 1.6 with 330 C-mmol·L-1 glucose.

Heterotrophic biomass production and substrate consumption are reported in figure 1. At
C-mmols·

0

-1

, cultures grew exponentially for 116 h at a specific growth rate (µ) of 0.74 day-1.

The only published heterotrophic experiment performed with G. sulphuraria ACU

64

( raziani et al., 201 ) reported a specific growth rate of 1.0 day-1 which is in line with the most
studied G. sulphuraria 74 ( raverholt
1 5 C-mmolx·

-1

riksen, 2007). The final biomass concentration was

corresponding to Yx/s of 0.5 ±0.02 (C-mols·C-mols-1). Previously,

heterotrophic substrate yields of 0.5 0.6

C-mols·C-mols-1 have been reported for G.

sulphuraria 74 grown in aerobic fermenters ( raverholt

riksen, 2007). The maximal Yhetx/s

for aerobic heterotrophic organisms is 0.7 molx mols-1 and it is bound by thermodynamic
constraints (Hei nen, 1

4). Our results indicate that, despite the low pH, when grown

heterotrophically G. sulphuraria can efficiently convert organic substrate into biomass but at a
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maximal growth rate which is 4 and

times lower than the most studied Chlamydomonas and

Chlorella species, respectively. ( lanken et al., 2016)

Oxygen Balanced Mixotrophy in Galdieria sulphuraria ACUF 64
e previously demonstrated with Chlorella sorokiniana that a mixotrophic culture can operate
without any gas-liquid transfer of oxygen or carbon dioxide (Abiusi et al., 2020a) by coupling
the substrate supply rate to the rate of photosynthesis. In the present study the same concept
was applied to Galdieria, and we compared biomass productivity of chemostat and repeated
batch cultivations. In both operating strategies the cultures were also grown under autotrophic
conditions without the addition of organic carbon but with continuous gassing with CO2
enriched air. These autotrophic cultures where used as reference to determine the biomass yield
on photons (Yx/ph).

Oxygen balanced mixotrophy in chemostat
Oxygen balanced mixotrophy was applied successfully to G. sulphuraria ACU 64 and the
PBR was operated without any gas exchange for 14 days. Under these conditions the biomass
concentration and productivity were .6 times higher than with the autotrophic reference (table
1). The result clearly indicated that, at least in our strain, the presence of an organic substrate
does not inhibit oxygen production as was previously suggested ( ozaffari et al., 201
Oesterhelt et al., 2007). ubtracting the estimated fraction of the biomass heterotrophically
produced (rc, het) from the overall mixotrophic productivity (rc,mixo), allowed us to calculate the
fraction of biomass produced autotrophically (rc,auto’). The rc,auto’, and therefore the biomass
yield on light (Yx/ph), was not significantly (P 0.05) different from the rc,auto of the autotrophic
culture leading us to conclude that the mixotrophic stoichiometry was the sum of the
heterotrophic and autotrophic metabolisms (table 1).
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The pigmentation of the mixotrophic and autotrophic cultures were found to be different. The
average absorption cross section (ax) of the autotrophic culture was double the mixotrophic
culture ax (table 1). A recent study on G. sulphuraria ACU 64 found a lower chlorophyll a
content in a mixotrophic culture compared to an autotrophic culture grown under otherwise
similar conditions ( albitani et al., 2020). This indicates that the addition of organic substrate
has an impact on pigmentation, which is not surprising considering the complete loss of
pigments when G. sulphuraria was cultivated in darkness (see previous section).
In the chemostat culture of G. sulphuraria ACU 64 cultivated in autotrophy without the
addition of organic carbon, but with continuous gassing with CO2 enriched air, the biomass
yield on light (Yx/ph ) was 12. C-mmolx·molph-1 , approximately . times lower than Yx/ph found
in C. sorokiniana under similar experimental conditions (Abiusi et al., 2020a). The lower
autotrophic performance can be partially explained by photoinhibition. G. sulphuraria is well
known to be photosensitive with light inhibition occurring at intensities above 200 mol·m-2·s1

(Oesterhelt et al., 2007

loth et al., 2006). ight inhibition was confirmed by measuring the

dark-adapted quantum yield of P II photochemistry (QY). The QY was 0.22 in autotrophic
culture, significantly (P 0.05) lower than the value of 0. 2 measured in the mixotrophic culture,
and both definitely lower than 0.72 generally reported in C. sorokiniana (Abiusi et al., 2020b
de

ooi et al., 2017). The low QY confirms the lower autotrophic performance of G.

sulphuraria compared to C. sorokiniana.

oreover, the mixotrophic culture displayed a higher

QY than the autotrophic culture, indicating a lower degree of photoinhibition. This higher QY
is potentially explained by a .5 times lower specific light supply rate (qph) in the mixotrophic
culture compared to the autotrophic culture (Table 1).
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Table 1. Overview of the off-line, DO, D measurements on the chemostat cultivation of G.
sulphuraria ACUF 64 under mixotrophic and autotrophic conditions.
Unit

ixotrophic

0. 6±0.05 7.4±0.2

.06±0.16b

day-1

0.51±0.04 a

0.50±0.01 a

C%

wC·wx-1

4 .0±1.1 a

4 .1±1.1 a

N%

wN·wx-1

. ±0.

Cx

gx ·

D

rx
rc,mixo
rs
mixo

Y

Autotrophic

x/s

rc,het’
rc,auto’ /
rc,auto
Yx/ph
ax
qph

gx ·

-1

-1

a

·day-1

C-mmolx·

-1

C-mmols·

-1

. ±0.1 b

0.45±0.02 a

1.62±0.07 b

-1

n.a

66.0±2.

-1

·day

·day

a

n.a

- 2.6± .

-1

n.a

0. 0±0.04

-1

n.a

4 .7±2.2

·day-1

1 .5±1.0 a

17. ± .1 a

C-molx·C-molph-1

12. ±0.6 a

11.5±2.0 a

C-molx·C-mols
mmolx·
C-mmolx·

-1

·day

-1

m2·kg-1
molph·gx-1·s-1

114±6 a 1 0±
20.2±1.

a

b

2. ±0.1

62±7 c
b

QY
m v
0.22±0.01 a 0.4 ±0.02
alues obtained in the flasks used as inoculum.

5.7±0.5 c
b

Along the rows, the same letter indicates no significant differences (P

0. 2±0.02 c
0.05).

In the autotrophic inoculum QY was 0.4 , indicating that not only the autotrophic culture in the
PBR but probably even the mixotrophic culture was experiencing light stress. The inoculum
was grown in batch at 00 mol·m-2·s-1 and at the time of QY and ax measurements, ust prior
to inoculation, a biomass concentration (Cx) of 7.4 gx·

-1

was reached (data not shown).

Assuming the flaks used for the inoculum were illuminated solely from the bottom, the
inoculum had a volumetric light supply rate similar to the one observed in the reactor (17
mol·
1

-1

·s-1 ). However, given the high Cx, the specific light supply rate (qph) was 2.

mol·gx-

·s-1 . Therefore, low qph explains the higher ax and QY measured in the inoculum compared to

the autotrophic culture (table 1).
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espite low Yx/ph and photoinhibition, the autotrophic culture reached a steady state which was
maintained for more than a week. In a chemostat culture, once a steady state was obtained, the
specific growth rate (µ) equaled the dilution rate, therefore making µ 0.50 day-1. A similar
autotrophic µ has been reported in our strain earlier ( raziani et al., 201 ) and it is about double
the autotrophic µ reported in other Galdieria strains (Oesterhelt et al., 2007

entsova, 1

)

pointing towards potential of this strain in autotrophic biomass production. The observed effect
of qph on photosynthetic performance strongly suggests that high Cx, and therefore low qph, is
an effective strategy to minimize photoinhibition in G. sulphuraria. In this study such an
optimization was done through repeated batch experiments where the specific light supply rate
continuously decreases during the batch phase because of an increasing biomass concentration.

Oxygen balanced mixotrophy in repeated batch
The purpose of the repeated batch experiment was to identify the biomass concentration (Cx)
that results in an optimal light regime maximizing biomass productivity of G. sulphuraria
ACU

64 under our experimental settings. The repeated batch approach also provided

information on the effect of a sudden change of the specific light supply rate (qph,) on the
autotrophic and mixotrophic metabolism after culture dilution. ix consecutive batches were
performed: three autotrophic batches (I, II, III), and three mixotrophic batches (I , , I).
eferring to figure 2, it can be observed that in the autotrophic cultures linear growth was
obtained between 2 and 5 gx·

-1

and, at lower Cx the culture was photoinhibited while at higher

Cx light limitation became more evident and biomass productivity (rx) decreased. In batches I
and III during the linear phase the rx was 0. 7±0.2 gx·

-1

·day-1·and the biomass yield on light

(Yx/ph) was 24. ±1. . Those values are about double the values of the autotrophic culture
operated in chemostat confirming that in our chemostat experiment the autotrophic culture was
light inhibited. iomass productivity and yield on light in G. sulphuraria were comparable to
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other commercially relevant microalgae such as Isocrysis lutea ( ao et al., 2020), Rhodomonas
sp. (Oostlander et al., 2020), Nannochloropsis sp ( envenuti et al., 2016), indicating the
potential of this strain for autotrophic biomass production.

Figure 2. Autotrophic (I-III) and mixotrophic (IV-VI) repeated batches. Dotted lines indicate
the time of dilution. Black arrow indicates the end of aeration. Orange area indicates pH 0.2.
In the graph are reported biomass concentration (Cx dotes), specific light supply rate (qph,
triangles), photosystem II maximum quantum yield (QY, squares) and average absorption cross
section (ax, diamonds).
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In three mixotrophic repeated batches (I , , I) linear growth started at 2. gx·
maintained until a biomass concentration (Cx) between 7. to .7 gx·

-1

-1

and it was

was reached ( igure 2,

table 2). The upper biomass limit, at which linear growth rate was still maintained and optimal
biomass productivity (rx) observed, progressively increased during each batch ( igure 2, table
2). The same trend was observed for the mixotrophic biomass yield on substrate (Ymixox/s), while
the maximum absorption cross section area (ax) at the end of each batch progressively
decreased. Together these four observations indicate ad ustment of metabolism from autotrophy
to mixotrophy over time, resulting in a culture that in the last batch ( I) was more acclimated
to the presence of glucose. The three mixotrophic batches lasted 22 days in total. The fact that
the cultures kept adapting to mixotrophy over such a long time was unexpected. A recent study
( albitani et al., 2020) investigated the cellular changes occurring in Galdieria phlegrea during
the switch to mixotrophic metabolism from an heterotrophic culture. The study suggested that
7-10 days were needed to fully recover the photosynthetic capacity lost during the heterotrophic
growth. In our experiment the culture was switched from autotrophy to mixotrophy. In our
previous experiment in chemostat (see previous section) steady state was observed after one
week and maintained over 7 days. A possible explanation for the slow adaptation time observed
in the mixotrophic repeated batch is that the sudden increase in the photon supply rate (qph),
after dilution interfered with the heterotrophic metabolism, destabilizing the culture and
increasing the adaptation time. Inhibition of glucose uptake observed after each dilution ( igure
) validates this hypothesis and will be discussed later.
In the comparison between mixotrophic and autotrophic cultures, we will focus mainly on
mixotrophic batch I and on the average between autotrophic batches I and III. The autotrophic
batch II was excluded from the comparison because the culture grew at pH 0.2 (see next
section). In the mixotrophic culture ( I) biomass productivity (rx) was 1. -fold higher than in
the autotrophic cultures (I and III) and optimal rx was maintained at a biomass concentration
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(Cx) that was double the biomass concentration in the autotrophic culture.

oreover, it was

possible to operate the mixotrophic culture without any gas-liquid transfer of oxygen or carbon
dioxide for 20 days. The internal carbon dioxide recirculation led to a mixotrophic biomass
yield on substrate of 0. 1 (Ymixox/s, C-molx·C-mols-1) making the process close to carbon neutral.
These results are in line with our previous finding obtained with Chlorella (Abiusi et al., 2020a
Abiusi et al., 2020b) suggesting that oxygen balanced mixotrophy can, be applied to other
mixotrophic algae.
In the three mixotrophic repeated batches (I , , I) the stoichiometry was not the sum of the
autotrophic and heterotrophic metabolism (table 2). ubtracting the estimated fraction of the
biomass produced heterotrophically (rc,het) from the overall mixotrophic productivity (rc,mixo),
allowed us to calculate the fraction of biomass produced autotrophically (rc,auto’). This rc,auto’,
was 2.6, 2. , and 1.5 fold lower than the autotrophic reference (batches I and III) respectively
in batch I ,

and I. It must be highlighted that in the estimation of the autotrophic fraction

Table 2. Overview of the off-line measurements on the repeated batch cultivation of G.
sulphuraria ACUF 64 under mixotrophic and autotrophic conditions.

-1

Cx

gx ·

C%

wC·wx-1

N%

wN·wx-1

rx

gx ·

-1

·day-1

rc,mixo

C-mmolx·

-1

rs

C-mmols·

-1

·day-1

·day-1

Ymixox/s

C-molx·C-mols-1

rc,het’
rc,auto’
/ rc,auto
Yx/ph

mmolx·

ax
qph
QY
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C-mmolx·

-1

·day-1

-1

·day-1

C-mmolx·molph-1
m2·kg-1
molph·g-1·s-1
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of the mixotrophic biomass productivity ( rc,auto’ ) we assumed that the heterotrophic biomass
yield on substrate (Yx/s), measured in the heterotrophic experiment, did not change in the
presence of light. This calculation shows that the yield of biomass on light (autotrophy) or,
possibly, the yield of biomass on glucose (heterotrophy) are affected by either the presence of
glucose, or the presence of light. As a result, mixotrophy cannot be approached as the sum of
the heterotrophic and the autotrophic metabolism and there appears to be an interaction between
these metabolic pathways. The negative interaction between the heterotrophic and the
autotrophic metabolism decreased over time. However, even in batch

I the hypothetical

autotrophic rate under mixotrophy was still 1.5 lower than the autotrophic rate without the
addition of organic carbon.
Interaction between autotrophic and heterotrophic metabolisms were also noticed in the
dissolved oxygen (DO) control by means of substrate addition ( igure ). After each dilution,
the sudden increase in specific light supply rate (qph) partially inhibited glucose uptake and it
was not possible to control the DO. ince the substrate was supplied to the culture without being
consumed, substrate accumulated in the reactor. In order to deplete the accumulated substrate
(Cs), we manually interrupted the glucose supply (Fs). The initial accumulation of substrate,
followed by its depletion, provoked unstable DO, that lasted the first 2-4 days after dilution and
resulted in DO fluctuations from 0 to 2 0

. After this initial phase, the DO was successfully

maintained in the desired range by automatic substrate addition at an average feed rate Fs of 2. 5±0.5 Cmmols·

-1

·h-1.

Previous studies indicated reduced photosynthetic performance and even suppression of oxygen
evolution in other G. sulphuraria strains cultivated under mixotrophic conditions with glucose
supplementation ( ozaffari et al., 201 Oesterhelt et al., 2007). According to our results, rather
than glucose affecting photosynthesis, it was the sudden increase in qph that inhibited glucose
uptake. This hypothesis is supported by measuring the dark-adapted quantum yield of P II
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Figure 3. Mixotrophic repeated batches. Dotted lines indicate the time of dilution. Red arrows
indicates substrate depletion. In the graph are reported biomass concentration (Cx dotes),
dissolved oxygen (DO, triangles), substrate concentration in the reactor (Cs, squares) and
substrate supply rate (Fs, diamonds)

photochemistry (QY), that in mixotrophic cultures was equal to, or higher than. the autotrophic
cultures, indicating that photosynthesis was not negatively affected by glucose.
Another sign of interaction between autotrophic and heterotrophic metabolism was the
reduction in pigmentation observed in the mixotrophic repeated batches (I ,
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compared to the autotrophic culture grown under the same conditions. In mixotrophic repeated
batches, at the end of the linear growth phase, ax was 1 2±6 m2·Kg-1, 27

less than the

autotrophic culture under the same condition. This decrease in pigmentation was much less
severe than in the mixotrophic cultivated in chemostat where ax decreased by half compared to
the autotrophic culture grown under the same conditions (table 1). The dramatic reduction in
pigments observed in the mixotrophic culture grown in chemostat therefore is most likely
related to the low Cx resulting in light inhibition instead of glucose inhibition of photosynthesis.
The repeated batch clearly indicated that the optimization of the light regime is a key point for
successful cultivation of light sensitive G. sulphuraria. In the autotrophic repeated batch the
optimal specific light supply rate (qph) was .6- .5 molph·gx-1·s-1 (Table 2). Under this light
regime biomass production rate (rx ) was the double of the autotrophic culture in chemostat
cultivated under the same incident light intensity but at 20.2 molph·gx-1·s-1 (Table 1, Table 2).
This result clearly suggests that photoinhibition can be mitigated by finding the range of
biomass concentration (Cx) which results in optimal qph. At an optimal qph G. sulphuraria can
successfully grow even at a high incident light intensity.
The present work is the first report of an autotrophic G. sulphuraria culture grown in a
photobioreactor (PBR) at incident light intensity above 200 mol·m-2·s-1.

eports on other

trophic mode at this high light intensity are scarce (Table ). In a mixotrophy culture a of G.
sulphuraria 74

in operated in chemostat at a dilution rate of 0.6 day-1, loth et al ( loth et

al., 2006) reported that at an incident light intensity of

5 mol·m-2·s-1 photoinhibition affected

the culture so much that the culture couldn t reach a steady state. The specific growth rate
reported by loth et al was 0.4 day-1 and it was calculated as the sum of the wash out rate and
the dilution rate.

e estimated the initial qph of their culture to be .0 molph·gx-1·s-1, on the

high side of the range found in our autotrophic culture. However, in the study of ( loth et al.,
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2006 the culture was washed out at a rate of 0.14 day-1 which rapidly increased qph causing
photoinhibition.
ith the intent of avoiding photoinhibition,

an et al ( an et al., 2016) proposed a two-phase

cultivation strategy where G. sulphuraria 74
production.

is firstly grown heterotrophically for biomass

uring heterotrophic growth pigmentation is lost. In the second phase, this

heterotrophic culture is used as an inoculum for an autotrophic phase (photoinduction) in PBRs
for phycocyanin accumulation. Photoinduction has been recently scaled up outdoors in PBRs
at light intensity reaching up to 2000 mol·m-2·s-1 at solar noon ( ang et al., 2020).

uring

photoinduction, cultures started without pigmentation (heterotrophic inoculum) needed up to
14 days to fully regain their pigmentation. The initial low pigmentation improved light
tolerance, in fact using this strategy the authors cultivated G. sulphuraria in bubble columns at
an initial qph of 5. -47.6 molph·gx-1·s-1.

oreover the authors demonstrated that the initial

biomass concentration (Cx), and therefore the initial qph, is crucial to successfully cultivate G.
sulphuraria at high light intensity.
In order to compare our work with other PBR designs, we converted the volumetric biomass
concentration (Cx) and productivity (rx) into areal biomass concentration (CA, g·m-2) and areal
productivity (rA, gx·m-2·day-1). This was done using a correction factor
=

(m):

(6)

here VPBR (m ) and APBR (m2) represent the volume and the illuminated area of the
photobioreactor respectively. olumetric biomass concentration (Cx) and productivity (rx) can
be converted in their areal equivalent multiplying Cx and rx for the correction factor .
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514

I0
( molph·m-2·s-1)

q ph
( molph·gx-1·s-1)
(gx·

rx
·day-1)

-1

rA
(gx·m-2·day-1)

The culture was grown outdoor with at a light intensity of 0

·m-2·day-1. This value was converted into average P

Initial biomass concentration. It was not possible to obtain a steady state and the culture was washed out of the reactor

iomass concentration (Cx) expressed as g·m-2

way pond.

biomass productivity among this study and other reports. STR: stirred tank reactor; BC: bubbled column; ITL: immobilized twin layer; RWP: race

Table 3. Comparison of final biomass concentration (Cx), biomass productivity, specific light supply rate (qph), volumetric (rc) and areal (rA)
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In our study the autotrophic areal biomass production rate (rA) obtained in repeated batch was
2 .6 gx·m-2·day-1. This areal productivity was 1. to 7.7 times higher than previously reported
(Table ).

oreover, the mixotrophic rA was 1. and 1.7 times higher than the autotrophic rA in

the repeated batch ( I) and in chemostat respectively, making the present study the highest rA
ever obtained in a photosynthetic culture of G. sulphuraria.
G. sulphuraria ACU 64 displayed an outstanding capacity to maintain linear growth at low
specific light supply rate (qph) (figure 2, table 2). In the mixotrophic batch ( I) linear growth
was maintained at 1.

molph·gx-1·s-1, corresponding to .7 gx·

-1

or

40 gx·m-2. In the

autotrophic culture linear growth was maintained until .6 molph·gx-1·s-1, corresponding to 4.
gx ·

-1

or 170 gx·m-2. These values were half of those obtained in the mixotrophic culture. inear

growth at high areal biomass densities have been recently reported by Carbone et at (Carbone
et al., 2020). The authors cultivated G. sulphuraria ACU 64 autotrophically in a biofilm at
200 mol·m-2·s-1 obtaining linear growth until 1 5 gx·m-2.

espite the higher density, rA was

2. times lower than in our autotrophic culture in repeated batch. The ability of G. sulphuraria
to efficiently perform photosynthesis in dense culture will lead to a significant reduction in
downstream processing costs, making this a promising candidate for large scale cultivation

Biomass productivity at pH 0.2
ost G. sulphuraria strains have been isolated from highly acidic hot springs where the pH is
close to zero (Pinto et al., 2007). Although optimal pH for G. sulphuraria is reported to be
between pH 1 and 4 ( raziani et al., 201

Oesterhelt et al., 2007

elvaratnam et al., 2014

loth et al., 2006) only two of those studies ( chmidt et al., 2005),( rock, 1 7 ) investigated
pH below 1.
( ig

uring autotrophic batch II at day . , the pH suddenly dropped from 1. to 0.2

) and we stopped the automatic pH control. After a few hours, we confirmed pH to be

0.2 by taking several samples from the reactor and measuring the pH with an external probe.
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The culture was maintained at pH 0.2 for 1. days ( igure 2, yellow area). The pH in our
medium was buffered by H PO4

H2PO4-

H (pKa1

2.14) and H2 O4 H2O H H O

4

(pKa1 1. 2). ince H2 O4 was used as titrant we excluded sulfur depletion and we analyzed
phosphorus (P) content in the culture. The measurements indicated that P was completely
depleted at the point in time where the pH dropped. This finding was unexpected, because even
considering a high biomass P content of 1.5

wP wx, the P concentration in the medium should

have been sufficient to sustain the growth up to 1 g·
g·

-1

of biomass was produced.

e used the software

-1

of biomass, while in batch II only 4

INT

.1 (https: vminteq.lwr.kth.se)

to estimate possible salt precipitation and the calculations allowed us to re ect any risk of
precipitation. Therefore, the only possible explanation was an error in the medium preparation.
or this reason, after batch II the medium was changed and H PO4 was chosen as P source. This
change allowed a reduction from

to 14 m ·

-1

of the addition of 2.5

H2 O4 to set the pH

at 1.6. In the new medium pH was constant for the remainder of the experiment without the
addition of any titrant. Interestingly, phosphorus starvation had seemed to increase pigment
content (ax). The absorption cross sector area (ax) in batch II was significantly higher (p 0.05)
than in batches I and III. This finding matches with the claim of the patent of Cagnac et al.
(Cagnac et al., 2016) which reported phycocyanin accumulation under P limitation.
espite being an unintentional event, this is the first report of G. sulphuraria grown in a PBR
at pH 0.2. In previous studies no growth ( chmidt et al., 2005) or 0

reduction in µ grow has

been reported ( rock, 1 7 ) when G. sulphuraria was grown below pH 0.5. Nevertheless, pH
optima and tolerance are strain specific and it might be that our G. sulphuraria strain is more
tolerant to low pH than others. urprisingly, in our study during the 2 days of growth at pH 0.2
rx was not significantly different (p 0.05) from the value found in batch I and III (table 2).
urther studies, where pH 0.2 will be maintained for a longer time and without P starvation are
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needed to confirm this finding. Tolerance to extremely low pH might further decrease the risk
of contamination.

In the present study G. sulphuraria ACU 64 was cultivated at high incident light intensity
autotrophically and under oxygen balanced mixotrophy. The autotrophic biomass productivity
surpassed by far all other ever reported in literature. Under oxygen balanced mixotrophy the
acidophilic condition prevented bacterial contamination, the reactor operated without any
gassing and biomass productivity and concentration were almost double the autotrophic culture
grown under similar conditions. All of these characteristics make G. sulphuraria ACU 64 a
promising candidate for outdoor cultivation.
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DO
PBR
PFD
PAR

issolved oxygen concentration ( air saturation)
Photobioreactor
Photon flux density ( mol·m 2·s 1)
Photo active radiation, 400-700 nm

VPBR
APBR
D
Yx/ph
F
r
C
Yx/s
MW
QY
C%
N%
q

Photobioreactor working volume ( )
Photobioreactor illuminated area (m2)
ilution rate (day-1)
iomass yield on light (C-molx·molph-1)
low (mol·min-1)
olumetric production consumption rate (mol· -1·day-1)
Concentration (mol· -1)
iomass yield on substrate (C-molx·C-mols-1)
olecular weight (g·C-mol-1)
Average absorption cross section (m2·Kg-1)
uantum yield ( v m)
iomass carbon content ( wc·wx-1)
iomass nitrogen content ( wN·wx-1)
iomass specific production consumption rate (mol·C-molx·day-1)

mixo
auto
auto'
het'
ph
x
c
s
A

ixotrophic
Autotrophic
Autotrophic fraction of the mixotrophic biomass
Heterotrophic fraction of the mixotrophic biomass
PA photons
iomass
Carbon based biomass
ubstrate
Areal
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Figure S1: Photograph of a sample of G. sulphuraria ACUF 64 taken from an autotrophic
(left) and an heterotrophic (right) culture.
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Figure S2. Absorption cross section spectrum of a sample of G. sulphuraria ACUF 64 taken
from an autotrophic (green) and an heterotrophic (black) culture.

Figure S3. Sudden pH drop during the autotrophic batch II. After batch II the medium was
changed and H3PO4, rather than KH2PO4, was chosen as phosphorus source. In the new
medium pH was constant for the remainder of the experiment without the addition of any titrant.

123

4

Chapter 5
Algae blues:
Is Galdieria the new Spirulina?

This chapter has been submitted for publication as:
Fabian Abiusi§, Pedro Moñino Fernández§, Stefano Canziani, Marcel Janssen,
René H. Wijffels, Maria Barbosa. Algae blues: Is Galdieria the new Spirulina?
§

Authors contributed equally
Submitted

Chapter 5

G. sulphuraria is a polyextremophilic microalga that can tolerate low pH, high temperature and
high osmotic pressure.
concentration (1 4

e cultivated G. sulphuraria ACU 64 in chemostat at high biomass

24 g·m-2) aiming for maximal pigment content without compromising

biomass productivity. Autotrophy was compared to oxygen balanced mixotrophy with
intracellular recirculation of oxygen and carbon dioxide. No differences were found in Cphycocyanin (C-PC) and protein content between autotrophic and mixotrophic cultures. In
mixotrophy the biomass productivity and concentration were doubled compared to the
photoautotrophic counterpart. In mixotrophy aeration was not needed and

of the substrate

carbon was converted into biomass.
ixotrophically grown biomass contained 10

w w C-PC which, combined with its high areal

biomass productivity (4 g·m-2·day-1), sums up as one of the highest C-PC areal productivities
ever reported (5 g·m-2·day-1) under 24h 24h illumination. C-PC extracted from G. sulphuraria
was more stable than the currently used C-PC extracts from Spirulina. No significant loss of
color was observed down to a pH of
protein content of 62

and up to a temperature of 55 C. G. sulphuraria had a

w w and compared favorably with AO dietary recommendation of

adults regarding amino acid composition. G. sulphuraria contains a high proportion of
essential, sulfur amino acids compared to Chlorella, Spirulina and soybean protein.
ue to its attractive amino acid profile and high protein content, G. sulphuraria is a good
candidate for food and feed applications to overcome sulfur amino acid deficiencies. In
addition, oxygen balanced mixotrophy allows for efficient and productive cultivation of G.
sulphuraria biomass.

: Amino acid profile, protein production, oxygen balance, acid stable phycocyanin,
thermo stable phycocyanin, phycocyanin productivity.
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Galdieria sulphuraria is a polyextremophile microalgae able to tolerate low pH (as low as 0.2)
(Chapter 4), high temperature (up to 57 C) (Ott
(up to 400 g·

-1

of sugar and 2-

eckbach, 1 4) and high osmotic pressure

of salt) ( chmidt et al., 2005).

ue to these exceptional

traits, G. sulphuraria is often the only organism able to colonize acidic hot springs where it
forms mats of deep blue-green color (Pinto et al., 2007). This peculiar color is due to the
presence of blue phycobiliproteins C-phycocyanin (C-PC), allophycocyanin, and chlorophyll a
(Albertano et al., 2000). Phycocyanins are used in diagnostic histochemistry and as colorants
in cosmetics and foods. Phycocyanins have also been found to have antioxidant properties and
may have potential as therapeutic agents (Pagels et al., 201 ).
hen cultivated autotrophically, G. sulphuraria expresses a C-PC content of 10
to the C-PC content commonly reported in Arthrospira platensis (Hirooka
2016 Tredici

ittelli, 1

an et al., 2016

w w, similar
iyagishima,

ang et al., 2020), henceforth referred to with

its commercial name Spirulina. Compared to the C-PC extracted from Spirulina, C-PC
extracted from Galdieria has shown greater stability at low pH and at high temperature,
increasing the possible industrial applications of this pigment (Carfagna et al., 201

oon et

5

al., 2014).
Nowadays commercial production of C-PC is almost exclusively based on Spirulina cultivation
and extraction. Spirulina extracts have been approved for use in candy, chewing gum and other
types of confection in the U in 201 and 2014 (U. . . .A., 2016). In U Spirulina extracts
have been approved in 201 as coloring food ( uropean-Commission, 201 ).

hile pirulina

has been consumed for centuries ( ili et al., 2012) and its consumption is approved and
considered safe worldwide, G. sulphuraria has no previous history of use in feed or foods.
ecent studies indicated that G. sulphuraria could be safe as food ingredient or supplements
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(Abdelmoteleb et al., 2021

odeste et al., 201 ), but G. sulphuraria still needs to be approved

as novel food before it can be used as such.
G. sulphuraria is also considered as a promising source for protein ( odeste et al., 201 ). The
protein content of G. sulphuraria has been reported in several studies resulting in a range from
as little as 22

to an impressive 72

et al., 201

assa et al., 201

of total biomass dry weight (Cheng et al., 201

raziani

an et al., 2016). In addition to bulk protein content, protein

quality in terms of amino acid composition, is a core marker for nutritional value. Humans have
a limited ability to (bio)synthesize amino acids, out of the 20 common amino acids, nine
essential amino acids must be provided through food. Therefore, the amount of essential
amino acids is key in determining the quality of a protein source. To the best of our knowledge,
there have been no studies on the amino acid profile of G. sulphuraria.
e recently designed an oxygen balanced mixotrophic cultivation method that allows
operation of a closed photobioreactor without any gas exchange (Abiusi et al., 2020a, Abiusi et
al., 2020b).

e succefully applied this cultivation strategy to G. sulphuraria and due to the low

pH, the reactor was operated for over two months without contamination (Chapter 4). G.
sulphuraria proved to be photosensitive, which is the reason why optimization of the light
regime was a key point for successful cultivation. In order to find the optimal specific light
supply rate (qph,

molph·gx-1·s-1) in our previous work, we cultivated G. sulphuraria

autotrophically and mixotrophically in repeated batch (Chapter 4). After each dilution, the
sudden change in the qph caused photoinhibition that was manifested as a drop of the
photosystem II maximum quantum yield (QY,

v

m),

and as a reduction on biomass

productivity. Photoinhibition was followed by a period of photo-acclimation, during which
pigmentation of the culture was reduced and QY recovered its initial value. Once the autotrophic
culture reached a biomass concentration of 2 gx·
1

-1

, corresponding to a qph of .5 molph·gx-1·s-

, the volumetric biomass productivity reached 0. 7 gx·
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·day-1. This productivity was
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maintained until a biomass concentration of 5 gx·

-1

was achieved, corresponding to a qph of .6

molph·gx-1·s-1, after which light limitation became more evident and biomass productivity
decreased. In mixotrophic repeated batch operation biomass productivity progressively
increased during each batch. In a third and last batch linear growth could be maintained until a
biomass concentration of .7 gx·

-1

resulting in a biomass productivity of 1.72 gx·

-1

·day-1.

espite this high productivity it was concluded that ideally G. sulphuraria is cultivated under
a constant light regime without stepwise reductions of biomass concentration as in repeated
batch.
In this work we cultivated G. sulphuraria in chemostat, in which the specific light supply rate
qph can be maintained constant to obtain stable biomass and pigment production. In order to
reach this goal, we estimated a dilution rate based on our previous work (Chapter 4), in which
maximal pigment content could be achieved without negatively affecting biomass productivity.
Once the steady state was reached, C-phycocyanin (C-PC) and protein content, as well as amino
acid profile of the produced biomass were determined. The produced C-PC was tested for its
thermal- and acid-stability. In addition, autotrophic and oxygen balanced mixotrophic cultures
were compared with respect to biomass productivity.

5
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Strain, growth conditions and medium
Galdieria sulphuraria ACU 64 (http: www.acuf.net) was kindly provided by Prof. A. Pollio
(University of Naples, Italy) while Arthrospira platensis ( omont) eitler A1 was provided by
Algreen . (The Netherlands). Axenic stock cultures of G. sulphuraria were incubated in 250
m flasks containing 100 m of culture at 7 C, 2
density (P

v v CO2, 120 rpm, and under a photon flux

) of 75 mol m 2 s 1. These cultures were used to inoculate the photobioreactor for

the experiments described below. The medium contained the following components at the
concentration given (mol·

-1

0.1·10- CaCl2, 0.2·10-

eNa

H O , .1·10-5

): 12.2·10- H PO4, 20.0·10- (NH4)2 O4, 1.6·10TA, 0.05·10- Na2

g O4·7H2O,

TA·2H2O, 1.7·10- NaCl,

.0·10-4

nCl2·4H2O, .2·10-5 nCl2, .2·10-5 Cu O4·5H2O, 1.7·10-5 Na2 oO4·2H2O

and 1.7·10-5 CoCl2·6H2O. pH was ad usted to 1. with 10

H2 O4.

A. platensis cultures were incubated in 250 m flasks containing 100 m of arrouk medium
( arrouk, 1 66) at pH .2, 25 C, 2

v v CO2, 120 rpm and under a P

of 75 mol m 2 s 1.

Photobioreactor setup and experiments
Autotrophic and mixotrophic cultures were carried out in a

stirred-tank bioreactor

(Applikon, The Netherlands) with a working volume (VPBR) of 2 . The internal diameter was
0.1 0 m and the liquid height was maintained at 0.166 m, which results in a cylindrical
illuminated surface (IS) of 0.06 m2. The reactor was continuously stirred at 500 rpm and
homogeneously illuminated over the cylindrical vessel surface, as described in detail in Abiusi
et al. 2020a. The average P

was 511 mol·m-2·s-1. The temperature was maintained at 7 C

by a heat exchanger inside the reactor.

ater evaporation was prevented with a condenser

connected to a cryostat that fed water at 2 C. The pH was controlled at 1. by automatic base
addition (2
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NaOH).

issolved oxygen (DO) was measured by a DO sensor ( isi erm

O
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C 225, Hamilton, U A). The sensor was calibrated inside the reactor containing medium at
initrogen gas (N2) and air sparging were applied to

aforesaid working temperature and pH.
obtain 0

and 100

DO reads, respectively. or autotrophic operation the reactor was sparged
v v CO2 at a flow rate of 1 ·min-1 using mass flow controllers ( mart

with air enriched with 2
T

5 50 , rooks Instruments, U A).

The reactor was inoculated with an initial biomass concentration of 1.25 gx·
in batch until a biomass concentration (Cx) of 4 gx·

-1

-1

. It was operated

was reached after which the system was

operated in autotrophic chemostat mode. eactor volume was maintained constant by a levelprobe based control system. A dilution rate ( ) of 0.2 day-1 was chosen as optimal for G.
sulphuraria ACU 64 based on our previous study (Chapter 4):

here Cx,opt (4. gx·

-1

=

�

�

(1)

) represents the maximal concentration within the range of linear growth

during autotrophic repeated batch and rx,opt (0. 7 gx·

-1

·day -1) the volumetric productivity

achieved at that range. After steady state was reached under such autotrophic conditions, the
harvest bottle was placed in ice-cooled water bath and collected and analyzed daily for
consecutive days.

ry weight and phycocyanin contents were measured, and amino acid

composition was determined. Additional samples were taken aseptically from the reactor for
measurements of photosystem II maximum quantum, absorption cross section and carbon and
nitrogen content of the biomass.
After the autotrophic chemostat, the reactor was operated in batch for 1.5 days with constant
CO2 enriched air. A 10

glucose addition and sparging with 2

w w glucose solution was

added at a rate of .7 g·h-1. Then, aeration was switched off and the dissolved oxygen level
(DO) was controlled at

0

air saturation by glucose addition (i.e. oxygen-balanced

mixotrophy). Only when a Cx of gx·

-1

was reached, chemostat operation was activated again.

Also in the mixotrophic culture a dilution rate ( ) of 0.2 day-1 was chosen as optimal. The D
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was calculated using equation 1 and a value of .6 gx·L -1 and .72 gx·L-1·day -1 were used for
Cx,opt and rx,opt respectively. After steady state was reached under oxygen-balanced mixotrophic
conditions, culture was harvested daily for 4 days. Identical analyses as under the autotrophic
reference condition were done and in addition glucose analysis from the reactor was performed
several times per day.

Photobioreactor calculations
olumetric biomass productivity rVx (rVx, gx·L-1·day -1) was determined by multiplying the
measured Cx in the harvest with the measured reactor dilution rate D. Areal biomass
productivity (rAx, gx·L-1·day -1) was calculated as follows:

here

(2)

=

is the illuminated reactor surface (m2). In the autotrophic chemostat, rVx was used to

calculate the autotrophic yield of biomass on photons (Yx/ph, gx·molph-1) according to the
formula:
𝑌𝑌

�

=

�

( )

In the mixotrophic chemostat, first the volumetric substrate consumption rate (rs, gs·

-1

·day -1)

was calculated:

here

(

�

) and

�

=

(C-gs·

concentration in the solution. Cs (C-gs·

-1

(4)

) stand for the glucose feeding rate and the carbon

-1

) represents the carbon substrate concentration

measured in the reactor. Then, the mixotrophic biomass yield on substrate (Yx/s, C-gx·gs-1) was
derived as follows:
=
𝑌𝑌 ����
�
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here C% (

C·

x

-1

) represents the carbon content in the harvested biomass. C-phycocyanin

volumetric rVC-PC (rVC-PC, gC-PC·

-1

·day -1) and areal (rAC-PC, gC-PC·m-2·day -1) productivities were

calculated by multiplying rVx and rAx by the phycocyanin content in the biomass (
1

C-PC·

x

-

).

Photon flux density measurements
P

was measured with a

i-Cor 1 0- A 2 PA

quantum sensor ( I-CO

iosciences,

U A). Incident light intensity on the reactor surface was determined at 16 points inside the
empty reactor vessel, as explained in detail in Abiusi et al. 2020a.

CX was estimated by biomass dry weight determination. Aliquots of culture (1-5 m ) were
diluted to 0 m with demineralized water and filtered over pre-weighed

hatman

glass

microfiber filters (diameter of 55 mm, pore size 0.7 m). The filters were washed with 0 m
of deionized water and dried at 100 C for at least hours.

5
Average absorption cross section
Average absorption cross section (ax, m2·Kgx-1) in the PA
spectrum was determined as meticulously described in de

region (400-700 nm) of the

ooi et al. (de

ooi et al., 2015).

In short, the absorbance was measured with a U - I double beam spectrophotometer
( himadzu, apan) equipped with an integrating sphere (I

-2600) and using cuvettes with an

optical path of 2 mm.
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Photosystem II Quantum Yield
The photosystem II maximum quantum yield (QY,
AquaPen-C AP-C 100 (Photon

v

m)

was measured at 455 nm with an

ystems Instruments, Czech

epublic). Prior to the

measurement, samples were adapted to darkness for 15 min at room temperature and diluted to
optical density at 750 nm between 0. and 0.5.

Glucose concentration, total organic carbon and total organic nitrogen determination
uring the steady state, two 1-m aliquots of culture were sampled daily from the reactor and
centrifuged for 10 minutes at 20,000 C . The supernatant was used for estimation of glucose
concentration with a

I analyzer (

I 2700,

I

ife ciences, U A). The pellets were

washed twice with deionized water following the aforesaid centrifugation procedure. Then, they
were used for total carbon (TC, gC·

-1

) and total nitrogen (TN, gN·

TOC- analyzer ( himadzu, apan). The biomass carbon (C%,
N·

x

-1
C·

) determination using a
-1
x )

and nitrogen (N%,

-1

) content was calculated dividing the obtained TC and TN by the CX of the same

sample.

Extraction of phycocyanin and quantification
Phycocyanins were quantitatively extracted by bead beating (Precellys 24, ertin Technologies,
rance) 10 mg of lyophilized biomass. Cell were resuspended in 50 m

Na-acetate at pH 5.5

and exposed to 5 beating cycles of 60 s with 00 s breaks on ice between each cycle. Cell debris
was removed through centrifugation at 10,000 rpm for 10 min and the supernatant was collected
in fresh tubes. This extract is called crude extract. The C-phycocyanin (C-PC) and allophycocyanin contents were calculated measuring the absorbance at 620 nm and 652 and
converting the measured absorbance to concentration using the Kursar and Alberte equation
(Kursar
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Temperature and pH stability of C-phycocyanin
The effects of temperature and pH on the stability of C-PC were investigated on crude extracts.
The crude extracts from cultures grown in auto- and mixotrophic conditions were divided into
aliquots and diluted in 50 m

Na-acetate pH 5.5 buffer. This C-PC solution was incubated for

0 min in a water bath at 45 C, 55 C, 65 C, and 75 C. After the heat treatment, absorbance at
620 nm was measured and the residual absorbance at 620 nm (C-PCR) was calculated as a
percentage of the initial absorbance in samples kept at room temperature (20 C). To determine
the pH stability, 200

of C-PC crude extracts added with 00

50 m

Na-acetate at

different pH ranging from 1.2 to 5.5 were incubated for 0 min. The pH of each solution was
measured. After the pH treatment, absorbance at 620 nm was measured and the residual
absorbance at 620 nm (C-PCR) was calculated as a percentage of the initial absorbance in
samples at pH 5.5.

Amino acid composition
iomass samples obtained during autotrophic and mixotrophic steady states were freeze-dried
in a ublimator 2x x -5 ( irbus Technology, ermany). The amino acid content of the freezedried biomass was then analyzed following the standardized method I O 1 0 :2005 for
animal feedstuffs (I O, 2005) based on the procedure developed by
( lames

lames and ontaine

ontaine, 1 4). Tryptophan content was determined by the method I O

1 04:2016 for animal feedstuffs (I O, 2016). The analyses were performed in duplicate.

Statistical analyses and procedures
ignificant differences between autotrophic and mixotrophic cultures were analyzed by
unpaired t test and two-tailed P value with a confidence level of 5

in raphPad Prism 5.0

( raphPad Prism oftware, U A).
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Propagation of errors for addition operations was calculated according to q. (6) to determine
the error.
=

(6)

here Δx is the absolute error related to the value x, etc.
hen comparing the mixotrophic and the autotrophic cultures each day at steady state was
considered a replicate. Three and four days of steady state were maintained for the autotrophic
(n

136

) and mixotrophic (n 4) cultures respectively.
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High density chemostat cultivation of G. sulphuraria ACUF 64
e previously demonstrated that G. sulphuraria can be successfully cultivated without any gas
exchange by making use of oxygen balanced mixotrophy (Chapter 4). However, our strain, as
most Galdiera strains, turned out to be photosensitive, which is why optimization of the light
regime was a key point for successful cultivation. In this work we cultivated G. sulphuraria in
chemostat at high biomass concentration aiming for maximum pigment content without
affecting biomass productivity.

Biomass productivity
Chemostat production of G. sulphuraria at high concentration proved to be a successful strategy
for constant biomass production with a high pigment content under both autotrophic and
mixotrophic conditions ( igure 1, table 1). High C-phycocyanin (C-PC) (table 2) content and
high P II maximum quantum yield (QY,

v

m)

indicated that neither the autotrophic nor the

mixotrophic culture were photo-inhibited. It must be noted that even under optimal conditions
v

m

of Galdieria is at most 0.5 which is intrinsically lower than green algae expressing a

maximum

v

m

of 0.7 or more. In our previous repeated batch experiment high biomass

productivity was obtained only under optimal specific light supply rate (qph) (chapter 4). After
each dilution the sudden change in qph caused photo-inhibition that strongly decreased biomass
productivity in the 1-2 days following the dilution, reducing the overall performance of each
batch.

e confirmed that by ad usting the biomass concentration, thus reaching optimal light

regime, G. sulphuraria can be continuously cultivated at high light intensity without signs of
photo-inhibition. Therefore, while in our previous repeated batch experiment high biomass
productivity was obtained only for a few days, in chemostat high biomass productivity can be
maintained.
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Figure 1. Volumetric biomass production rate (rx) (circles) and concentration (Cx) (triangles)
of G. sulphuraria ACUF 64 grown autotrophically (green) and mixotrophically (blue).

Table 1. Overview of the offline measurements and process parameters of Galdieria
sulphuraria ACUF 64 under autotrophic and oxygen-balanced mixotrophic conditions in
chemostat (this study) and the best values determined in repeated batch (batches I and III under
autotrophic and VI under mixotrophic conditions) (chapter 4). Values expressed as averages ±
standard deviation.
Unit

Autotrophic
ixotrophic
Autotrophic
(this study)
(this study)
(Chapter 4)
-1
a
b
Cx
gx·
4.6 ± 0.2
.1 ± 0.2
4.
D
day-1
0.1 ± 0.00a
0.21 ± 0.00b
gx· -1·day-1
0. 1 ± 0.0 a
1.66 ± 0.04b
0. 7
rx
.6± 0. a
10.1 ± 0.5a
C-PC
wC-PC·wx-1
wC·wx-1
47.5 ± 1.7a
47. ± 2.2a
46.6
C%
wN·wx-1
. ± 0.0a
.7 ± 0.0a
10.2
N%
2
a
-1
m ·kgx
2 1±5
1 4 ± 45b
1 1
ax
0. ±0.06 a
0.44±0.0 a
0.4
QY
( v m)
YmixoX/S
C-gx·C-g -1
0. ± 0.02
gx·molph-1
0.55 ± 0.02
0.65
Yx/ph
Among the rows the same letter indicates no significant differences (P 0.05).
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ixotrophic
(Chapter 4)
.7
1.72
47.6
.4
1 2
0.45
0. 1
-

G. sulphuraria 74
G. sulphuraria

G. sulphuraria 74

A. platensis M2

Photoinduction

Autotrophic

Heterotrophic

Autotrophic

et al.,

et al

(Spirulina)

ACU 64

G. sulphuraria 74

Photoinduction

ACU 64

G. sulphuraria

ACU 64

G. sulphuraria

G. sulphuraria 74

ixotrophic

Autotrophic

ixotrophic

et al

et al

in literature.

0.6 6.0

0.057

0.1 2

-

-

51.6

.2

-

0.

0.0 4

.1

5.5

.0

0.067

0.

4.5

0.067

0.02

CVx

IS

0

-

10 - 225

1 1

11 105

24

24

1 4

CAx

1.

50

-

0.

0. 0

0.50

1.66

0. 1

rVx

45.6

-

7.2

1 .1

15.

15.0

4 .

24.1

rAx

.6

.

1.6

.2

12.

1 .2

2. 1

10.1

C-PC

17

61

-

46

11

14

16

7

rVC-PC

Table 2. Comparison of biomass and C-PC volumetric- and areal productivities of this study and other values under 24h/24h illumination reported

4.2

-

0.2

1.6

2.1

0.4

5.0

2.

rAC-PC
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The high biomass concentration ( .0 g·

-1

) obtained in the mixotrophic culture did not affect

biomass areal productivity (4 . g·m-2·day-1) (table 2) that was not significantly different from
the areal productivity obtained in our previous batch experiment. uch high areal biomass
productivity (rAx, g·m-2·day-1) is times to 7 times greater than previously reported in a 24h 24h
illuminated culture of G. sulphuraria. The mixotrophic rAX was similar to one of the highest rAX
reported in an autotrophic culture of Spirulina (Tredici

ittelli, 1

). This maximal biomass

productivity of Spirulina was obtained at a light intensity twice as high as used in this study
and a thin layer photobioreactor was used. Spirulina has been the focus of extensive research
for almost a century therefore its biomass productivity is optimized and no significant increase
in production has been reported during the last 20 years.
discovered in 1
et al., 201 ).

eanwhile, the genus Galdiera was

1, but it wasn t until 2005 that a high cell density culture was reported ( ydney
e believe that further research on Galdiera will lead to a further improvement

of biomass productivity.
In our mixotrophic experiment, volumetric biomass productivity (rVX, g·

-1

·day-1) was 0 times

lower than the highest heterotrophic rVX productivity reported in literature for G. sulphuraria
( raverholt

riksen, 2007). The authors reported a maximum biomass yield on substrate of

0.52 g of biomass per gram of glucose (gx·gs-1) while under oxygen balanced mixotrophy we
obtained 0.75 gx·gs-1. Heterotrophic high biomass yield on substrate can only be obtained
through aerobic respiration requiring active aeration, while in our culture gas exchange was
completely avoided. Our mixotrophic culture had a carbon content of 47.
in a Yx/s of 0.

C-gx·C-gs-1. This means that in our culture

was transformed into biomass carbon and only 11

(table 1) resulting

of the carbon in the substrate

lost in the form of CO2. This result is

equivalent to the maximum Yx/s obtained in our previous work in repeated batch (Chapter 4).
hile our previous work Yx/s was not stable between batches, in the present work Yx/s was
constant over the whole steady state.
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In one of the few works, in which G. sulphuraria was cultivated mixotrophically in chemostat,
with aeration, a maximum biomass yield of 0. 4 gx·gs-1 on substrate was obtained ( loth et al.,
2006), representing a 12

increment to our current reported yield. or a fair comparison, the

biomass yield on substrate should be estimated based on carbon content (Yx/s, C-gx·C-gs-1). uch
comparison was not possible with the works mentioned above ( raverholt
loth et al., 2006). Assuming a carbon content similar to our culture (47.
et al., 2006) might have succeeded in converting 100

riksen, 2007

) loth et al. ( loth

of the substrate (glucose) into biomass,

obtaining a carbon balanced culture. ince the ratio between O2 produced per mol of CO2
consumed is always higher than 1 (Abiusi et al., 2020a), a carbon balanced culture needs
aeration to prevent O2 accumulation while oxygen balanced mixotrophy operates without
aeration.
Autotrophic biomass productivity and concentration were half of the mixotrophic cultures
values (table 1). Average biomass concentration (Cx) at steady state was 4.50 g·
average volumetric productivity (rVx) was 0. 1 g·

-1

-1

and the

·day-1 (Table 1). In comparison, the average

productivity obtained in the optimal range during the autotrophic repeated batches was 0. 7
g·

-1

·day-1, the highest biomass productivity ever reported in autotrophic culture of G.

sulphuraria. This 20

reduction in rVx in the current experiment was unexpected, as we applied

a similar light regime as in the optimal range of the batches.
1

hen looking at the Cx , 4.50 gx·

is on upper limit of the linear growth range in batch (Chapter 4).

work the absorption cross section (ax, g·m-2) was 2

-

oreover, in the current

higher than the maximum value in the

previous work (see next section). High ax decreases the light penetration within the culture
accentuating possible light limitation. In an autotrophic culture operated in chemostat at a lower
Cx we expected to obtain similar productivity as in repeated batch.

espite the lower

performance compared to our previous experiment, the obtained autotrophic areal productivity
is still 1.5 times to .4 times higher than previously reported in G. sulphuraria (table 2) and
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comparable to other commercially relevant microalgae such as Isocrysis lutea ( ao et al.,
2020), Rhodomonas sp. (Oostlander et al., 2020), Nannochloropsis sp ( envenuti et al., 2016),
indicating the potential of this strain for autotrophic biomass production.

Phycocyanin productivity
Chemostat production of G. sulphuraria at high concentration proved to be a successful strategy
to achieve high pigment productivity under both autotrophic and mixotrophic conditions (table
2).

e succeeded in increasing the absorption cross section (ax, g·m-2), by 2

and

in the

autotrophic and mixotrophic cultures respectively, compared to our previous maximal values
oreover, ax was constant over the whole autotrophic and

in repeated batch (Table 1).

mixotrophic chemostat (data not shown) while in repeated batch pigmentation temporarily
decreased after each dilution (Chapter 4). In the mixotrophic culture ax was 20

lower than in

the autotrophic culture, confirming that the addition of an organic carbon source does affect ax
of G. sulphuraria. In contrast, no differences in ax were found between autotrophic and oxygen
balanced mixotrophic cultures of C. sorokiniana (Abiusi et al., 2020a Abiusi et al., 2020b).
espite the lower ax , the mixotrophic culture had one of the highest C-phycocyanin (C-PC)
content and C-PC productivity reported in this species (table 2). No significant difference
(p 0.05) was found in C-PC content between autotrophic and mixotrophic cultures (table 2)
and both cultures had approximately 10
not shown). C-PC content of 10
2020

raziani et al., 201 ).

w w of C-PC and 1.7

of allo-phycocyanin (data

w w is the highest obtained in this strain (Carbone et al.,

oreover, in the mixotrophic culture high C-PC combined with

high biomass productivity lead to a C-PC areal productivity (rAC-PC, g·m-2·day-1) of 5 g·m-2·day1

, 2.4 times to 25 times higher than previously reported in 24h 24h illuminated culture of G.

sulphuraria (table 2). The mixotrophic rAC-PC was even higher than reported in an autotrophic
culture of Spirulina (Tredici
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ittelli, 1

), which reached 4.2 g·m-2·day-1.
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In our mixotrophic experiment C-PC volumetric productivity (rVC-PC, g·

-1

·day-1) was 5 times

lower than the highest heterotrophic C-PC productivity reported in literature for G. sulphuraria
(table 2). The superior heterotrophic C-PC productivity is due to its high biomass volumetric
productivity (see previous section).

oreover, heterotrophic culture can be productive 24 h a

day and does not suffer of seasonal variation on light intensity and photoperiod, making even
greater the gap on biomass and C-PC productivity between the two cultivation strategies.
espite the higher volumetric productivity compared to mixotrophic culture, the downside of
heterotrophic pigment production is that the C-PC content is lower than
riksen, 2007

w w ( raverholt

loth et al., 2006). The low C-PC content results in higher pigment extraction

costs and limitations with the commercial application of this technology.

ithin the U, the

initial concentration of a pigment in the food of origin will determined if the extract can be
considered a

food extracts with coloring properties

or

natural color additives

( egulation( C), 200 ). ood extracts are considered a food ingredients and used in clean
label products while natural additives requires an

number.

e determined thermal- and acid-stability of the C-PC extract. No significant differences
(p 0.5) were found in C-PC stability between autotrophic and mixotrophic cultures ( igure 2
and igure ). C-PC produced in G. sulphuraria ACU 64 proved to be stable at low pH ( igure
1). The absorbance at 620 nm remained high down to pH . A further reduction of pH, from
to 1. , led to a linear decrease in C-PC content, until it reached

of the reference (pH 5.5)

absorbance. C-PC extracted from Spirulina was significantly less acid stable. The absorbance
at 620 nm with pH .5 was only 40

of the absorbance at pH 5.5. imilar results were obtained

by Carfagna et al. (Carfagna et al., 201 ) in autotrophic and heterotrophic cultures of G.
fleagrea. The authors reported similar C-PC stability in their autotrophic cultures with 0

of

the color maintained from pH 4 to pH , followed by a rapid drop below pH .
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Figure 2. Effect of pH on the residual absorbance at 620 nm (C-CPR) in G. sulphuraria ACUF
64 cultures grown autotrophically (GS auto) and mixotrophically (GS mixo). An autotrophic
culture of A. platensis (Spirulina) is used as comparison. The extracts were incubated at the
indicated pH for 30 min. The absorbance at pH 5.5 represents 100%.

Figure 3. Effect of temperatures (T) on the residual absorbance at 620 nm (C-CPR) in G.
sulphuraria ACUF 64 cultures grown autotrophically (GS auto) and mixotrophically (GS
mixo). An autotrophic culture of A. platensis (Spirulina) is used as comparison. The extracts
were incubated at the indicated T for 30 min. The absorbance at 20°C represents 100%.
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Acid stability is an import trait in natural colorants.

ost commercial beverages have a pH of

less than 4 ( eddy et al., 2016). Acids are added to beverages and compose a flavor profile
giving the beverage a distinctive taste. Acids provide a tartness and tangy taste that helps to
balance the sweetness of sugar present in the beverage they are key factors in the taste of the
beverage. Therefore, while the C-PC extracted from Spirulina will lose its blue color in most
beverages, the C-PC of G. sulphuraria can be used in almost any beverage increasing the
market size of this pigment.
Thermostability is another important characteristic of a natural pigment.

e incubated G.

sulphuraria and Spirulina extracts for 0 min at temperatures ranging from 25 to 75 C ( igure
). In G. sulphuraria the absorbance at 620 nm remained stable until 55 C, maintaining 4
of its original color. Then when the temperature was elevated from 55 to 75 C, C-PC s
absorbance decreased steadily, until at 75 C it was

of the original. Spirulina’s C-PC

extracts started losing color already at 45 C having lost 1

of initial absorbance. The

absorbance linearly decreased until 75 C, at which only 21

of initial absorbance was

maintained. Our strain was more thermostable than the two G. phlegrea grown autotrophically
by Carfagna et al. (Carfagna et al., 201 ) but less stable than the G. sulphuraria strain described
by

oon et al. ( oon et al., 2014). The latter reported a thermostable C-PC that maintained

62

and 60

of its initial absorbance at 620 nm at 75 C and 5 C respectively.

In conclusion, mixotrophic cultivation of

. sulphuraria ACU 64 is a promising strategy to

produce C-phycocyanin (C-PC). Areal mixotrophic C-PC productivity was the highest ever
reported in a phototrophic or mixotrophic culture of this species, and slightly higher than the
highest productivity obtained in autotrophic culture of Spirulina (Tredici

ittelli, 1

).

oreover, the C-PC extracted from G. sulphuraria showed superior acid- and thermo- stability
compared to C-PC extracted in pirulina. These traits may increase the commercial application
of this pigment.
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Amino acid content of G. sulphuraria ACUF 64
In order to address the knowledge gap existing in the amino acid composition of G. sulphuraria,
in this work we analyzed the total amino acid content of G. sulphuraria ACU 64 in steady
state under autotrophic and mixotrophic metabolic regimes.
The results of the amino acid analysis are displayed in Table . or most amino acids, there
were no significant differences in content between autotrophy and mixotrophy. The exceptions
are aspartate, threonine, glycine, alanine and methionine, which were found in slightly larger
quantities in the autotrophic biomass. The most abundant amino acids in both metabolic regimes
were glutamate, aspartate and leucine, constituting nearly

,6

and 5

of the total biomass

dry weight, in that order. urthermore, the least abundant amino acids were tryptophan, cysteine
and histidine, which accounted for less than 1.1

of the total biomass dry weight each. The

remaining amino acids were found in concentrations ranging from 2 to 4

of total biomass dry

weight.
These results are in line with the relative amino acid frequency found in several microalgal
species and seaweeds (Kent et al., 2015

ouren o et al., 2004

i urcov et al., 2014

afi et

al., 2014). The acidic amino acids predominate, partially influenced by the concurrent detection
of their amides by most analytical procedures. As elicitors of the umami taste ( ouritsen et al.,
201 ), glutamate and aspartate are pivotal in the sensory perception of food.

oreover, leucine

has also been found to be the most abundant of the essential amino acids in Chlorella, Spirulina
and Chlamydomonas reinhardtii ( arwish et al., 2020). rown et al. ( rown, 1 1) analyzed
the amino acid content of 16 microalgae and showed that the content of sulfur amino acids,
histidine and tryptophan are generally the lowest of all amino acids. However, similar relative
frequency does not mean that the total amino acid content is equivalent among different species,
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Phe
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± 0.0
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Pro

Arg
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Total protein content excluding the free amino acid-like taurine.

Aspartate and glutamate results include their amides, asparagine and glutamine.

Among the columns the same letter indicates no significant differences (P 0.05).

a

.71 ± 0.02a

6.00 ± 0.02a
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Thr
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standard deviation.

Cys

± 0.00b

1.06 ± 0.02a

1.0 ± 0.02a

.

4.0 ± 0.01a

Ala

1.51 ± 0.01b

1.5 ± 0.01a

et

.5 ± 0.05a

.66 ± 0.00a

al

a

0. 5 ± 0.01a

0. 6 ± 0.00a

Trp

.51 ± 0.0

.62 ± 0.00a

Ile

0. 7 ± 0.00b

0.4 ± 0.01a

Tau

5.12 ± 0.00a

5.2 ± 0.07a

eu

a

6 .50 ± 0.21b

65.12 ± 0.24a

Total

4.10 ± 0.16a

4.14 ± 0.1

Tyr

Table 3. Amino acid composition of steady state autotrophic and mixotrophic G. sulphuraria ACUF 64 (% w/w). Values expressed as averages ±
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as absolute amino acid quantities are sub ect to great variability, even within the same species,
under different experimental conditions ( ames et al., 1

).

Interestingly, our analysis also found taurine in the biomass of G. sulphuraria (Table ).
Taurine is a sulfur-containing -amino acid that does not form peptide bonds and is common in
animal tissues.

hile plants and fungi contain scarce amounts of taurine, algae have been

proposed as an alternative source of this compound for application in the animal feed industry
(Tevatia et al., 201 ).

e found significant differences in the content of taurine between

autotrophy and mixotrophy, representing 0.4 and 0. 7

of the total biomass dry weight,

respectively. Taurine had been already identified in other rhodophytes ( lynn

lynn, 1 2)

but never within the genus Galdieria. The role of this molecule in G. sulphuraria is unknown.
Taurine contains sulfur, which is found in large quantities in the acidic hot springs where G.
sulphuraria is commonly found. As such, it could play a role in sulfur metabolism. Tevatia et
al. showed that sulfur supplementation increases the levels of intermediates in the synthesis
pathway of taurine in other microalgae (Tevatia et al., 2015). Additionally, in the same study it
was showed that taurine participated in the osmoregulation of Tetraselmis sp. and C.
reinhardtii. High salt concentrations are also a characteristic of the natural habitat of G.
sulphuraria, so taurine could also have a function as osmolyte in this species.

Protein content of G. sulphuraria ACUF 64
e calculated the total protein content of the biomass by adding up quantities of the individual
20 protein-forming amino acids (Table ). This method could overestimate the amount of
protein due to the inclusion of free amino acids within the cells. However, the potential
overestimation does not affect the determination of the nutritional value of the biomass. The
total protein content for the autotrophic biomass was 65.1

of the total biomass dry weight,

whereas for the mixotrophic biomass it was 6 .5 . This difference is derived from the
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aforementioned higher content of certain amino acids during autotrophy and was found to be
significant. In literature, the reported protein contents of autotrophic G. sulphuraria show a
great variability, ranging from 22
raziani et al., 201

to 72

assa et al., 201

of total biomass dry weight (Cheng et al., 201
an et al., 2016). rom these studies, only raziani

et al. used G. sulphuraria ACU 64. They analyzed the protein content under heterotrophy and
autotrophy, obtaining protein content of 26.5

and

2.5

of the biomass dry weight,

respectively. In comparison, our result from autotrophic culture is twofold larger.
The variability in G. sulphuraria protein content among different studies might be caused by
differences in the physiological state of the culture.

ifferent types of microalgal cell walls

affect the solubilization of intracellular proteins in diverse manners thus influencing protein
content determination ( afi et al., 2014). G. sulphuraria has a rigid cell wall that contains an
unusual large fraction of proteins, up to 55

( ailey

taehelin, 1 6 ). As a consequence, if

the cell wall is not properly broken, neither the proteins of other parts of the cell nor the proteins
that constitute the cell wall will be accurately accounted for. everal class III peroxidases that
are involved in cell wall hardening have been identified in G. sulphuraria (Oesterhelt et al.,
200 ). Peroxidase activity was mainly detected during the stationary phase of cell growth. In
contrast to batch processes, in chemostat this effect might be absent and consequently cell
protein may be more accessible, explaining the differences between our study and

raziani et

al., 201 .
Another reason for the variability in G. sulphuraria protein content among different studies
could be the different extraction methods employed ( ouren o et al., 2004). In our study we
determined the total protein both by adding up the individual amino acids and by the total
nitrogen (N%) (table 1) obtaining similar results. The method applied in the amino acid
quantification (I O, 2005) is based on strong HCl oxidation and hydrolysis at 120 C followed
by precise HP C quantification. This method is successfully used for amino acid analyses in
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complex feed stuff mixtures and in plants that are very resistant to hydrolysis (Panaite et al.,
2015

tarchenko

rytsyk, 2017).

Apart from our study, all the other reported values of protein content in G. sulphuraria were
determined by multiplying the total nitrogen (N%) content of the sample by a nitrogen-to-protein
factor of 6.25. N

was determined either by K eldahl ( raziani et al., 201

assa et al., 201

an et al., 2016), or a similar method (Cheng et al., 201 ), which are based on strong oxidation
of organic nitrogen.

ultiplying the N% by a factor of 6.25 is generally thought to lead to an

overestimation of the total amount of proteins in plant biomass, as a considerable fraction of
the N% is non-proteinic ( ez-Plaza et al., 201 ).

oreover, the factor 6.25 is based on the

assumption that the nitrogen content of protein is 16 , which is not correct for several protein
sources. pecies-specific factors have been published for several microalgae based on their
amino acid composition ( onz lez

pez et al., 2010

ouren o et al., 2004).

et, it is a

common practice to use 6.25 when a specific factor has not been determined for a certain
species, as is the case for G. sulphuraria. Therefore, the reported results using this method can
expected to overestimate the real protein content. In our study, we also determined nitrogen
content (Table 1), resulting in .

and .7

of the total biomass dry weight for autotrophy

and mixotrophy, respectively. If we multiply those N% by a factor of 6.25, we obtain 62
61

and

protein content for said trophic modes. On the one hand, these values are close to the sum

of all the individual amino acids. On the other hand, the N% based value is slightly lower than
summing all amino acids while a higher values was expected. The combination of the unique
amino acid profile and proportion of non-proteinic nitrogen of G. sulphuraria may result in an
underestimation of protein when using 6.25 as a factor. urther insight is needed with respect
to the small discrepancy between the resulting protein content following both approaches.
The highest protein content of G. sulphuraria reported in literature is 71.6

in autotrophy

(Cheng et al., 201 ) . However, this protein content was corrected for ash content.
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this correction by multiplying their reported nitrogen content, .
61 , which is the same as in our study.
of 5

, by 6.25. The result then is

an et al. ( an et al., 2016) reported a protein content

under an autotrophic regime. All in all, the protein contents obtained in autotrophic and

mixotrophic chemostat in our current study are among the highest reported in G. sulphuraria.
A protein content of 60

is on the high side of values ever reported for all microalgae ( ecker,

2007), highlighting the potential of G. sulphuraria as a protein source.
Heterotrophic metabolism could be the reason why lower protein contents are reported in
certain studies. tudies that compared protein content under autotrophic and heterotrophic
growth reported higher protein contents under autotrophy ( raziani et al., 201

an et al.,

2016). In fact, the highest protein content reported under heterotrophic metabolism is only 2
( assa et al., 201 ). Among other factors, the reduction of phycocyanin levels in the
heterotrophic cells ( chmidt et al., 2005) and their higher content in carbohydrates ( raziani et
al., 201

an et al., 2016) could explain this observation.

Essential amino acid profile of G. sulphuraria ACUF 64
In order to assess the nutritional value of G. sulphuraria, the amino acid content not only needs
to be analyzed quantitatively but also qualitatively. That is, focusing on the relative proportion
of the essential amino acids in the proteins. or that reason, we compared the essential amino
acid profile determined in this study with the AO dietary requirements for adults ( HO, 2007)
in Table 4.

oreover, we also included the essential amino acid profiles of the currently main

industrial microalgae used in food applications, Spirulina and Chlorella, and of the main
vegetable protein source worldwide, soybean (Hughes et al., 2011

uys et al., 201 ).

e chose

reported values in literature that correspond to commercially available ingredients for human
nutrition. or the microalgae, the commercial products were constituted by the whole biomass,
while in soybean they were protein isolates (

0

protein) and concentrates ( 70

protein).
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0
55.6 ± 0.0
55.4 ± 0.5
5.0 ± 5.4
57. ± 5.1
46.4 ± 0.

5
1.1 ± 1.1
0. ± 0.0
.4 ± .
2.2 ± .1
7 .0 ± 1.

eu
45
5 .6 ± 0.0
61. ± 0.5
45.1 ± 7.4
5 . ± 6.0
62. ± 0.

ys

Aromatic amino acids, namely phenylalanine and tyrosine.

Not determined.

d

ulfur-containing amino acids, namely cysteine and methionine.

Indispensable amino acid requirement for adults.

15
16. ± 0.4
17.0 ± 0.6
10.4 ± 2.1
10.4 ± 2.4
24.7 ± 0.2

Ile

c

b

a

equirementa
Autotrophic
ixotrophic
Chlorella
Spirulina
oybean

His
2
56. ± 0.0
56. ± 0.2
2 .5 ± 2.
4.1 ± .
6.5 ± 0.2

Thr
56.1 ± 0.1
56.7 ± 0.
50.4 ± 5.0
56.7 ± 5.
4 .4 ± 1.

al

requirements (mg AA/g protein). Values expressed as averages ± standard deviation.

22
40.2 ± 0.4
40.6 ± 0.4
12.7 ± 4.
16. ± 5.
26.0 ± 1.1

AAsb
10 . ± 2.4
110.5 ± 2.0
56. ± .7
5 . ± 1 .6
.4 ± 1.2

AAAsc
6
1 .2 ± 0.1
1 .4 ± 0.1
n. d.d
n. d.d
12.7 ± 0.2

Trp

AO (2007)
This study
This study
uys (201 )
uys (201 )
Hughes (2011)

eference

Table 4. Essential amino acid comparison of autotrophic and mixotrophic G. sulphuraria ACUF 64, commercial Chlorella and Spirulina and FAO
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The comparison includes the

essential amino acids: histidine, isoleucine, leucine, lysine,

methionine, phenylalanine, threonine, tryptophan and valine but also two conditionally
essential ones, cysteine and tyrosine. Cysteine is added together to methionine under the
denomination of sulfur amino acids ( AAs) and tyrosine is added to phenylalanine under the
denomination of aromatic amino acids (AAAs).
G. sulphuraria ACU 64 compared favorably to the AO requirements for every amino acid,
in both autotrophic and mixotrophic biomass. ven if threonine and methionine showed a lower
content in mixotrophy than in autotrophy, these small differences did not affect the nutritional
value of the mixotrophic biomass. Histidine exhibited the lowest margin above the nutritional
requirement, and thus can be considered the most limiting essential amino acid in G.
sulphuraria proteins. In comparison, Chlorella is deficient in histidine and AAs while the
average lysine content is ust at the limit. Chlorella AAs content showed the largest difference
with the AO requirement and they are the limiting factor for this chlorophyte. Spirulina on
average is also below the requirements for histidine and AAs, although the limiting amino
acid is histidine instead of AAs. Tryptophan was not analyzed in the study that we used for
comparison and thus was not taken into account in these two microalgae. oybean protein
contains a balanced amino acid profile, surpassing the requirement for every essential amino
acid, but compares unfavorably with G. sulphuraria. G. sulphuraria contains higher contents
of every essential amino acid with the exception of lysine, that is equivalent to soybean, and
histidine, in which soybean is superior. Average soybean content of AAs, 26 mg g protein, is
ust above the requirement of 22 mg g protein and hence AAs are the most limiting essential
amino acid in this protein source. In fact, there have been several efforts to increase AAs
content in soybean (Krishnan

ez, 201 a).

esides the overall superior amino acid profile of G. sulphuraria, special attention must be
given to AAs content. G. sulphuraria contains a high proportion of AAs compared with
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Chlorella, Spirulina and soybean protein.

ethionine and cysteine cannot be synthesized de

novo by animals and therefore their supply is dependent on the diet.

ost plant biomasses

contain scarce amounts of these sulfur compounds ( ay, 201 ) and they have to be provided
by other sources, mostly animal protein in the case of human nutrition and external AAs
supplementation or excess protein addition in the case of animal feed.

ue to its remarkable

amino acid profile and high protein content, G. sulphuraria is a good candidate to overcome
AAs deficiencies for food and feed applications. Nevertheless, amino acid composition and
overall protein fraction are not the only characteristics that make a protein source suitable.
urther research is needed to determine the digestibility and utilization of absorbed amino acids
from G. sulphuraria biomass.

Chemostat production of G. sulphuraria ACU

64 at high concentration proved to be a

successful strategy for constant biomass production with high pigment content both under
autotrophic and mixotrophic conditions. The biomass grown mixotrophically contained 10
w w C-phycocyanin (C-PC). High C-PC content combined with high areal biomass
productivity lead to the highest C-PC areal productivity reported under 24h 24h illumination in
Galdieria, and even higher than with autotrophic culturing of Spirulina. The C-PC extracted
from G. sulphuraria showed superior thermal- and acid-stability compared to C-PC extracted
in Spirulina. G. sulphuraria had over 60

w w protein content and compared favorably to the

AO dietary requirements for adults regarding every amino acid, in both autotrophic and
mixotrophic biomass.

oreover G. sulphuraria contains a high proportion of sulphurated

amino acid compared with Chlorella, Spirulina and soybean protein. ue to its attractive amino
acid profile and high protein content, G. sulphuraria is a good candidate to overcome
sulphurated amino acid deficiencies for food and feed applications.

154

Chapter 6
General discussion
Oxygen balanced mixotrophy:
a look at the economics

Chapter 6

The continuous growth of the human population is placing increasing pressure on our limited
natural resources. This has resulted in an ongoing search for renewable resources and more
environmentally friendly production processes ( odfray et al., 2010).

icroalgae can reach

higher areal productivity than terrestrial plants, do not require arable land or fresh water,
( i ffels

arbosa, 2010) and can use fertilizers with almost 100

efficiency (Tredici, 2010).

icroalgae-derived products are considered a promising source of food and commodities
( arc a et al., 2017

i ffels et al., 201 ).

icroalgae are commonly grown exploiting their photoautotrophic capacity (henceforth
referred to as autotrophic), in which cells harvest light energy, use carbon dioxide (CO2) as a
carbon source, and release oxygen (O2) as a byproduct. espite the advantage of CO2 mitigation
and use of free solar energy, autotrophic cultures have limitations. In autotrophic cultures, light
availability is the main growth limiting factor. Cellular self-shading hinders light availability
therefore limiting biomass production. To limit self-shading, low biomass concentrations must
be maintained in autotrophic cultures leading to a dilute harvest flow and a large volume of
liquid to be handled. Another limitation of autotrophic cultivation is the need for gassing which
demands a substantial amount of energy.

as liquid transfer is necessary to avoid O2

accumulation in the liquid culture and to provide the CO2 required for photosynthesis. The
accumulation of O2 might lead to a reduction of culture productivity (Kazbar et al., 201
nchez urano et al.

ousa et al., 201 ).

In several photobioreactor (PBR) designs gassing is an integral part of the mixing of the
microalgal culture. In vertical panel or column type PBRs mixing is exclusively provided by
gassing, but in tubular PBRs mixing and gassing are separated. In tubular PBRs mixing is
ensured via a liquid pump, while O2 and CO2 gas-liquid exchange is supported by a dedicated
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unit called degasser usually in the form of a bubble column. In tubular PBRs the energy for
gassing has been reported to be 2

of the operational energy cost (Aci n et al., 2012).

CO2 supply is a frequently overlooked challenge in microalgae commercialization.
Atmospheric CO2 levels ( 0.04

v v) are not sufficient to support high biomass productivities

because the driving force for gas-liquid transfer is too small and gas flows are required which
are practically not achievable and or would require excessive energy ( angley et al., 2012). or
this reason, CO2-enriched gas streams must be provided to achieve high biomass productivity.
Not all CO2 provided is taken up, and even in optimized closed photobioreactors, CO2 losses
are 25

at minimum (Aci n et al., 2012

oraes et al., 2020).

hen not efficiently utilized,

CO2 supply possibly represents a ma or contributor to production costs. Anthropogenic CO2enriched gas (e.g. flue-gas with 10-15

CO2) is envisioned to meet the requirement for large

scale production. However, considering the high CO2 demand of a large scale facility, without
an infrastructure for CO2 capture and transportation, only a limited number of areas are suitable
for large scale production ( mith et al., 2015).
Chemoorganotrophic (henceforth referred to as heterotrophic) cultures in which organic
carbons, such as sugars and organic acids, are used as carbon sources in the absence of light
could be alternatives to autotrophic cultures. In contrast to autotrophic cultivation, heterotrophic
cultivation can be performed in conventional fermenters, requiring O2 by intensive aeration,
reaching higher concentration and productivity. However, darkness can lead to reduced
pigmentation limiting the potential of heterotrophic cultivation for the large-scale production
of these phytochemicals ( ee, 2001).

oreover, on average only half of the carbon substrate is

converted into biomass while the other half is lost as CO2 as reviewed by

lanken et al.

( lanken et al., 2016).
In this thesis I described a new cultivation method named oxygen balanced mixotrophy. In
this method the dissolved oxygen concentration (DO) is kept constant by coupling the substrate

157

6

Chapter 6

supply rate with the rate of photosynthesis (Chapter 2). This method allowed O2 and CO2
cycling between photosynthesis and respiration within a single algal monoculture, avoiding
(Chapters 2,4,5), or minimizing (Chapter ), gas exchange. urthermore, mixotrophic biomass
productivity and biomass concentration was doubled in comparison to autotrophy and
4

of the substrate carbon was converted into biomass carbon (Chapters 2, ,4,5).

to
e

successfully applied this method to two industrially relevant microalgal species: Chlorella
sorokiniana (chapters 2 and ) and Galdieria sulphuraria (chapters 4 and 5) and demonstrated
that oxygen balanced mixotrophy does not affect protein (50-60

w w) and pigment content

of those species: 7 mg·gx-1 of lutein in C. sorokiniana and 101 mg·gx-1 of C-phycocyanin in G,
sulphuraria (chapters and 5).
In this final chapter the insights obtained from this thesis are combined in a techno-economic
model to allow for an ob ective evaluation of their cost-impacts . Pro ections are presented on
the biomass production costs for a hypothetical 100-hectare facility located in southern pain.
The techno-economic model is used to compare the biomass production cost of autotrophic and
oxygen balanced mixotrophic cultures of Chlorella sorokiniana and Galdieria sulphuraria.
inally, opportunities for future improvement of the mixotrophic process will be addressed.
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Autotrophic production of C. sorokiniana and G. sulphuraria in southern Spain: a technoeconomic analysis
In the following section, a techno-economic analysis of autotrophic production of C.
sorokiniana and G. sulphuraria is presented. This analysis will be used as base case and
compared with oxygen balanced mixotrophic production of the same species. The technoeconomic model originally developed by

uiz et al. (2016) for autotrophic production of

Nannachloropsis sp was adapted to the cultivation of our strains. A vertically stacked tubular
photobioreactor was chosen as a cultivation system in the analysis because in this reactor type
mixing and gassing are separated. The reactor design is identical to the vertically stacked
tubular photobioreactor described by uiz et al. (2016): tube diameter 0.065 m tube length 170
or 250 m. Pro ections are made for a 100-ha-scale plant located in southern pain ( 7 15 N 6
56

).

Process description
The algal production chain (figure 1) begins with pumping (1) fresh water from a water
reservoir, which is then mixed with nutrients (2) in an automatized mixing unit ( ), filtered (4)
and pumped into the photobioreactor (6). The freshwater medium enters the photobioreactor
reactor only during daylight hours, and, concurrently, the same culture volume leaves the
reactors. Harvesting is done by continuous pumping (10) of the culture harvest through a
microfiltration (11) unit that concentrates the biomass to about 15 g·

-1

. The concentrated

fraction (retentate) is further processed with a centrifuge (12), obtaining an algal slurry (15
w w) that is considered the final product of the current analysis. Part of the permeate coming
from the ultrafiltration and part of the supernatant obtained by centrifugation is recirculated ( )
back to the mixing unit. The water that is not recirculated is considered as wastewater and is
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treated at a cost of 0.50 ·m- ( olina

rima et al., 200 ), by an external party. The energy

consumption of wastewater treatment is not included in the evaluation of the overall energy
usage of the process.

ith respect to medium preparation the cost of nitrogen and phosphorus

alone are considered in the analysis, being those with ma or influence on economics ( uiz et
al., 2016). Nitrogen and phosphorus losses are considered to be neglectable.

uring daytime,

pure gaseous CO2 (5) is in ected at the tube inlet through a gas diffuser, while excess oxygen is
removed from the culture by sparging ambient air (7) in a separate bubble column (degasser)
( ).

uring night time oxygen is provided by sparging air at the tubes inlet (instead of CO2)

hile the degasser vessel was not sparged. A combination of heat exchangers (14), pipes and
pumps (1 ) is installed to control temperature. eep sea water is directly used as cooling water
and then discharged back to the sea.
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Figure 1. Scheme of autotrophic microalgal production chain during day (top) and night time
(bottom). 1) Fresh water pump, 2) Nitrogen and phosphorus supply unit, 3) mixing unit, 4)
sterilization, 5) CO2 supply unit, 6) vertical tubular photobioreactor, 7) blower, 8) degasser
(bubble column), 9) recirculation pump,10) harvesting pump, 11) microfiltration unit, 12)
centrifuge, 13) pump (cooling), 14) heat exchanger
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Selection operating conditions and estimated productivity
The amount of biomass produced per year was calculated according to the photosynthetic
efficiency reported in outdoor studies. The photosynthetic efficiency is defined as the fraction
of total sunlight energy converted into chemical energy (i.e. biomass) during photosynthesis. A
photosynthetic efficiency on sunlight of 2.6

obtained by

oucha

vansk (2006), was

used to estimate the production of C. sorokiniana while for G. sulphuraria half of this value
was used. The factor half is based on our experimental results described in Chapter 5. Our data
demonstrated that the biomass yield on light for G. sulphuraria was about half of the one
obtained for C. sorokiniana under identical experimental conditions.
ifferent dilution rates were assumed for the cultivation of C. sorokiniana and G. sulphuraria.
A dilution rate of 27

per day reported by de

ree et al (de

ree et al., 2015) in vertically

stacked tubular photobioreactor, and used in the previous model ( uiz et al., 2016), was adopted
for C. sorokiniana. The dilution rate of G. sulphuraria was calculated such that the estimated
biomass concentration results in a specific photon supply rate within the optimal rage reported
in chapter 4 (supporting information 1). This resulted in a dilution rate of 1 .5

per day. A

liquid velocity in the tubes of 0.45 m·s-1 was used for both strains (de ree et al., 2015, uiz et
al., 2016).
In tubular photobioreactors the oxygen produced during photosynthesis accumulates along the
tube and needs to be removed to prevent adverse effects that inhibit algal growth (e.g.
photorespiration). The maximum dissolved oxygen concentration at the end of the tubes was
set to 50

of oxygen saturation. The superficial gas velocity in the bubble column degassers

was fixed (0.056 m·s-1) as well as the height of the bubble column (2.2 m) resulting in air flow
rate of 1.52 vvm and a volumetric gas liquid mass transfer coefficient (KLO2a) of 0.0 s-1
( nchez

ir n et al., 2000). ubble columns were assumed to be perfectly mixed. The length

of the tubes and the number of liquid pumps, and associated flow, were calculated based on the
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maximal DO threshold of 50

air saturation at the end of the tube and a DO of 150

maintained in the bubble column. The number of bubble columns and associated gas flow was
calculated based on the gas-liquid mass transfer coefficient and the oxygen concentration
gradient between gas and liquid.
uring the night, in absence of light, intracellular storage compounds (e.g. starch) are used to
support cell division ( e n- aiki et al., 2017). The metabolic energy required is created by
respiration and, for this reason, oxygen must be supplied during the night. Oxygen is provided
by in ecting air at the inlet of the tube. The rate of air in ection into the tubes was calculated
based on the mass transfer model for an identical system described in ubio et al ( ubio et al.,
1

). uring the night, the DO at the end of the tube was assumed to have 10

air saturation.

Accordingly, the required air flow rate was calculated to match the volumetric oxygen transfer
rate to the volumetric uptake rate of the culture. The volumetric oxygen uptake rate was
calculated from the experimental results obtained under day-night mixotrophy (Chapter ). In
those experiments we found a night time O2 requirement of 4.1 mmol O2 per C-mol of biomass
per h. This specific oxygen uptake rate was combined with the biomass concentration (4.6 g·
1

for mixotrophy and 2. g·

-1

-

for autotrophy) to obtain the volumetric uptake rate.

The efficiency of CO2 utilization (ECO2,

w·w-1) is influenced by the pH of the culture. pH

influences the chemical equilibrium according to:
CO2(g)

CO2(aq)

H2CO

HCO

CO

2

(1)

here CO2(g) is the CO2 concentration in the gas phase, CO2 (aq) is the CO2 concentration in
the aqueous phase, and all the other terms of the equation are the soluble form of CO2. The
difference between the CO2 concentration in the liquid phase and that in equilibrium with the
gas phase ( CO2

CO2 ) represents the driving force for mass transfer of CO2 from gas to

water. The product of the driving force and the volumetric mass transfer coefficient (KLCO2a)
gives the transfer rate of CO2 which ideally matches the CO2 requirement of the algal biomass.
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The mass transfer coefficient is independent of pH, but the driving force is pH dependent and
it will increase with pH ( ugai- u rios et al., 2014).

oraes et al. ( oraes et al., 2020) have

shown that the efficiency of CO2 utilization (ECO2) can be improved from

to 75

by

increasing the pH from 6.5 to 7. . Although in our experiments C. sorokiniana was cultivated
at pH 6.7, several other Chlorella strains have been cultivated pH 7.5- ( uccione et al., 2014).
Therefore, in this study we will assume that C. sorokiniana will be cultivated at pH 7. and a
CO2 use efficiency (ECO2) of 75

will be used in the calculation. G. sulphuraria is an

acidophilic strain with pH optima of 1-4 ( raziani et al., 201
elvaratnam et al., 2014

loth et al., 2006). Therefore

Oesterhelt et al., 2007

ECO2, the lowest value reported by

oraes et al ( oraes et al., 2020), will be used in this study. All the gasses entering or leaving
the reactor are filtered using air filters to prevent bacteria contaminations.
Tubular photobioreactors tend to accumulate algal films on the inner surface, restricting
sunlight supply, and despite all the reactor entrances being protected by filters, in the long run
also bacterial contamination might occur. Therefore, regular cleaning is essential for a reliable
operation of a microalgae production facility. In the pro ections three cleaning cycles are
performed per year.
composed of 5

uring a cleaning cycle, reactors are filled with

H2O2 and 7.5

of cleaning solution

glycerin. To remove biofilms, also small plastic granulates

( osma et al., 2014) are added into tubular systems at a concentration of 0.5 Kg·m- . The
granulates are recovered afterwards and can be reused up to

years. They are also used in the

algal culture during cultivation in tubular systems to prevent biofilm formation.
ecycling the culture medium is key for sustainable microalgae cultivation. This is especially
true for freshwater species. However, reused medium may accumulate inhibitory compounds.
The sub ect has been recently reviewed by

u et al. (2020). The response of Chlorella to

medium recycling is contradictory: studies reported medium reuse stimulates growth, other
studies indicated no effect of medium reuse, while 6 studies described growth inhibition after
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medium reuse. Therefore, even though up to 100

of medium reuse has been reported not to

affect growth over 6 days-1 (Had - omdhane et al., 201 ), in our study medium recycling of
0

is assumed.

edium recycling in G. sulphuraria has never been tested. In this analysis we

will therefore apply the same water reuse percentage as with Chlorella. A fee of 0.02

·m- is

applied for fresh water required to make up fresh medium (Cornish et al., 2004).
aximum culture temperature is maintained at 7 C by pumping cooling water through heat
exchangers submerged into the culture. The heat flow in the photobioreactors and the expected
temperature of the culture are calculated on an hourly basis. The temperature control units are
active during those periods with an expected value above the setpoint. Cooling water from the
sea comes from a depth of 200 m. The temperature of the water is 14.1 ±0.2 C (NOAA). nergy
consumption for temperature control represents the electrical power used by pumps and this
was calculated according to uiz et al. (2016).
In our analysis, land is assumed to be purchased at the cost of unirrigated agricultural land in
Huelva (Conse er a-de-Agricultura-Pesca-y- esarrollo- ural- unta-de-Andalucia, 2016). The
extra land required, such as the space to place ma or equipment, buildings or roads, was
considered to be 20

of the total photobioreactor area (100 hectares), the total land for the

facility being 120 hectares. The value of purchased land was not depreciated, since its value
does not decrease with time and use, therefore the price of land purchasing was only considered
as part of the interest to pay on the initial investment and not as part of the CAP

.

The model described by uiz et al. (2016) uses location-specific parameters such as climatic
conditions, energy costs, labor costs and employer s contribution to labor costs as well as
workweek hours. An account of the main model features is given in supporting information 2.
The overview of the values used in this study are summarized in table 1. or further details, we
refer to the original work ( uiz et al., 2016).
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Table 1. Overview of values used in the techno-economic evaluation of autotrophic production
of C. sorokiniana and G. sulphuraria.
Parameter

alue used for G. sulphuraria
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Oxygen balanced mixotrophic production of C. sorokiniana and G. sulphuraria in southern
Spain: a techno-economic analysis
In the following section, the techno-economic analysis of oxygen balanced mixotrophic
production of C. sorokiniana and G. sulphuraria is presented. In this analysis the model
described by uiz et al. (2016), with the modifications reported in the previous section, was
adapted for the oxygen balanced mixotrophic production of our strains.

Process description
The process described in figure 1 was adapted for oxygen balanced mixotrophy. The CO2
supply unit was removed from the process scheme and glucose is used as organic substrate
( igure 2). The glucose needed for days of operations is stored in a feeding tank (5). lucose
is added to the mixing unit ( ) and the volume of the mixing unit is therefore increased by 20 .
No aeration is provided during daytime. uring night time ( igure 1), air is provided through a
diffuser at the entrance of the tube as already described for the autotrophic culture. The air
in ected in the tubes is allowed to escape in a small collection vessel ( ) installed at tube outlet.
This vessel is not actively sparged.

Empirical data
lucose is purchased at 442 ·ton-1 according to the average cost reported by un et al. ( un et
al., 201 ). The biomass yield on substrate of 0.

C-molx·C-mols-1 obtained under day-night

cycle (Chapter ) is used in this study. iomass productivity and biomass concentration are the
double of the autotrophic culture grown under the same conditions (Chapters 2, ,5).
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Figure 2. Scheme of mixotrophic microalgal production chain during daytime. 1) Fresh water pump, 2) Nitrogen and phosphorus storage unit, 3)
mixing unit, 4) sterilization, 5) Glucose storage unit, 6) vertical tubular photobioreactor, 9) recirculation pump, 10) harvesting pump, 11)
microfiltration unit, 12) centrifuge, 13) pump (cooling), 14) heat exchanger.

Chapter 6

168

General discussion

Autotrophic and mixotrophic biomass production costs of C. sorokiniana
The techno-economic models for autotrophic and mixotrophic algae production were used to
compare autotrophic and oxygen balanced mixotrophic biomass production costs of C.
sorokiniana. According to our predictions, a 100 ha facility employing vertically stacked
tubular photobioreactors located in south of pain has a biomass capacity of 5. ·10 ton·year-1
and 11.7 10 ton·year-1 employing autotrophic cultivation and oxygen balanced mixotrophic
cultivation, respectively. Our estimations indicate that the production cost of autotrophic
·Kg-1 while mixotrophic production cost is 2.6 ·Kg-1.

cultures is 4.

reakdown of the contributors of the biomass production costs are reported in figure . The
main contributor to the autotrophic production costs are the capital costs ( 2 ). Among the
capital costs, depreciation of the ma or equipment and the interest on the initial investments
contribute

.4

while the remaining 1.6

equipment accounts for 20
investment.

comprises of property taxes and insurances.

while instrumentation and control take up 0

ithin the ma or equipment 44

a or

of the initial

of the costs are due to circulation pumps and 2

to air blower and bubble columns.
The second contributor to the autotrophic production costs are the raw materials (24 ). Among
the raw materials, the chemical disinfectant used for cleaning accounts for 55 , CO2 accounts
for

, while the cost for medium preparation accounts for 6

of raw materials. The process

consumes 6.0 k h per Kg of biomass, making energy the third contributor to the production
costs (15 ). The culture circulation pumps consume 7

of the total energy while 1

is spent

in the aeration. This value is the half of previous reported by Aci n et al. (2012). In their work
(Aci n et al., 2012) aeration was provided without distinction between day and night time. In
our study we changed the aeration at night time to air in ection at the tube inlet.

e adopted
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this change to use the same aeration procedure during night time for autotrophic and oxygen
balanced mixotrophic culture allowing for an ob ective comparison of both strategies.
The main expenses for consumables ( 4 ) are related to the borosilicate glass tubes that have
a lifetime of 20 years. Other costs contribute for 12

of the total production cost, including

general plant overheads, maintenance and contingency. abor (5 ) and waste water treatment
costs (1 ) had a minimal impact on the overall production costs.

Figure 3. Breakdown of the contributors to autotrophic (left) and oxygen balanced
mixotrophic (right) biomass production costs of C. sorokiniana.

According to our pro ection, utilizing oxygen balanced mixotrophy will decrease biomass
production costs by 47 , from 4.

·Kg-1 of the autotrophic cultivation to 2.6 ·Kg-1 for

mixotrophic cultivation. In mixotrophy, the main contributor to the total cost is raw materials
(4

), out of which glucose represents 5

, which comes down to 25

of the total biomass

production costs (0.66 ·Kg-1). The chemical disinfectant used for cleaning contributes 4

to

the costs of raw materials and medium preparation contributes 7 . The other ma or contributor
(1

) to the production costs are the capital costs, which have a similar cost distribution as for

the autotrophic production. However, the absolute costs for ma or equipment needed for
mixotrophy are 1.5-fold lower than for autotrophy (supporting information 2).
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To construct a 100 ha facility for autotrophic cultivating would require an initial investment of
125

while for the mixotrophic cultivation strategy this value would decrease to 2

.

ince ang - factors are used in the estimation of capital investment ( uiz et al., 2016), a
decrease in ma or equipment cost affects the overall capital costs. The investment needed to
purchase ma or equipment is 25

and 16

for autotrophic and mixotrophic production,

respectively.
The main causes of the cost reduction regarding ma or equipment of the mixotrophic culture
are the savings obtained by decreasing the need for circulation pumps (4
and bubble columns (2

), blowers (

)

). The reduction in circulation pump numbers is due to the difference

in tube lengths, 250 m in mixotrophy and 170 m in autotrophy. The average DO level at the end
of the tube may not exceed 50 , thus the tube length is shorter under autotrophic growth
conditions.
The reduction in ma or equipment is also affecting the energy consumption. In fact, a 100 ha
facility for autotrophic microalgal production would consume 5
facility operated mixotrophically would consume 2

h·year-1. The energy saving is caused

by the reduction on the circulation pump electric consumption (- .5
aeration during daytime (-4.2

h·year-1 while the same

h·year-1) and omitting

h·year-1). However, the main reason for mixotrophy saving

energy is because of the doubled biomass productivity and concentration, which reduces the
overall energy consumption

times when expressed per Kg of biomass: 2 k h·Kg-1 under

mixotrophy as compared to 6 k h under autotrophy.
In summary, despite oxygen balanced mixotrophic production of C. sorokiniana requiring less
capital investments and consuming one third of the energy of the autotrophic culture, a 47
decrease in biomass production costs is mainly due to mixotrophic production doubling biomass
productivity compared to autotrophic production.
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Autotrophic and mixotrophic biomass production costs of G. sulphuraria
The model described above for C. sorokiniana was applied to estimate the biomass production
cost of G. sulphuraria (figure 4). G. sulphuraria has half of the photosynthetic efficiency of C.
sorokiniana (Chapter 5) and, given the low pH used for the cultivation, carbon uptake efficiency
(ECO2) in G. sulphuraria was assumed to be only

. The direct consequence of those

assumptions is the high production cost of the autotrophic culture (11.
material represents 4

of the total costs. ince only

converted into biomass, CO2 contributes to 76
total cost (4.

·Kg-1) where the raw

of the CO2 entering the reactor is

of the raw material costs and to 6

·Kg-1), followed by cost for cleaning 22

of the

and for medium preparation 2 . If

the low ECO2 will be confirmed in a real tubular photobioreactor, the only possible solution for
autotrophic cultivation of acidophilic microalgae will be to use flue gas as source of CO2. uiz
et al. (2016) estimated that flue gas can be conditioned and transported to an algae
photobioreactor at a cost of 0.0 4 ·Kg-1. Therefore, by employing flue gas rather than
commercial CO2, the autotrophic production cost of G. sulphuraria could drop to 6.
The second contributor to the overall costs is capital costs (1
of G. sulphuraria requires

7

·Kg-1.

). The autotrophic production

lower initial investments and

2

less electricity than

autotrophic production of C. sorokiniana. These differences are related to the lower
photosynthetic efficiency used in the model, and as consequence oxygen accumulates along the
tube at a lower rate. Therefore, the number of ma or equipment (bubble columns and blowers)
needed for oxygen removal degassing are decreased by 11 . urthermore, longer tubes (up to
40 m) can be used, decreasing the number of circulation pumps needed. espite the possibility
of using longer tubes, we decided to set the maximum tube length to 250 m. This was done for
an easier comparison between the mixotrophic performance of the two strains. onger tubes in
the autotrophic cultivation of G. sulphuraria allowed saving 15

of the capital costs and 26

of energy consumption of circulation pumps compared to autotrophic culture of C. sorokiniana.
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In autotrophic cultivation G. sulphuraria energy requirement for degassing contributes only to
10

of the total energy costs.

However, all those savings are minimal considering the photosynthetic efficiency of G.
sulphuraria being only half of C. sorokiniana s and therefore the facility produces only half as
much biomass (2. 10 ton·year-1) compared to C. sorokiniana.

ecause of the lower areal

productivity, all of the capital and energy costs have a higher impact per kg of biomass
produced. ower productivity of G. sulphuraria also increases the autotrophic energy required
per kg of biomass to .1 K h·Kg-1.
Oxygen balanced mixotrophic production G. sulphuraria is -fold cheaper than its autotrophic
production. This is due to the high impact of CO2 on the autotrophic production costs and to
the doubling of the biomass productivity obtained in mixotrophy. In mixotrophy raw materials
contribute to 5
46

of the total production costs. Among the raw materials, glucose accounts for

(0.64 ·Kg-1), cleaning for 47

and medium preparation for 7

of the costs.

Figure 4. Breakdown of the contributors of autotrophic (left) and oxygen balanced mixotrophic
(right) biomass production costs of G. sulphuraria.

6

ixotrophic cultivation strategy has a minimal impact (-

) on the energy consumption of G.

sulphuraria, compared to autotrophic cultivation. This is because under autotrophy the tubes
can remain as long as under mixotrophy and therefore the amount of energy consumed by
circulation pumps does not change. The only energy saving achieved is linked to the reduction
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of aeration. ince mixotrophy doubled biomass productivity, the amount of energy required per
kg of biomass drops considerably from .1 K h·Kg-1 to .7 K h·Kg-1.

hen compared to C.

sorokiniana, we can conclude that mixotrophic energy consumption and biomass production
costs of G. sulphuraria are strongly affected by its lower biomass productivity (twofold
reduction) which increases the impact of each individual cost factor per Kg of biomass
produced.

Sustainable protein production from microalgae
Cost assessment is not the only means to evaluate a production process. In this section we
present the implications of oxygen balanced mixotrophy on land requirement and water
consumption.

and and water required to produce 1 kg of proteins by autotrophic and

mixotrophic cultivation of microalgae were compared to the requirements of soy beans, the
largest global protein crop. Heterotrophic cultivation of microalgae and or other possible
single-cell protein producers (e.g. baker s yeast) were excluded from our comparison due to the
lack of techno-economic models on heterotrophic biomass production costs in the public
domain.
ater consumption of microalgae production was calculated considering only two sources of
water losses: the volume of water that is treated as waste water (20

of the total water volume

required for reactor dilution) and the volume of water consumed during cleaning of the reactors.
According to our assumptions, the facility is cleaned three times per year, and each time the
whole volume of the reactors is filled with clean water and disinfectant solution.
In the case of mixotrophic production of microalgae, land and water required to produce the
sugar necessary for the process must be considered.
The Netherland as a source of hexose.

e decided to use sugar beet produced in

ue to the oined efforts of the

utch sugar industry,

sugar beet yields have been increased from 10.6 ton·ha-1 in 2002-2006 to 1 . ton·ha-1 in 20122016 (Hanse et al., 201 ) and there are aims to reach 24 ton·ha-1 in the coming future (Hoffmann
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Kenter, 201 ).

oreover, the production of this sugar requires only 5 m of water per ton

of sugar produced, making the water footprint of sugar production in The Netherland one of the
lowest in the world ( cholten, 200 ).
In 201 , uropean Union ( U) imported

of the soy beans consumed, out of which 50

originated from the United tates of America (U A) ( uropean- oy- onitor, 2017). iven the
importance of the U A as a soy beans producer, we will focus our analysis on soy beans
produced in the U A.
(U

etween 2015 and 2020 soy bean yield in the U A was .4 ton·ha-1

A). The average soy bean protein content was 6

(Krishnan

ez, 201 b) and on

average 2757 m of water are required per ton of soy beans produced ( ield-to- arket, 2016).
Comparison of land and water usage to produce 1 kg of protein from autotrophic and
mixotrophic microalgae cultivation and soy bean farming is reported in table 2.

icroalgal

protein yield per hectare is 0-60 times higher than for soy beans. A closer look at the water
requirements of algal protein production reveals the water footprint of microalgae to be 25-50
times lower than for soy beans. However, mixotrophic cultivation consumes glucose, the
production of which leads to substantial water and land use.

hen counting in the land needed

for sugar beet production, mixotrophic areal productivity decreases with roughly one order of
magnitude, but it still remains 4 times more productive than soy beans.

oreover, mixotrophic

cultivation still requires 7 times less water than soy beans. nvisioning a future of water and
arable land scarcity, algae cultivation should not be done on arable lands and using fresh water
should be avoided. everal Chlorella strains have been proven to grow on sea water ( uccione
et al., 2014). No record of Galdieria on sea water has been reported in the literature. aldieria,
however, has been proven to tolerate high salt concentration ( chmidt et al., 2005), so it might
be possible to cultivate this strain on sea water or brackish water. Another alternative to fresh
water, is the cultivation of Galdieria on hot spring water (Hirooka

iyagishima, 2016).
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ixotrophic algal protein production was 40

cheaper than autotrophic production. However,

with soy beans at 0. 6 ·Kg-1 , and microalgae at 2.5-6.1 ·Kg-1, algae protein production as
commodity source of protein seems currently out of reach ( uropean-Commission, 2020).
Nevertheless, G. sulphuraria has 2.6 times more sulphurated amino acid than soy beans
(Chapter 5). Therefore, we believe, especially after a reduction of the production costs (see next
section), G. sulphuraria to be promising as a food and feed supplement.
Algae biomass is not merely a source of protein.

icroalgae are regarded as one of the most

nutritious foods known to man ( arc a et al., 2017). They can provide a significant number of
essential nutrients, such as vitamins, minerals, essential fatty acids and pigments, to support
human health ( arc a et al., 2017

upatini et al., 2017). The two algae species studied in this

thesis can both be used as a good source of pigments.

hen grown mixotrophically, C.

sorokiniana biomass contained 7. mg lutein per g of biomass (chapter ) while G. sulphuraria
had 101 mg·gx-1 of C-phycocyanin (chapter 5). Considering a commercial value of 4 0 ·Kg-1
and 1 0 ·Kg-1 respectively for lutein and C-phycocyanin (Algreen personal communication),
these two pigments can generate an income of .6 ·Kg-1 and 1
sorokiniana and G. sulphuraria.

·Kg-1 respectively in C.

uiz et al. (2016) indicated that a complete biorefinery of

autotrophic algae biomass is already profitable, and therefore since the biomass composition is
not affected by mixotrophy (chapter and 5), the decrease in the production costs will increase
the net profits of algae production.
esides a pure economic evaluation, the consumption of natural resources will assume even
greater importance in the future (Tredici et al., 2016). A fair comparison between autotrophic
and mixotrophic algal production and soy beans should take into account usage of nonrenewable resources, such as phosphorus and fossil fuels, the impact of conventional
agricultural practices on the environment and on human health, and the social and political
implications of these practices.
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Our simplified estimations highlight that in mixotrophic cultivation, water and land
requirements are strictly related with agricultural practices needed to produce the organic
substrate. Therefore, choosing the right organic substrate is key to the sustainability of the
algal end-product. In this perspective, using agro-industrial side streams as organic substrate
represents an attractive solution.
In recent years, coupling bacterial dark fermentation of organic waste stream with mixotrophic
cultivation has been suggested as a promising approach to produce biofuel (H2) and to decrease
the production costs of microalgae (Turon et al., 2016).

everal works demonstrate the

feasibility of C. sorokiniana cultivation in acetic and butyric acid produced via dark
fermentation (Turon et al., 2015a Turon et al., 2015c). In one of these studies, heterotrophic
cultivation of C. sorokiniana on unsterilized anaerobic effluent was demonstrated, and even if
the bacterial community size increased during the experiment, bacteria did not have any
significant impact on heterotrophic microalgal growth (Turon et al., 2015b).
ue to its capability to grow at an extremely low pH and the ability to use several organic
substrates ( raziani et al., 201

ross

chnarrenberger, 1 5), G. sulphuraria has also been

cultivated in unsterilized primary effluent ( elanka-Pedige, 201 ). The authors reported that at
pH 2 the initial bacterial population was reduced by

and complete removal of pathogens

occurred. Other studies suggested that G. sulphuraria could be cultivated on food waste from
restaurants and bakeries ( loth et al., 2017).
In conclusion, coupling mixotrophic microalgal cultivation with the treatment of agro-industrial
side streams is a promising strategy, not only to decrease microalgal production costs, but to
also increase the overall sustainability of the process.
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Productivity
ugar yield on biomass
ugar consumption
ater footprint biomass
ater footprint sugar
ater footprint biomass
ixotrophic water footprint for sugar
Total water footprint (biomass sugar)
ixotrophic water footprint (biomass sugar)
and use of biomass production
ixotrophic land use of sugar production
Total land use (biomass sugar)
ixotrophic biomass productivity
Protein content
Protein productivity
Protein productivity mixotrophic
and used for protein produced
Protein water footprint (biomass)
ixotrophic Protein water footprint (biomass sugar)
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0
0
0
0
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0
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0
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0
4
0
4
0
1
0
1
0
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0
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05
0
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.
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5
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6252
71 7
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1
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.6
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4.
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1217
2.5
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2
n.a
n.a
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0
5176
0
5176
0
1
0
1
0
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0
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2 4
0
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Table 2.. Comparison of land and water usage of autotrophic and mixotrophic microalgae cultivation with soy bean farming to produce 1 kg of protein.
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Future improvement: Increased biomass yield on light vs biomass yield on substrate
iomass yield on light (Yx/ph) and biomass yield on organic substrate (Yhetx/s) are the two main
parameters affecting the stoichiometry of oxygen balanced mixotrophy (chapter 2) and
therefore they have an influence on the mixotrophic biomass production costs. In this section
we combined the sensitivity analysis on the oxygen balanced mixotrophy stoichiometry
(chapter 2) with the techno-economic model. This procedure allowed us to make pro ections on
the effect of future improvements of Yx/ph and Yhetx/s on mixotrophic production costs.
The sensitivity analysis of mixotrophic stoichiometry (Chapter 2) is based on the assumption
of mixotrophy being described as the sum of the heterotrophic and autotrophic metabolism.

e

demonstrated that such assumption was valid for C. sorokiniana (Chapter 2 and ), while it was
not valid for G. sulphuraria (Chapter 4). In this study we neglected this difference, and we
applied the same analysis to both strains. urthermore we assumed that both microalgae species
have the biomass elemental composition of CH1.62O0.41N0.14P0.01 reported by Kliphuis et al.
(2012).
e simulated the effect of increasing Yx/ph on the oxygen balanced mixotrophic stoichiometry,
assuming a constant Yhetx/s (0.5 C-molx·C-mols-1). The sensitivity analysis indicates that an
increase in Yx/ph does not affect the relative contribution of the carbon based autotrophic
metabolism (rc,auto) to the overall mixotrophic metabolism (rc,mixo) leading to a linear increase
of rc,mixo ( igure 4). This implies that the ratio between carbon based autotrophic productivity
(rc,auto) and the carbon based heterotrophic productivity (rc,het) is constant. Assuming a biomass
yield on substrate (Yhetx/s) of 0.5 C-molx·C-mols-1, rc,auto and the rc,het almost equally contribute
to rc,mixo and the expected rc,mixo is 2.2 fold higher than rc,auto. This expectation was closely
matched in our works (chapters 2, ,5).

ith C. sorokiniana, our estimation indicates that by

increasing Yx/ph from 26 C-molx·C-molph-1, the value used in the techno-economic model, to 61
C-mmolx·C-molph-1, the highest reported Yx/ph (Cuaresma et al., 2011a), biomass production will
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drop to 1.
which 70

·kg-1 ( igure 6). In this case, 5

of total production costs are raw materials, of

were the costs of the organic substrate (0.67 ·kg-1).

As with C. sorokiniana, we simulated the effect of increasing Yx/ph on the biomass production
cost with G. sulphuraria ( igure 6). Our estimation indicates that by increasing Yx/ph from 1
C-molx·C-molph-1, the value used in the techno-economic model, to 25 C-mmolx·C-molph-1, the
maximum value reported in G. sulphuraria (chapter ), the biomass production costs will
decrease to 2.7 ·kg-1 ( igure 6). In this case, 4
materials, of which 5

of the total production costs were raw

was the organic substrate costs (0.67 ·kg-1 ).

The Yx/ph of C. sorokiniana used in in the techno-economic model was based on real data
obtained outdoors ( oucha

vansk , 2006). Yx/ph measured outdoors was 5

lower than

the one reported in our experiments (chapters 2- ) and 2. -fold lower than the maximum value
observed in this strain (Cuaresma et al., 2011a). In G. sulphuraria the Yx/ph used in the model
was 1 C-mmolx·molph-1 , corresponding to half of value used C. sorokiniana and about half of
our highest value (chapter 4). G. sulphuraria has very little history of outdoor cultivation
(Henkanatte- edera et al., 2017

u et al., 2020) and our work on light optimization is ust a

first attempt to increase its the autotrophic productivity.
imilarly to Yx/ph, we simulated the effect on increasing biomass yield on substrate ( Yhetx/s ) on
carbon based mixotrophic productivity (rc,mixo).

e assumed a constant Yx/ph of 40.7 C-

mmolx·C-molph-1 for both strains. This biomass yield on light ( Yx/ph ) is significantly higher
than the Yx/ph obtained in G. sulphuraria (Chapters 4-5). However, the value of Yx/ph does not
change the ratio between autotrophic (rc,auto) and heterotrophic (rc,het) contribution to rc,mixo.
Therefore, we decided to report only the effect of increasing Yhetx/s using one value of Yx/ph for
both strains. The expected increase in biomass productivity between autotrophic and oxygen
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Figure 5. Sensitivity analysis on the effect of (top) the biomass yield on photons (Yx/ph) and
(bottom) the heterotrophic biomass yield on substrate (Yhetx/s) on the oxygen balanced
mixotrophic biomass productivity (r,mixo, square). The contributions of autotrophic (rauto, circle)
and heterotrophic (rhet, triagle) metabolisms to the mixotrophic volumetric biomass
productivity are reported separately. In the sensitivity analysis on Yhetx/s, also the ratio between
autotrophic (rauto) and heterotrophic (rhet) is reported (rauto/rhet, diamonds). In the sensitivity
analysis on Yx/ph the filled arrows indicate the Yx/ph used for the current projections of the
techno-economic model, while the dotted arrows indicated the one obtained in laboratory.
Arrows indicate the maximum Yx/ph ever observed in C. sorokiniana (yellow), while Yx/ph
observed in our experiments (dotted) or used in for the current projections the tecnoeconomic
model (filled) are reported in green for C. sorokiniana and blue for G. sulphuraria.
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Figure 6. Breakdown of the contributors to biomass production costs of oxygen balanced
mixotrophic cultivation of C. sorokiniana (left) and G. sulphuraria (right) assuming the
highest ever reported photosynthetic efficiency (Yx/ph).

balanced mixotrophic cultivation was used in the tecno-economic model to simulate effect of
these changes on the previously reported production costs.
Yhetx/s had a strong effect on the contribution of rc,auto and rc,het on overall mixotrophic
metabolism (rc,mixo), leading to a linear decrease of the ratio of autotrophy (rc,auto) over
heterotrophy (rc,het) ( igure 7).

hen Yhetx/s was simulated to be 0.7 C-molx·C-mols-1, which is

the highest Yhetx/s ever reported in microalgae (Chen

ohns, 1 6

in et al., 2020), the

autotrophic metabolism (rc,auto) is expected to contribute only for 22

to rc,mixo ( igure 7).

Under these conditions, the productivity of an oxygen balanced mixotrophic culture is expected
to be 4.5 times higher than an autotrophic culture.
The ability of a microalgae to maintain high Yhetx/s during mixotrophic growth is still to be
proven. Under heterotrophic conditions G. sulphuraria expressed a yield of 0.6 C-molx·C-mols1

(chapter 4). However when it was cultivated under oxygen balanced mixotrophy, rc,mixo was

not the sum of autotrophic and heterotrophic metabolisms. Our measurements indicated that the
photosynthetic apparatus was not affected by the addition of organic carbon (chapter 4),
therefore a reduction in Yhetx/s rather than a reduction on Yx/ph seemed to be more plausible.
Interestingly, when G. sulphuraria was grown autotrophically and mixotrophically in
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chemostat, under optimal lighting (chapter 5), mixotrophic biomass productivity doubled in
comparison to autotrophic productivity. According to our stochiometric model (chapter 2), if
Yx/ph was not affected by the presence of organic substrate, Yhetx/s should have been 0.5 Cmolx·C-mols-1. To summarize, even if Yhetx/s higher than 0.5 C-molx·C-mols-1 were obtained in
pure heterotrophic cultivation, such high Yhetx/s could not be maintained under oxygen balanced
mixotrophy. urther work is needed to elucidate the reason why heterotrophic yields are lower
under mixotrophic conditions.
ollowing the hypothesis that it will be possible to find a strain that maintains high Yhetx/s under
oxygen balanced mixotrophy, we simulated the effect of a mixotrophic culture with a yield of
0.7 C-molx·C-mols-1 that is 4.5-times more productive than an autotrophic culture grown under
the same conditions ( igure 7). Our estimations indicate that biomass production costs will drop
to 1. and 2.

·kg-1 for C. sorokiniana and G. sulphuraria respectively ( igure 7). or both

strains, raw materials account for around 50

of the total production costs, out of which the

cost of the organic substrate is the main contributor( 65 ).
Figure 7. Breakdown of the contributors to biomass production costs of oxygen balanced
mixotrophic cultivation of C. sorokiniana (left) and G. sulphuraria (right) assuming the highest
ever reported biomass yield on substrate (Yhetx/s).
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According to our pro ections, either by increasing the biomass yield on light (Yx/ph) or biomass
yield on organic substrate (Yhetx/s), biomass production costs would substantially decrease
making the organic substrate the main cost contributor ( igures 6 and 7). Therefore, if the cost
of organic substrate would be removed by substituting glucose with an inexpensive and
sustainable organic substrate derived from agro-industrial side stream (see previous section),
the biomass production costs would be further reduced with around 0.66 ·kg-1 closing the gap
between algae and soy beans regarding protein production costs. Considering the capability of
G. sulphuraria to grow on several organic substrates, and the low risk of contaminations, this
option seems feasible.

New opportunities for energy consumption reduction
Oxygen balanced mixotrophy provides more freedom with photobioreactor (PBR) design.
Oxygen build-up is an important factor to consider with tubular PBR design. To prevent oxygen
accumulation, liquid velocity and tube length are to be maintained within an appropriate range.
onger tubes and lower liquid velocity may, however, lead to a significant decrease in the
energy requirement per kg of biomass produced. According to our pro ections, increasing the
length of tubes in the mixotrophic culture of C. sorokiniana from 250 to 500 m, the energy
consumption would be reduced from 1. to 1.1 K h·Kg-1. Alternatively, by reducing liquid
velocity from 0.45 to 0.2 m·s-1 the energy consumption could be reduced from 1. to 0.
K h·Kg-1. Combining these two strategies, energy consumption could drop to 0.5 K h·Kg-1.
nergy consumption accounts for approximately 10

of the total production costs, therefore

lowering energy consumption further would only have a minimal effect on the final production
costs (-0.17 ·Kg-1). However, the effect of longer tubes and lower liquid velocity would also
reduce the ma or equipment costs (e.g. reduction on the number of circulation pumps) and save
another 0.1
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·Kg-1, leading to a final biomass production cost of 2.25 Kg-1.
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educing the consumption of energy will have beneficial effects on the overall sustainability
of the process. In 2016, in the U 0. Kg of CO2 were emitted per K h-1 of electricity produced
(www.eea.europa.eu). owering the electricity consumption from 1. to 0.5 K h·Kg-1 would
therefore save 0.42 Kg of CO2 per Kg of biomass.

oreover, a reduction in electricity

consumption is of primary importance envisioning future applications of oxygen balanced
mixotrophy for bioenergy production.

Contamination of algal cultures
One of the ma or challenges of mixotrophic outdoor cultivation is the undesired contamination
by heterotrophic microorganisms, mainly bacteria and fungi (Unnithan et al., 2014), which
compete with microalgae for the assimilation of organic carbon. acteria have a growth rate an
order of magnitude higher than microalgae and they can easily outcompete microalgae for
organic carbon uptake. However, since the beginning of commercial Chlorella production in
1 64, the pioneers already replaced CO2 by acetic acid in open ponds (Iwamoto, 2004), leading
to a very low bacterial contamination of the culture. The fraction of bacterial contaminant was
then separated from Chlorella cells by centrifugation and further washing of the concentrated
algae slurry with water. A similar approach has been recently embraced by Heliae evelopment
C ( anuza

Tonkovich, 2016).

esch nes et al. (2015) proposed to prevent the simultaneous presence of nitrogen and organic
carbon in the culture medium as a solution to limit bacteria contamination. The main idea
behind this cultivation strategy is that microalgae can grow when either nitrogen or organic
carbon are not present in the culture medium by consuming the internal quota of nitrogen and
by photosynthesis, respectively, whereas most bacteria can grow only if all nutrients are
simultaneously present in the culture medium. A similar strategy has been successfully adopted
for microalgae heterotrophic growth in non-axenic condition ( i Caprio et al., 201 ).

185

6

Chapter 6

e believe that it might be technically feasible to run a closed photobioreactor, without
aeration, with minimal infection risk, and that contaminations can be further controlled by
employing one of the strategies mentioned above.

e recognize, however, that controlling the

bacterial population in large scale production and long- term operation might be challenging
and requires further evaluation. It seems likely that a mixotrophic culture requires more frequent
cleaning than an autotrophic culture, and this might have an impact on the economics of the
process (e.g. less days of operation and or higher reactor capacity needed for inoculum
production).
nvisioning contaminations as a possible bottleneck of mixotrophy, we tested oxygen balanced
mixotrophy on G. sulphuraria (chapter 4 and 5), the most studied acidophilic microalga. ven
after 42 days of continuous operation we did not observe any contamination in our closed
photobioreactor (PBR) (chapter 4). Previous studies demonstrated that low pH reduced the
initial bacterial population by

and resulted in complete removal of pathogens when G.

sulphuraria was cultivated in unsterilized primary effluent at pH 2 ( elanka-Pedige, 201 ).

e

think it is realistic to assume that a closed photobioreactor in which all the inputs and outputs
are filter sterilized, and which is operated a low pH, will not suffer from contaminations.

e have shown that oxygen balanced mixotrophy is a promising strategy for decreasing
microalgal production costs. Our pro ections indicate mixotrophic cultivation of C. sorokiniana
will half the autotrophic production cost.

uch a price reduction is mainly related to the

doubling of biomass productivity under mixotrophy. or G. sulphuraria, due to the expected
low efficiency of CO2 uptake, and due to the doubling of biomass productivity, the mixotrophic
production costs are three times cheaper than autotrophic cultivation.
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icroalgal protein yield per hectare is 0-60 times higher than for soy beans. A closer look at
the water requirements reveals a 25-50 times smaller water footprint for microalgae. However,
if glucose is used as a substrate for mixotrophic cultivation, the land and water consumption of
sugar beet production substantially increases the overall water and land usage. Nevertheless,
protein production by mixotrophic cultivation of microalgae remains 4 times more productive
and requires 7 times less water than soy bean cultivation.
The choice of organic substrate is of great significance regarding the land and water footprints
of the mixotrophic process. Usage of agro-industrial side streams rich in organic compounds is
advisable for sustainable production.

urthermore, fresh water consumption could be

completely avoided by using sea- or brackish water. Our pro ections indicate that oxygen
balanced mixotrophy performed at a high photosynthetic efficiency, combined with the use of
agro-industrial side streams as substrate, could make protein production from microalgae
economically attractive and a sustainable alternative to soy beans.
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Supporting information 1: Dilution rate in autotrophic and mixotrophic cultivation of G.
sulphuraria
The dilution rate of G. sulphuraria was calculated such that the estimated biomass
concentration (Cx, gx·

-1

) resulted in a specific photon supply rate (qph, molph·g-1·s-1) within

the optimal of range (chapter 4).
The daytime average light irradiation on the horizontal surface in
the lower irradiation (I0,min,

ecember, the month with

mol·m-2·s-1) and uly, the month with the highest irradiation

(I0,max), were used to calculate the range of biomass areal concentration for which qph. was in
the optimal range:
�

=

�� � �

here Ax is the areal biomass concentration (gx·m-2), while Io,(min, max) are the daily average PAR
light irradiation on the horizontal surface ( molph·m-2·s-1) in ecember (min) and uly (max).
e estimated that by using an Ax between 74 and 10 g·m-2 in the autotrophic culture and
between 14 and 216 g·m-2 in the mixotrophic culture, qph will be maintained within optimal
range all over the year. inally we divided the expected biomass volumetric productivity by the
volumetric biomass concentration to obtain the daily dilution rate. This resulted in a dilution
rate of 1 .5
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icroalgae can reach higher areal productivity than terrestrial plants, do not require arable land
or fresh water, and can use fertilizers with almost 100

efficiency.

icroalgae-derived

products are therefore considered a promising sustainable source of food and other
commodities.

icroalgae can provide nutrients, such as vitamins, pigments and essential fatty-

and amino acids, to support human health. Their high protein content (up to 72 ) and wellbalanced amino acid profile make microalgae a promising novel source of proteins.
icroalgae are commonly grown exploiting their photoautotrophic capacity (henceforth
referred to as autotrophic), in which cells harvest light energy, use carbon dioxide (CO2) as a
carbon source, and release oxygen (O2) as a byproduct. CO2 and aeration are provided to prevent
carbon limitation and oxygen accumulation.

hen not efficiently utilized, CO2 supply

represents a ma or contributor to production costs while aeration requires substantial energy.
Autotrophic cultures are maintained at low biomass concentration in order to allow adequate
light penetration into the culture. iluted cultures increase harvesting costs and the volume of
liquid that needs to be handled. These limitations are amongst those currently restricting algae
production to high value products, such as pigments (e.g. astaxanthin, phycocyanins) or
fatty acids (e.g. PA,

-

HA). In order to utilize microalgae as a source of protein in food and

feed the production costs need to be reduced.
ixotrophic cultivation of microalgae is a promising strategy to decrease the production costs.
In this trophic mode, light and reduced organic carbons are simultaneously exploited within a
single microalgal monoculture. In mixotrophic cultivation, the simultaneous presence of two
energy sources allows for significant increases of biomass productivity.

oreover, higher

biomass concentration can be reached reducing downstream processing cost.

ixotrophic

cultivation has also potential to drastically reduce the need of gas-liquid exchange due to the
internal O2 and CO2 recirculation between photosynthesis and respiration.
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The principal aim of this thesis was to design a balanced mixotrophic strategy where autotrophic
and heterotrophic metabolic contributions to the overall mixotrophic growth were equilibrated.
eaching this aim would allow algae production processes to be simplified and intensified
leading to lower production costs.
In

, Chlorella sorokiniana A

211- K was used as model organism in designing

the new mixotrophic cultivation method denominated oxygen balanced mixotrophy. In
oxygen balanced mixotrophy the dissolved oxygen concentration is controlled by ad usting
the substrate supply rate to the rate of photosynthesis. Using this approach with 24h 24h
illumination, a closed photobioreactor was operated without any gas exchange. Under these
conditions, mixotrophic stoichiometry could be described as the sum of heterotrophic and
autotrophic stoichiometry and the overall biomass productivity was exactly the sum of the two
metabolisms. The presence of two complementary growth modes within a microalgal
monoculture led to doubled biomass productivity and concentration in comparison with an
autotrophic reference. urthermore, 4
photosystem II maximum quantum yield (

of the substrate was converted into biomass. The
v

m)

and the average absorption cross section of

the microalgal cells indicated that mixotrophic cultivation does not affect photosynthesis.
hen sunlight is utilized, microalgae are exposed to day-night cycles and seasonal variations
of the irradiance on a microalgal cultivation system. or this reason, in

oxygen

balanced mixotrophy in C. sorokiniana was explored under day-night cycles. The reactor was
operated at a fixed dilution rate (i.e. chemostat), only diluted during daytime and not during the
night (cyclostat).

uring daytime the reactor was under oxygen balanced mixotrophy and

operated without any gas-liquid exchange. Under mixotrophic conditions the biomass
productivity and concentration doubled compared to an autotrophic reference culture. Over 24h,
of the substrate was converted into biomass.
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similar nighttime specific oxygen consumption rate and biomass losses. Over 24 h, mixotrophy
required 60 times less gaseous substrates compared to autotrophy.
Contamination caused by bacteria and fungi is a notable challenge when microalgae are
cultivated in a medium containing a source of organic carbon. In

cultivation of the

acidophilic microalgae Galdieria sulphuraria ACU 64 was successfully used as a solution to
prevent undesired contamination by heterotrophic microorganisms. In order to successfully
cultivate light sensitive G. sulphuraria the specific light supply rate needed to be optimized.
This was done using a series of repeated batch experiments where the specific light supply rate
continuously decreased during the batch phase because of the increasing biomass concentration.
Under optimal light regime, biomass productivity in autotrophic mode was 1. to 7.7-fold
higher than previously reported. Autotrophy was compared to oxygen balanced mixotrophy,
where aeration was not needed and 1

of the substrate carbon was converted into biomass. In

mixotrophy, biomass productivity was 1. times higher than in autotrophy and linear growth
was maintained at high biomass concentration ( .7 gx·

-1

).

In repeated batch, after each dilution G. sulphuraria experienced a sudden change in the specific
light supply rate that provoked photo-inhibition. This caused a reduction on biomass
productivity in the days following the dilution.
light regime by lowering its pigment content. In

oreover, the culture acclimatized to the new
G. sulphuraria was cultivated in

chemostat at a high biomass concentration. This strategy succeeded in obtaining constant and
high biomass production along with high C-phycocyanin (C-PC) content. 10

w w C-PC

content combined with high areal biomass productivity in mixotrophic culture lead to the
highest C-PC areal productivity reported under 24h 24h illumination in Galdieria, and even
higher than with autotrophic culturing of Spirulina. Autotrophy was compared to oxygen
balanced mixotrophy and no differences were found in C-PC and protein contents (w w)
between the two cultures. In mixotrophy the biomass productivity and concentration were
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doubled compared to the autotrophic counterpart. In mixotrophy

of the substrate carbon

was converted into biomass. The C-PC extracted from G. sulphuraria showed superior acidand thermal stability compared to C-PC extracted in Spirulina. G. sulphuraria had protein
content of over 60

w w and compared favorably with the AO dietary requirements for adults

regarding amino acid composition.

oreover G. sulphuraria contains a high proportion of

sulphurated amino acids compared with Chlorella, Spirulina and soybean protein.

ue to its

attractive amino acid profile and high protein content, G. sulphuraria is a good candidate for
food and feed applications to overcome sulphurated amino acid deficiencies.
In

, the insights of this thesis were combined in a techno-economic model. Pro ections

were made on biomass production costs for a hypothetical 100-hectare facility located in
southern pain. Our pro ections indicated that mixotrophic cultivation of Chlorella sorokiniana
would decrease microalgal production cost from 4. ·kg-1 in autotrophy to 2.6 ·kg-1. uch a
reduction in price is mainly due to the doubling of biomass productivity under mixotrophy. or
Galdieria sulphuraria, because of the expected low efficiency of CO2 uptake and the doubling
of biomass productivity, the biomass production costs would decrease from 11.
autotrophy to 4.0 ·kg-1 in mixotrophy.

·kg-1 in

icroalgal protein yield per hectare is expected to be

0-60 times higher than for soy beans while it would require 25-50 times less water. If glucose
is used as a substrate for mixotrophic cultivation, the land and water consumption of sugar
production substantially increases the overall water and land usage. However, when we
consider the land and the water needed for sugar beet production, mixotrophic cultivation still
requires 4 times less land and 7 times less water than soy beans. Altogether, this thesis
successfully designed and applied oxygen balanced mixotrophy with two industrially relevant
microalgal strains proving its effectiveness in reducing microalgal production costs.

e are on

the right track to achieve an economically feasible protein production from microalgae for food
and feed purposes.
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me questo fantastico gruppo di amici.
I membri del
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e che ci tenevano a salutarmi ad ogni mio rientro a irenze. pecialmente

e stato

la persona che mi ha visitato di piu in assoluto. razie per avermi regalato cosi tanti momenti
di spenzieratezza.
e

, siete tra i miei pochissimi amici con cui sono rimasto in contatto dai

tempi della casa dello studente. a nostra amicizia e solida e nonostante le distanze siete nel
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