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Abstract

Mixotrophic cultivation of Haematococcus lacustris is one of the most promising strategies to produce natural astaxanthin.
During mixotrophic growth, microalgae assimilate and metabolize organic carbon in addition to photosynthetic growth,
resulting in increased biomass productivity. Several studies have evaluated the effect of different organic carbon sources on
mixotrophic growth in various microalgae species. However, knowledge of detailed growth kinetics as a function of substrate
concentration and light intensity is lacking. In this study, the growth kinetics of H. lacustris using four different carbon
sources and the effect of light under mixotrophic and photoautotrophic conditions are described. Mixotrophic cultivation
showed significant differences in respect to applied substrate and achieved maximum specific growth rates of 0.91 +0.13,
0.19+0.05, 0.36 +0.05, and 0.23 +0.05 day ™', for acetate, methanol, glucose, and glycerol, respectively. Optimal growth at
mixotrophic conditions using acetate was 1.8 times higher than the sum of hetero- and photoautotrophic growth. Furthermore,
the optimum light intensity was 1.3 times higher for mixotrophic than for autotrophic growth. Thus, mixotrophy increases
light intensity tolerance. These results indicate a strong interconnection between carbon metabolism and photosynthetic
activity and lay the foundation for more detailed mathematical models describing the mixotrophic growth of H. lacustris.
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Introduction

Microalgae are known for their high nutritional value,
including proteins, carbohydrates, lipids, and pigments like
astaxanthin or p-carotene ('t Lam et al. 2018). They can
grow with high areal productivities (estimated values range
between 34 and 61 t ha™! year™!) by using sunlight to con-
vert CO, into biomass, via photoautotrophic growth (Ruiz
et al. 2016). Moreover, some microalgae species can grow
mixo- and heterotrophically, which means they can utilize
organic carbon sources (e.g., acetate or glucose) in addition
to CO, with (mixotrophy) or without (heterotrophy) light as
an energy source (Vidotti et al. 2020).
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One particularly interesting microalgae is Haematococcus
lacustris (formerly known as Haematococcus pluvialis), a
flagellated green freshwater microalgae (Han et al., 2004).
The cell cycle of H. lacustris is complex. Depending on
the environment (e.g., light intensity, nutrient availability,
temperature) the cell undergoes morphological and physi-
ological changes accompanied by biochemical alterations
(Zhang et al. 2017). One of the most prominent cell cycle
observations is the transition from green to red cells and vice
versa. Red cells are rich in astaxanthin which is a bright red
secondary carotenoid with health-promoting properties for
humans and animals. Among the positive effects of astaxan-
thin, are antioxidant and anti-inflammatory effects (Ambati
et al. 2014). Given the high content of astaxanthin (up to 4%
dry weight), H. lacustris is considered the best natural source
of astaxanthin (Ranga Rao et al. 2010). Most commonly, a
two-stage cultivation strategy is applied where H. lacustris is
first grown under favorable conditions, followed by an induc-
tion phase to increase the content of astaxanthin (Li et al.
2020). However, H. lacustris grows relatively slowly and
therefore supplementation of organic carbon sources, which
can significantly increase microalgae biomass productivities,
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could improve the growth phase (Abreu et al. 2022; Yu et al.
2022a). In practice, heterotrophic cultivation poses major
challenges such as low astaxanthin content and lower growth
rates compared to photoautotrophic growth (Zhang et al.
2016; Proietti Tocca et al. 2024). Therefore, mixotrophic
growth could be a viable solution to improve the biotechno-
logical production of astaxanthin from H. lacustris.

Commonly, chemically defined media are used for cul-
tivation, which are expensive. Therefore, the utilization of
wastewater and industrial side streams is receiving increas-
ing interest as it can result in a win—win situation. In the
best case, a low-cost substrate is valorized while at the same
time costs for treatment or disposal are avoided. These side
streams are often rich in organic carbon, nitrogen, and
phosphorous, which microalgae can take up efficiently and
convert into valuable products such as antioxidants (Pan
et al. 2021). However, depending on the intended use of
the grown biomass, not all waste streams are suitable. A
thoughtful selection with a focus on required pretreatments,
contaminations, pH range and more is therefore inevitable
(Maurya et al. 2022). Some suitable waste streams could
be obtained from anaerobic processes, biodiesel production,
and kraft pulping mills, rich in acetate, glycerol, and metha-
nol, respectively (Lin et al. 2008; Pan et al. 2017; Mohama-
dnia et al. 2023).

Understanding the carbon metabolism of H. lacustris is
essential to adapt and optimize production processes. When
light and organic carbon are provided simultaneously, a
synergistic effect related to CO, and O, availability can be
observed. The activity of both metabolic pathways results in
higher local CO, and O, concentration which leads to higher
activity of the Calvin and the tricarboxylic acid cycle (TCA
cycle), respectively (Smith et al. 2015). Although there
are many reports about the use of several organic carbon
substrates for mixotrophic growth of H. lacustris, the exact
mechanisms behind the carbon metabolism in H. lacus-
tris are often not completely understood yet (Abreu et al.
2022). However, through studies of other microalgae spe-
cies and plants, a small overview of the metabolic pathways
and uptake mechanisms can be drawn. In the following,
the focus is put on acetate, glucose, glycerol, and methanol
since they could be cost-effective residual sources or indus-
trial byproducts and are at the same time bioavailable for
H. lacustris. Glucose is among the most used substrates in
biotechnological processes and can be taken up by H. lacus-
tris through active transporters (Sauer and Tanner 1989).
Glucose-6-phosphate is then readily available for storage,
cell synthesis, and respiration (Perez-Garcia et al. 2011).
The monocarboxylic/proton transporter is responsible for
the uptake of acetate. Once acetate enters the cell, coenzyme
A reacts with the acetate to form acetyl-CoA (Droop 1974;
Becker et al. 2005). Microalgae growing on acetate must
have the glyoxylate cycle, which shares several metabolites
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with the TCA cycle. Therefore, the carbon originating from
acetate can ultimately enter the TCA cycle and be assimi-
lated in the form of carbon skeletons or produce adenosine
triphosphate (ATP) in the mitochondria (Neilson and Lewin
1974; Boyle and Morgan 2009). Both glycerol and metha-
nol do not require any active transport, since they can enter
the cell by diffusion (Neilson and Lewin 1974; Cooper and
Hausman 2013). Several species can metabolize glycerol
in the presence of light. However, growth appeared to be
inhibited under dark conditions (Ingram et al. 1973; Kaplan
et al. 1986; Dechatiwongse and Choorit 2021). Similarly,
the growth-enhancing effects of methanol on microalgae are
stronger during illumination (Choi et al. 2011). The pro-
posed pathway for methanol assimilation is the conversion
of methanol to CO, (Kotzabasis et al. 1999).

Currently, there are no detailed kinetic studies for mixo-
trophic growth in H. lacustris describing both the growth
kinetics on the individual carbon sources as well as the
interaction at different light intensities. The integration of
theoretical knowledge with quantitative experimental data
will unlock novel avenues for the implementation of mixo-
trophic growth in industrial processes. This study gives a
detailed description of mixotrophic growth kinetics in H.
lacustris for four relevant carbon sources from potential
residual streams. Substrate concentration as well as the influ-
ence of light under mixo- and photoautotrophic conditions
were investigated to identify optimal growth conditions and
enable accurate mathematical model descriptions.

Materials and methods
Microalgal cultures

The strain Haematococcus lacustris SAG 192.80 was
obtained from the culture collection of algae at Goettingen
University. Pre-cultures were maintained in 250 mL shake
flasks with 100 mL of culture and periodically examined
with field microscopy using a VisiScope TL534B-SA FL4
microscope (VWR, USA; SI). The incubator was set to
25 °C, 150 rpm, 12/12 day/night cycle and 39 umol photons
m~2 s~! white light. Day/night cycles at a low light intensity
were used as they are reported to be optimal for the growth
of vegetative green cells of H. lacustris (Dominguez et al.
2019; Oslan et al. 2021). All cultures were grown in MES
Volvox medium (Starr and Zeikus 1993), modified by add-
ing 5 g L~! HEPES buffer and the respective carbon sources
glucose, sodium acetate, methanol and glycerol. The pH
was adjusted to 6.7 using 1 M sodium hydroxide and never
exceeded 7.1 during any experiment.

Microplate experiments were conducted in 24-well micr-
otiter plates (BioLite 24 Well Multidish, Thermo Scientific)
with 2 mL medium per well. The microplates were placed in
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the same environment as the pre-cultures. Pre-cultures were
centrifuged (2415 X g, 5 min) and the cell pellet was sus-
pended in MES Volvox medium with 5 g L' HEPES buffer.
The respective carbon source was added at concentrations
of 0.5, 1, 2.5, 5, 10, 20, 30 and 40 mM carbon (mM C). To
monitor the growth along with the uptake, three wells were
sampled at every second measuring point (starting from 12
replicates at ty) and the concentration of the respective car-
bon source was measured (Wagner et al. 2016).

The effect of light intensity on the photoautotrophic and
mixotrophic growth with 1 g L™! sodium acetate was inves-
tigated with neutral density filters mounted 1 cm above the
microplate. Nine different incident light intensities in a range
from 7.4 to 55 umol photons m~2 s~! were applied. Within
this range both light limitation and light saturation could be
observed.

Batch experiments in heterotrophic conditions were per-
formed with 1 g L™! sodium acetate as the carbon source
using 250 mL glass bottles. The bottles were completely
covered with black foil and placed in the same incubator
as the pre-culture and microplates. Additionally, the bottles
were aerated with filter-sterilized (pore size 0.2 pm; Sarto-
rius, Germany) ambient air to avoid oxygen limitation.

Analytical methods

The light intensities received by the wells were measured
at the height of the microplate by a mobile light sensor (LI-
190SA 2 = quantum sensor, Li-Cor, USA). Growth in the
microplate experiments was monitored through in-vivo fluo-
rescence (IVF) at 440 nm excitation and 690 nm emission
using a BIOTEK Synergy microplate reader (Van Wagenen
et al. 2014). IVF measurements are less susceptible to bac-
terial contamination than optical density measurements due
to the direct correlation with microalgae pigmentation. Bio-
mass in the batch experiments was measured through the
optical density (OD) at 750 nm. Both measurements were
linearly correlated to total suspended solids (TSS; Online
Resource 5). TSS were obtained based on the APHA 2540-D
standard method using glass fiber filters with a pore size of
0.7 um (Whatman GF/F, UK; (APHA 1999)). Acetate and
methanol concentrations were determined by gas chromatog-
raphy (GC; Agilent 7890A equipped with a SGE capillary
30 mx0.53 with 1 um film column) analysis. The oven was
programmed to hold 45 °C for 3.5 min before ramping up the
temperature to 210 °C in steps of 15 °C min~! and the final
temperature was held for 4 min. Prior to the analyses, 1.5 mL
sample was acidified with 100 uL 34% v/v ortho-H;PO,.
After centrifugation (12,000 rpm, 7 min), 1 mL supernatant
was transferred to the GC vial and 100 pL internal standard
of 500 mg L~! 4-methylvaleric acid was added to the vial.

Glucose and glycerol were measured by Dionex ICS-6000
DC as described in Vigato et al. (2022).

Data analysis

A one-way ANOVA analysis followed by Fisher’s least
significant difference test (LSD, p <0.05) was conducted
to validate significant differences in the growth rates at the
different substrate concentrations. Homogenity and nor-
mality of the data were confirmed prior to the ANOVA
analysis using Levene’s test (p=0.05) and Q-Q plots,
respectively. The statistical analyses and computation of
the mathematical functions were performed using Origin-
Pro 2021 and MATLAB R2021b (OriginLab Corporation,
USA and Mathworks, USA), respectively.

Growth rates (u, day™!) and yields (Y X/ g0 g-TSS g-sub-
strate™!) were calculated during the exponential growth
phase at low cell densities ranging from 0.05 and 0.15 g L™

Cx

U =ln<c—j>/(t2—t1) )
CX2 - CXl

Yy, =X @
CSI CSZ

where, Cy and Cy are the concentration of TSS and the
respective substrate (g L™!); 1 and 2 denote the time (t,
day™h).

The specific light intensity I (umol mgx_l m~2s7!) was
calculated for a better comparison of the different batches,
since the biomass concentration varied from 0.05t0 0.15 g
L~'. The average biomass concentration Cxa (g L™
between the time points used to compute the growth rates
was utilized. The volume V, was 2 mL in all batches.

Iin
I'=o—Fr— (3)

Vm * CX,av
Error propagation was used to calculate the error of the
growth rates and yields, as follows:

2 @) ()
H Bl Cxl Cx2
_ e ? ocs ? (5)
(&) +(%)

where, p and Y are the result of function (1) and \*
MERGEFORMAT (2), respectively; C, and C; are the aver-
age measurements and o is the respective standard deviation.

The root mean squared normalized error (RMSNE) was

determined to give an indication of the accuracy of the
model predictions:

=

~[2

@ Springer



Journal of Applied Phycology

2
RMSNE=\/1Z7 <y”' y) (6)
AN
where, n is the number of measurement points, y,, is the
observed value and y is the predicted value.

Model overview

Different kinetic models were tested to illustrate the depend-
ency between substrate concentration, light intensity and
growth rate (Table 1). The MATLAB function Isqcurvefit
was applied to fit the model equations to empirical data and
obtain the model parameters.

The Monod equation models the growth rate of micro-
organisms as a function of substrate concentration, the
growth rate approaches O when the substrate concentration
is 0 (Monod 1949). However, H. lacustris can grow in the
absence of organic substrate as long light is available. This
required the introduction of an additional parameter p, which
corrects for phototrophic growth and prevents the function
from approaching O in the absence of organic substrate.

Similarly, the Steele function, which describes the rela-
tionship between growth rate and light intensity, is zero at
the origin (Steele 1962). It was expanded to account for the
compensation light intensity /,, ., which is defined as the
irradiance above which the growth rate is positive (Barbera
et al. 2015). This enabled the model to have a non-zero inter-
section at zero growth and therefore depict the light energy
required for cellular maintenance.

Results
Mixotrophic growth on different carbon sources

The effect of organic carbon in mixotrophic growth of
H. lacustris was investigated at different initial carbon

concentrations and monitored by in-vivo fluorescence. To
determine the mixotrophic growth kinetics the cultures
were grown at different carbon concentrations in micro-
plates. In addition, a data fit is presented to underline the
observed kinetic behavior. Mixotrophic cultures with glu-
cose (Fig. 1a), methanol (Fig. 1b), glycerol (Fig. 1c), and
acetate (Fig. 1d) achieved a maximum specific growth rate
of 0.36+0.05, 0.19+0.05, 0.23 +0.05, and 0.91 +0.13 d™!
at 40, 10, 10 and 1 mM C, respectively. Mixotrophic growth
on acetate followed zero-order kinetics, without observing
a significant influence of substrate concentration on growth
rates (ANOVA: F(8,7)=0.55, p=0.79). Glucose, glycerol,
and methanol cultures exhibited significantly different
growth behavior depending on the substrate concentration.
Cultures grown on glucose and methanol can be described
by an adapted Monod equation (R>=0.92 and 0.79),
accounting for photoautotrophic growth when no substrate
is added. Only glycerol cultures experienced substrate inhi-
bition above 20 mM C in the presented study and was there-
fore described by the Haldane/Andrews model. Additionally,
a photoautotrophic control cultivation was performed, result-
ing in a growth rate of 0.23 +0.02 day~!. An overview of the
determined kinetic parameters and performance indices of
the models are presented in Table 2.

To validate the biochemical conversion of the substrates,
the carbon sources were monitored (Table 3). Uptake and
conversion of sodium acetate, glucose, and methanol were
confirmed, while glycerol uptake could not be confirmed,
since no significant difference was detected through ICS
analysis. The highest yield of TSS on substrate was 0.563
and 0.449 g g~ observed at 10 mM C using sodium acetate
and glucose, respectively. It should be noted that the yield
of TSS on substrate does not depict the total efficiency of
assimilated carbon which is converted to biomass since the
fixation of CO, also contributes to biomass. However, the
yield gives an indication of the efficiency to which the sup-
plemented organic carbon contributes toward growth.

Table 1 Overview of the applied models including the associated equations and parameters

Model Equation

Parameters

Citation

Adapted from Monod

Mmax

H=Dp A+t ® _;4 specific growth rate [day™!]
maximum specific growth rate on substrate [day™']

(Monod 1949)

S: substrate concentration [mM C]

Kj: half-saturation constant [mM C]

p: regression parameter associated with photoautotrophic
growth [day™']

Adapted Steele -1, [T
H= P ® Phe o o Imax=lphe I
B Imu)._lph.(' max-

Iph c*

Haldane / Andrews

ﬂ = Mmax.

S
Kj+Kg

I: specific light intensity [umol oh mgx
: optimum light intensity [pmolph mgX
compensation light intensity [umol,, mg, !

K;: inhibition constant [mM C]

2571 (Steele 1962)

m-2 -1]
m2 s
(Haldane 1930;
Andrews
1968)
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bars indicate the standard deviation from n>6 biological replicates
(see SI). The grey bands show the uncertainty based on the RMSNE
of the model parameters

Table 2 Overview of kinetic

. Substrate Applied model Kinetic parameters R%2() RMSNE
parameters with standard error
and performance indices of the Glucose Modified Monod Hyae= 0.198 +0.027 day ™' 0.92 0.014
applied model formulations. Ky=15.410+3.470 mM C
The coefficient of determination p=0211+0.026d"
2 211+0.
R and fhe drgf:o‘;‘(eﬁ‘ﬁdssql‘\}ged Methanol Modified Monod f = 0,128 £0.033 day™ 0.79 0.020
are presented as performance Ky =2.609+£0.814 mM C
o dirc)es P p = 0.047+0.000 day~"
Glycerol Haldane / Andrews U= 0.258 +0.067 day ™! 0.62 0.026
K¢=0.206+0.031 mM C
K, =48.840+13.565 mM C
Acetate None Zero order kinetics - -

Influence of light intensity

The effect of the light intensity on the growth of H. lacus-
tris under photoautotrophic and mixotrophic conditions was
investigated at nine different specific light intensities with
sodium acetate being supplemented during the mixotrophic

cultivation. To reduce effects of self-shading, the cultiva-
tions were performed at low cell densities between 0.05
and 0.15 g L™! and the light intensities were normalized
to specific light intensity per mg of biomass. The Steele
expression was adapted to include a compensation point of
photoautotrophic growth (7, .), at which the light intensity

@ Springer
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Table 3 Growth rates and yields with the respective carbon source
at different concentrations at a light intensity of 39 pmol photons

given with the respective standard deviation of n=3 biological repli-
cates. Literature values marked with a star were recalculated to match

m~2s~!. The yields are displayed as g-TSS per g-substrate. Yields are the units used in this study
Concentration Acetate Glucose Methanol Glycerol
(mM C) Growth rate TSS Yield Growth rate TSS Yield Growth rate TSS Yield Growth rate
(day™) gg™ (day™) gg™ (day™) ge™ (day™)
10 0.89+0.15 0.56+0.04 0.32+0.10 0.45+0.01 0.19+0.05 0.27+0.18 0.23+0.05
20 0.74+0.17 0.26+0.04 0.32+0.10 0.21+£0.06 0.15+0.03 0.32+0.25 0.23+0.04
30 0.85+0.14 0.32+0.03 0.33+0.11 0.25+0.05 0.17+0.03 0.16+0.09 0.15+0.02
40 0.83+0.16 0.20+0.03 0.36+0.14 0.40+0.06 0.15+0.02 0.15+0.05 0.11+0.02
163* Incremental increase of light intensity from 60 to 170 umol photons m~2 s™! (Oncel et al. 2011) 0.47
65.2% 250 umol photons m~2 s~! light intensity with 8/16 day/night cycle (Andruleviciute et al. 2014) 0.22+0.03
326.1% 0.31+0.03
166.66* 0.60 Incremental increase of light intensity from 60 to 170 pmol
photons m~2s~! (Oncel et al. 2011)
15* 0.57 250 umol m~2 s~! light intensity with 12/12 day/night cycle (Kobayashi et al. 1992)
45% 0.60 1.08*
60* 0.59
16+ 135.31+0.53 and, 179.02 + 16.84 ymol,;, mg, ™' m™> s~
= Photoautotrophic 49.31+0.87 and, 31.98+1.26 pmol ; mg,™' m™ s7',
A Mixotrophic . . S . .
. respectively. Heterotrophic cultivation with sodium acetate
e Heterotrophic . .

124 A Data fit was performed in 250 mL flasks to display the actual growth
~ rate in dark conditions, resulting in an observed growth rate
z of 0.19+0.01 day~".

o)
T o8+
£
2 . .
o Discussion
O]
041 Mixotrophic growth on different carbon sources
A comparison with other studies shows, that our findings fall
0.0

T ‘ - T T 1
0 100 200 300 400
Specific light intensity (umol mg,” m?s™)

Fig.2 Light-growth dependency of mixo- and photoautotrophic cul-
tivations of H. lacustris. Heterotrophic growth was observed inde-
pendently of the other experiments. The dashed line indicates the
continuation of the model prediction using the Steele expression as
well as the respective maxima of the function. Error bars indicate the
standard deviation of n=4 biological replicates

is just sufficient for the cell to produce enough sugar to keep
the cellular maintenance up. A comparison between the
adapted Steele expression and the original Steele expression
is shown in supplementary information. Accounting for this,
the expression describes the obtained data most accurately,
resulting in an R? of 0.95 and 0.86 for photoautotrophic and
mixotrophic growth, respectively (Fig. 2). The estimated
values for u,,,., I, and I, . for photoautotrophic and mix-

max D

otrophic growth were 0.43 +0.09 and 1.13+0.23 day™!,

@ Springer

in a similar range for mixotrophic growth on acetate and glu-
cose (Table 3). While a clear discrepancy is found for mixo-
trophic growth on glycerol, which is discussed in more detail
below. The slightly lower growth rates ranging from 0.57 to
0.60 day~! for cultures grown on acetate can be attributed
to the lower light intensity of 20 umol photons m~2s~!. The
reported yield of 1.08 g biomass per g of acetate is almost
double the highest yield observed in this study, however the
higher efficiency in their study could again be connected
to the lower light intensity (Kobayashi et al. 1992). Since
a lower photosynthetically activity will result in a smaller
CO, fixation which could make the appearance of a more
efficient conversion of acetate to biomass. Similarly, the
slightly higher growth rates on glucose can be explained by
the deployed illumination strategy of incremental increases
from 60 to 170 umol photons m~2 s~ (Oncel et al. 2011).
Unfortunately, most studies did not report uptake rates or
yields on substrate and no study was found in which metha-
nol was used for mixotrophic growth of H. lacustris. The
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differences of this study compared to previous studies
remark the complexity of mixotrophic growth and that sev-
eral simultaneous parameters play a significant role for the
metabolism and thereby kinetics of H. lacustris.
Explaining the effect of different carbon sources on
growth can be challenging as there are several phenomena
involved, which can have a direct or indirect influence: (1)
substrate concentration; (2) uptake mechanisms; (3) theoreti-
cal energy of the component; and (4) rate limiting reactions
in the metabolic pathways (Fig. 3). Not all effects can be
explained by the experiments performed in this study. How-
ever, hypotheses can be made based on further knowledge
presented in the literature. The substrate concentration was
below 1.3 g L™! for all sources to identify limitations at
low concentrations. Substrate inhibition was only observed
for glycerol, but it cannot be ruled out that other carbon

Fig.3 Schematic representa-
tion of the carbon cycle in
Haematococcus lacustris.

Methanol

l

Glycerol

Arrows indicate the improve- Methlanal %
ment (green-up) and reduction Formicracid
(red-down) in growth compared €0, 1
to photoautotrophic growth.
G6P, glucose 6-phosphate; 02
F6P, fructose 6-phosphate;
3PG, 3-phosphoglycerate;
PEP, phosphoenolpyruvate;
Ru5P, ribulose-5-phosphate;
RSP, ribose 5-phosphate; X5P,
Xylulose-5-phosphate; E4P,
G3P

erythrose 4-phosphate; S7P,
sedoheptulose-7-phosphate

% requires light

Oxaloacetate

Fumarate
Succinate

sources become inhibitory at higher concentrations (Liang
et al. 2009). Glucose and acetate require active transporters,
whereas glycerol and methanol enter the cell through dif-
fusion. However, glucose and acetate cultivations showed
higher growth rates despite requiring more energy for the
active uptake. The standard heat of combustion, which can
be interpreted as the energy content per mole, of acetate,
glucose, glycerol, and methanol is 8§74, 2800, 1654 and,
726 kJ mol~!, respectively (Engineering ToolBox 2017).
This could explain why glucose yields higher growth rates
than glycerol, despite their similarities in metabolic path-
ways. Nonetheless, acetate with the second lowest theoreti-
cal energy promoted the fastest growth. Therefore, meta-
bolic pathways appear to be the most influential aspect in
understanding the effect of the carbon source on mixotrophic
growth. Acetate assimilation is the only substrate discussed
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here that does not share glyceraldehyde-3-phosphate (G3P)
as an intermediate with photoautotrophic carbon fixation.
This could indicate a rate-limiting step in the conversion of
G3P to carbon skeletons and ATP, which would explain the
strong synergistic effect observed under mixotrophic condi-
tions with acetate (Table 4).

Although the glycerol concentration had a significant
influence on the growth rate of H. lacustris, growth rates
were similar to photoautotrophic growth rate. Significant
inhibition was statistically (LSD, p <0.05) confirmed for
glycerol concentrations above 30 mM C, while no increase
in growth rate was observed at lower concentrations. Fur-
thermore, the uptake and metabolization of glycerol could
not be confirmed through ICS analysis. Contrarily, a few
studies claim a positive effect of glycerol on the mixotrophic
growth in H. lacustris (Andruleviciute et al. 2014; Azizi
et al. 2019; Dechatiwongse and Choorit 2021). In addition,
Azizi et al. (2019) and Dechatiwongse and Choorit (2021)
showed that glycerol was consumed in their cultures and
claimed a positive effect of glycerol on growth. However, the
growth rates obtained in mixotrophic conditions with glyc-
erol are not significantly different from the photoautotrophic
control (ANOVA analysis, p<0.05). All studies in which
glycerol contributed to higher growth rates were conducted
at higher light intensities ranging from 60 to 250 umol pho-
tons m~2 s~!, which could be the reason for the contradictory
results. Since the first of three steps to metabolize glycerol
to G3P is ATP dependent, an excess of energy provided by
photosynthesis might be required. This hypothesis is further
strengthened when considering the inability of H. lacustris
to grow on glycerol without the presence of light (Dechati-
wongse and Choorit 2021).

Higher growth and lipid production has been reported
for various microalgae when grown in mixotrophic condi-
tions with methanol (Choi et al. 2011; Plohn et al. 2022).
However, to our best knowledge, no studies have been
conducted in which H. lacustris was exposed to methanol.
Similar to other solvents, methanol can have toxic effects on
microorganisms. This is mostly related to alterations in the
cell membrane structure, hindering vital cell mechanisms
(Weber and De Bont 1996). The inhibiting effect observed in
this study when growing H. lacustris at methanol concentra-
tions below 10 mM C could emerge from alterations in the
cell wall and membrane. Whereas, at higher concentrations,

the methanol, could be converted to carbon dioxide (Kotza-
basis et al. 1999). A positive effect compared to photoauto-
trophic growth was not observed at any concentration, indi-
cating that the additional CO, generated from the methanol
does not improve growth significantly.

Among all experiments the growth on acetate displayed
by far the highest growth rates with no significant effect
seen by the acetate concentration. The small impact of con-
centration indicates that the uptake affinity of the mono-
carboxylic/proton transporter protein is high, which would
enable efficient fed-batch systems at low concentrations
of acetate. The additional knowledge of yields on acetate,
which were presented here, and online or at-line monitoring
of the biomass concentration would provide sufficient infor-
mation to set up an efficient process where acetate remains
at low concentrations below 0.1 g L™! while maintaining
maximum growth. The effluent of anaerobic processes such
as fermentation or anaerobic digestion is rich in acetate and
can therefore be used to cultivate H. lacustris (M. Pan et al.
2021). Other available nutrients such as nitrogen and phos-
phorous increase the value of these waste streams, enabling a
cost-effective solution to increase the productivity of natural
astaxanthin production through H. lacustris.

Light intensities

Mixotrophic growth was higher at any investigated light
intensity and at the respective optimum the mixotrophic
growth rate was more than 2.6 times higher than photoau-
totrophic growth. One could describe mixotrophic growth
as the sum of photoautotrophic and heterotrophic growth
(Wéagner et al. 2016). However, even when accounting for
heterotrophic growth, mixotrophic growth was 1.8 times
higher than the sum of hetero- and photoautotrophic growth.
Smith et al. (2015) observed a similar phenomenon in the
freshwater microalgae Micratinium inermum. They investi-
gated the gas exchange of dissolved inorganic carbon (DIC)
and dissolved oxygen (DO) at mixotrophic conditions and
concluded that there is a synergistic effect of DIC and DO
formed by respiration and photosynthesis, respectively. Sim-
ilarly, a synergistic effect of locally available DIC from the
acetate metabolism and DO could improve growth in addi-
tion to the energy provided by additional organic carbon.

Table4 Overview of

. Carbon source
characteristics of the used

Standard heat of com- Active

Metabolic pathways involved

. . bustion (kJ mol™!) transporter
carbon sources including
theoretic.al energy, uptake and Glucose 2800 Yes Glycolysis, Pentose phosphate pathway, TCA cycle
metabolism Methanol 726 No Methanol oxidation, Formate metabolism
Glycerol 1654 No Glycolysis, TCA cycle
Acetate 874 Yes Glyoxylate cycle, TCA cycle
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Our experiments clearly show a high sensitivity of green,
vegetative H. lacustris cells toward light intensity. Therefore,
when modeling the effect of light intensity on growth, the
model must be able to describe photoinhibition. However,
the light tolerance in the mixo- and photoautotrophic condi-
tions was significantly different. According to the applied
model, the optimum light intensity was 1.3 times higher at
mixotrophic conditions compared to the photoautotrophic
conditions. This implies a significantly higher tolerance for
high light intensities at mixotrophic conditions, as observed
in studies on astaxanthin induction (Wang et al. 2022). Wang
et al. (2022) proposed a regulatory mechanism in response
to high light stress for H. lacustris. This mechanism con-
sists of three cellular responses: (1) an increase in the ratio
of photosystem I and photosystem II; (2) enhanced astax-
anthin accumulation; and (3) thickening of the cell wall.
Our results suggest that some of these mechanisms are not

Astaxanthin

ester ester

Astaxanthin

Fatty acid ﬁ

Acetyl-CoA

f

Pyruvic acid

B-carotene <€«— IPP

G3P
A
CO,
CO,
RubiscoT
RuBP

Astaxanthin

Oxaloacetate

only crucial for cellular protection but might also result in
stronger light being beneficial for growth under mixotrophic
conditions. Adaptations in the photosystem and the cell wall
will presumably not directly improve growth but rather be
in place to maintain the cell. However, moderate accumu-
lation of astaxanthin would improve light tolerance since
astaxanthin can reduce the number of reactive oxygen spe-
cies (ROS), which are a direct result of higher light intensi-
ties (Domonkos et al. 2013). To accumulate astaxanthin the
cell enhances photorespiration, Embden-Meyerhof-Parnas
(EMP) pathway and, the pentose phosphate pathway (PPP;
(Yu et al. 2022b)). Resulting in G3P and glyoxylate accu-
mulation of which the latter facilitates exogenous acetate
assimilation (Fig. 4). Acetate supplies the cell directly with
carbon required for astaxanthin synthesis, which represents
a more efficient way compared to CO, fixation (Orosa et al.
2005). A similar effect was observed by Jeon et al. (2006),
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Citrate
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/
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Fig.4 Potential photo-protection mechanism under mixotrophic conditions. IPP, isopentenyl pyrophosphate; RuBP, ribulose-1,5-biphosphate
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who reported positive effects on cell growth and the vegeta-
tive cell cycle during mixotrophic growth of H. lacustris
with acetate.

This demonstrates that mixotrophic cultivation of H.
lacustris not only constitutes a promising strategy to increase
growth rates and cell densities but could also function for
photoprotection. Outdoor cultivation systems (e.g. tubular
photobioreactors) where the incident light intensity cannot
be controlled could therefore benefit from a mixotrophic
cultivation strategy.

Moreover, the compensation light intensity was predicted
to be 1.5 times lower for mixotrophic conditions. Since H.
lacustris can grow heterotrophically under dark conditions,
a compensation light intensity does not exist for cultures
supplemented with sodium acetate. However, in our experi-
ments, heterotrophic growth was only possible when the cul-
tures were aerated. Hence, even low light intensities, below
the compensation light intensity of photoautotrophic growth,
appear to positively influence mixotrophic growth.

Challenges modelling mixotrophic, heterotrophic
and photoautotrophic growth

Mathematical models enable efficient process design and con-
trol due to the ability to predict growth or other relevant char-
acteristics based on operational parameters such as light inten-
sity and nutrient concentration. In this study, we determined
the growth kinetics of four carbon sources and the growth
kinetics in respect to light in photoautotrophic and mixotrophic
conditions. These experiments exposed two major challenges.
Firstly, the description of mixotrophic growth of H. lacustris
cannot be considered the sum of autotrophic and heterotrophic
growth rates. Secondly, the availability of organic carbon
directly influences parameters associated with the growth on
light (e.g., I Ipn o)- Several mathematical models describing
mixotrophic growth of microalgae assume that mixotrophic
growth can be described by the sum of heterotrophic and
photoautotrophic growth (Adesanya et al. 2014; Wagner et al.
2016; Figueroa-Torres et al. 2017). Additionally, some studies
also account for the availability of oxygen and carbon diox-
ide, respectively produced from photosynthesis and carbon
oxidation, which could be an efficient way to implement the
synergistic effects occurring at mixotrophic growth (Wagner
et al. 2016; Manhaeghe et al. 2020). Nonetheless, none of
these models account for interactions between kinetics for
light intensity and the presence of organic carbon. Haemato-
coccus lacustris is significantly more light-sensitive compared
to other industrial-relevant microalgae such as Chlorella vul-
garis, which may be a critical factor for commercial applica-
tions (Wu et al. 2020). Based on the outcomes of our study we
conclude that considering O, and CO, concentration could be
insufficient to simulate the synergistic effect observed in mixo-
trophic conditions for H. lacustris. Additional multiplier might

@ Springer

be required to depict the apparent synergistic effects. Further-
more, we propose to determine the light-dependent parameters
separately under mixo- and photoautotrophic conditions.

Conclusions

Acetate, glucose, and methanol can be utilized by H. lacus-
tris in the presence of low light intensity, while glycerol
uptake was not confirmed. Mixotrophic growth using glu-
cose, methanol, and glycerol was dependent on the sub-
strate concentration, whereas acetate concentration did not
significantly influence the growth rate. The latter resulted
in the biggest improvement in respect to growth compared
to photoautotrophic conditions. Furthermore, mixotrophic
conditions using acetate as an exogenous carbon source dis-
played growth in a wider range of light intensities than in
photoautotrophic conditions. The maximum specific growth
rate was found at significantly higher light intensities, which
could be applied in closed outdoor systems to increase the
light tolerance of H. lacustris. Finally, the detailed kinetic
descriptions lay the foundation for a modelling framework
which could be applied to carbon-rich waste streams.
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