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Microalgae are promising candidates for sustainable wastewater treatment coupled to
the production of biofuel, bioplastic and/or bio-fertilizers. In Nordic countries, however,
light is a limiting factor for photosynthesis and biomass production during the winter
season. Compared to municipal wastewater, industrial wastewater streams from the
pulp and paper industry contain lower amounts of nitrogen, but high concentrations of
carbon sources, which could be utilized by microalgae to enhance biomass production
in limiting light. This study focused on the utilization of methanol, glycerol and xylose
by five different Nordic microalgae [Chlorella vulgaris (13–1), Coelastrella sp. (3–4),
Desmodesmus sp. (2–6), Chlorococcum sp. (MC1) and Scotiellopsis reticulata (UFA-
2)] grown under mixotrophic conditions. Two of these strains, i.e., Chlorococcum sp.
(MC1) and Scotiellopsis reticulata (UFA-2) were able to grow in the presence of xylose
or methanol at concentrations of 6 g L−1, or 3%, respectively, in a 12/12 h day/night
cycle. HPLC analysis confirmed the consumption of those substrates. Glycerol (2.3 g
L−1) was tolerated by all strains and increased growth for Chlorella vulgaris (13–
1), while higher concentrations (20 g L−1) were only tolerated by Chlorococcum sp.
(MC-1). Fourier-transform infrared spectroscopy, performed after growth in presence
of the dedicated carbon source, indicated an increase in the fingerprint region of the
carbohydrate fraction. This was particularly the case for Chlorococcum sp. (MC1),
when grown in presence of glycerol, and Scotiellopsis reticulata (UFA-2), when grown
in presence of xylose. Therefore, these strains could be potential candidates for
the production of biofuels, e.g., bioethanol or biogas. We could show that Nordic
microalgae are able to grow on various carbon sources; the actual uptake rates
are low during a 12/12 h day/night cycle requesting additional optimization of the
cultivation conditions. Nonetheless, their potential to use pulp and paper waste-
streams for cheap and sustainable biomass production is high and will support the
development of new technologies, turning waste-streams into resources in a circular
economy concept.
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INTRODUCTION

The annual global water demand is about 4,600 km3 according
to the World Water Development Report from 2019. About 20%
(∼ 920 km3) of the water is used by industry other than
agriculture (Boretti and Rosa, 2019). The economy of the
Nordic countries is heavily dependent on wood industry and
on companies using wood as raw material. The production of
cellulose-based products (pulp, paper, and paperboard) generates
870 million m3 of wastewater per year just in Sweden. Although
most of it is recovered and recycled roughly 37 million m3

of water remain to be cleaned (Munthe et al., 2011). These
waste streams are rich in phosphorus and organic carbon,
e.g., cellulose or hemicellulose, with xylose being one of the
major compounds, turning them into potentially high valuable
resources for microalgal growth. Also waste streams from oil
crop based biofuel production contain large amounts of carbon
in form of crude glycerol that might be a cheap source of carbon
for microalgal cultivation (Dobson et al., 2012).

Biological wastewater remediation based on microalgae has
been recognized as a low-energy and environmental-friendly
alternative compared to conventional wastewater treatment
processes (e.g., aerobic activated sludge, anaerobic digestion),
due to its low operational costs, simple bioreactor design,
low carbon footprint and high nutrient removal efficiency
(Acién et al., 2016; Molinuevo-Salces et al., 2019; Goswami
et al., 2021; Plöhn et al., 2021). Microalgae are highly
productive photosynthetic organisms; their fast growth allows
harvesting after short times. Furthermore, the aquatic growth
of microorganisms in tanks or ponds requires marginal land
and allows a continuous, automated system with very high
flow-through capacities. They are able to utilize nutrients like
nitrogen and phosphate, while also using various carbon sources
besides carbon dioxide. The produced microalgal biomass then
can be used to produce biofertilizers or biostimulants or it
can serve as feedstock for biofuels, or bioplastics production
(Gouveia, 2011; Sivaramakrishnan and Incharoensakdi, 2018;
Onen Cinar et al., 2020; Mehariya et al., 2021). Microalgae
also actively contribute to the removal of heavy metals,
pharmaceuticals and other emerging contaminants like personal
care products found in urban and/or industrial wastewaters
(Suresh Kumar et al., 2015; Gojkovic et al., 2019; Hena et al., 2021;
Spain et al., 2021).

Efficient microalgal growth depends on a variety of
different factors (biotic and abiotic) like temperature and
pH or the presence of algal pathogens (Christenson and
Sims, 2011). The most important obstacle for microalgal
cultivation in Nordic countries is the need of sunlight.
However, some microalgal strains are able to grow not
only photoautotrophically, but also mixotrophically or even
heterotrophically. While photoautotrophic strains perform
photosynthesis to convert carbon dioxide into organic matter,
heterotrophic growth utilizes organic carbon in the absence
of light. The combination of these two conditions is termed
mixotrophic; mixotrophic growing strains can utilize different
carbon sources depending on the availability of light. Several
studies, partially with indigenous strains, show that mixotrophic

growth can outcompete photoautotrophic or heterotrophic
growth (Kong et al., 2013; Rai et al., 2013; Leite et al., 2015;
Ferro et al., 2019a,b).

The aim of this study was to evaluate the ability of our
Nordic microalgae to tolerate and take up carbon sources
that appear in certain waste streams, i.e., from the pulp
and paper industry or from biofuel production. Five different
strains from three different microalgal families were grown
mixotrophically in the presence of either glycerol, methanol or
xylose. Microalgal growth and health were observed during the
experiment, and at its end the microalgal biomass was analyzed
by Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) to understand the impact of the carbon source on
the biomass composition (Gorzsás and Sundberg, 2014; Rolton
et al., 2020). The Nordic microalgae were able to grow on
various carbon sources; the actual uptake rates were low during
a 12/12 h day/night cycle requesting additional optimization of
the cultivation conditions. Xylose is known to inhibit microalgal
growth (Yang et al., 2014); the identification of xylose-tolerant
strains, which also consume xylose for their biomass production,
therefore highlights the high potential of Nordic strains to turn
waste streams into resources. As Nordic countries heavily depend
on forest industry this knowledge will support the development
of sustainable processes.

MATERIALS AND METHODS

Algal Cultivation
The Nordic strains used in this work were collected from different
water bodies in Sweden (Ferro et al., 2018). Microalgal cultures
were maintained on BG 11 agar plates at 20◦C in continuous light
with an intensity of 50 µmol m−2 s−1. Unless otherwise noted, all
reagents were purchased from Merck/Sigma Aldrich.

Five selected strains (Table 1) were grown under sterile
conditions in Erlenmeyer flasks filled with 50 mL Bold’s Basal
Medium (BBM) (Bischoff and Bold, 1963), pH 7.2, and shaken
at 120 rpm, 17◦C and 50 µmol m−2 s−1 (Incubator shaker, New
Brunswick) until the cultures reached mid-log phase (5–7 days).
Triplicates of these pre-inoculi were diluted with BBM to a final
optical density 680 nm (OD680) of 0.1 in 100 mL Erlenmeyer
flasks filled up to 30%. Then mixotrophic cultivation was started
by supplementing BBM with either 2.3 g L−1 or 20 g L−1 glycerol
(VWR Chemicals, Glycerin Ph. Eur., USP, BP), 1.5% (v/v) or 3%
(v/v) methanol (VWR Chemicals,≥98.5%, Technical) or 3 g L−1

or 6 g L−1 xylose (Thermo Scientific, L (−) Xylose, ≥99%). Each
culture was grown for 5 days in the incubator shaker illuminated
at a day/night cycle of 12 h. Microalgal growth was compared to a
photoautotrophic control (BBM in the absence of external carbon
source) to monitor the effect of mixotrophic growth. In addition,
a control with the corresponding carbon source was incubated
in the absence of microalgae to monitor photodegradation or
evaporation of the carbohydrate.

To exclude bacterial contamination of the strains an aliquot
(1 mL) of each microalgal culture was incubated in LB medium
(Bertani, 1951) at 37◦C for 24 h in the dark and then investigated
microscopically.
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TABLE 1 | Nordic microalgal strains and their assigned strain ID.

Family Strain name Strain ID Source

Chlorellaceae Chlorella vulgaris 13–1 Umeå (MWW)

Chlorococcaceae Chlorococcum sp. MC-1 Bäckhammar (FW)

Scenedesmaceae Coelastrella sp. 3–4 Umeå (MWW)

Scenedesmaceae Desmodesmus sp. 2–6 Skåne–Lake Ringsjön (FW)

Scenedesmaceae Scotiellopsis reticulata UFA-2 Dåva (MWW)

FW, fresh water; MWW, municipal wastewater (Ferro et al., 2018).

Analysis of Culture Growth (Optical
Density, Cell Number, and Maximum
Quantum Yield of Photosystem II)
Culture growth was determined by measuring the optical density
daily at three different wavelengths (530 nm, 680 nm, and
750 nm) (OD530, OD680, and OD750) using a T90 + UV/VIS
spectrophotometer (PG Instruments Ltd.) and 10 mm light-path
polystyrene semi-microcuvettes (Sarstedt). Cell numbers were
measured every 2nd day using a Beckman Coulter Multisizer
3 (aperture size 70 µm, analytical volume 100 µL) and the
Multisizer software (Version 3.53), and expressed in 106 cells per
mL culture (Barbosa et al., 2004).

Health of the microalgal cultures was determined by analyzing
the maximum quantum yield (Qy) of Photosystem II (Rolton
et al., 2020). Chlorophyll fluorescence was measured with a
portable pulse-amplitude-modulation fluorimeter (Aqua Pen
AP-100, Photon Systems Instruments, Czechia) after dark
adaptation of the samples for 30 min. To avoid overflow errors
due to high fluorescence signals the samples were diluted to an
optical density of 0.5 at 680 nm.

Determination of Substrate
Concentrations
Microalgal carbon uptake from the medium was analyzed
according to Sluiter et al. (2008). Carbon sources in the samples
were analyzed with a Thermo Fisher Scientific Dionex UltiMate
3000 HPLC system (Germering, Germany), which was equipped
with an autosampler, an RI detector, a ternary pump, and a
degasser. The separation of the samples was performed on an
Aminex HPX-87H column (Bio-Rad Laboratories AB, Solna,
Sweden). It was operated at 55◦C with isocratic elution performed
at a flow rate of 0.6 mL/min using a 0.01 N aqueous solution
of sulfuric acid as the mobile phase. External quantification was
applied with high purity analytical standards. The acquired data
was evaluated using Chromeleon 7.2 data management software
(Thermo Fisher Scientific).

Fourier Transform Infrared Spectroscopy
Analysis of Microalgal Biomass
Fourier transform infrared spectroscopy (FTIR) analyses were
performed on freeze-dried microalgal biomass according to the
protocol established by Gorzsás and Sundberg (2014). After
sample acquisition on the last day of the time course microalgal
biomass was harvested by centrifugation for 5 min at 3000 g. To
avoid remaining carbon source residues the harvested biomass

FIGURE 1 | Growth curves of Chlorella vulgaris (13–1) (A), Chlorococcum sp.
(MC-1) (B), Coelastrella sp. (3–4) (C), Desmodesmus sp. (2–6) (D) and

(Continued)
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FIGURE 1 | Scotiellopsis reticulata (UFA-2) (E) under mixotrophic growth in
the presence of glycerol. The presence of two different concentrations of
glycerol [2.3 g L−1 (light gray) and 20 g L−1 (dark gray)] were compared to a
control lacking the carbon source in the medium (photoautotroph, orange)
and a negative control lacking nitrogen in the medium (no algal growth, light
blue). The concentration of glycerol in the medium (dashed gray line, in g/L)
during the time course of the experiment and in the negative control lacking
algae (dashed black line) are shown on the right y-axis.

was washed twice with Milli-Q water and centrifuged again. The
biomass then was freeze-dried, mixed with KBr (FT-IR grade,
≥99% trace metal basis) and analyzed by Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS). Spectra
were recorded in the range of 400–4,000 cm−1 (128 scans
per sample with a spectral resolution of 4 cm−1) using OPUS
(version 6.5). After import into MATLAB the infrared spectra
were processed using a free open-source MATLAB-based script
provided by the Vibrational Spectroscopy Core Facility at Umeå
University. The spectra were baseline corrected by asymmetric
least squares (λ = 10,000,000, p = 0.001), normalized to the
amide I band (Region MinMax 1,600–1,760 cm−1) and slightly
smoothed (Savitzky–Golay smoothing, 1st order polynomial,
frame = 5). For further analysis of the recorded spectra the 2nd
derivative was calculated.

Statistical Analysis
A Repeated Measures One-Way ANOVA with multiple
comparisons and a paired, two -tailed t-test was performed using
Prism 9.20 Software (GraphPad) to determine the differences in
microalgal growth and the carbon source concentrations.

RESULTS AND DISCUSSION

Growth of Nordic Microalgae in the
Presence of Glycerol
Glycerol is the main by-product in the production of biodiesel
and therefore large amounts are present in the corresponding
waste streams (Yang et al., 2012). The fact that glycerol is
highly abundant, easily accessible and cheap makes it a very
promising candidate as a carbon source for microalgae. Several
studies on mixotrophic growth of microalgae using glycerol have
been performed, showing varying results. Increased growth and
up to 10-fold accumulation of biomass of Chlorella vulgaris,
for example, was reported in the presence of glycerol, but
also growth inhibition (Liang et al., 2009; Heredia-Arroyo
et al., 2011). Here five different Nordic microalgal strains
were screened regarding their ability to grow in the presence
of glycerol. The amount of glycerol in the growth medium
over time was analyzed to investigate its uptake by the
microalgal strains. All strains were able to grow in presence
of glycerol at a concentration of 2.3 g L−1 (Figure 1), but
only Chlorella vulgaris (13–1) showed a significantly (p = 0.049)
better growth compared to the glycerol-free control, and the
glycerol concentration in its medium decreased significantly
(p = 0.001). This result on a Nordic C. vulgaris strain is
supported by previous studies on C. vulgaris strains derived
from the Netherlands and Taiwan (Liang et al., 2009; Lin and
Wu, 2015). Interestingly, even high concentrations of glycerol
(20 g L−1) were tolerated by the Nordic Chlorella vulgaris
(13–1) (Figure 1A) with no significant difference toward the
control (p = 0.718), while the other Chlorella vulgaris strains
produced less biomass or their growth even was inhibited at high

FIGURE 2 | FTIR spectra (dashed line) and 2nd derivative spectra (solid line) of biomass derived from Chlorococcum sp. (MC1) harvested after growth for 5 days in
the presence of glycerol (2.3 g L−1, light gray or 20 g L−1, dark gray). The control culture (orange) was grown photoautotrophically in the absence of external carbon
source. Black arrows indicate bands typically arising by the carbon source. Red arrows highlight the most prominent changes in the 2nd derivative spectra
compared to the control. These cannot be assigned to glycerol.
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FIGURE 3 | Growth curves of Chlorella vulgaris (13–1) (A), Chlorococcum sp.
(MC-1) (B), Coelastrella sp. (3–4) (C), Desmodesmus sp. (2–6) (D) and

(Continued)

FIGURE 3 | Scotiellopsis reticulata (UFA-2) (E) under mixotrophic growth in
the presence of methanol. The presence of two different concentrations of
methanol [3% (v/v) (light green) and 6% (v/v) (dark green)] were compared to a
control lacking the carbon source in the medium (photoautotroph, orange)
and a negative control lacking nitrogen in the medium (no algal growth, light
blue). The concentration of methanol in the medium (dashed gray line, in%
v/v) during the time course of the experiment and in the negative control
lacking algae (dashed black line) are shown on the right y-axis.

concentrations of glycerol (above 10 g L−1) (Liang et al., 2009;
Lin and Wu, 2015).

In addition, Desmodesmus sp. (2–6) (Figure 1D) tolerated
high concentrations of glycerol, its growth was comparably good
with no significant difference toward the control (p = 0.241).

The two strains of the Scenedesmaceae family, Coelastrella
sp. (3–4) (Figure 1C) and Scotiellopsis reticulata (UFA-2)
(Figure 1E), grew significantly worse in the presence of 20 g
L−1 glycerol (p = 0.002 and p = 0.012). Since these two strains
are highly related based on their phylogenetic trees (Minyuk
et al., 2017), the presence of glycerol affects the algae most
likely in a similar way. Glycerol can be produced as a response
to extracellular osmotic pressure and usually is excreted by
freshwater species (León and Galván, 1994; Skjånes et al., 2013).
Since external glycerol can easily penetrate the cell walls of many
freshwater strains it might accumulate within the cells affecting
the metabolism negatively (Skjånes et al., 2013). High glycerol
concentrations in the medium might prevent its excretion
causing reduced growth.

The maximum quantum yield of Photosystem II (QY)
correlated with the data received of the growth curves for all
strains. The QY values of 0.76 ± 0.01 (p ≥ 0.05) were stable,
no significant differences between the control and growth in
the presence of glycerol were observed. However, Coelastrella
sp. (3–4) and Scotelliopsis reticulata (UFA-2) grew slower in
the presence of 20 L−1 glycerol and their QY was decreased
(0.70± 0.01, p = 0.035, and 0.015).

Interestingly, Chlorococcum sp. (MC-1) (Figure 1B), was the
only strain that was able to grow significantly better in presence
of 20 g L−1 of glycerol (p = 0.001) and took up glycerol from
the medium; the glycerol concentration significantly decreased
(p = 0.020). This strain therefore has high potential to be grown
in glycerol-rich wastewater for biomass production, but specific
screenings are needed to select the optimal growth conditions
and concentrations.

In addition to cell counting an automated measurement
of the mean cell diameter was performed. Compared to
control growth conditions no significant difference of the cell
diameter was observed on day 5 when grown in the presence
of 2.3 g L−1 glycerol (p ≥ 0.05). However, comparing the
cell diameters of each individual strain on day 0 and day 5
Scotiellopsis reticulata (UFA-2) showed no significant difference
(p = 0.075), while Chlorococcum sp. (MC1) increased in size
significantly (p = 0.018) and the cells of the other strain
diminished in size in the presence of low concentrations of
glycerol. In presence of 20 g L−1 glycerol only Coelastrella sp.
(3–4) and Scotiellopsis reticulata (UFA-2) showed a significant
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FIGURE 4 | FTIR spectra of biomass derived from Scotiellopsis reticulata (UFA-2) harvested after growth for 5 days in the presence of methanol (1.5% (v/v), light
green or 3.0% (v/v), dark green). The control culture (orange) was grown photoautotrophically in the absence of external carbon source.

smaller cell diameter (p = 0.001 and 0.007), when compared to
the control.

Fourier transform infrared spectroscopy analyses were
performed on freeze-dried microalgal biomass to evaluate
the effect of mixotrophic growth, 2nd derivative spectra
were analyzed to make even small changes visible. These
spectra allow further conclusions on the changes of specific
compounds of the biomass. Comparing the FTIR spectra
recorded on algal biomass produced in the presence of glycerol
(mixotrophic growth) with the control lacking carbohydrates
in the medium (photoautotrophic growth) (Figure 2 and
Supplementary Figure 1) several changes, especially in the
range of 800 to 1,200 cm−1, were observed. This region
commonly is assigned to the carbohydrate fraction, it arises
due to sugar ring breathing motions and C-O-C linkages
(Bellamy, 1964; Nzayisenga et al., 2018). While some of the
observed changes originated from glycerol itself, the reference
spectrum showed corresponding peaks at e.g., ∼920 cm−1

(-OH group) or ∼1240 cm−1 (C-O stretching or -O-CH2-C-)
(Kachel-Jakubowska et al., 2017), other peaks e.g., at
around 870 cm−1 or 1000 cm−1 arose due to utilization
of glycerol and its incorporation into the biomass. The
reader should note that the spectrum of biomass derived
from Chlorococcum sp. (MC-1) grown on glycerol lacked
increasing peaks at 1320 cm−1, 1410 cm−1 or 1650 cm−1,
which are typical bands arising of the stretching vibrations
of the δ(CH) or C = C vibrations in glycerol. This suggests
that the provided glycerol might have been consumed
and converted into algal carbohydrates. Further studies
are needed, but algal biomass rich in carbohydrates
presents a cheap feedstock for the production of e.g.,
polyhydroxyalkanoates (PHAs) either as substrate for halophilic
bacteria or directly by the microalgae (Cesário et al., 2018;
Costa et al., 2018).

Methanol Can Support the Growth of
Nordic Microalgae
Methanol is a pollutant that appears in several different industrial
wastewaters, e.g., during fiber production or from olive mills.
It can also be found in concentrations up to 24.5 g L−1 in
waste streams of kraft pulping mills (Lin et al., 2008). Increased
growth as well as a higher lipid and amino acid accumulation
of various microalgae has been observed when exposed to
methanol (Nonomura and Benson, 1992; Kotzabasis et al., 1999;
Theodoridou et al., 2002) at concentrations between 0.05 and
0.5% (v/v) methanol. Botryococcus braunii even was successfully
exposed to 3% (v/v) methanol (Nonomura and Benson, 1992;
Theodoridou et al., 2002; Stepanov and Zolotareva, 2015). In
this study two different methanol concentrations [1.5% (v/v)
or 3.0% (v/v)] were applied to the five Nordic microalgal
strains under mixotrophic growth. Contrary to the previous
studies, four of the Nordic microalgal strains exhibited either
similar Chlorella vulgaris (13–1) and Chlorococcum sp. (MC-1)
(Figures 3A,B) or significantly reduced growth, i.e., Coelastrella
sp. (3.4) (Figure 3C, dark green curve; p = 0.0021) and
Desmodesmus sp. (2–6) (Figure 3D, dark green curve, p = 0.043).
Only Scotelliopsis reticulata (UFA-2) (see Figure 3E) showed a
significantly (p = 0.0472) better growth in mixotrophic conditions
within the 5-day time course compared to the photoautotrophic
control. HPLC analysis of this culture showed a significant
decrease of external methanol after 5 days compared to day 0
(p = 0.038), while the concentration of methanol in the control
lacking algae not significantly (p = 0.151) changed. Similar to
the experiment with glycerol, the maximum quantum yield of
Photosystem II (QY) correlated to the growth curves for all
strains. No significant difference was observed between presence
of methanol and the control (p ≥ 0.05), although Chlorella
vulgaris (13–1), Coelastrella sp. (3–4) and Desmodesmus sp. (2–6)
were growing slightly slower in presence of 3% (v/v) methanol.
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FIGURE 5 | Growth curves of Chlorella vulgaris (13–1) (A), Chlorococcum sp.
(MC-1) (B), Coelastrella sp. (3–4) (C), Desmodesmus sp. (2–6) (D) and

(Continued)

FIGURE 5 | Scotiellopsis reticulata (UFA-2) (E) under mixotrophic growth in
the presence of xylose. The presence of two different concentrations of xylose
[3 g L−1 (light red) and 6 g L−1 (dark red)] were compared to a control lacking
the carbon source in the medium (photoautotrophic, orange) and a negative
control lacking nitrogen in the medium (no algal growth, light blue). The
concentration of xylose in the medium (dashed gray line, in g L−1) during the
time course of the experiment and in the negative control lacking algae
(dashed black line) are shown on the right y-axis.

Fourier transform infrared spectroscopy spectra as well as the
2nd derivative spectra of the microalgal biomass (see Figure 4
and Supplementary Figure 2) showed no specific difference
between the photoautotrophic control (orange) and the cultures
grown in the presence of different methanol concentrations.
Although 1.5% (v/v) methanol was enhancing the growth of
Scotelliopsis reticulata (UFA-2) the composition of its biomass did
not differ compared to the control after 5 days of growth.

Although no differences were observed in the FTIR spectra,
the cell size was influenced by the presence of methanol. The
cells of Chlorococcum sp. (MC1) increased in size from day
0 to day 5 (p = 0.016 and 0.024), while the cell diameter of
Scotiellopsis reticulata (UFA-2) decreased significantly (p = 0.002
and 0.005). The cell diameter of the other strains showed no
significant difference in the presence of 1.5% (v/v) methanol
(p ≥ 0.05), but in the presence of 3% (v/v) methanol the cell
diameter of Chlorella vulgaris (13–1) (p = 3.42 e−5) decreased
while the cells of Coelastrella sp. (3–4) where swelling (p = 0.002).
Neither of the two strains benefited from the supplementation
of 3% (v/v) methanol. Methanol enters the cells via passive
transport (Cooper, 2000), however, its effect on the morphology
of microalgae has not been investigated yet.

The observed difference to previous studies is explained by
the applied growth conditions in those studies. Chlorella sp.,
for example, was grown for 45 days at a 12 h day/night cycle
(Choi et al., 2011), but only 1% (v/v) of methanol was added
to the culture medium. Additional CO2 was fed to the algae
promoting photoautotrophic growth at a much higher light
intensity compared to our study. It also is worth noting that
the data of the first 5 days of the study presented by Choi
and coworkers (Choi et al., 2011) are very similar to our data;
therefore even our Nordic Coelastrella sp. (3.4) and Desmodesmus
sp. (2–6) strains might tolerate concentrations up to 3% (v/v) of
methanol when grown in a longer time interval.

Nordic Microalgae Tolerate the Presence
of Xylose and Show an Increased Growth
The need for renewable energy and green biofuels requires new
approaches and strategies. To be able to compete with traditional
energy sources or materials algal farming must become cheaper
and therefore new resources and new processes must be acquired
and developed. The pulp and paper industry produces enormous
amounts of wastewater containing accessible carbon that could
be utilized by microalgae, xylose, a monosaccharide derived from
xylan, being one of the major compounds. Nordic microalgae
were therefore grown in the presence of xylose at concentrations
of 3 g L−1 or 6 g L−1. Chlorella vulgaris (13–1) and Coelastrella
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FIGURE 6 | FTIR spectra (dashed line) and 2nd derivative spectrum (solid line) of biomass derived from Coelastrella sp. (3–4) (A) and Scotiellopsis reticulata (UFA-2)
(B) harvested after growth for 5 days in the presence of xylose [3 g L−1 (light red) or 6 g L−1 (dark red)]. The photoautotrophic control culture (orange) was grown in
the absence of external carbon source, shown are also the negative control culture (N-free medium preventing algal growth, light blue) and the reference spectrum of
xylose (black). The red arrows highlight the most prominent changes in the 2nd derivative spectra compared to the control. These cannot be assigned to xylose.

sp. (3–4) were not able to grow in the presence of xylose
at these concentrations (Figures 5A,C). Addition of xylose
immediately arrested the cell number of the culture, while the
photoautotrophic control culture continued to grow. Analysis
of the FTIR spectra on algal biomass of Coelastrella sp. (3–
4) (Figure 6A) revealed the huge impact of xylose on this
strain. Especially within the carbohydrate fraction multiple
changes were induced by the presence of xylose (e.g., 904 cm−1,
933 cm−1, 1043 cm−1 and 1238 cm−1). Those peaks were
also dominant in the spectra received on biomass of Chlorella
vulgaris (13–1) (see Supplementary Figure 3B). Three Canadian
Chlorella vulgaris strains exposed to 30 mM xylose (∼2.7 g L−1),
however, accumulated lipids rapidly within 6 h to 12 h under
mixotrophic conditions (Leite et al., 2016). But even the algae

in these cultures decreased their amount of chlorophyll and
decreased in size after 24 h. The authors suggest that xylose
might be a lipid enhancer in relatively small amounts (Leite
et al., 2016). In contrast, Chlorella minutissima was able to
grow on a mixture of xylose and arabinose and therefore is a
good candidate to convert lignocellulosic residues for biofuel
production (Freitas et al., 2021).

Quantum yields of the microalgal strains correlated with their
growth performance, which was most visible by the low QY
values of Chlorella vulgaris (13–1) and Coelastrella sp. (3–4) in the
presence of xylose (p = 0.001 and 0.002, respectively p = 0.0009
and 0.002), as these strains were not able to grow in its presence.

Addition of xylose also had significant impact on the algal cell
diameter of those strains not able to tolerate the carbohydrate.
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The cell diameter of Chlorella vulgaris (13–1) and Coelastrella sp.
(3–4) increased significantly after addition of xylose, independent
of its concentration (3 g L−1 or 6 g L−1 xylose; p = 0.027
and 0.006, respectively 0.002 and 0.005). The increased cell
diameter might arise by increased water transfer into the cells,
to compensate osmotic stress. The cell diameter of Scotelliopsis
reticulata (UFA-2) did not change from day 0 to day 5 (p = 0.521
and 0.079). While the cell diameter of Desmodemus sp. (2–6) was
diminishing only in presence of 6 g L−1 xylose, the cell diameter
of Chlorococcum sp. (MC1) was significantly increasing (p = 0.002
and 0.049). Both strains were able to grow in the presence of
xylose, independent on its concentration.

Contrary to Coelastrella sp. (3–4), its close relative Scotiellopsis
reticulata (UFA–2) (Figure 5E) (Minyuk et al., 2017; Ferro
et al., 2018) tolerated xylose at both concentrations and took
up this carbohydrate from the medium (3 g L−1, p = 0.013
and 6 g L−1, p = 0.025). Desmodesmus sp. (2–6) was growing
mixotrophically in the presence of xylose significantly better
than the photoautotrophic control (p = 0.004 and p = 0.011)
(Figure 5D). At the same time a significant decrease of the
xylose concentration in the medium (p = 0.04 and p = 0.001)
was observed. FTIR spectra of the biomass of Desmodesmus sp.
(2–6) (Supplementary Figure 3A) and Scotiellopsis reticulata
(UFA-2) (Figure 6B) after normalization to the amide I band
indicated an increase of the carbohydrate fraction (changes are
highlighted with red arrows), which is different to a simple
accumulation of xylose itself. Nordic microalgae therefore can
utilize xylose as a carbon source under mixotrophic conditions.
Scenedesmus strains were previously shown to be superior to
Chlorellaceae in utilizing xylose (Leite et al., 2016; Song and Pei,
2018). According to Song and Pei (2018) highest biomass and
lipid productivity was achieved at a xylose concentration of 4 g
L−1. While the Nordic Desmodesmus sp. (2–6) strain was able
to use the carbon source immediately (no lag in growth was
observed), Yang and coworkers observed a prolonged lag phase
of 4 days in a Chinese Scenedesmus obliquus strain, when grown
in the presence of xylose at a concentration of 4 g L−1. A xylose
concentration of 6 g L−1 extended the lag phase to almost
20 days (Yang et al., 2014). Little is known about the utilization
of xylose by strains of the Chlorococcum family (Yang et al.,
2014). Wu and coworkers investigated growth of Chlorococcum
echinozygotum in the presence of xylose and concluded that
xylulose acts as a algal growth inhibitor (Wu et al., 1968). Our
Nordic Chlorococcum sp. (MC-1) (Figure 5B) grew as good as
the control (p = 0.931 and p = 0.541, respectively, measured on
day 5) although it exhibited a lag phase of 3 days. Interestingly,
the xylose concentration in the medium was significantly lower
at the end of the experiment (p = 0.046 and p = 0.023).

CONCLUSION

Five Nordic microalgae were investigated regarding their ability
to grow in the presence of different carbon sources and the
utilization of those substrates for enhanced growth. All strains
grew in the presence of 2.3 g L−1 glycerol, but only one strain,
Chlorella vulgaris (13–1), showed increased growth compared

to the control. Chlorococcum sp. (MC-1) was able to benefit
from a much higher concentration of glycerol and increased
growth when supplied with 20 g L−1 of glycerol. Contrary
to culture collection strains, none of the Nordic strains took
advantage from the addition of methanol to the medium within
the time frame of the experiment. Supplementation with xylose
indicated the need for proper screening of algal strains: While
growth of Chlorella vulgaris (13–1) and Coelastrella sp. (3–4) was
inhibited, Chlorococcum sp. (MC-1) and Scotiellopsis reticulata
(UFA-2) grew comparable to the control, and Desmodesmus sp.
(2–6) even better than the photoautotrophic control. Nordic
microalgal strains therefore have a high potential for cheap
and sustainable biomass production using waste streams like
pulp and paper wastewater, providing feedstock for biofuel or
biopolymer production. Our results support the development
of new technologies turning waste streams into resources in a
circular economy concept.
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