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Abstract: In this study, Arthrospira platensis was grown in the presence of different glycerol
concentrations (0.5-9 g/L) under three light intensities (5, 10 and 15 Klux) in semi-continuous
mode and under non-axenic conditions. The aim of this study was to investigate the growth
performance, the biomass biochemical composition and any interactions between A. platensis and
bacteria that would potentially grow as well on glycerol. The results here show that glycerol did
not have any positive effect on biomass production of A. platensis. In contrast, it was observed that
by increasing glycerol concentration the growth performance of A. platensis was restricted, while a
gradual increase of bacteria population was observed, which apparently outcompeted and repressed
A. platensis growth. Chlorophyll fluorescence measurements (Quantum Yields) revealed that glycerol
was not an inhibiting factor per se of photosynthesis. On the other hand, cyanobacterial biomass
grown on glycerol displayed a higher content in proteins and lipids. Especially, protein productivity
was enhanced around 15-35% with the addition of glycerol compared to the control. In distinction,
carbohydrate and photosynthetic pigments (phycocyanin and chlorophyll-«) content decreased with
the increase of glycerol concentration. The results here suggest that A. platensis did not utilize glycerol
for biomass production but most probably as metabolic energy carrier towards synthesis of proteins
and lipids, which are more energy consuming metabolites compared to carbohydrates. The study
revealed that the addition of glycerol at amounts of 0.5-1.5 g/L could be a strategy to improve protein
productivity by A. platensis.
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1. Introduction

Arthrospira platensis (commonly known as Spirulina) is a photosynthetic cyanobacterium of
high nutritional value due to its high content in proteins (up to 70%), polyunsaturated fatty acids,
vitamins etc. In fact, A. platensis along with Chlorella vulgaris are the most widely commercially
produced microalgal/cyanobacterial species worldwide and are sold mainly as food supplements.
A. platensis is exclusively produced under phototrophic mode in open ponds either indoors or
outdoors. However, autotrophic mode displays a major drawback related to light limitations due
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to the poor penetration of light into the higher depths of the cultures, which subsequently result in
low biomass concentrations (typically 300-500 mg/L of dry mass) [1]. To overcome this limitation,
microalgal/cyanobacterial cultivation could be performed under mixotrophic mode, where organic
molecules, such as glucose, acetate, glycerol etc. could be utilized as an energy and/or carbon source.
Mixotrophy combines autotrophic photosynthesis and heterotrophic assimilation of organic carbon
and it has been demonstrated that is advantageous over phototrophic or heterotrophic modes giving
higher biomass concentrations and productivities [2].

Among various organic compounds that are good candidates for microalgal mixotrophic
cultivation, glycerol is an ideal one because it is industrially produced and available at high amounts
and low cost, mainly because of the biodiesel production industry, where glycerol is a by-product of
the transesterification of fatty acids to methyl esters (biodiesel). It is estimated that biodiesel market
will have an annual growth of around 4.5%, reaching around 40 Mm? in 2022 [3]. From each m? of
biodiesel, approximately 0.1 m® of crude glycerol is generated. Moreover, glycerol is widely used as
a sweetener in the food industry in pharmaceutical formulations and is therefore safe to be used in
microalgal/cyanobacterial biotechnology towards food or feed production.

A. platensis is a species that has been extensively studied and has been demonstrated that it is
capable of growing well heterotrophically or mixotrophically on glucose [4-6]. However, there are only
few works examining its cultivation using glycerol as organic source [7,8]. These studies [7,8] conclude
that A. platensis can utilize glycerol as organic substrate producing higher biomass concentrations
than under phototrophic conditions (i.e., using bicarbonate as the sole carbon source). However, one
of the main disadvantages of heterotrophic/mixotrophic cultivation is the need for sterilization of
the growth medium and the conduction of the cultivation under sterile/aseptic conditions in order
to avoid contamination with unwanted heterotrophs (bacteria, fungi etc.) with probably negative
impacts on growth and overall cultivation performance. A. platensis is an alkaliphile that thrives at
elevated pH values (up to 11) and salt concentrations (> 25 mS/cm), conditions that may suppress the
propagation of many bacteria [9]. However, there is lack of published works on this topic. Moreover,
it has been demonstrated that assimilation of organic carbon is affected by light intensity, and more
specifically under low light intensities organics are assimilated more efficiently [10,11]. Therefore, main
aim of this study was to cultivate A. platensis mixotrophically using glycerol as an organic source under
semi-continuous and non-axenic conditions in order to evaluate the effect of glycerol concentration
and light intensity on growth and biochemical composition of A. platensis. Additionally, the study
aimed to examine the interaction between A. platensis and any potential bacteria that might also be
grown on glycerol.

2. Materials and Methods

2.1. Cultivation Conditions

The cyanobacterium Arthrospira platensis SAG 21.99 used in the study was obtained from SAG
(Sammlung von Algenkulturen der Universitat Gottingen). The cultivation of A. platensis was performed
in modified Zarrouk medium with the following composition (per L): 10 g NaHCO3, 0.5 g K;HPOy,
1.0 g K;SO4, 1.0 g NaCl, 0.04 g CaCl,, 0.08 g NayEDTA, 0.2 g MgSO4-7H,0, 0.01 g FeSO4-7H,0O and
1.0 mL of trace elements (per 1): 2.86 g H3BO3, 0.02 g (NH4)sMo70O94, 1.8 g MnCl,-4H,0, 0.08 g CuSOy4
5H,0 and 0.22 g ZnSO4-7H,O. NaHCO3 was used in the cultivation medium in order to ensure that
no carbon limitation will occur and to help evaluate whether glycerol was used as energy and not as
carbon source for mixotrophic growth of A. platensis. Under carbon limited conditions the expected
CO, generated through the degradation of glycerol by the grown bacteria would lead to false results
about glycerol assimilation. An inoculum of 500 mg/L was used, while the initial pH of the medium
was adjusted to 8 [12]. The cultivations were carried out in 370 mL photobioreactors (PBR) of 71 mm
diameter with a working volume of 250 mL. Cultures were aerated with sterile air (filtrated through
0.2 pm), using a membrane air pump and were conducted in temperature-controlled room with
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constant temperature at 30 (+2) °C. Light was provided on the one side of the PBR by two 14 W LED
lamps (one cool white and one of plant grow color-mixture of red and blue). Cultures were conducted
in semi-continuous mode and the feeding (and withdrawal) was performed once per day at a dilution
rate equal to 20% of the working volume of the culture. The experimental cultures were kept for at
least 3 weeks to reach semi-steady state.

2.2. Experimental Set-Up

The study was divided into two phases. In the first phase A. platensis was cultivated with 0.5,
1 and 1.5 g/L of glycerol under 5, 10 and 15 Klux light intensity for each glycerol concentration. Light
intensity was measured in the middle of the PBR and was regulated by adjusting the distance of the
PBR towards the light source. In the second phase, based on the results of the first phase, which
revealed that light intensity did not influence positive the growth of A. platensis, a further cultivation
trial was performed keeping the same cultures with increased glycerol concentration of 3, 6 and 9 g/L
but only under 15 Klux of light intensity. An additional experimental (under 15 Klux) were carried out
by supplementing the cultures with ammoniacal nitrogen in order to investigate if there is any shift
of metabolic process when ammoniacal nitrogen is present in the cultivation medium. Ammoniacal
nitrogen (as NH4Cl) was supplemented every day at a rate of 20 mg-N/L/d.

2.3. Analytical Methods

Biomass concentration (dry weight) was monitored by measuring optical intensity (OD) at
750 nm [13], while at the end of the experiments, biomass dry weight was also directly estimated
(filtered biomass was dried for 2hin 70 °C). Carbohydrates were measured by a modified phenol-sulfuric
acid method [14]: briefly, in 0.5 mL of cell suspension containing 10-50 mg/L carbohydrates, 10 uL
of 90% liquefied phenol was added, mixed and followed by the addition of 1.25 mL of 96% sulfuric
acid. After 30 min, at room temperature, OD was measured at 485 nm. Lipids were measured by a
modification of the sulfo-vanillin method [15]: briefly, 20 uL of cell suspension containing 200-500 mg/L
of lipids (in order to achieve these concentrations in the samples, biomass was concentrated by
centrifugation) were added in 0.4 mL 96% sulfuric acid and then samples were placed in boiling water
for 10 min. Next, samples were left at room temperature for 15 min to cool down and followingly
1.0 mL of phosphoric-acid/vanillin solution was added (0.12 g of vanillin was firstly dissolved in
5 mL of absolute ethanol, then in 15 mL DI water and finally 80 mL of 85% phosphoric acid were
added). The samples were incubated at 37 °C for 15 min and OD was measured at 530 nm. Proteins
were assayed according to Lowry, et al. [16]: briefly, samples of 1.5 mL were centrifuged and the
pelleted biomass was resuspended in 0.5N NaOH and incubated in an agitated heating plate for 15 min.
A sample of 100 pL of extracted proteins were then added to 100 uL SDS 5% followed by the addition
of 1 mL of a solution of 2% NayCOj3 in 0.IN NaOH. After 15 min freshly diluted (1:1 with DI water) 2N
Folin & Ciocalteu reagent was added and samples were left for 30 min in dark. OD was measured at
750 nm. Phycocyanin was extracted in 0.1M phosphate buffer (pH 7) by successive cycles of freezing
and thawing biomass. The extracted phycocyanin concentration was measured spectrophotometrically
and calculated as Phycocyanin (mg/L) = ODﬁls_Oégi xODe2 [17]. The pigment concentration was
measured according to the following equations [18]:

Chly (mg/L) =16.82 X ODgg5 —9.28 X ODgsp

and

1000 x OD470 —1.91Chl, —95.15(36.92 X OD652 —-16.54 X OD665)
225

Total carotenoids (mg/L) =

All biomass composition analyses were performed after washing the samples for several
times with deionized H,O. Dry algal biomass was measured indirectly spectrophotometrically
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at 750 nm. All spectrophotometric determinations were carried out in Cadas 50 (Dr. Lange, Germany)
spectrophotometer and analyses were carried out at least in triplicates for each replicate. The data
given are their averages (n = 6). Quantum yield was measured in dark adapted cells (for 20 min)
using a handheld chlorophyll fluorometer (AquaPen-C, PSI, Czech Republic). Light color was set
at red-orange (630 nm) and the chlorophyll fluorescence was induced using actinic illumination of
1000 umol/m?/s. This light color is intended for excitation through phycobilins and therefore is suitable
for measuring cyanobacterial cultures.

Since the cultures were performed under non-aseptic conditions in order to evaluate the
competition between A. platensis and potential bacteria that would grow on glycerol too, the biomass of
A. platensis was estimated after its centrifugal separation from the bacteria biomass via the combination
of gravitational forces and cell size. It was observed that biomass of A. platensis after centrifugation
was separated in the bottom of the tubes, whereas bacteria were visible as cream-colored body in the
upper layer above A. platensis. Thus, the upper part of the pellet was carefully collected. The difference
between total OD750nm, from the whole culture broth (including bacteria) and the ODy50,m, of the upper
part (associated to bacteria) gave the ODyz50nm of A. platensis biomass concentration. The various
significant differences mentioned in the text were evaluated by a statistical analysis using One-Way
ANOVA at 95% confidence (p = 0.05).

3. Results and Discussion

3.1. Effect of Light and Glycerol Concentration on the Growth Performance of A. platensis

Figure 1a illustrates the biomass concentration of A. platensis cultivated with different glycerol
concentrations under three light intensities. The results shown are the averages of three subsequent days
of cultivation (after 3 weeks of stabilization) and reflect the semi-steady state biomass concentration
of A. platensis (see Section 2.3). In all cases studied, there was a decrease on biomass concentration
with the increase of glycerol concentration, except of the series of the 1st phase with ammonia
(0.5,1 and 1.5 g/L glycerol), where biomass concentration was almost the same for all the three glycerol
concentrations. The experimental series with ammonia added performed in general better compared
to those where only nitrate was used. This was not surprising because it has been frequently observed
that ammonia at low concentrations can boost growth given that ammoniacal-nitrogen is preferred by
microalgae/cyanobacteria compared to nitrates since its uptake and assimilation consumes less energy
resulting in higher productivities [19-21].
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Figure 1. (a) Biomass concentration of A. platensis cultivated in semi-continuous mode in modified
Zarrouk medium with the supplementation of glycerol (0.5, 1, 1.5, 3, 6 and 9 g/L) under three different
light intensities (5, 10 and 15 Klux) with nitrate as the nitrogen source or with ammonia as nitrogen
source (NH3 of 20 mg-N/L/d at 15 Klux). (b) Optical density (OD750nm) of the fraction of the bacteria
grown on the A. platensis cultures with different glycerol concentrations (0.5-9 g/L).
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Since it has been demonstrated that assimilation of organic carbon is restricted as light intensity
increases [10,11], it was hypothesized that under low light intensities glycerol could be assimilated
more efficiently. However, as it is shown in Figure 1a there was a positive correlation between biomass
concentration and light intensity, i.e., biomass concentration increased with the enhancement of light
intensity from 5 to 15 Klux. It was observed that the decreasing trend of biomass concentration
for each light intensity in relation to glycerol concentration was steeper at lower light intensities.
The opposite trend was observed for the corresponding optical density of the bacteria present in the
cultures. As it is shown in Figure 1b there was an increase of the ODy50ny, related to the bacteria as
glycerol concentration increased, reflecting that by increasing glycerol concentration growth of bacteria
was enhanced. More specifically, the cultures were contaminated by populations of heterotrophic
gram-negative bacilli (see background picture in the Figure 1b). It is though worth noting that increase
of OD750nm of the bacteria was independent to the light intensity, showing that the most important
factor for the bacterial growth was glycerol concentration. Therefore, the data shown in the Figure 1b
are the average of all three light intensities at the given glycerol concentration. In previous works,
the bacteria isolated from the culture of A. platensis SAG 21.99 were identified as Halomonas spp.,
Leucobacter sp., Aeromicrobium sp., and Staphylococcus spp. [22]. The dominant bacterial species that
typically contaminate A. platensis cultivation ponds, include Alkalimonas delamerensis, Cecembia lonaresis,
Pseudomonas mendocina, Paenibacillus camelliae, and also members of the largely halophiles Halomonas,
Mesorhizobium, Idiomarina and Micrococcus [23].

There is a subsequent question raised: Was the decreased growth capacity of A. platensis at
increasing glycerol concentration due to any inhibitory effect of glycerol on A. platensis photosynthetic
machinery or was it an outcome of the competition between A. platensis and the grown bacteria?
In order to answer this question, chlorophyll fluorescence analysis was employed and maximum
quantum yield (QY) of the Photosystem II (PSII) was recorded, which is a quantifiable indicator of the
efficiency of PSII photochemistry [24]. As shown in Table 1, the QY of A. platensis did not change much
(0.48-0.56) between the experimental series, which suggest that A. platensis was not directly inhibited by
the addition of glycerol, as any kind of inhibition would have been indicated by a significant decrease
in the QY (values less than 0.4) [25-27]. Moreover, the pH of the cultures was almost the same in all
experimental series ranging from 9.8-10.1, indicating that the pH of the growth medium was neither a
cause for the biomass concentration reduction.

Table 1. Quantum Yield of A. platensis cultivated in the presence of glycerol.

Glycerol Concentration g/L 15Klux 10Klux 5Klux  NHj3-15 Klux

0 0.52 0.49 0.50 0.52
0.5 0.54 0.51 0.56 0.53
1 0.54 0.50 0.56 0.53
1.5 0.53 0.51 0.54 0.53
3 0.49 0.50
6 0.48 0.49
9 0.49 0.49

All the above results suggest that A. platensis was unable to take advantage of the addition of
glycerol regarding biomass growth and moreover it was strongly competed by the bacteria grown
resulting in lower cyanobacterial biomass concentrations. These results come in contrast to the results
of Morais et al. [8], who reported that the addition of glycerol stimulated growth demonstrating an
almost 50% increase in biomass concentration. However, the differences on the cultivation mode
(batch vs. semi-continuous) the different strains used, the differences in the cultivation conditions
(non-aseptic etc.) apparently have a significant effect on the results.
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3.2. Biochemical Composition

3.2.1. Proteins

As it was mentioned in the introduction, A. platensis is considered as one of the most important
microalgal species that is produced in commercial level because of its nutritional value, especially for its
content in proteins (up to 70%), carbohydrates (10-20%), phycocyanin (5-15%), minerals and vitamins.
Table 2 shows the protein content, while protein productivity of A. platensis grown with different
glycerol concentration under the three examined light intensities is shown in Figure 2. The most
apparent result is that the addition of glycerol improved the protein content of the cultures in all
light intensities compared to the control (only under 5 Klux the differences were not statististical
different). The increase in protein content was more intense as light intensity decreased. However,
since glycerol addition had negative effect on growth, the calculation of protein productivity (mg/L/d)
gives a combined result on the protein content and biomass production. As it can be seen, the best
results were obtained with 1, 1.5 and 0.5 g/L of glycerol for 5 and 10 Klux, for 15 Klux and for NHj3
15 Klux, respectively. These findings agree with the study of Morais et al. [8], where it was as well
observed that glycerol addition had a positive effect on protein content.

Table 2. Protein content of A. platensis cultivated under different glycerol concentrations and light intensities.

Glycerol Concentration g/L 5 Klux 10 Klux 15 Klux NH;-15 Klux
0 39.84 + 5.44 44.81 + 3.85 41.96 + 3.52 53.25+1.95
0.5 48.01 £9.43 51.65 £ 6.26 49.50 + 3.40 59.66 + 2.25
1 58.14 + 6.55 55.01 +£6.77 53.20 + 1.60 57.86 + 3.66
1.5 54.80 + 12.77 50.58 + 2.96 50.96 +1.73 56.70 = 4.30
3 60.70 + 3.62 57.82 +4.85
6 64.30 + 6.85 38.36 + 3.88
9 15.93 +2.33 52.85+5.31
100 1 1Stphase 2M phase
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Figure 2. Protein productivity of A. platensis cultivated under different glycerol concentrations and
light intensities.

However, given that glycerol did not result in increased growth of A. platensis it is not clear if
the increase in the protein content was due to a somehow metabolic assimilation of glycerol, which
resulted in the facilitation of protein synthesis and hence the increase of the protein content. Glycerol
is known to be freely diffused inside cells, however till today only few species are demonstrated to
utilize glycerol either as carbon or as energy source, while there is still limited knowledge about the
metabolic mechanisms of its assimilation by microalgae/cyanobaceria [28-30]. On the other hand the
increased protein content could be partially explained due to the presence of the bacteria, as A. platensis
may activated a kind of defense mechanism to cope the competition by bacteria for resources, such as
light, space and nutrients by synthesizing secondary metabolites of proteinaceous nature [31].
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3.2.2. Carbohydrates

Besides proteins, carbohydrates are also major macromolecular fractions of the biomass.
Carbohydrates in A. platensis are in general interesting because they can be used as feedstock for
various fermentation processes for the production of chemicals and biofuels [32]. As shown in Table 3,
there was a general trend of decreasing carbohydrate content of A. platensis with increasing glycerol
concentration. This comes in line with the results concerning protein content, showing that when
protein content is decreased or increased carbohydrates are increased or decreased respectively, as an
outcome of switching metabolic pathways from carbohydrates to protein synthesis and vice versa.
Carbohydrates are the main products of photosynthesis and of carbon fixation metabolism. They are
either stored as reserve materials or converted into components of the cell walls (polysaccharides
etc.). A. platensis contain typically 10-20% carbohydrates, which means that in the present study much
higher carbohydrates content was observed. This probably is due to the semi-continuous cultivation
mode performed, where cells were maintained in the exponential growth phase tending to contain
more carbohydrates [33]. The decreased carbohydrate content supports the evidence that A. platensis
could assimilate glycerol and utilize it for the synthesis of energy consuming compounds like proteins
(see Section 3.2.1).

Table 3. Carbohydrate content of A. platensis cultivated under different glycerol concentrations and
light intensities.

Glycerol Concentration g/L 5 Klux 10 Klux 15 Klux NHj;3-15 Klux

0 40.53 + 2.50 35.18 £ 1.52 35.78 £2.23 40.48 +£1.82

0.5 3224 +214 35.04 +1.89 33.17 £ 3.01 41.75+£2.04
1 3222 +£3.11 32.78 £2.77 29.82 +1.92 37.98 +£0.84
1.5 32.15+1.98 31.20 £ 1.55 25.48 +0.99 34.28 +3.55
3 2579 £ 1.24 24.20 + 2.61
6 28.65 +2.33 19.17 +2.24
9 - -

3.2.3. Lipids

Lipids of A. platensis are of interest due to their desirable fatty acid profile comprising of relative
high levels of unsaturated fatty acids, important for the nutraceutical sector [34]. In the present study
A. platensis cultivated on glycerol displayed in most experimental cases a generally unchanged lipid
content (Table 4), where significant higher content was obtained at the highest glycerol concentrations
(>3 g/L). These results are in line with those reported by Morais et al. [8]. Glycerol is a chemical
backbone, present in many lipids which are known as glycerides. Lipid increased content could be an
outcome of glycerol assimilation into the lipid biosynthesis pathway. The increase in lipid content
observed only at the highest glycerol concentrations probably reflect the fact that A. platensis assimilates
glycerol firstly in order to synthesize proteins and if glycerol is in excess then it is directed for lipid
synthesis. However, the presence of bacteria does not allow us to conclude with certainty, thus more
research is needed so as to confirm this hypothesis. Increasing light intensity, the lipid content of
A. platensis decreased. This is in accordance with previous work [35].

3.2.4. Pigments

A. platensis contains two main photosynthetic pigments, namely chlorophyll-o and phycocyanin.
Both pigments are of interest in the nutraceutical sector. Chlorophyll extract is gaining acceptance
as a natural colorant or as a super-food because of its functionality, its strong antioxidant and
anticancer properties [36,37]. Likewise, phycocyanin is considered as a very promising source for blue
natural coloring, while it has as well functional properties [38]. In the present study, Chlorophyll-«
content did not display a clear pattern with the increase of glycerol in the growth medium (data not
shown). However, at the highest glycerol concentrations there was a significant decrease of its content
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(less than 0.5%) compared to the control and the series where less glycerol concentrations were added
(0.8-1.05%). Phycocyanin content displayed a more or less clear trend (Table 5), i.e., it was decreased
with increased glycerol concentrations. Indeed, most notable decrease was observed at the highest
glycerol concentrations. The photosynthetic activity is crucial for pigment synthesis. In mixotrophic
cultures, photosynthesis and heterotrophic metabolism function simultaneously. The photoautotrophic
and heterotrophic metabolisms may switch to one another depending on the cultivation conditions.
Therefore, the decrease in pigment (chlorophyll-o and phycocyanin) content was probably due to
the domination of the heterotrophic over the photoautotrophic metabolism, where photosynthetic
pigments are not utilized and therefore not synthesized [4,39,40].

Table 4. Lipids content of A. platensis cultivated under different glycerol concentrations and
light intensities.

Glycerol Concentration g/L 5 Klux 10 Klux 15 Klux NH3-15 Klux

0 7.22 +0.49 7.64 +1.00 5.89 + 0.58 496 +£1.27

0.5 9.23 +0.27 7.32£0.20 6.40 = 0.43 5.84 + 0.41
1 8.76 + 0.33 8.32 + 0.43 6.36 + 0.26 5.77 £ 0.23
1.5 9.22+0.38 8.44 + 0.85 5.70 + 0.43 5.40 + 0.48
3 9.46 +1.05 9.16 £ 0.97
6 11.13 +1.45 10.03 + 0.20
9 - -

Table 5. Phycocyanin content of A. platensis cultivated under different glycerol concentrations and
light intensities.

Glycerol Concentration g/L 5 Klux 10 Klux 15 Klux NH;-15 Klux
0 12.99 + 0.55 14.71 £0.25 14.20 +£1.38 15.73 £1.45
0.5 11.22 £ 0.37 12.86 £ 0.1 12.84 +2.95 14.21 + 2.58
1 12.10 £ 0.75 10.64 + 0.14 14.83+ 0.25 14.07 + 1.27
1.5 1142 +£1.11 10.55 + 0.46 12.85 £ 0.05 12.60 + 0.79
3 6.60 + 0.25 6.85+0.5
6 819 +2.12 6.13 +0.34
9 1.36 + 1.58 2.85 + 0.55

4. Conclusions

The addition of glycerol in the cultures of A. platensis had negative impact on biomass production
due to the growth of bacteria that apparently outcompeted and repressed growth of A. platensis.
Glycerol was not an inhibiting factor because A. platensis did not alter its photosynthetic efficiency
(Quantum Yield). However, since the increase of glycerol impacted the biochemical composition
(increase of protein and lipid and decrease of carbohydrate and photosynthetic pigment content) it is
suggested that A. platensis was able to assimilate glycerol towards metabolic process for protein and
lipid synthesis instead of biomass production.
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