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Abstract

Cultivation of microalgae has gained significant interest as an alternative protein source, potentially becoming a target com-
modity recovered from microalgae-based wastewater treatment. This study examined a semi-continuous cultivation strategy to
optimize protein accumulation of the indigenous freshwater chlorophytes, Lobochlamys segnis and Klebsormidium flaccidum,
and simultaneously remove nutrients from wastewater efficiently. A strain-specific regime was made based on a fixed biomass
concentration at the start of 24-h cultivation cycle, i.e., a constant initial cell density, which regulated harvesting and fresh
medium supply volume according to the dilution rate. Six cultivation cycles were conducted in lab-scale 1L reactors with a
synthetic municipal wastewater. Lobochlamys segnis and K. flaccidum grew exponentially in all cycles. The biomass productivity
was 573 and 580 mg L™! day™!, in which the total protein consisted of 62 and 45% of dry cell weight (dw), respectively. When a
culture medium deficient in nitrogen and phosphorus was used, protein level was significantly reduced. L. segnis consumed all
NH,* and PO,*" supplied by the medium replacement, giving the removal rate of 9.2 and 5.2 mg L™ day™!. Whereas K. flaccidum
removed 13.8 mg L™! day™! NH,* without completing PO,*> removal. The amino acid profile of both strains was characterized
by glutamic acids content (4—-5% dw). We concluded that the designed cultivation regime would support a constant biomass
production with stable and high protein content, along with an efficient removal of nutrient from the wastewater.
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Introduction

Microalgae proteins have a great potential to contrib-
ute to the recent increasing demand for protein source
(Janssen et al. 2022). Commercially produced microal-
gae generally contain a high proportion of proteins, e.g.
Arthrospira platensis 70% (Avila-Leon et al. 2012), Tet-
raselmis sp. 64% (Schwenzfeier et al. 2011), and Chlo-
rella vulgaris 44% (Seyfabadi et al. 2011), with whole
cells of these species already processed as food and feed
supplements (Ritala et al. 2017). However, high capital
investment and production cost of microalgae protein
cultivation has constrained commercial interest, poten-
tially obstructing their market relevance for low-priced
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commodity production, for example for pet/livestock
feeds (Geada et al. 2021). Recent increased attention in
alternative protein source has refocused in microalgae
protein (Janssen et al. 2022), as their cultivation is sug-
gested to be superior to land crops for the output qual-
ity, environmental impact, productivity per land area
and water requirements (Fernandez et al. 2021). In fact,
autotrophic microalgae are proposed as an advantageous
choice of microorganisms for the single-cell protein
industry in terms of environmental costs and benefits,
because of their CO, capture and storage capability
(Geada et al. 2021).

A promising way to strengthen the economic viability
of microalgae cultivation is to combine the protein produc-
tion with the wastewater treatment, where nutrients, water
and dissolved inorganic carbon in the waste streams can be
exploited for the microalgae biomass generation (Nagarajan
et al. 2020). For example, nutrient requirements are reported
as > 70% of the total cost for microalgae production in an
open raceway system (Acién et al. 2014), indicating the
potential of nutrient recycling from wastewater for reducing
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operation costs (Fernandez et al. 2021). An ideal approach is
an integrating microalgae culture and protein manufacturing
into a circular bioeconomy system (Fuentes-Griinewald et al.
2021), where the side streams (production-, process- and
wastewater) of agriculture or aquaculture provide readily
available nutrients for microalgae, while the generated bio-
mass is converted into a protein source for animal feeds. This
can be realized if the system supports sufficient microalgal
biomass production and that the produced microalgae con-
tain sufficient quantity and quality of protein.

Protein is a crucial ingredient for animal feeds, providing a
source of nitrogen and essential amino acids. Microorganisms
have long been used for animal feed manufacturing, espe-
cially certain bacteria which can typically contain 50-80%
protein (Ritala et al. 2017). Despite intra- and interspecific
variation in protein content (Muys et al. 2019), microalgae
can contain similar protein amounts compared to bacteria,
and these proteins are assessed as suitable for animal feeds by
nutritional and toxicological evaluations (Becker 2007). The
nutritional value of the protein is determined by the quantity,
balance and bioavailability of amino acids (Wu 2014). In
addition to essential amino acids (EAAs) (histidine, isoleu-
cine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine), other amino acids sufficiently syn-
thesizable by animals (non-essential amino acids) are also
indispensable in animal diets (Wu and Li 2022). To under-
stand the nutritional potential of microalgae species for pro-
tein production, it is therefore, essential to profile their amino
acids composition under production conditions.

A development strategy for microalgae production of
desired protein properties in the microalgae-based waste-
water treatment systems is strategic cultivation of target
strains, where desired microalgae protein accumulation can
be achieved by applying a suitable nutrient regime. Such a
strategy requires less advanced technology and avoids legisla-
tion problems in comparison to approaches involving genetic
metabolic engineering (Prochazkova et al. 2014). Recent stud-
ies have shown that microalgae can assimilate nutrients from
urban (Oss et al. 2022) and aquaculture wastewater (Akmukh-
anova et al. 2022), as well as liquid digestate from anaerobic
digestion (Seelam et al. 2022). Nevertheless, challenges remain
to developing marketable products from the biomass gener-
ated from microalgae-based wastewater treatment (Fernandez
et al. 2021). Utilization of wastewater for industrial microalgae
production targeted to human consumption or animal feeds is
restricted by current legislations for safety concern (Fernan-
dez et al. 2021; Show 2022). Thus, there are many technical,
production and safety challenges to overcome towards combin-
ing microalgae protein production and wastewater treatment.
However, of primary importance is demonstrating viability of
systems using microalgae species/strains to produce a desired
protein quality in sufficient quantity, while treating wastewater
with a desired efficacy.
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In this study we proposed a semi-continuous cultivation
regime using wastewater to enhance microalgae protein
production. Previously, we found that the protein contents
in selected indigenous chlorophyte strains were the highest
in the early stage of the batch cultivation when they had
the highest growth rate (Umetani et al. 2023). The protein
share in their biomass was reduced significantly at the time
when nitrogen was depleted from their culture medium.
These findings suggest that the high protein contents of the
strains may be maintained if microalgae growth is kept at an
exponential phase, and if there is sufficient available nitro-
gen. Therefore, this study 1) established a regime for semi-
continuous mode cultivation for a regulation of cell density
and nutrient supply to sustain exponential growth, 2) tested
whether the protein content of the selected microalgae can
be maintained under the semi-continuous cultivation regime,
3) evaluated if the regime was effective for nutrient removal
from wastewater. The main aim of this study was to develop
a suitable cultivation method for microalgae protein pro-
duction with a maximal usage of nutrients recycled from
wastewater. Although further studies in scale-up scenarios
using real wastewater are imperative, this study provides a
fundamental cultivation strategy to enhance protein accumu-
lation in microalgae grown in wastewater.

Materials & methods
Microalgae and cultivation condition

Two freshwater algae, Lobochlamys segnis F12 (Chlorophyta,
Chlamydomonadales) and Klebsormidium flaccidum NIVA-
CHLS8O0 (Charophyta, Klebsormidiales) were chosen as model
organisms. Lobochlamys segnis F12 (Fig. 1a) was isolated
and maintained as a mono-species culture using Bolds Basal
Medium (Bischoff and Bold 1963). Species identification of
L. segnis F12 was based on an 18S rDNA phylogeny (Online
Resource Fig. 1; GenBank accession MT973497) and morphol-
ogy (Proschold et al. 2001). Klebsormidium flaccidum NIVA-
CHLSO (Fig. 1b) was obtained from the Norwegian Culture
Collection of Algae (NORCCA), and the stock culture was
maintained using the Z8 medium (Kotai 1972). We selected
these strains based on the results of our previous work, where L.
segnis F12 achieved efficient nutrient (nitrogen and phosphorus)
removal, and K. flaccidum NIVA-CHLS0 contained the highest
protein level among the studied strains (Umetani et al. 2023).
The medium used for inoculum and experiment cultures
was a synthetic municipal wastewater prepared based on
the previous studies (Tiron et al. 2015, 2017; Umetani et al.
2023). It contained NH,Cl: 178 mg L™, K,HPO,: 56 mg L',
CaCly: 40 mg L', MgSO,-7H,0: 75 mg L™!, FeSO,-7H,0:
5 mg L™, Na,EDTA-2H,0: 2.5 mg L™, H;BO;: 50 pg L™,
ZnCly: 50 pg L™, CuSO,-5H,0: 30 pg L', MnCl,-4H,0: 39
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Fig. 1 Light micrographs of (a) Lobochlamys segnis F12 and (b) Klebsormidium flaccidum NIVA-CHLS0. Scale bars represent 10 pm

pg L1, (NH¢Mo,0,,-4H,0: 50 pg L™}, KAI(SO,),: 178 g
L', CoCl,-6H,0: 50 pg L', NiSO,-6H,0: 101 ug L™!, sodium
acetate: 200 mg L™ and NaHCO;: 750 mg L', All medium
components were dissolved in dH,O and autoclaved, except
NaHCO;, which was filter-sterilized and added to the auto-
claved medium.

The experiment cultures were grown in 300 mL medium in
1-L Erlenmeyer flask under continuous illumination providing
70 pmol photons m~ s™! irradiance in the incubator at 24 °C
(Infors HT Multitron Pro, infors AG, Switzerland). The light
and temperature condition were selected based on a previous
study of the microalgae strains (Umetani et al. 2023). The cul-
tures received aeration (2 L min~!) with filtered (pore size of
0.2 pm) air supplemented with 2% (v/») CO, gas.

Determination of semi-continuous cultivation
regime

The semi-continuous cultivation method was investigated
under controlled laboratory scale conditions. The synthetic
wastewater was used to provide a consistent nutrient com-
position without potentially toxic heavy metals or organic
pollutants. Mono-species cultures were examined to deter-
mine the individual characteristics of selected microalgae
for growth and protein accumulation.

A preliminary study was conducted to determine the
strain-specific regime for the semi-continuous mode cul-
tivation to sustain their exponential growth and to maxi-
mize the removal of nitrogen and phosphorus from the
wastewater medium at the same time. The semi-continuous
cultivation regime was determined individually for each
strain by testing 1) the concentration of microalgae cells
(initial cell density) to bring an exponential growth of the
culture, and 2) the consumption of ammonium (NH,") and
phosphate (PO,*) in the culture medium.

For determination of suitable initial density of the culture,
one culture was set up for each strain using the same cultiva-
tion condition as for experiment cultures (see “Microalgae
and cultivation condition” for detail). The microalgae were
grown using a repeated 24-hour-batch cultivation (semi-
continuous cultivation) mode starting the cycles with dif-
ferent initial optical densities (OD). OD measurement was
chosen as an indicator since it provided a quick estimation
of cell density without complicated sample preparation and
analysis. After each 24-h cultivation, a certain volume of
the culture was taken out and the same volume of fresh
medium was supplied according to the dilution rate needed
for the cell density adjustment. The growth of the culture
was measured by the increase of the OD values (the differ-
ences between the initial and the final OD). The consump-
tion of NH," and PO,* was measured as the decrease of
their concentration in the medium (see the Nutrient uptake
section for details). An initial cell density was selected for
the further experiment when the one resulted in a large OD
increase, and in parallel, the NH4Jr and PO43‘ concentration
was not detectable at the end of the cycle (data not shown).
A complete PO43‘ uptake was not observed within 24 h for
K. flaccidum for any of the initial densities examined. So,
the initial cell density for this strain was chosen only by the
growth and NH,* consumption. Accordingly, the initial OD
for the semi-continuous cultivation regime was determined
as 0.3 and 0.2 for L. segnis and K. flaccidum, respectively.

Experimental procedure

First, all experiment cultures were grown under batch cul-
tivation mode until they consumed NH,™ in the wastewa-
ter medium completely. The semi-continuous cultivation
regime was started on the day when NH,* depletion was
confirmed. For each strain, two different media were used
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for the semi-continuous cultivation, 1) complete medium,
which contained all components (CM, n = 3) and deficient
medium, in which NH,Cl and K,HPO, were excluded (DM,
n = 3). This latter medium treatment was used to study an
effect of nitrogen (NH,*) and phosphorus (PO,*") deple-
tion on the protein cell contents. The OD of each culture
was measured to determine the volume of fresh medium,
which needed to adjust to the predetermined initial OD. The
determined volume was taken out from the culture, which
included microalgae cells and medium (i.e. harvesting), and
the same volume of fresh medium was added to the culture
(described as “medium replacement” hereafter). Medium
replacement was repeated every 24 h, and six cycles were
investigated for each strain. The semi-continuous cultiva-
tion cycle was continued for the cultures that did not show
increase in density. In this case, medium replacement was
conducted based on the sampling volume needed for the
analysis. The average initial OD was 0.31 + 0.01 and 0.20
+ 0.02, which was equivalent to 387 + 36 and 191 + 27
x10 cells mL™ for L. segnis and K. flaccidum, respectively
(mean + 1 SD, 6 cultivation cycles of 3 replicate cultures,
Online Resource Table 1). Sampling was conducted before
and after the medium replacement for the measurement of
biomass production (OD and dry cell weight) and nutrient
uptake (NH,* and PO,*).

Biomass production and growth rate

Biomass production was measured using dry cell weight.
For the determination of dry weight, the cells were sepa-
rated from the medium using glass fiber filters (Whatman
GF/A). The cells were washed with dH,O and were dried
on the filter at 105 °C for 24 h. The growth was determined
by increase in cell density, which was measured by optical
density (OD) at 750 nm using a microplate reader (Spark,
Techan, Switzerland). This wavelength was selected because
it is outside of the absorption range of chlorophyll a, and
thus, it would provide the least interference of microalgal
pigments when measuring OD as an indication of cell con-
centration in suspended cultures (Griffiths et al. 2011). The
specific growth rate (1) was determined using the following
equation, where N, and N, represent the OD,5, values at
times (days) ¢, and ¢, (Mayers et al. 2014):

u=(InNy —InN,)/t, -,

Protein assay

The harvested culture was centrifuged at 3500 rpm for 10 min
at 4 °C and the cells were pelletized by centrifuge at 15000
rpm for 2 min. The samples were freeze-dried and stored
at —80°C. The total protein concentration was determined
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by Lowry colorimetric assay (Lowry et al. 1951) using the
Bio-Rad DC protein assay kit (Bio-Rad Laboratories) by
the manufacturer’s protocol. Protein composition data were
expressed as percentages of total dry cell weight (% dw).

Amino acid analysis

Amino acid profile was analyzed using the lyophilized
freeze-dried samples collected at the end of the experiment
(the 6th cycle). The analysis was conducted by a commercial
lab using the method described in European Commission
regulation (EC) No 152/2009 (EU 2009). Briefly, an oxidiz-
ing solution (750 mL L™! formic acid and 4.73 g L™! phenol)
was added to the sample, which was then incubated for 17
h at 4 °C. Sodium sulfite was added and the samples were
hydrolyzed with a hydrolysis solution (492 mL L™ HCI and
1 g L™! phenol) and incubated in the heating cabinet (110 °C)
for 23 h. The pH of the samples was adjusted (2.0-2.4) and
the samples were filtered (0.2 pm). Amino acids were sepa-
rated by ion exchange chromatography and determined with
a photometric detection at 570 nm (except proline at 440 nm)
according to a reaction with ninhydrin (304+ Amino Acid
Analyzer, Biochrom Ltd, England). For the total tryptophan
determination, the samples were hydrolyzed in a saturated
barium hydroxide solution at 110 °C for 20 h. The pH of the
samples was adjusted to 6.2. The tryptophan concentration
was determined by high performance liquid chromatography
(Ultimate 3000 UHPLC system with autosampler, Thermo
Scientific, and detector RF-535 fluorescence detector, Shi-
madzu). The reported amino acid values correspond to the
concentrations in the dry weight of cells (g kg™! dry cell
weight), which were then converted to the percentage con-
tent in total dry cell weight (% dw). The results for aspartic
acid concentration are presented as the sum of aspartic acid
and asparagine, and these for glutamic acid are the sum of
glutamic acid and glutamine. Tryptophan was not detectable
in K. flaccidum because the extraction method was not suf-
ficient to remove a presumable interfering substance.

Nutrient uptake

The culture medium was separated from the cells by centrif-
ugation (3500 rpm for 10 min) and filtration (cellulose ace-
tate membrane, 0.20 pm). The concentrations of NH4+ and
PO,* in the samples were measured using an ion chromatog-
raphy (940 Professional IC Vario, Metrohm, Switzerland) with
the anion column Metrosep A Supp 5-150/4.0 and the cation
column Metrosep C6—-150/4.0 (Metrohm). The measurement
was conducted using a cation eluent (1.7 mM 2,6— pyridin-
edicarboxylic acid and 1.7 mM HNO;) with a flow rate of 0.9
mL min~!, and an anion eluent (64 mM Na,CO, and 20mM
NaHCO;) with a flow rate of 0.7 mL min™.
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Statistical analysis

Experimental cultures were conducted in triplicate for each
medium treatment (complete and deficient medium), and
data for biomass production, protein content, and nutrient
removal were collected for six semi-continuous cultivation
cycles. Protein cell contents and biomass production were
compared using one-way analysis of variance (ANOVA).
Significant differences found by ANOVA were further
analysed by multiple pair-wise comparison using Tukey’s
honest significant differences (HSD) and compact letter
displays. All data used for the one-way ANOVA met the
assumption of normality and homogeneity of variance.
They were checked with Shapiro-Wilk normality test and
Levene’s test for homogeneity of variance. Statistical anal-
yses were conducted using R software (version 4.2.2) (R
Core Team 2022).

Results
Total protein contents

Lobochlamys segnis and K. flaccidum contained on average
62 + 10 and 45 + 4% dw (mean + 1 SD) protein, respec-
tively, under the semi-continuous cultivation regime using
the complete medium. The highest protein cell content
recorded during this study was 74 = 7% dw for L. segnis,
and 51 + 1% dw for K. flaccidum (mean + 1 SD). The pro-
tein cell content of L. segnis was similar in all cultures at
the start (the cycle 0); however, it was significantly different
(F1308 = 134.1, p < 0.001) between the medium treatments
after the commencement of the semi-continuous cultivation
regime (Fig. 2a). This trend was observed also for K. flacci-
dum (F ;3 54 = 365.4, p < 0.001) (Fig. 2b). The lowest protein
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Fig.2 Total proteins content (% of dry cell weight) in (a) Lobochla-

mys segnis and (b) Klebsormidium flaccidum under the semi-continu-

ous cultivation regime using a complete medium (CM, black bar) and

a medium deficient in nitrogen and phosphorus (DM, grey bar). The
protein content was first measured before the start of the semi-con-

content in L. segnis and K. flaccidum was 17 + 1 and 10 +
1% dw, respectively, that were found among those grown
with the deficient medium treatment.

A slight fluctuation of the protein proportion was
observed for the complete medium treatment, although it
was stabilized at the same level after the 4th cycle in both
strains (Fig. 2a and b). In L. segnis, the protein cell content
was reduced between the 1st and 3rd cycle, but it increased
and stayed at a higher level (70%) later (Fig. 2a). For K.
flaccidum, it was increased between the 2nd and 3rd cycle,
but it was lowered and stabilized at 40% after the 4th cycle
(Fig. 2b).

Biomass and protein productivity

The semi-continuous cultivation regime supported an active
growth of both strains when using the complete medium.
The specific growth rates (p) of L. segnis were stable at
0.4 per day under the complete medium treatment, while a
gradual reduction was shown under the deficient medium
treatment (Fig. 3a). The K. flaccdum grown with the com-
plete medium showed a fluctuation of the growth rate,
although the rates were constantly higher than those that
supplied with the deficient medium (Fig. 3b). Their growth
rate reached the highest (0.7 = 0.1 day™") on the 6th cycle
(Fig. 3b).

For both strains, the biomass production was relatively
constant under the semi-continuous cultivation regime using
the complete medium (Fig. 4a and b). The average biomass
productivity was 572.5 + 38.6 and 579.8 + 49.0 mg L'
day~! for L. segnis and K. flaccidum, respectively (mean + 1
SD). Conversely, reduction in the biomass production was
evident with the deficient medium treatment (Fig. 4a and
b). There was a significant difference in the cell dry weight
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r d
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tinuous regime (cycle 0). Thereafter, it was measured in the cells that
were harvested at the end of each cycle (cycle 1 to 6). Mean values +
1 SD of 3 replicate cultures are shown (3 measurements from each).
Different letters above the bars indicate significant differences (One-
way ANOVA with Turkey’s HSD, p < 0.05)
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Fig. 3 Specific growth rate (i) day! based on the OD (at 750 nm)
of (a) Lobochlamys segnis and (b) Klebsormidium flaccidum cul-
ture under the semi-continuous cultivation regime using a complete

between these medium treatments was shown already by the
2nd cultivation cycle for K. flaccidum (F; 53 = 35.09, p <
0.001) (Fig. 4b), while it was on the 4th cultivation cycle for
L. segnis (F 5,3 = 38.09, p < 0.001) (Fig. 4a).

The overall protein productivity achieved by the semi-
continuous cultivation strategy was 351.0 + 34.5 mg L!
day! for L. segnis and 257.7 + 33.7 mg L™! day™' (mean +
1 SD) for K. flaccidum.

Medium replacement rate, nutrient removal, and pH

For the cultures with the complete medium, the medium
replacement rate was 21 + 3 and 24 + 4% day™' (mean + 1
SD) for L. segnis and K. flaccidum, respectively (Table 1).
The deficient medium did not support culture growth after
the 4th cycle for any of the strains (Online Resource Fig. 2a
and b) and the regime based on the initial cell density adjust-
ment could not be continued. Instead, a fixed volume of the
medium was harvested and replaced for the deficient medium
cultures. The harvest/medium replacement volume after Sth
cycle was 50 mL (8%) for L. segnis and it was 60 mL (18%) at
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Fig. 4 Biomass production measured by dry cell weight (mg L)
of (a) Lobochlamys segnis and (b) Klebsormidium flaccidum cul-
ture under the semi-continuous cultivation regime using a com-
plete medium (CM, black bar) and a medium deficient in nitro-
gen and phosphorus (DM, grey bar). The biomass was measured
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medium (CM, black indicators) and a medium deficient in nitrogen
and phosphorus (DM, grey indicators). Mean values + 1 SD (error
bars) of 3 replicate cultures are shown (3 measurements from each)

the 5th cycle and 100 mL (25%) at the 6th cycle for K. flacci-
dum (Table 1). A larger harvesting volume was needed for K.
flaccidum culture to obtain enough biomass for the analysis.

Under the initial batch mode cultivation, complete uptake
of NH,* was observed on day 3 and day 5 for L. segnis and K.
Sflaccidum, respectively (Fig. 5a and b). When the semi-contin-
uous mode had started, NH, " and PO, that supplied by fresh
medium were completely consumed within a single cycle (24
h) in the L. segnis culture (Fig. 5a and c). The average removal
rate of NH, " was 9.2 + 0.9 mg L' day™ and of PO,* was 5.2
+0.9 mg L™ day™! (mean + 1 SD). Klebsormidium flaccidum
also showed a complete uptake of NH,* in each cycle under
the semi-continuous mode cultivation, resulting a removal rate
of 13.8 + 3.2 mg L™ day™!, which was higher than that for
L. segnis (Fig. 5b). However, the PO,* uptake was limited to
an average 24 + 14% of the daily supplement (5.1 + 1.3 mg
L~ day™), therefore, PO43' was partially accumulated in the
culture medium over time (Fig. 5d).

The pH measured at the end of each semi-continuous cul-
tivation cycle slightly fluctuated (Fig. 6a and b), but the vari-
ation range was limited between 7 and 8.5. Constant medium
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at the start of the semi-continuous regime (cycle 0) and at the
end of each cycle (cycle 1-6). Mean values + 1 SD of 3 replicate
cultures are shown (3 measurements from each). Different letters
above the bars indicate significant differences (One-way ANOVA
with Turkey’s HSD, p < 0.05)
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mm

Table 1 Medium replacement (%) of the Lobochlamys segnis and
Klebsormidium flaccidum culture at the start of each cycle under the
semi-continuous cultivation regime using a complete medium (CM)

and a medium deficient in nitrogen and phosphorus (DM). Mean val-
ues + 1 SD of 3 replicate cultures are shown (3 measurements from
each)

Species/Treatment Medium replacement (%)

Cultivation cycle number Average
1 2 3 4 5 6
Lobochlamys segnis CM 27 x1 21 1 19+3 22+3 19+5 20+3 21+3
DM 26 +2 25+3 16 + 2 14+5 ®8) ®) -
Klebsormidium flaccidum CM 22+7 27+3 26 + 1 29+1 18+3 23 +1 24 +4
DM 29+4 31+3 19+4 19+2 (18) (25) -

The values shown in the brackets were the medium replacement (%) based on the sampling volume needed for analysis when the deficient

medium treatment cultures did not show cell density increase

Lobochlamys segnis

0 1 2 3 4 5 6 7 8 9
Time (day)

Fig.5 Nutrient removal under the semi-continuous cultivation regime
using a complete medium (CM, black full line) and a medium defi-
cient in nitrogen and phosphorus (DM, grey dotted line). Changes of
the NH,* concentrations in (a) Lobochlamys segnis and (b) Klebsor-
midium flaccidum culture medium. Changes of the PO,* concentra-
tions in (¢) L. segnis and (d) K. flaccidum culture medium. The nutri-

replacement in along with CO, gas supplementation was suf-
ficient to control the medium pH in an acceptable range.

Amino acids

The amino acid compositions and proportions of single
amino acids were relatively similar in both strains (Online

Klebsormidium flaccidum

0 1 2 3 4 5 6 7 8
Time (day)

ent concentrations were measured both at the start and the end of
each cultivation cycle (C1-C6). The commencement of the semi-con-
tinuous regime for L. segnis and K. flaccdium was on day 3 and day
5, respectively, when a complete NH,* consumption was confirmed.
Mean values + 1 SD (error bars) of 3 replicate cultures are shown (3
measurements from each)

Resource Fig. 3). The most abundant amino acid was glu-
tamic acid, where L. segnis contained 4.2 + 0.0% dw and K.
Sflaccidum contained 4.7 + 0.2% dw (mean + 1 SD) (Table 2).
All essential amino acids were found, except for the trypto-
phan in K. flaccidum. Among the essential amino acids, leu-
cine, arginine, and lysine occurred as the major components.
The compositions of these amino acids were 3.5 +0.3,3.4 +
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Fig.6 The medium pH of (a) Lobochlamys segnis and (b) Klebsor-
midium flaccidum culture under the semi-continuous regime using a
complete medium (CM, black indicators) and a medium deficient in

Table 2 Amino acid composition (g kg™! dry cell weight) of Lobo-
chlamys segnis F12 and Klebsormidium flaccidum NIVA-CHLS0.
Mean + 1 SD are shown (3 replicate cultures, 1 measurement from
each)

Amino acid Lobochlamys segnis  Klebsormidium flaccidum
(g kg™ dry cell

weight)

Arginine 33.6+42 251 +1.2
Histidine 128+ 1.4 85+03
Isoleucine 164 + 1.5 13.1 +£0.6
Leucine 35.1 +3.1 272 +0.9
Lysine 282+ 1.0 21.6+0.5
Methionine 80+13 53+04
Phenylalanine 16.4 + 0.8 13.2+0.9
Threonine 170+ 1.9 125 +0.4
Tryptophan 47+ 14 Not detectable
Valine 227+ 1.5 16.1 +0.2
Alanine 26.1 £2.0 20.7 + 0.5
Aspartic acid 293 +25 22.1+0.6
Cysteine 39+03 29+0.1
Glutamic acid 424 +0.5 473+25
Glycine 185+1.3 144 +0.5
Proline 182 +3.2 13.8 +0.8
Serine 139+2.1 103 +0.7
Tyrosine 11.8+1.9 8.6 +0.2

0.4,2.8 £0.1% dw in L. segnis and 2.7 + 0.0, 2.5 + 0.1, 2.2
+ 0.0% dw in K. flaccidum, respectively (Table 2).
Discussion

Effect of semi-continuous cultivation for protein
production

The semi-continuous cultivation regime we designed

maintained active growth with associated protein produc-
tion of L. segnis F12 and K. flaccidum NIVA-CHLS8O0. The
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nitrogen and phosphorus (DM, grey indicators). Mean values + 1 SD
(error bars) of 3 replicate cultures are shown (3 measurements from
each)

regime was designed individually for each strain by their
growth rate (cell density increase), and nitrogen require-
ments (ammonium uptake). This regime assured that each
cycle started with a suitable number of cells capable for
exponential multiplication with constant access to suffi-
cient nutrients. Such cell density regulation also provided
optimal light penetration for the culture. Generally, the
density of microalgae culture largely affects light availabil-
ity, both in terms of quality and quantity, which is one of
the major limitation factors for productivity (Borowitzka
2016). Importantly, our result demonstrated the effect of
nitrogen and phosphorus availability on protein propor-
tions in cells. Both strains showed a considerable reduc-
tion in biomass (Fig. 4) and protein contents (Fig. 2) when
the semi-continuous cultivation regime was conducted
using the deficient medium (i.e., lacking NH,* and PO,>).
Comparing the deficient to the complete medium, even
during the first cycle, cellular protein contents were sig-
nificantly reduced (Fig. 2), despite similar or higher (in
the case of L. segnis) growth rates (Fig. 3). Microalgae
respond to nutrient limitations by decreasing cell division
and photosynthesis (Prochazkova et al. 2014). They also
activate a “nutrient scavenging system”, where nitrogen
is recycled by degrading intracellular proteins (Prochaz-
kova et al. 2014). We hypothesized that in our system,
during the first cycle of the deficient medium treatments,
nitrogen limitation triggered such “nutrient scavenging
system” to maintain active cell multiplication, and this
may be responsible for the significant decrease in cellular
protein content. Subsequently, culture growth slowed after
the second cycle presumably because the cells were no
longer viable enough to keep up a high multiplication rate.

This study also demonstrated that constant nitrogen sup-
ply can stabilize protein levels in the studied strains. In our
previous study the total proteins contents of these strains
gradually decreased over a batch cultivation period (Umetani
et al. 2023). The importance of nitrogen availability for the
maintenance of high cellular protein content was also sug-
gested by a previous study of a freshwater macroalga (Cole
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et al. 2015). These authors provided a weekly supply of
nitrogen for the cultivation of Oedogonium sp., resulting
in higher proportion of protein compared to experimental
treatments that received less frequent nitrogen supplies.
Interestingly, their study also found that the periodic nitro-
gen resupply increased protein levels, regardless of the dura-
tions of nitrogen starvation. Coupled with our results, this
strongly suggests that a semi-continuous cultivation strategy
should be designed according to the nitrogen requirement
of the microalgae species of interest. Such a custom-made
regime would thus maintain an optimum protein content of
the microalgae species of interest.

Moreover, our results point out an advantage of the
semi-continuous cultivation approach over batch cultiva-
tion regarding biomass productivity. K. flaccidum took
a longer time to increase density during the first batch
cultivation period (day 0-5, Online Resource Fig. SI1b)
when compared to L. segnis (day 0-3, Online Resource
Fig. SIla). Despite the late start, K. flaccidum multiplied
rapidly (Fig. 3b) and produced a biomass similar to L.
segnis (Fig. 4) under the semi-continuous cultivation. The
results implies that the semi-continuous cultivation regime
induces exponential growth of K. flaccidum without the
long lag phase that is observed in the batch cultivation
modus. Both L. segnis and K. flaccidum showed a slight
fluctuation in the protein cell contents between 1st and
3rd cycle, that became stable after the 4th cycle (Fig. 2).
An average of 21% and 24% of L. segnis and K. flacci-
dum culture was harvested in each cycle of the cultivation
regime (Table 1), therefore in theory, around roughly the
4th— 5th cycle was when all culture in the batch cultiva-
tion mode was replaced. This may indicate an acclimation
process is needed for optimal microalgae performance
for the semi-continuous cultivation mode. In our system,
acclimated vital cells displayed and continued the high
rate of multiplication under desirable conditions of light
and nutrient. This is important as enhancement of biomass
productivity is a key criteria to optimize overall protein
productivity (Geada et al. 2021). We therefore suggest that
there are strong advantages to the semi-continuous culti-
vation approach over batch cultivation and incorporating
appropriate acclimation periods is an important considera-
tion. This framework is applicable for protein production
of strains with a range of growth characteristics.

Nutrient removal efficiency

This study also aimed to test if the semi-continuous
regime was effective for nutrient removal from the waste-
water. L. segnis performed complete removal of NH,*
and PO,>" that was supplied at the start of each cycle.
Also, K. flaccidum showed the same efficiency for NH4+,

although total PO,* removal was not achieved. Thus, L.
segnis was effective for both nitrogen and phosphorus
nutrient removal, while K. flaccidum only succeeded in
NH," removal. Wastewater nutrient composition varies
according to the types of waste streams, and the nutri-
ent removal efficiency differs among chlorophyte species
(Aggarwal and Remya 2022). Because of this, when devel-
oping a semi-continuous cultivation approach and regime
for wastewater treatment, adjustment will be required
according to the range of concentration of nitrogen and
phosphorus in a specific wastewater, as well as the nutrient
uptake characteristics of target microalgae species. Thus,
microalgae taxon-specific treatment efficiency in specific
wastewater nutrient concentration scenarios should be
evaluated in further studies along with the effects of possi-
ble growth inhibitors likely to be present in waste streams.

Our semi-continuous cultivation regime was designed
for a maximize usage of nutrients in the simulated waste-
water, resulting in efficient nutrient removal. This aim
is unlike general microalgae cultivation practice, where
maximum biomass or target cell compound generation
would be prioritized rather than full utilization of nutri-
ents. With the main purpose of complete usage of nitrogen,
we argue that protein would be better suited as the target
among other potential commodities. Our results showed
that constant nitrogen supply optimizes protein production.
Such a nitrogen requirement is congruent with the demand
of continuous removal of excess nutrients, especially of
ammonium nitrogen in wastewater treatment practice.
When applying the semi-continuous cultivation regime,
untreated wastewater containing nitrogen source could be
supplied regularly for microalgae, which would conse-
quently facilitate a production of high share of protein con-
tent. Other microalgae cell compounds of interests, such as
carbohydrates and lipids, are storage energy products that
often employ nutrient deficient treatments for their produc-
tion enhancement (Liyanaarachchi et al. 2021). For these
compounds the need of nutrient deficiency would require a
period of reduction in the inflow of untreated wastewater,
relatively minimizing the wastewater treatment capacity
compared to protein production.

Protein and amino acid profiles in the studied
strains

The studied strains showed their potential as model protein
production species. With the semi-continuous cultivation
regime, the average total protein content of L. segnis and
K. flaccidum, was 62 and 45% dw, respectively. Thus, from
our strains, L. segnis F12 was the best candidate for further
study. The protein contents of the studied strains were com-
parative or higher in comparison to those reported for com-
mercially produced microalgae species, such as Arthrospira
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spp. (42-75%), Chlorella spp. (42-68) and Euglena sp. (50-
70%) (Ritala et al. 2017), also to those recently studied spe-
cies for protein production, for example Chlorella vulgaris
(67%) (Seelam et al. 2022) and Galdieria sulphuraria (44%)
(Montenegro-Herrera et al. 2022). Lobochlamys segnis and K.
Sflaccidum general protein levels are also comparable to those
of fungi (30-50%) and bacteria (50-80%) (Ritala et al. 2017).

The protein quality in terms of amino acid profiles was
similar between the studied strains. The predominance of
glutamic acid was similar to the previously reported char-
acteristic of freshwater and marine microalgae proteins that
have been studied for animal and aquaculture feeds (Phaeo-
dacylum tricornutum, Nannochloropsis granulata, Bot-
ryococcus braunii, Porphyridium aerugineum, Tetraselmis
chuii) (Tibbetts et al. 2015). The essential amino acid com-
positions in the studied strains, especially lysine as a major
component, could be advantageous for feed applications.
Among the essential amino acids, lysine and methionine
are typically limiting in animal feeds and these are usually
supplied in the form of synthetic crystalline amino acid (Tib-
betts et al. 2015; Fawcett et al. 2022). Tryptophan has been
found primarily as a minor component in microalgae, but
difficulty in its detection has also been reported previously
for other microalgae species, including Galdieria suphuraria
(Montenegro-Herrera et al. 2022). Further development of
a reliable tryptophan analysis method is crucial to achieve
in-depth evaluation of microalgae amino acid profile for food
and feed applications.

Future perspectives and challenges

The studied strains contained a high share of protein with an
appealing amino acid profile and should be further studied for
relevant application in e.g. animal feed supplements and fish
feed ingredients. Microalgae protein production could poten-
tially provide other benefits in addition to protein, such as
polyunsaturated fatty acids, antioxidants, vitamins, and min-
erals (Tibbetts et al. 2019; Jones et al. 2020; Fawcett et al.
2022). For their protein to be considered as feed ingredients,
further evaluations of digestibility and bioavailability are
required (Tibbetts et al. 2019) as will be evaluation of possible
adverse effect of toxins and pathogens. Other possible usage
of microalgae protein and amino acids may be in biofertilizer
and biostimulant applications (Braun and Colla 2023).
Similarly, microalgae protein production using waste
streams for human nutrition will meet significant regulatory
challenges (Fernandez et al. 2021), and microalgae cultiva-
tion conditions for feed application are also regulated by
“good manufacturing and agricultural practices” for product
safety (Janssen et al. 2022). This study used the simulated
nutrition components of municipal wastewater; however, a
broader range of real waste streams will require investigation
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to assess overall relevance in these applications. For example,
food-processing wastewaters containing low levels of toxic
heavy metals and other contaminants may be a more reli-
able source medium for protein production for animal feed
(Vethathirri et al. 2021). This study also has limited insights
into economic aspects of the proposed cultivation method,
and thus it should be a focus of future research to scale-up for
adaptation of the semi-continuous cultivation, as well as the
optimization of nutrients from real wastewater. Evaluations
should be conducted in consideration of downstream opera-
tional costs for harvesting and processing, such as biomass
stabilization and protein extraction. There still is a long path
towards establishing microalgae protein production combined
with wastewater treatment. But our results indicate the posi-
tive potential of, and a path forward for, further research
towards the dual benefits of combined sustainable microalgae
protein production and wastewater treatment.

Conclusion

The semi-continuous cultivation system we designed sup-
ported a stable protein-rich biomass production in L. segnis
and K. flaccidum. The designed regime based on fixed ini-
tial cell density of the cultivation cycle assured exponential
culture growth in each cycle with a consequent high cellular
protein proportion. The cultivation strategy also effectively
removed both nitrogen and phosphorus, or just nitrogen,
from the wastewater medium. Proteins obtained from the
studied strains showed an amino acid profile favorable for
feed application. This study established a basic cultivation
method for the enhancement of protein cell contents and
for the efficient use of nutrients in the municipal wastewa-
ter. Our results support further development of combined
microalgae-based protein production and wastewater treat-
ment systems.
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