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Abstract
Background  Microalgae have emerged as promising environmentally friendly biostimulants, attributed to their 
diverse array of bioactive compounds. As the cultivation conditions of these microalgae can significantly affect their 
biochemical composition, understanding the impact of cultivation conditions on biostimulant activity exerted by the 
produced biomass can be a critical factor in support of a microalgae-based biostimulant industry.

Results  In this study, we investigated the effect of manipulating the initial pH and nitrate content of the cultivation 
medium on the growth, biomass yield and composition of Limnospira platensis (Spirulina). Our results indicated that 
while manipulating the initial pH did not affect any of the outputs (most likely due to pH convergence towards pH 
10 observed for all samples during cultivation), varying the initial nitrate content produced biomass with significantly 
different biochemical profiles, expressed by their protein, phycocyanin, carbohydrate and lipid contents. These 
compositional changes occurred without significant differences in biomass yield. The consequences of such changes 
in (partially) disrupted biomass composition on their associated biostimulant activity were further tested in an 
Arabidopsis thaliana germination assay, in which we found that low-nitrate cultivated L. platensis outperformed its 
high-nitrate cultivated counterpart.

Conclusions  Our study shows that L. platensis biomass composition and linked biostimulant activity can be tailored 
by manipulating the growth conditions. Hence, there is an understudied opportunity of optimizing the cultivation 
conditions of microalgae for targeted biostimulant applications.
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Background
Agriculture is indispensable for global food supply, but 
its long-term sustainability is increasingly challenged. 
Predominant production practices, including land-use 
expansion, intensification, and associated greenhouse 
gas emissions, substantially contribute to environmen-
tal decline and climate change. These processes in turn, 
negatively affect agricultural productivity by accelerating 
soil quality decline and increasing the incidence of abi-
otic stress factors such as heat waves, drought, and soil 
salinization [1, 2]. More sustainable agricultural prac-
tices are needed, which minimize environmental impacts 
while still producing high yields in increasingly adverse 
cultivation conditions. In this respect, biostimulants can 
constitute an important opportunity. Biostimulants are 
defined as substances, microbially or non-microbially, 
which enhance the plant’s nutrient uptake and use effi-
ciency, improve crop quality, and increase plant resil-
ience to abiotic stresses, independently of their own 
nutritional content, i.e. not by acting as a fertilizer [3]. 
Research during the last decade points to microalgae as 
a very attractive candidate for biostimulant applications 
[4, 5]. Indeed, many microalgae species have been shown 
to exert biostimulant activity towards specific plant spe-
cies under certain conditions. Microalgal biostimulant 
effects can include effects on germination, root and shoot 
development, as well as crop and fruit development, yield 

and quality. In many cases, however, the exact mode of 
action and specific microalgal compounds responsible 
for the biostimulant activity are still unknown. Micro-
algae contain many metabolites linked to potential bio-
stimulant activity, including phytohormones, amino 
acids, humic substances, polysaccharides, antioxidants, 
vitamins, terpenoids and free fatty acids [5]. It is there-
fore likely that multiple compounds act simultaneously 
to generate the final biostimulant activity. Next to using 
whole biomass, microalgal extracts produced in various 
ways have also been shown to exhibit biostimulant activ-
ity [4, 6]. Although the production method of an extract 
gives more insight into the potential types of active com-
pounds [7, 8], the exact nature of the active components 
as well as their modes of action are rarely identified in 
any of the studies.

Due to the complex mixture of bioactive compounds 
in microalgae, it becomes clear that the biostimulant 
potential of microalgae will be highly dependent not 
only on the type of strain, but also on the way it is cul-
tivated and processed. Traditionally, most microalgae 
are grown phototrophically, with microalgal cells taking 
up and assimilating CO2 as its carbon source through 
the process of photosynthesis [6, 9]. Still, many species 
can also grow heterotrophically on a number of carbon 
sources [10, 11]. This usually allows faster growth and 
higher yield densities, as it does not rely on light and 

Graphical Abstract



Page 3 of 18Swinnen et al. Phycology Journal             (2026) 2:4 

CO2 penetration for photosynthesis. Next to a carbon 
source, microalgal growth relies on the availability of 
several other nutrients, in particular nitrogen, phospho-
rous and sulphur [12]. Most standard mineral media in 
research or industry contain ample amounts of nitrates, 
phosphates and sulphates, to prevent nutrient mediated 
growth limitation. Additional important parameters 
influencing microalgae growth include temperature, pH, 
salinity and light regime (intensity and photoperiod) [6]. 
Next to affecting growth rate and biomass yield, these 
cultivation parameters might also influence the biochem-
ical composition of the microalgal biomass i.e. contents 
of carbohydrates, proteins, and lipids. The ratio of these 
constituents can be drastically different between spe-
cies, and within a single species this ratio can be affected 
by applying different cultivation conditions [4, 6]. For 
instance, it is well-known that low nitrogen availability in 
the cultivation medium leads to a shift in macromolecu-
lar composition, by down-regulation of de novo protein 
synthesis and upregulation of glycogen synthesis path-
ways into carbohydrates [13, 14]. Although fine-tuning 
growth parameters towards maximal growth rate is often 
desirable in industry, applying suboptimal conditions or 
even deliberate stress to microalgae cultures might tune 
the microalgae towards production of more desirable 
compounds, such as pigments and antioxidants [4]. In 
the case of producing microalgae for further biostimu-
lant applications, the resulting activity is likely dependent 
on multiple compounds whose true identities are not yet 
known. Hence, as the optimal microalgal composition for 
biostimulant applications is unknown, simply aiming for 
maximal biomass yield during cultivation of specific spe-
cies might not be the best way forward. Trying out differ-
ent cultivation conditions will likely yield a spectrum of 
biochemical compositions that in turn may yield a broad 
range in biostimulant activity. Optimizing microalgae 
cultivation for maximal biostimulant activity will thus 
require a different approach than optimizing solely for 
maximal biomass production.

Limnospira platensis, formerly known as Arthrospira 
platensis (Spirulina) [15], is one of the most abundantly 
produced microalgae at present, with main applications 
in food and the production of its phycocyanin pigment 
[16, 17]. Examples of biostimulant potential for this spe-
cies are also quite abundantly reported [4–6, 18]. For 
instance, the use of a L.  platensis extract rich in pro-
teins and carbohydrates positively affected both vegeta-
tive and generative growth in grapevine (Vitis vinifera) 
under well-watered conditions as well as under water 
stress [19]. A protein hydrolysate with characterized 
hormone-like activity was proven to positively influ-
ence growth of maize (zea mays) [20]. Polysaccharide 
extracts from L.  platensis enhanced the nodes number, 
shoot dry weight, and shoot length in tomato (Solanum 

lycopersicum), although the extracts contained a low 
polysaccharide purity [21]. A lipid extract obtained by 
supercritical CO2 benefited vegetative and generative 
growth of wheat (Triticum aestivum), potentially related 
to the poly-unsaturated fatty acids [22]. Yet, with all 
types of macromolecular components displaying some 
biostimulant effects, the link to the overall biochemi-
cal composition when using L.  spirulina biomass is still 
unclear. Hence, one of the research gaps we define is the 
unknown effect of the cultivation conditions, impacting 
the biomass composition, on the biostimulant activity of 
L. platensis.

In this study we investigated the effects of modulat-
ing the initial pH and nitrate content in the growth 
medium of L. platensis on the growth kinetics, biomass 
yield and composition and potential biostimulant activ-
ity. These parameters are easy to manipulate through 
simple changes in medium compositions and have been 
shown in previous studies to impact L. platensis growth, 
morphology and cellular contents of phycocyanin as well 
as other pigments and antioxidants [23–25]. I Based on 
these results, specific cultivation conditions were selected 
that resulted in the production of two L. platensis batches 
with pronounced differences in biomass composition. 
These batches were then tested in a biostimulant assay 
using Arabidopsis thaliana, documenting effects on ger-
mination, root and shoot lengths. A. thaliana is a widely 
used model organism and is increasingly being used in 
biostimulant research due to its ease of cultivation, short 
life cycle, compact size, and extensively characterized 
morphological, physiological, biochemical, and genetic 
traits [26–30]. Moreover, its biostimulant responses are 
often translatable to economically important crops [29]. 
The use of this high-throughput, standardized assay with 
A.  thaliana allowed us to trace observed biostimulant 
activity back to the cultivation conditions of the respec-
tive batches. As such, differences in cultivation were 
linked to their concomitant biostimulant potential.

Materials & Methods
Microalgae strains & cultivation media
Limnospira platensis strain SAG 21.99, formerly known 
as Arthrospira platensis, was obtained from the SAG 
culture collection (Department Experimental Phycology 
and Culture Collection of Algae, University of Göttingen, 
Germany, SAG catalogue of strains). Standard medium 
for L.  platensis cultivation was based on an adapta-
tion of the traditionally used Zarrouk medium, hereaf-
ter referred to as Zarrouk medium, consisting of 10.5  g 
L−1 NaHCO3, 7.6 g L−1 Na2CO3, 0.5 g L−1 K2HPO4, 2.5 g 
L−1 NaNO3, 0.08  g L−1 MgSO4.7H2O, 0.03  g L−1 CaCl2, 
0.01  g L−1 FeSO4.7H2O, 1  g L−1 NaCl, 1  g L−1 K2SO4, 
0.08 g L−1 EDTA, 0.03 mg L−1 CuSO4.5H2O, 0.23 mg L−1 
MnCl2.4H2O, 0.11  mg L−1 ZnSO4.7H2O. Culture flasks, 
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bottles and media were sterilized (autoclaved at 121  °C 
for 20 min) before use. All cultivations were carried out 
in a climate-controlled chamber at 22 °C (± 0.2 SD) under 
a 16/8-h day/night regime, using 70  μmol  m−2  s−1 light 
exposure (cool-white fluorescent) measured in the cul-
ture chamber. Stock cultures were maintained in a 250-
mL Erlenmeyer flask on an orbital shaker at 90 rpm. For 
upscaling in standard medium as well as cultivation in 
experimental media, sterile 1L Schott bottles were used, 
aerated with filter sterilized ambient air. Strains were 
grown in their standard medium and inoculated in the 
experimental medium at a 5% (v/v) ratio.

Experimental design
A design of experiments (DOE) approach was generated 
in JMP Pro® 17 software. A DOE Custom Design was 
used to study outputs in relation to the two continuous 
variable factors; the initial medium pH and initial nitrate 
content. The original Zarrouk medium contains a N:P 
ratio of 10.2, a buffer strength (= [HCO3

−] + [CO3
2−]) of 

196.6 mM, and a pH of 9.78. In terms of N:P, we chose to 
study lower nitrate contents, given the abundant amount 
of nitrate in Zarrouk medium (2.5  g NaNO3/L). With 
respect to pH, we chose a range between 9.0 and 10.5, as 
lower pH values may increase contamination in real-life 
applications and higher pH values have been reported 
to inhibit the growth of L. platensis [23, 31]. As a sum-
mary, the test range of pH is between 9.0 and 10.5 (with a 
constant buffer strength of 200 mM HCO3

−/CO3
2−), and 

nitrate contents ranged from 2.87 mM to 28.7 mM, cor-
responding to N:P ratios between 1 and 10. Next to the 
main effect, 2nd interactions and powers were included 
in the model, the number of runs was manually set to 20, 
the number of centre points at 4, and the design was set 
to A-optimality. The final DOE resulted in 9 cultivation 
conditions, with pH and nitrate values set at the outer 
bounds and middle values (shown in Table 1). The DOE 
is schematically represented in Fig.  S1. Each condition 

was performed in duplicate, and the centre value condi-
tion in quadruplicate.

Based on the results of the DOE, two cultivation con-
ditions were selected yielding significantly different bio-
mass profiles. Samples with an initial N:P ratio of 1 (for 
maximum carbohydrate/lipid content) vs. an initial N:P 
of 9 (for maximum protein/phycocyanin content), both at 
pH 9.75, were selected for the second part of the study.

Monitoring microalgal growth and medium nutrient 
contents
During the microalgal growth, for a total of 18  days, 
the pH, absorbance and dry weight were monitored. 
The pH of the cultures was measured using a pH meter 
(Edge meter, Hanna Instruments) at day 0, 7, 14 and 18. 
Absorbance measurements were done at a wavelength 
of 720  nm (Abs720nm) with a spectrophotometer (Gene-
sys 10S UVVIS, Thermo Fisher ScientificTM) using the 
respective media without microalgae as blank at day 0, 2, 
4, 7, 9, 11, 14, 15, 16 and 18. The dry weight (DW, g L−1) 
of the cultures was determined at day 0, 7, 15 and 18 by 
filtering culture samples (5 mL) over pre-dried and pre-
weighed Whatman GF/C glass microfiber filter papers 
(0.45  μm). Filters were washed twice with demineral-
ized water to remove salts of the medium. After drying 
for 24 h at 70 °C, the samples were cooled in a desiccator 
before weighing. At the start and end of each cultivation 
period, the medium contents of nitrate and phosphate 
were determined. For this, 10 mL samples were taken and 
centrifuged for 10 min at 1,550 g at 20 °C (centrifuge Sor-
vall lynx 4000, Thermo Fisher Scientific). The superna-
tants were collected and stored at 4 °C prior to analysis. 
Nitrate and phosphate contents were determined by ionic 
chromatography (Metrohm Eco IC using a Metrosep A 
Supp 17–250/4.0 column) using a 6 mM Na2CO3 buffer. 
Samples were pretreated by filtrating through 0.45 and 
0.20 μm disposable PET filters (NBN EN ISO 10304–1). 
A titrimetric method (according to ISO 9963–1:1994) 

Table 1  DOE conditions for the L. spirulina growth experiment. In total, 9 test conditions were studied, with varying N:P ratio (by 
changing NaNO3 while keeping K2HPO4 constant) and pH (by changing HCO3

−/CO3
2− buffer concentrations). All conditions were 

tested in duplicate, except for the centre condition, which was run in quadruplicate, giving a total of 20 runs
DOE condition N:P NaNO3 (mM) K2HPO4 (mM) pH NaHCO3 (mM) Na2CO3 (mM)
Zarrouk 10.2 29.4 2.87 10.1 125 71.7

1 1 2.87 2.87 9 191 9

2 1 2.87 2.87 9.75 158 42

3 1 2.87 2.87 10.5 81 119

4 5.5 15.8 2.87 9 191 9

5a 5.5 15.8 2.87 9.75 158 42

6 5.5 15.8 2.87 10.5 81 119

7 10 28.7 2.87 9 191 9

8 10 28.7 2.87 9.75 158 42

9 10 28.7 2.87 10.5 81 119
athe centre condition was tested in quadruplicate (n = 4)
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was used to determine the final (bi)carbonate content, in 
which HCO3

−/CO3
2− was titrated with a 0.01 N HCl solu-

tion by an automatic titrator (T5, Mettler Toledo).

Harvesting and processing of the microalgae
At the end of the cultivation (i.e. day 18), each culture 
was harvested by centrifugation for 10 min at 4,000 g at 
20 °C. The pellets were washed with demineralised water, 
transferred to falcon tubes and centrifuged again. The 
resulting pellets were frozen overnight (Coldline blast 
chiller, time-based blast freezing −38 °C for 4 h, then hold 
temperature at −18  °C), and then freeze-dried (BÜCHI 
Labortechnik GmbH, Lyovapor™ L-200, manual freeze-
drying for 48  h). Finally, the freeze-dried pellets were 
ground to produce a fine powder product for analysis or 
application in the biostimulant assay.

Biochemical characterization of the microalgal biomass
To determine the protein content, 25  mg freeze-dried 
biomass was used to analyse the nitrogen content using 
the Kjeldahl method (digestion and steam distillation 
system from Gerhardt Analytical Systems) with a con-
version factor of 4.08 for microalgae biomass to convert 
nitrogen to protein content [32]. The total carbohydrate 
content was determined using a two-stage sulfuric acid 
hydrolysis followed by spectrophotometric analysis. In 
a first phase, 25 mg biomass was resuspended in 100 µL 
demineralised water, after which 300 µL concentrated 
H2SO4 (97%) was added and the mixture was incubated 
for 1 h at 30  °C. Next, 6.8 mL demineralized water was 
added followed by an incubation for 1  h at 120  °C. The 
supernatant obtained after centrifuging for 10  min at 
3,500  g was used to determine the carbohydrate levels 
with the Dubois method using glucose as a reference 
[33]. To assess the lipid levels in the biomass, the sulpho-
phospho-vanillin (SPV) method was used, as this method 
requires only low amounts of biomass, is capable of high 
throughput sample processing due to its simplicity, and 
research has shown it to be a reliable alternative to more 
established methods such as gravimetric and GC analyses 
in measuring microalgal lipid contents [34, 35]. In short, 
20 µL of a 20 mg mL−1 algae suspension was diluted with 
demineralised water to a final volume of 50 µL. Then 
1  mL concentrated H2SO4 was added and the mixture 
was incubated for 10 min at 100 °C. After cooling 5 min 
in an ice bath, 2.5  mL SPV reagent was added, and the 
new mixture was incubated for 15  min at 37  °C after 
which the absorbance was measured at 530  nm. Com-
mercial sunflower oil was used as a standard oil solution 
and processed to derive a standard curve as described 
by Mishra et al. [36]. The SPV reagent was made by dis-
solving 0.6 g vanillin in a mixture of 10 mL ethanol and 
90 mL demineralised water, after which 400 mL concen-
trated H3PO4 (85%) was added. Crude total phycocyanin 

(PC) levels were determined as follows. Between 10 and 
15 mg biomass was weighed and resuspended to a 1.5 g 
L−1 concentration using a 100 mM potassium phosphate 
buffer, pH 6.9 (8.65 g L−1 K2HPO4, 6.851 g L−1 KH2PO4). 
The suspension was sonicated for 15 min in a sonication 
bath (VWR® USC 500  T) and stored overnight at 4  °C. 
The next day, the mixture was centrifuged for 10 min at 
3,500  g, and the supernatant was used to measure the 
absorbance at 620 nm and 652 nm. The PC content was 
calculated using the formula: PC (mg mL−1) = [Abs620nm – 
0.474 * Abs652nm]/5.342 [37], after which the content was 
converted to % (w w−1) of the biomass.

Germination assay
A high-throughput germination assay was used described 
by Vangenechten et al. [38]. Freeze-dried algal biomass 
was suspended in demineralized water at a concentra-
tion of 10 g L−1 and sonicated in a sonication bath (VWR® 
USC 500 T) for 1 h to disrupt aggregates and to improve 
the solubilization of the dried powder in the suspension. 
No cell disruption technology was applied, since most 
of the L. platensis cells were broken due to the harvest-
ing, freeze-drying and resolubilization steps (as validated 
by microscopy). Square Petri plates were prepared using 
the ‘Arabidopsis standard’ nutrient medium as described 
by [39], supplemented with 1% (w v−1) plant agar (Carl 
Roth). For salt stress conditions, 75 mM NaCl was added 
to the medium prior to autoclaving. After autoclaving, 
the medium was supplemented with 10 g L−1 algal stock 
suspension diluted to final concentrations of 0.01, 0.1, 
or 0.5 g L−1. The concentration range (0.01–0.5 g/L) was 
selected in accordance with the biostimulant definition, 
emphasizing activity at low concentrations, and was fur-
ther guided by existing literature [38, 40, 41]. For drought 
stress simulations, 5% (w v−1) polyethylene glycol 6000 
(PEG6000; Gerbu) was added to the medium after auto-
claving. Control treatments included plates without algal 
extract (0 g L−1), with the non-stressed control (no NaCl 
or PEG6000) serving as an external control for salt and 
drought conditions. Arabidopsis thaliana (Col-0) seeds 
were obtained from the Nottingham (European) Ara-
bidopsis stock centre (NASC) and stored at 4  °C. Seeds 
were surface sterilized by immersion in 70% ethanol (v 
v−1) for 2 min, followed by 5% bleach (sodium hypochlo-
rite, NaOCl; v v−1) for 5 min, and rinsed five times with 
sterile demineralized water. Sterilized seeds were sown 
in five rows of ten seeds per square plate. Each treat-
ment was performed in triplicate, yielding 150 seeds 
per treatment. Plates were placed vertically in a growth 
chamber set to a 16 h light/8 h dark cycle, with day/night 
temperatures of 23  °C/18  °C, 70% relative humidity, and 
a light intensity of 130  µmol  m−2  s−1. Germination was 
assessed every 12 h based on radicle emergence. Six days 
after sowing, plates were photographed, and root and 
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hypocotyl (stem) lengths were measured using ImageJ 
with the NeuronJ plugin [42, 43]. Ten random seedlings 
per plate were chosen for quantification (n = 30).

Modelling and statistical analysis
JMP Pro® 17 software was used to make all figures, statis-
tical analyses and modelling. To analyse the DOE results, 
the biomass and biochemical outputs at the time of har-
vest were fitted to the following model:

	
Output =

a+ (constant)
b′(pHi) + c′(NO3,i) (first order dependency)
d′(pHi)2 + e′(NO3,i)2 (second order dependency)
f ′(pHi) ′(NO3,i) (cross-term interaction)

In this model, the output stands for the measured prop-
erty being modelled, i.e. the final Abs720nm, DW, contents 
of protein, phycocyanin, carbohydrate or lipid. The a 
till f represent the modelled coefficients. The (pHi) and 
(NO3,i) represent the input variables of initial pH and 
initial nitrate concentration of the medium, respectively. 
Using a stepwise model selection with minimum BIC 
(Bayesian information criterion) stopping rule, relevant 
input variables were identified which were then included 
in the model using a standard least squares approach. 
Model prediction powers (R2

adj) and (parameter) sig-
nificances were recorded. Using the prediction profiler, 
input variable estimates for maximum and minimum 
output were calculated. As a rule, results shown used 
measured values for pHi and NO3,i levels in the model-
ling (measured immediately after inoculation) unless 
specified otherwise. Modelling was also performed using 
recipe values (pH buffer values and recipe nitrate levels), 
e.g., to identify recipe N:P values associated with output 
extrema. Both types of modelling (using measured or 
recipe values) yielded similar models with comparable 
R2

adj and p-values, as well as similar significances of input 
variables. Correlations and their significances were inves-
tigated by the multivariate analysis function in JMP. To 
test for significant effects of initial pH and initial nitrate 
concentration on the Abs720nm, DW or pH during culti-
vation, a one-way ANOVA with Tukey–Kramer post hoc 
test was performed comparing the different cultures for 
each time point. Comparisons of the levels of macronu-
trients (protein, carbohydrate and lipid) or phycocyanin 
between the microalgae produced under different culti-
vation conditions, to be used in the biostimulant assays, 
were done using t-tests, assuming equal variances. For 
the analysis of biostimulant activity, potential effects of 
algal applications on germination at specific time points, 
root and stem lengths were analysed via a one-way 
ANOVA with a post hoc Tukey–Kramer test (p < 0.05).

Results
Modelling growth and biochemical contents for Limnospira 
platensis
Growth of L. platensis under different pH and N:P ratios
Throughout the cultivation period, no significant differ-
ences (p > 0.05) in either Abs720nm or DW were observed 
between the different conditions (Fig. 1A and 1B). As the 
start concentration of L.  platensis was determined on 
Abs720nm, slight variations in the (less accurate) DW mea-
surement were seen at day 0. The variation in DW values 
at day 0 might be a result of incomplete washing during 
the DW measurement, as this method is known to be 
more sensitive at low microalgal concentrations. Nitro-
gen was partially consumed for all media at a similar 
rate. Yet, despite the differences in initial nitrate content, 
in none of the media the nitrogen was fully consumed 
(Fig. S2A). These two observations may explain the lack 
of differences in growth parameters (final Abs720nm or 
DW). Phosphate levels remained in excess, as they did 
not decrease during the cultivation period (Fig. S2B). 
There even seemed to be a slight increase, although this 
was not statistically significant (except for 15.8  mM at 
pH 9.0). The reason for the slight increase in phosphate 
is unclear, but it has been observed earlier for Chlorella 
sorokiniana grown in poultry waste water [44]. Although 
the initial pH was strictly correlated with the HCO3

−/
CO3

2− buffer of the media, a convergence of the pH of all 
cultures to a pH around 10 towards the end of the cultiva-
tion period was noticed (Fig. 1C and Table S1). This indi-
cated that the HCO3

−/CO3
2− buffer did not hold, likely 

due to the consumption of bicarbonate by L. platensis 
during its growth, in accordance with the overall low final 
values of (bi)carbonate in all conditions (Fig. S2C).

Final yields & biochemical characterisation of L. platensis 
under different pH and N:P ratios
The final biomass yields (Abs720nm and DW values) of 
the different cultures at the time of harvest are shown in 
Fig.  2A. Modelling these yields for the influence of the 
variable input parameters, initial pH and nitrate content 
of cultivation media, did not produce any significant 
parameters. To assess the biochemical composition of the 
biomass, we quantified the levels of key macronutrients, 
i.e., proteins, carbohydrates, and lipids. Additionally, 
we measured the content of the phycocyanin pigment, 
a key component of L. platensis in various applications 
[16]. Results of these biochemical analyses are shown in 
Fig. 2B. Modelling indicated that, similar as for the bio-
mass yield, the initial pH did not influence any of these 
outputs. However, significant models were found to 
describe the dependence of these macronutrient/pigment 
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levels on the medium nitrate content, with both first and 
second order effects (Fig. 3 and Table S2). Hence, the growth 
conditions selected for the DOE are able to steer the bio-
mass composition without affecting the biomass yield.

The presence of second order effects indicated that for 
each macronutrient and phycocyanin there was a maxi-
mum or minimum level within the nitrate range tested, 
and the predicted extrema are summarized in Table  2. 
Multivariate analysis confirmed that the amount of avail-
able nitrate correlates positively with the contents of pro-
tein and phycocyanin, while negatively with observed 
levels of carbohydrate and lipid. In other words, while 
the maximum levels of carbohydrate and lipids were 
obtained by cultures grown in the lowest medium nitrate 
contents, maximum protein and phycocyanin contents 
were found in cultures grown at high nitrate contents, 

though with maxima observed at levels somewhat lower 
than the highest test condition. These conclusions are 
substantiated by existing literature [24, 45–48]. Inter-
estingly, within the tested range of nitrate contents, our 
model predicts that a considerable variation in the levels 
of macronutrients or phycocyanin can be achieved. The 
changes in absolute levels (range in Table 2) indicate the 
highest potential variation in carbohydrate levels, fol-
lowed by those of protein. It must be noted that the varia-
tion in lipid content was rather small for L.  platensis, 
which is to be expected given that this cyanobacterium 
is not known for large accumulation of lipids [49]. When 
assessed in a relative scale (ratio in Table 2), the highest 
potential variation is again observed for carbohydrate 
contents, while potential changes in relative protein levels 
are now ranked lowest of all items measured.

Fig. 1  Growth of L. platensis for 18 days in 9 different cultivation media (modulating the (bi)carbonate buffer and nitrate content of the medium, as out-
lined in Table 1), expressed by Abs720nm (A), DW (B), and pH (C). The average of duplicate values (or quadruplicate values for the centre point of the DOE) 
for each condition are shown, with error bars indicating standard deviations (n = 2)
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Generating distinct microalgal biomass batches by varying 
cultivation conditions
In order to achieve significant differences in biochemi-
cal properties, L. platensis was cultivated in two different 
conditions based on the DOE experimental results. The 
first condition was chosen to maximize the protein and 
phycocyanin contents, which will simultaneously con-
tain low levels of carbohydrate and lipids, as predicted by 
our observed negative correlation between these proper-
ties. The other condition was aimed at producing maxi-
mal carbohydrate content, which will coincide with high 

lipid and low protein and phycocyanin levels. Based on 
our modelling results (Table 2), the chosen growth con-
ditions were set at either an initial N:P ratio of 1 (maxi-
mum carbohydrate/lipid content), or an initial N:P of 9 
(maximum protein/phycocyanin content). As pH did not 
produce significant effects, both media were made with 
the HCO3

−/CO3
2− buffer set at the pH 9.75 recipe values. 

Growth profiles of both batches indicated no significant 
differences, in line with the results of the DOE experi-
ment (Fig. S3). Compositional analysis of the produced 
biomass confirmed the expected differences between the 

Fig. 2  Final yield (A) and biomass composition (B) of L. platensis grown for 18 days in 9 different cultivation media. The average of duplicate values (or 
quadruplicate values for the centre point of the DOE) for each condition are shown, with error bars indicating standard deviations (n = 2). DW: dry weight, 
PC: phycocyanin
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batches (Table  3). In accordance with the DOE results, 
the largest difference between the different batches was 
observed for the carbohydrate contents, followed by the 
contents of protein and phycocyanin. The differences in 
lipid contents between the batches were again the small-
est ones observed, and it must be noted that the exact 

difference was smaller than expected based on the DOE 
results (Table 3 vs Table 2).

Effect of distinct biomass profiles on biostimulant activity 
in an A. thaliana germination assay
Germination assays with the model plant A. thaliana 
were performed under control condition (no abiotic 

Table 2  Predicted maximum and minimum levels of biomass composition grown at different nitrate contents, expressed in % dry 
weight (w w−1)
Output Min Max Rangea Ratio b Variables for minimumc Variables for maximum c

Protein (%, w w−1) 23.1 31.2 8.1 1.35 4.39 mM NO3 (N:P 1) 20.5 mM NO3 (N:P 9.0)

Phycocyanin (%, w w−1) 5.4 9.0 3.6 1.67 4.39 mM NO3 (N:P 1) 21.4 mM NO3 (N:P 9.2)

Carbohydrate (%, w w−1) 11.5 26.2 14.7 2.28 18.1 mM NO3 (N:P 7.4) 4.39 mM NO3 (N:P 1)

Lipid (%, w w−1) 4.2 6.7 2.5 1.60 20.9 mM NO3 (N:P 9.3) 4.39 mM NO3 (N:P 1)
aDifference between maximum (Max) and minimum (Min) predicted values
bRatio of predicted maximum/minimum, indicative of relative range of output modulation
cValues between brackets indicate the N:P results when modelling was done with the recipe values

Table 3  Biomass composition of (partially) disrupted L. platensis used in the biostimulant assays. Results are expressed in % dry weight 
(w w−1) with ± standard deviation of triplicate measurements. T-tests comparing the macronutrient/phycocyanin levels obtained in the 
different cultivation conditions indicated that all observed differences are statistically significant (*p < 0.05, ** p < 0.01, *** p < 0.001)
Cultivation condition Protein

(% w w−1)
Phycocyanin
(% w w−1)

Carbohydrate
(% w w−1)

Lipid
(% w w−1)

N:P 1 28.43 ± 0.95 7.11 ± 0.40 20.05 ± 1.69 7.73 ± 0.16

N:P 9 40.82 ± 0.64*** 11.32 ± 0.94** 4.47 ± 0.49*** 7.28 ± 0.02*

Fig. 3  Prediction models for protein (A), phycocyanin (B), carbohydrate (C) and lipid content (D) of L. platensis grown for 18 days in 9 different cultivation 
media. The variance explained by the models (R2

adj) and their p-values are shown for each output. Details on the modelling parameters can be found in 
Table S2. PC: phycocyanin

 



Page 10 of 18Swinnen et al. Phycology Journal             (2026) 2:4 

Fig. 4 (See legend on next page.)
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stress), and with additional salt or drought stress. Dif-
ferent concentrations of L. platensis partially disrupted 
biomass, produced under either the N:P 1 or N:P 9 con-
dition, were added to the germination medium to assess 
effects of the microalgae composition on the germination 
process. Complete germination occurred within 4  days 
and application of L. platensis affected the speed of ger-
mination, expressed as the fraction of seeds germinated 
over time, but did not affect the total number of germi-
nated seeds at the end (Fig. 4). Under control conditions 
(Fig.  4A), an 11% increase in germinated seeds can be 
observed after 32 h when 0.1 g L−1 of the N:P 1 biomass 
was added, while the highest dose of the N:P  9 batch 
(0.5 g L−1) resulted in a 14% lower number of germinated 
seeds, compared to the untreated seeds at this time point 
(Fig.  4B). Applying salt stress slowed down germina-
tion compared to the control condition (Fig.  4C). Here 
again, applying 0.1  g L−1 of the N:P 1 biomass resulted 
in increased germination at 44  h, with a recorded 11% 
increase in germinated seeds compared to the untreated 
control. Dosing the N:P 9 biomass at 0.01 or 0.1  g L−1 
showed an even higher increase in germinated seeds at 
this time point, with 24% and 13% more germinated 
seeds for each treatment, respectively. The highest doses 
of both the N:P 1 and N:P 9 batches resulted in a slower 
germination, with 14% and 20% decreases in germi-
nated seeds, compared to untreated seeds, at this time 
point. Drought stress had less effect on the germination 
speed compared to salt stress and no significant differ-
ences were observed between the treatments (Fig.  4E). 
Altogether, the results in Fig.  4 show that L. platensis 
application has potential to speed up germination of A. 
thaliana under control and salt stress conditions, with 
the 0.1 g L−1 N:P 1 and 0.01 g L−1 N:P 9 doses showing the 
most promising results.

The root lengths of the young seedlings, germinated 
under control conditions, were significantly increased 
when they received the 0.01 and 0.1  g L−1 doses of the 
N:P 1 batch, with increases of 18% and 22%, respectively 
(Fig. 5A). Stem lengths were not affected by any treatment 
under control conditions (Fig.  5B). As expected, germi-
nation under salt stress reduced root growth (Fig.  5C). 
However, supplementing L. platensis in 0.01 or 0.1 g L−1 
doses, either for the N:P 1 or N:P 9 batches, resulted in an 
increased root length compared to the untreated stress 
condition, with observed increases between 19 and 25%. 
Notably, the highest dose (0.5 g L−1) of both batches did 

not increase root length under salt stress. Salt stress com-
bined did not significantly affect stem length, neither with 
or without L.  platensis added at any dosage (Fig.  5D). 
Drought stress resulted in pronounced shortening of the 
root length (Fig. 5E). Although the pattern of the effects 
of L. platensis supplementation on root lengths under 
drought stress seemed to mimic those under salt stress, 
statistical analyses revealed that only the 0.01 or 0.1 g L−1 
doses of the N:P 1 batch resulted in significantly longer 
roots compared to the untreated stressed control condi-
tion (increases of 17% and 18% resp.). Stem length again 
remained unaffected under drought stress, regardless of 
treatment (Fig.  5F). Overall, application of L. platensis 
showed potential to promote root development of seed-
lings, while stem growth was largely unaffected. The most 
promising dose for increasing root lengths proved to be 
the 0.1 g L−1 N:P 1 dose, although the 0.01 g L⁻1 dose was 
nearly as effective. These doses demonstrated significant 
improvements in all conditions tested. In contrast, the 
N:P 9 batch enhanced root growth only under salt stress, 
with no measurable effects under control or drought con-
ditions. Interestingly, the highest doses of both batches 
were ineffective across all conditions.

Discussion
In this study, the aim was to investigate the influence of 
initial pH and nitrate content of the growth medium, 
determining the L. platensis biomass composition, on the 
potential biostimulant activity. We started from Zarrouk 
medium, with different initial pH values. No significant 
effect of changing the initial medium pH by adjust-
ing the HCO3

−/CO3
2− buffer was observed on either 

the final yield or the specified biochemical properties 
of the biomass produced. However, while the initial pH 
in our cultures with different HCO3

−/CO3
2− buffer set-

tings were significantly different, these differences in pH 
disappeared at the time of harvest. The lack of pH effect 
on the biochemical properties and biomass yield in the 
current study may potentially be due to insufficient pH 
stability rather than true biological insensitivity. This 
phenomenon can be explained by the interplay between 
the carbonate-bicarbonate equilibrium, the carbon con-
centrating mechanism (CCM) of the microalgae, and the 
biochemistry of bicarbonate uptake. In alkaline media at 
pH 9–10.5, dissolved inorganic carbon predominantly 
exists as bicarbonate (HCO₃⁻) and carbonate (CO₃2⁻). 
Cyanobacteria, including L.  platensis, possess CCMs 

(See figure on previous page.)
Fig. 4  Germination speed of A. thaliana seeds supplied with different concentrations (0, 0.01, 0.1 or 0.5 g L.−1) of (partially disrupted) L. platensis grown 
under two nutrient conditions, i.e., with initial N:P ratios of 1 (NP1; shown in green) or 9 (NP9; shown in blue). Germination was performed under control 
conditions (A, B) or with extra salt stress (C, D) or drought stress (E, F). The cumulative germination (i.e., fraction of germinated seeds (% of total)) was fol-
lowed for 4 days (A, C, E) and the time point with most variation of % germination between conditions was highlighted separately for each condition (B, 
D, F). The experiment was performed in triplicate (50 seeds each) and averages and standard deviations are indicated. Different letters indicate significant 
differences based on using a one-way ANOVA with Tukey–Kramer post hoc test (p < 0.05)
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Fig. 5  Root and stem length of A. thaliana seedlings (day 6) supplied with different concentrations (0, 0.01, 0.1 or 0.5 g L.−1) of (partially disrupted) L. pla-
tensis grown under two nutrient conditions, i.e. with initial N:P ratios of 1 (NP1; shown in green) or 9 (NP9; shown in blue). Germination was performed 
under control conditions (A, B) or with extra salt stress (C, D) or drought stress (E, F). Box plots (n = 30) are shown and statistical analyses were done using 
a one-way ANOVA with Tukey–Kramer post hoc test. Different letters indicate significant differences (p < 0.05)
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that actively transport HCO₃⁻ across membranes and 
then enzymatically convert it to CO₂ at the site of carbon 
fixation (e.g., in carboxysomes) via carbonic anhydrases 
and dedicated transport systems [50, 51]. As a conse-
quence of HCO₃⁻ uptake via CCM systems, OH⁻ ions 
are released into the medium, thereby increasing pH. 
This was also observed in other studies using L. platen-
sis, with pH driven by these metabolic processes reach-
ing values around pH 10 [51, 52]. Moreover, it is unclear 
whether the high salinity of the buffer could have masked 
pH effects. It is recommended for future studies to apply 
active pH control to rule out these uncertainties.

In contrast to the absence of pH effects, we found that 
nitrate availability impacted the biochemical composi-
tion of the harvested biomasses, while yields were similar. 
Since biomass yield was not affected by nitrate, it sug-
gests that even the "low nitrate" (N:P 1) condition was 
not fully limiting for growth, which is a positive finding 
for cost-effectiveness and industrial scaling. In general, 
nitrate contents correlated positively with protein and 
phycocyanin contents, and negatively with total contents 
of carbohydrates and lipids. When external nitrogen lev-
els get low or depleted, L. platensis is known to accumu-
late carbohydrates (glycogen) and lipids, while protein 
levels drop. This was in line with other studies, report-
ing biomass composition for L. platensis grown at similar 
nitrogen contents as in our low nitrate condition N:P  1 
[24, 45–48]. Mechanistically, low nitrogen availability in 
the cultivation medium leads to a shift in macromolecu-
lar composition, by down-regulation of de novo protein 
synthesis and upregulation of glycogen synthesis path-
ways into carbohydrates [13, 14]. Interestingly, in one of 
the aforementioned studies, the increase in lipid content 
and decrease in protein content under complete nitrate 
starvation was not mirrored in final optical density, and 
only slight reductions in final DW were observed [46]. 
These findings substantiate our experimental observa-
tions. We were able to derive significant models for the 
total contents of protein, phycocyanin, carbohydrates 
and lipids. All models showed first order as well as sec-
ond order dependencies on the nitrate content, trans-
lating into the occurrence of maxima or minima of the 
biochemical parameters at nitrate concentrations within 
the test range, as shown in Table  2. Overall, our data 
indicate that by changing nitrate availability, the bio-
chemical composition of L. platensis can be significantly 
changed without affecting biomass yield. In terms of 
absolute quantities, the largest potential changes were 
observed for the carbohydrate content, followed by the 
protein, and phycocyanin. The variation in lipid content 
was rather small for L. platensis, which is to be expected 
given that this cyanobacterium is not known for large 
accumulation of lipids [49].

To investigate the impact of changing the biochemi-
cal composition of L. platensis on potential biostimulant 
activities, we produced two batches with marked differ-
ences in their protein, phycocyanin and carbohydrate 
contents. Given the insignificant effect of pH in the 
DOE section, it was chosen to steer biomass composi-
tion by only varying N:P content. One of the batches 
was produced under high nitrate conditions, leading to 
high protein and phycocyanin contents accompanied by 
low carbohydrate and lipid contents. The second batch 
was produced under low nitrate conditions, generating 
a reversal in the biochemical profile, showing lower pro-
tein and phycocyanin contents, concomitant with higher 
carbohydrate contents. In contrast, the decrease in lipid 
content was limited under high nitrate conditions, and 
not as extensive as predicted by the statistical model by 
the DOE. Nevertheless, statistical analysis showed it to 
be significantly different from the lipid content of L. pla-
tensis cultivated under low nitrate conditions. Overall, 
the biomass composition was in line with other studies in 
literature [24, 45–48].

To test for dose-dependent effects, the (partially) dis-
rupted biomass was applied in three different doses in an 
A. thaliana germination assay, i.e. 0.01 g L−1, 0.1 g L−1 and 
0.5 g L−1, constituting a 50-fold range in application dose. 
While A. thaliana is a model plant for plant research, it is 
valuable in screenings like these due to its relatively short 
life cycle and suitability for standardized, high-through-
put testing. It has already been used in various biostim-
ulant screening assays and can serve as an effective first 
step toward validation in more economically relevant 
crops [38, 53]. We like to note that the application of such 
a vast range of dose concentrations is rare in microalgae 
biostimulant literature. Many papers describe the effects 
of either the application of a single dose [54, 55], or a nar-
rower range of concentrations [56–59]. Including low 
application concentrations is particularly relevant in the 
context of cost-effectiveness and biostimulants defini-
tions, which explicitly require effects that are indepen-
dent of intrinsic nutrient content [60]. In our study, the 
most pronounced improvements in germination speed 
and root length were consistently observed at the lowest 
concentrations. In contrast, the highest dose (0.5  g L⁻1) 
did not result in further enhancement and often led to 
a loss of biostimulant activity. Similar dose-dependent 
declines in efficacy at higher concentrations have been 
reported for other microalgal species [38, 53, 57, 61–63]. 
It is important to note that the inclusion of higher appli-
cation doses may blur the distinction between biostimu-
lants and biofertilizers, reflecting a broader ambiguity 
that remains unresolved within the biostimulant field 
[60, 64]. For instance, concentrations substantially higher 
than those tested in this study (e.g. 3–10 g L⁻1) have been 
used in previous studies, where observed effects are 
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difficult to ascribe solely to biostimulant activity and are 
more likely nutrient-driven at higher doses [19, 65, 66]. 
The non-linear dose–response pattern observed in our 
study, characterized by optimal effects at low concen-
trations rather than a continuous increase with dose, is 
more consistent with biostimulant activity than with fer-
tilizer-like action [6]. Moreover, at the application rates 
used here, the absolute amounts of nutrients introduced 
are unlikely to make a meaningful contribution to plant 
nutrition during early germination, particularly given the 
short experimental timeframe. Although the inclusion of 
mineral nutrient controls (e.g. NPK equivalents) would 
be required to fully exclude nutritional contributions, 
such controls are rarely implemented in biostimulant 
research, largely due to the unknown mineralization rates 
and bioavailable fractions of complex biomasses such as 
microalgae.

The assays in this study were performed under control 
conditions, as well as in the presence of drought and salt 
stress. Drought and salt stress are very relevant abiotic 
stress factors in agriculture and their incidence is esti-
mated to increase in the future due to climate change 
[67–69]. When testing L. platensis, we observed that the 
lower doses (0.01 g L−1 and 0.1 g L−1) of the low-nitrate 
cultivated batch (N:P 1) outperformed those of the high-
nitrate cultivated batch, resulting in positive effects on 
the speed of germination as well as root length under all 
conditions tested. Similar doses of the high-nitrate culti-
vated batch failed to stimulate root length under control 
and drought stress conditions. The low-nitrate cultivated 
batch of L. platensis contained lower levels of protein and 
the antioxidant phycocyanin, but higher levels of carbo-
hydrates compared to the high-nitrate batch. This might 
indicate that the bioactive compounds responsible for the 
observed biostimulant effects may reside in the carbohy-
drate fraction of L. platensis strain SAG 21.99. The sul-
phated polysaccharide calcium spirulan could potentially 
have contributed to the biostimulant activity, although 
we did not perform a mechanistic study on the cause of 
the biostimulant effects. Additionally, it should be noted 
that this study did not focus on following compounds 
that are also play a role in biostimulant activity: e.g., anti-
oxidants, micronutrients, phytohormones, oligosaccha-
rides, etc. For instance, germination speed and early root 
and shoot development are processes predominantly reg-
ulated by hormonal signaling pathways (e.g., gibberellins, 
abscisic acid and auxins) [70, 71]. These might contrib-
ute even more than external carbohydrate availability, as 
seeds already contain sufficient internal reserves to sus-
tain early development. Hence, fractionation or targeted 
metabolomics as part of future work would provide more 
mechanistic understanding of the compounds respon-
sible for biostimulant activity. Although the biostimulant 
activity of L. platensis is well-documented, increasing 

evidence highlights the chemical diversity of its bioac-
tive fractions. Isolated components—including protein 
extracts, carbohydrate fractions, antioxidant compounds, 
lipid fractions, and others—have each demonstrated 
biostimulant potential. However, it is important to note 
that these studies were conducted using different strains 
and crop species, making direct comparisons and broad 
generalizations challenging [72–75]. This underlines the 
added value of the used standardized A. thaliana screen-
ing assay.

The amount of research on the potential of micro-
algae as biostimulants is considerable, with effects on 
germination, seedling and plant growth, and crop yield 
and quality described for a vast number of target plants, 
both under control conditions or in the presence of rel-
evant abiotic stresses [4, 5]. The use of different micro-
algae species, types of extracts and application methods 
for multiple target seeds and/or plants have been dis-
cussed as major factors determining biostimulant efficacy 
[76]. However, few, if any, papers specifically studied the 
link between modulating microalgae cultivation condi-
tions and their associated biostimulant potential. Here 
we show that manipulation of cultivation can gener-
ate biomass batches with significantly different proper-
ties, which in turn can considerably impact biostimulant 
activity. Our L. platensis case indicates that lowering 
nitrate contents in the cultivation medium could generate 
biomass that outperforms the traditionally high-nitrate 
grown biomass, without losses in production yield. Of 
course, this effect warrants validation for applications in 
commercial crops, but if confirmed it would mean that 
one could produce a more active product with less input 
nutrients, leading to economic and ecological benefits. A 
second major advantage of studying the effects of variable 
cultivation conditions is that one can create a “biochemi-
cal fingerprint” associated with optimal biostimulant 
activity, which can serve as a benchmark in standardizing 
microalgae-derived biostimulant products. This finger-
print can also serve as a very informative starting point 
for elucidating the mode of action (MoA) and associ-
ated active compounds involved in biostimulant action 
[77]. A biostimulant-associated biochemical fingerprint 
could also i) help steering production and/or evaluating 
biostimulant potential when microalgae cultivation is 
performed using waste streams [78–82]; or ii) guide bios-
timulant production out of residual microalgae fractions 
produced in other processes [58, 59]. Such activities can 
aid in making microalgae-based biostimulants part of a 
more circular and green economy.

Conclusion
In this study, we investigated the effect of the ini-
tial medium pH and nitrate content of the cultivation 
medium, determining the biomass composition, on the 
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biostimulant potential of L. platensis. Modelling the 
DOE results indicated that contents of proteins, phyco-
cyanin, carbohydrates or lipids varied in a surprisingly 
broad range without affecting the biomass yield. Chang-
ing medium nitrate contents was the driver behind the 
observed changes, as supported by existing literature. 
We did not observe effects in biomass yield or compo-
sition by manipulating the initial pH, most likely due to 
pH convergence towards pH 10 observed for all samples 
during cultivation. It is recommended for future stud-
ies to apply active pH control in order to rule out these 
uncertainties. In the second part of the study, we showed 
that biomass with different composition, generated via 
deliberate nitrate content manipulations, acted differ-
ently in biostimulant plant assays. It must be noted that 
we did not perform a mechanistic study on the cause of 
the biostimulant effects. Additionally, this study did not 
focus on following compounds that are also play a role in 
biostimulant activity: e.g., antioxidants, micronutrients, 
phytohormones, oligosaccharides, etc. A future study 
using fractionation or targeted metabolomics as would 
provide more mechanistic understanding of the com-
pounds responsible for the biostimulant activity. More-
over, we only focused on modulating the initial medium 
pH and nitrate conditions. Several other cultivation fac-
tors remain to be explored in future studies, such as other 
nutrient contents, cultivation temperature and light 
regime. Nevertheless, the results of this study suggest 
the manipulation of cultivation conditions as a hitherto 
underexposed way of optimizing microalgae-based bios-
timulant activity.
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