
Vol.:(0123456789)

Journal of Applied Phycology (2026) 38:2009–2024 
https://doi.org/10.1007/s10811-026-03863-3

RESEARCH

Green microalga (Coelastrella sp.) cultivated in wastewater 
is an effective phosphorus biofertilizer

Victor Akuku1,2,3 · Natalie Toren1,2 · Inna Khozin‑Golberg1 · Ran Erel2 

Received: 19 October 2025 / Revised: 6 April 2026 / Accepted: 12 April 2026 / Published online: 7 May 2026 
© The Author(s) 2026

Abstract
Phosphorus (P) is an essential macronutrient for plants, yet its reserves are finite and non-renewable. Microalgae present a 
promising solution for recovering P from wastewater, providing a sustainable source of biofertilizer. This study assessed the 
potential of the green microalga Coelastrella sp. cultivated in nutrient-rich synthetic centrate, as a source of slow-release P 
biofertilizer for crops. A P starvation–repletion approach was applied to enhance P assimilation during outdoor cultivation 
in photobioreactors, and the resulting biomass was analyzed for nutrient composition and P-release dynamics in calcare-
ous soil in comparison with triple superphosphate (TSP). The algal cells rapidly accumulated more than 2% P (dry weight) 
within six hours of repletion and showed sustained P release over 84 days, maintaining higher levels of Olsen-extractable 
P than TSP after four weeks. In pot trials with tomato (Solanum lycopersicum), Coelastrella-based fertilization at both 30 
and 60 mg P kg⁻1 achieved biomass and fruit yields comparable to TSP, while significantly increasing fruit P uptake and 
micronutrient (Fe, Zn, Ni) concentrations. Moreover, algal fertilization enhanced arbuscular mycorrhizal colonization com-
pared with mineral P. These results demonstrate that Coelastrella sp. can efficiently recover P from wastewater and provide 
a slow-release biofertilizer that sustains P availability, promotes symbiotic root interactions, and improves plant nutrient 
acquisition. The use of this algal biomass thus represents a sustainable strategy for recycling wastewater-derived nutrients 
and reducing dependence on conventional P fertilizers.
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Introduction

In many agricultural and ecological ecosystems, phospho-
rus (P) ranks as the second most limiting nutrient for plant 
growth after nitrogen (N) (Cordell and White 2011). P is the 
least mobile nutrient in the soil due to its pronounced reac-
tivity with clay minerals and metal oxides, which prevail in 
most agricultural soils. Adsorption, fixation, or precipitation 
reactions results in insoluble P complexes, leading to low P 

solubility and mobility and the accumulation of legacy P in 
the topsoil (Hedley and McLaughlin 2005). These processes 
result in low P-availability for plant uptake (Hernández and 
Munné-Bosch 2015). To maintain high crop productiv-
ity, the conventional approach is generous application of 
P-fertilizers (Powers et al. 2016). The remaining P tends 
to accumulate in the upper soil layers (Li and Erel 2020), 
and is particularly vulnerable to surface runoff and leaching, 
causing eutrophication and other environmental challenges 
(Zheng et al. 2023).

A major concern for P fertilization is the finite nature of 
the primary source for synthetic P fertilizer: rock phosphate 
(Obersteiner et al. 2013). Rock phosphate is a sedimentary, 
nonrenewable resource that is expected to be gradually 
depleted (Cordell et al. 2009). An additional concern is the 
uneven distribution of P reserves which is dominated by a 
handful of countries (Zou et al. 2022). The overall increas-
ing P demand is expected to raise the prices of the resource 
in the coming decades (Brunelle et al. 2015), thus mak-
ing it less affordable to farmers (Cordell and White 2014). 
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Therefore, there is an urgent need to enhance P management 
strategies.

A large unexploited source of P is found in domestic and 
industrial wastewater. The estimated P discharge in waste-
water is 1.8 g per capita per day (Cornel and Schaum 2009), 
leading to typical P concentrations in the range of 12 to 30 
mg L−1, while the target P concentration in the treated waste-
water should be lower than 1 mg L−1 to minimize environ-
mental degradation (De-Bashan and Bashan 2004). Globally, 
approximately 1.3 Mt P year−1 is treated in wastewater treat-
ment plants (WWTPs), and rates are expected to increase, 
especially in developing countries (Van Drecht et al. 2009). 
Phosphorus in wastewater can substitute up to 15–20% of 
the demand for agriculture (Zoboli et al. 2016). Among the 
various waste streams generated in WWTPs, the centrate pro-
duced during sludge dewatering is typically the most nutri-
ent-rich. This stream often contains extremely high concen-
trations of N and P, commonly around 1,000 mg L⁻1 N and 
100 mg L⁻1 P (Ferrari et al. 2022). Despite representing only 
a small fraction of the total treated volume, the centrate can 
account for roughly one third of the total P discharged from 
the facility (Min et al. 2011). Its treatment poses a significant 
challenge as conventional biological processes are largely 
ineffective due to the combination of high nutrient load and 
elevated salinity (Min et al. 2011). To recover P from the cen-
trate, several efforts are being made such as precipitation to 
create struvite (Sena et al. 2021). Recently, increasing interest 
has been directed towards utilization of microalgae grown on 
wastewater to recover P and as a potential biofertilizers for 
sustainable agriculture (Di Capua et al. 2022).

Microalgae are photosynthetic eukaryotes capable of 
growing in a variety of conditions and on different sub-
strates, including marginal water and nutrient-rich streams 
(Shrestha et al. 2022). Photosynthetic microalgae can utilize 
CO2 and inorganic nutrients for biomass production. Micro-
algae can thrive under conditions of both P and N limita-
tions as well as abundance. Microalgae maintain biomass 
production while adjusting cellular metabolism and growth 
under P limitation (Solovchenko et al. 2019). Microalgae 
has been proven to be efficient in the accumulation of P 
from a wide variety of wastewaters (Slocombe et al. 2020) 
and storing it in intracellular P depots as polyphosphates 
(Solovchenko et al. 2019). This ability positions them as 
highly promising candidates for P recycling and pollution 
mitigation from wastewater (Osorio-Reyes et al. 2023). 
The resulting nutrient-rich valuable biomass can serve as a 
renewable biofertilizer.

Previous studies have demonstrated the feasibility of uti-
lizing microalgae as a biofertilizer. For example, Scened-
emus sp. matched conventional fertilizers in lettuce yield 
(Álvarez-González et al. 2023). Similarly, fertilization with 
Chlorella vulgaris achieved yields comparable to mineral 
fertilizers and improved soil microbial activity; however, 

heavy metal accumulation following wastewater-based 
cultivation raises concerns for its agricultural application 
(Schreiber et al. 2018; Akca et al. 2025). The beneficial 
effects of microalgae fertilization have been attributed to 
slow P release, driven by polyP-rich biomass and elevated 
microbial activities that enhances P cycling (Yu et al. 2025). 
There was a significant reduction in N oxide emissions fol-
lowing fertilization with Coelastrella sp., further expanding 
the environmental advantages of microalgae-based fertiliza-
tion (Stamenov et al. 2025). Together, these findings high-
light the potential of microalgae as biofertilizers (Coppens 
et al. 2016), while emphasizing the need for species-spe-
cific studies to better understand phosphorus accumulation, 
release behavior, and agronomic efficacy.

Despite the recognized potential of microalgae, there is 
a gap in research concerning the efficacy of Coelastrella sp. 
in P-release profiles in soil and supplying P for plants. Dif-
ferent strains of microalgae vary in assimilating and releas-
ing P, thus understanding the effect of this unique strain is 
crucial for optimizing its use as biofertilizer. The interac-
tion between its algal biomass and soil microbiota, including 
beneficial microorganisms such as arbuscular mycorrhizal 
fungi (AMF), should be explored to understand the benefits 
and mechanisms of microalgal biofertilizers. This study 
aimed to address this gap by investigating the potential of 
the novel and resilient microalga Coelastrella sp. cultivated 
outdoors in synthetic centrate to (i) optimize cultivation 
conditions to enhance P accumulation in the algal biomass, 
and (ii) assess its efficiency as a P biofertilizer relative to 
conventional fertilizer, using tomato as model crops.

Materials & methods

Biomass production phase

This study utilized the green microalga Coelastrella sp. 
(Chlorophyta), a local isolate from the Microalgal Bio-
technology Laboratory of Ben-Gurion University, Sde 
Boker campus, Israel. The growth medium consisted of 
a synthetic centrate solution formulated to mimic the 
mineral composition of real wastewater centrate. The 
seed cultures were first inoculated into a modified BG11 
medium (mBG11) in 50-mL Erlenmeyer flasks placed in 
an incubator shaker with 2% CO2 in the air and illuminated 
with 70 μmol PAR photons m−2 s−1 and agitation 150 rpm 
(Boussiba and Vonshak 1991). The cultures were grown 
for five days, before transferring to 100 mL fresh mBG11 
medium, under the same conditions. After a week, the 
cultures were inoculated into 500 mL mBG11 medium 
into 1-L glass columns (6 mm wall thickness) and placed 
in a water bath with temperature controlled at 25 °C. Col-
umns were bubbled with a mixture of 2% CO2 in air and 
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illuminated from one side with cool white, fluorescent 
lamps at 100 μmol PAR photons m−2 s−1. 100 mL of fresh 
mBG11 was added to the growing culture every two days 
to exponential growth and P supply, resulting in 900 mL 
growth medium after one week in the column. This is 
aimed at obtaining an ample biomass quantity to initiate 
biomass production in outdoor conditions.

Growing cultures were transferred to 2.5-L columns and 
moved to outdoor conditions to scale up the cultivation. Out-
door cultivation was conducted at the pilot facilities of the 
Microalgal Biotechnology Laboratory in an arid environ-
ment at Sde Boker campus of the Ben-Gurion University of 
the Negev (30°52′27.3″ N; 34°47′33″E; 475 m elevation) 
during the winter (February) of 2023. Daily average tem-
peratures during cultivation were between 8 °C and 21 °C 
and global radiation ranged from 0 to 700 W m−2 during 
the night and day, respectively. Growth conditions were in 
semi-transparent flat panel photobioreactors (PBR, thickness 
0.5 mm) placed in metal stands. Each panel was 115 cm 
long while the width was 30 and 180 cm for 15-L and 100-L 
panels, respectively (Fig. S1). Culture sparged with 2% CO2 
in the air during the daytime. Panels were exposed to natural 
solar illumination without temperature control and shading.

After a week of acclimatizing to outdoor conditions, 
in order to enhance P uptake in the biomass, a strategy 
of P starvation and repletion, previously described by 
Solovchenko et al. (2019), was adopted. Briefly, cultures 
growing in mBG11 were centrifuged and inoculated into 
mBG11 without P in 15-L flat panel PBR with initial bio-
mass density of 0.5 g L−1. After 9 days, P starved cultures 
were centrifuged and inoculated in 100 L P-rich synthetic 
centrate with the following composition in stock solution: 
Peptone 16 g L−1, meat extract 11 g L−1, urea 3 g L−1, 
sodium chloride (NaCl) 0.7 g L−1, calcium chloride dihy-
drate (CaCl2.2H2O) 0.4 g L−1, magnesium sulfate heptahy-
drate (MgSO4.7H2O) 0.2 g L−1, anhydrous potassium mono 
hydrogen phosphate (K2HPO4) 2.8 g L−1. Biomass density 
was set at 1 g L−1, based on a previous study by Lau et al. 
(1995) who stated that denser cultures can remove high 
nutrient loads while enhancing high biomass productivity. 
This P starvation and repletion strategy was repeated for 
three consecutive cycles (pseudo replicates), with the overall 
experimental period lasting one month.

For biomass growth measurements in the P repletion 
phase, biomass was monitored after 3, 6, 24, and 48 h. 
Briefly, 5 mL of the growing cultures were collected and 
filtered through pre-weighted 47 µm glass fiber filters (What-
man GF/C). The filters with loaded biomass samples were 
dried in a microwave at 30% power for 9 min. Dried filters 
were weighed on an analytical scale and biomass density 
(g L−1) was calculated. At each sampling time point, three 
analytical replicates were collected.

Phosphate uptake analysis

To determine P uptake during the P repletion stage, bio-
mass was harvested at 0, 3, 6, 24, and 48 h following a 
modified protocol derived from Solovchenko et al. (2019). 
The cell pellet and supernatant were collected separately 
for P analysis remaining in the medium and P concentra-
tion in the biomass. At each harvesting point, 150 mL of 
culture was withdrawn from the columns and centrifuged 
(5000 rpm, 10 min, 25 °C). After 48 h, the whole biomass 
was harvested from the panel. This was repeated for three 
consecutive batches of P starvation and P repletion.

The biomass was frozen at −80 °C for 24 h and then 
lyophilized for 48 h before analyzing for total P (TP) 
after digestion in sulfuric acid. Briefly, 0.1 g biomass was 
weighed into Pyrex tubes and 2 mL of 98% concentrated 
sulfuric acid was added and kept in a fume hood over-
night. The following day, the tubes were heated at 180 °C 
for 20 min and cooled between intervals (typically 3–4 
times), with 1 mL 30% hydrogen peroxide added until a 
clear solution was obtained. After digestion, the contents 
were transferred to volumetric flasks, and the final volume 
was brought to 100 mL. P concentration in the digested 
biomass and supernatant was analyzed using the ammo-
nium molybdate method (Murphy and Riley 1962) in an 
automated photometric analyzer (Gallery Plus, Thermo 
Scientific) and referred as algae-P with and P-removal in 
the growth solution, respectively.

P form in the biomass was determined in the samples 
collected only after 48 h. Organic and inorganic P forms 
were characterized following a modified Hedley P frac-
tionation protocol (Hedley et  al. 1982). To determine 
P storage form in the microalgae, cells were harvested 
after 0, 3, and 6 h of growth, centrifuged, and washed to 
remove residual growth medium. The washed cells were 
then stained with 4′,6-diamidino-2-phenylindole (DAPI) 
and examined using a fluorescence microscope equipped 
with Filter Set 38 HE (excitation 470/40 nm, emission 
525/50 nm), as described by Aschar-Sobbi et al. (2008).

Mineral composition of the algae

Mineral composition of the Coelastrella. biomass har-
vested after 48 h from the 100-L PBR panels were deter-
mined. N, C, and H were analyzed by elemental analyzer 
(FlashSmart #11,206,125, Thermo Fisher Scientific, UK). 
Mineral concentrations of K, Ca, Mg, S, Na, Fe, Mn, and 
Zn were analyzed following nitric acid digestion in micro-
wave system (MARS-6, CEM Corporation, US) and quan-
tified through ICP-OES analysis (Spectro, Green’, Spectro 
Analytical Instruments).
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Agronomic test

Soil incubation

The extractable P dynamic of Coelastrella was compared 
to the conventional triple superphosphate (TSP) fertilizer 
over 84 days in a soil incubation experiment in a calcareous 
P-fixing loam soil (Table S1). All fertilizers were homoge-
neously mixed with the soil at a dosage of 100 mg P kg−1. 
Subsequently, 80 g fertilized soil was weighed into Petri 
dishes (90 × 15 mm) in 14 replicates and moistened to 60% 
of saturation with distilled water. The plates were covered 
with aluminum foil and incubated at a temperature of 25 °C 
until the analysis. Additional 14 replicates of untreated soil 
were included as negative control.

Soil extractable P was measured after 1, 3, 7, 14, 21, 
28, 35, 42, 49, 56, 63, 70, 77, and 84 days after fertilizer 
application. For each sampling time, two Petri dishes from 
each treatment were destructively sampled and extracted for 
Olsen P (Olsen and Watanabe 1957). Briefly, 2 g of soil was 
sampled from each Petri dish in 3 replicates (n = 6) and agi-
tated in 40 mL 0.5 M NaHCO3 at a pH 8.5 for 30 min, then 
centrifuged (4000 rpm, 3 min, 25 °C) and filtered. The pH 
of the extracts was adjusted to 6.5 using 2.5 M H2SO4 with 
p-nitrophenol indicator before analyzing P by Gallery Plus 
Aqua Master discrete analyzer (Thermo Scientific).

Pot experiment

To assess the agronomic efficiency of the biofertilizer versus 
TSP, pot experiment was performed using tomato (Solanum 
lycopersicum var. Ikram, Syngenta) in a controlled green-
house facility located in Gilat research center, Western 
Negev, Israel. Three weeks old seedlings were planted on 
16 July and harvested on 19 November 2023 (116 days). The 
pots were filled with ground calcareous loam soil with low 
extractable P level (Table S1). Seven kg soil was supplied 
with either 30 or 60 mg kg−1 P as biofertilizer Coelastrella 
sp. collected at the end of P starvation and repletion growth 
strategy, TSP, or no P control (-P). Supplementary N- Urea 
133 mg kg−1 and K- KCl 70 mg kg−1 were homogeneously 
mixed in the soil with an electric Magnum concrete mixer. 
A week before planting, the pots were manually irrigated 
to 60% saturation to restore microbial and chemical activ-
ity. Irrigation was performed daily via automated irrigation 
systems aimed to maintain soil moisture content at 60%, 
with irrigation water supplemented with 10 mg L−1 Mg and 
micronutrients (Kortin, ICL) at identical concentrations 
across all treatments. The pots were arranged in a completely 
randomized design, each treatment had 6 replicates.

Regular pruning and plant protection techniques 
were implemented to ensure optimal plant growth and 

development. Temperature was controlled at 25/18 °C day/
night, while relative humidity maintained around 60% over 
the entire growing season.

To assess extractable P level, soil samples were collected 
three times during the experiment: Three days after planting, 
after two months, and before harvest (106 days after plant-
ing). At each sampling, soil extractable P was assessed as 
described above.

Plants were harvested when the first three nodes had 
reached maturity. At harvest, root, shoot, and fruits biomass 
were separated, oven-dried at 70 °C for 72 h and weighed. 
The number of fruits were recorded, and fruits were divided 
into ripe and unripe fruits. The total soluble sugars (TSS) 
were recorded by a refractometer in ripe fruits only. Root 
length and surface area were analyzed using WinRhizo soft-
ware (Winrhizo 2016a, Regent Instruments Inc., Canada), 
and the specific root length was calculated by dividing the 
root's length by its dry biomass.

For chemical analysis, dried biomass was ground to fine 
powder by ball grinder and 0.25 g was digested in 5 mL 
concentrated nitric acid and 1 mL hydrogen peroxide in a 
microwave-accelerated digestion system (MARS-6, CEM) 
at a temperature of 180 ºC. The digested solution was 
brought to 50 mL with distilled water and analyzed for P 
concentration using the ammonium molybdate method in 
an automated photometric analyzer (Gallery Plus, Thermo 
Scientific). P uptake was determined by multiplying the P 
concentration by the tissue dry weight. Additionally, mineral 
concentrations in the fruits were analyzed using ICP-OES.

Arbuscular mycorrhiza fungi (AMF) colonization was 
assessed by Trypan blue staining, proposed by Ho-Plágaro 
et al. (2020). Briefly, the roots were washed from the soil 
and soften in 10% KOH at 70 °C water bath for 45 min, then 
washed and stained with Trypan blue (0.01% w/v). Thirty 
root fragments per plant were examined under a light micro-
scope for AMF morphological parameters (i.e., mycorrhizal 
frequency, mycorrhizal intensity, arbuscular development, 
and arbuscule abundance). The colonization percentage was 
calculated using open-source R-script code as described by 
Chiapello & Gutjahr (2019).

Data analysis

Statistical analysis was completed using the JMP version 
(17). For all experiments, statistical significance was set at 
p-value < 0.05, differences between treatments were deter-
mined using the Tukey-post hoc test. Algal growth and 
P uptake rate were analyzed as three pseudo replicates, 
each measured in duplicates (technical replicates) at every 
sampling time point. For the pot experiments, two-way 
ANOVA was used to test the effects of P fertilizer type 
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(Alga or TSP) and P level (30 or 60 mg P kg−1 soil) on 
plant growth and yield. Control treatment was excluded 
from the statistical analysis considering P fertilization is 
essential for plant growth.

Results

Microalgal growth and P uptake kinetics

Algal growth in P repletion medium increased rapidly from 
1 g L−1 to approximately 2.5 g L−1 within 48 h (Fig. 1a). The 
P concentration in the synthetic centrate medium decreased 
from 31.5 to 1.2 mg L−1 after 48 h (Fig. 1b). The algae-P 
concentration (DW basis) increased from 0.2% to a peak 
of ~ 2% after 6 h, followed by a gradual decrease to 1.67% 
after 48 h (Fig. 1c). The total P assimilated into biomass 
(expressed as mg of P measured after biomass digestion 
per L of culture) increased from 2 to 35 mg L−1 after 48 h 
(Fig. 1d), thus exceeding 31.5 mg L−1 P initially provided 

in solution. P uptake rate was highest at the initial 3 h after 
resuspension in P replete medium (Fig. 1e), with 5 mg 
L−1 h−1. Subsequently, the uptake rate gradually declined 
to 2 mg L−1 h−1 between 3–6 h and decreased significantly 
6–48 h after exposure. DAPI staining revealed distinct intra-
cellular poly P granules in Coelastrella sp. (Fig. S2), consist-
ent with P accumulation patterns previously reported for a 
wide range of microalgae (Su 2021).

Characterization of the algal biomass

The harvested biomass, collected after 48 h, was analyzed 
for various P fractions using modified Hedley sequen-
tial fractionation (Hedley et al. 1982). The total P content 
was 1.69%, comprising both inorganic and organic P frac-
tions. The labile inorganic P pool, extracted by water and 
bicarbonate solutions, were 0.44 and 0.46%, respectively. 
The organic P pool, calculated by subtracting the inor-
ganic P from the total, was 1.25%. P as poly P form was 

Fig. 1   Alga (Coelastrella sp.) biomass production in three consecu-
tive outdoor batches experiments using the P starvation and reple-
tion strategy (a) biomass growth under P repletion, (b) kinetics of P 
removal in P repletion, (c) Algae-P concentration in biomass (d) total 
algae-P assimilated in alga and (e) the P uptake rate under P-replete 

conditions. Error bars represent the standard deviation of three 
pseudo replicates (Mean ± SD, n = 3), derived from two analytical 
replicates collected across three consecutive growth cycles. Statistical 
differences were evaluated using Tukey’s HSD test.
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approximately 0.1% of the biomass DW. Table 1 summa-
rized the biomass macro- and micronutrient content.

Soil incubation of Algae‑based fertilizers

On day one, the TSP treatment exhibited the highest 
Olsen-extractable P of 37 mg kg−1, while soil amended 

with Coelastrella sp. recorded 26 mg P kg−1 (Fig. 2a). 
During the first seven days, extractable P decline rapidly, 
followed by a more gradual decrease until the end of the 
incubation, reaching 18.3 mg kg−1 P, a pattern consistent 
with the rapid sorption and fixation of soluble P in soil, 
also reported in previous studies (Erel et al. 2022). In con-
trast, soil amended with Coelastrella sp. showed a modest 
decline from 26 to 23 mg kg−1 during the first week. From 
day 7 to day 84, Olsen-extractable P in algae-amended 
treatment remained stable. At the conclusion of the incu-
bation period, Coelastrella sp. maintained a slightly higher 
extractable P (average of 20.3 mg kg−1) than TSP treat-
ment (18.3 mg kg−1).

The average net Olsen-extractable P was analyzed 
across three incubation stages: Early (0–21 days), Mid-
dle (28–56 days), and Late (56–84 days) stages as illus-
trated in Fig. 2b. During the early-incubation stage, TSP 
showed net Olsen-extractable P comparable to Coelas-
trella sp., with a slightly lower net Olsen-extractable 
P value, however, data analysis revealed no significant 
differences. During the middle incubation stage, the net 
Olsen-extractable P in TSP decreased, while Coelas-
trella sp. remained stable at 21 mg kg−1. Transitioning 
to the late incubation stages, TSP further decreased to 
18 mg kg−1, while Coelastrella sp. maintained the net 
Olsen-extractable P values observed during the middle 
stages. Statistical analyses revealed significant differences 
between the two treatments, with Coelastrella sp. having 

Table 1   Mineral composition and P fractionation of the Coelastrella 
sp. used in soil incubation and pot experiments

Mineral Unit Concentration

Total P % 1.64 ± 0.06
Water extractable P % 0.44 ± 0.04
HCO3 extractable P % 0.46 ± 0.01
HCl extractable P % 0.70 ± 0.09
C % 43.71 ± 0.41
H % 7.12 ± 0.16
N % 7.17 ± 0.07
K % 0.61 ± 0.023
Ca % 1.23 ± 0.045
Mg % 0.53 ± 0.009
S % 0.41 ± 0.02
Na % 0.13 ± 0.001
Fe mg kg−1 2430.37 ± 36.52
Mn mg kg−1 149.23 ± 1.7
Zn mg kg−1 57.94 ± 1.12

Fig. 2   Olsen-extractable P dynamic following application of 100 mg 
P kg−1 to calcareous loam soil (a) Effect of P fertilizer type through-
out the 84 days of incubation (b) Comparison between Algae-based 
fertilizer and TSP in extractable P at three stages: 0–21  days (early 
stage), 28–56  days (middle stage) 56–84  days (late stage). Control 

treatments are not included in data analysis. In panel (a), each data 
point represents an average of six replicates. In panel (b) letters indi-
cate significant differences between P types for each incubation stage 
according to the Tukey HSD test (P < 0.05). Error bars represent the 
standard deviation for six replicates (Mean ± SD, n = 6)
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higher net Olsen-extractable P, compared to TSP through-
out the middle and late incubation stages.

Pot experiment

Effect of P‑fertilizer type and level on extractable P

Soil samples were collected from pots at three time 
points: three days, two months, and before harvest (four 
months). The negative control consistently exhibited low 
Olsen P levels, reflecting severe P deficiency. At three 
days, soils treated with Alga at a P dose of 30 mg kg⁻1 
had significantly lower extractable Olsen P compared 
to TSP-treated soils (Fig. 3a). At the higher P dose of 
60 mg kg⁻1, extractable Olsen P in Alga-treated soils was 
higher, compared to TSP, though the difference was not 
statistically significant.

After two months, residual P levels decreased across all 
treatments (Fig. 3b). At 30 mg kg⁻1, Olsen P levels were 
similar for Alga and TSP. At 60 mg kg⁻1, TSP-treated soils 
had slightly higher Olsen P levels than algae-treated soils, 
though this difference was not statistically significant.

By harvest (four months), residual Olsen P levels further 
decreased in all treatments (Fig. 3c) with both algae and TSP 
showing insignificant differences at 30 mg kg⁻1. Similar trend 
was also observed between Alga and TSP at 60 mg kg⁻1. 

Across all sampling points, increasing the P dose from 30 to 
60 mg kg⁻1 consistently elevated extractable P levels.

Shoot biomass and P uptake

Shoot dry biomass (excluding fruits) was measured by the 
end of the experiment (116 days after planting). At the lower 
P level of 30 mg kg⁻1, plants fertilized with Alga produced 
a higher shoot biomass compared to TSP, representing a 
14.6% increase (Fig. 4a). Similarly, at the higher P level of 
60 mg kg⁻1, plants treated with Alga yielded higher shoot 
biomass per plant compared to TSP, corresponding to an 
18.9% increase. Despite these trends, the differences in shoot 
biomass between fertilizer types or P levels were not statisti-
cally significant.

At a P level of 30 mg kg⁻1, Alga fertilization significantly 
enhanced shoot P uptake compared to TSP, representing a 
significant 40.2% increase in P uptake and allocation to the 
shoot. In contrast, at the 60 mg kg⁻1 P level, P uptake showed 
similar trends between Alga and TSP.

Root growth, morphology, and P uptake

At a P level of 30 mg kg⁻1, root dry weight was slightly 
lower in Alga-treated plants compared to TSP-treated plants. 
Similarly, at 60 mg kg⁻1, roots weighed slightly lower in 

Fig. 3   The effect of P fertilizer type (Alga or TSP) and application 
dose (30 or 60  mg  kg−1) on Olsen extractable P over the growing 
period of tomatoes in a calcareous loam soil. P was assessed after (a) 
Three days (b), Two months, and (c) Four months. Control treatments 
are not included in data analysis. Error bars represent the standard 

deviation for six replicates (Mean ± SD, n = 6). Data was analyzed 
by two-way ANOVA; different letters indicate significant differences 
within each P-type at given P level. The p-value of P-level, regardless 
of P-type, is presented below the Y-axis title
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Alga compared to TSP (Fig. 5a). Differences in root dry 
weight between fertilizer types and soil P levels were not 
statistically significant.

The average root length at 30 mg kg⁻1 was higher for Alga 
compared to TSP, with a 20.3% increase. Surprisingly at the 
60 mg kg⁻1 P level, root length was reduced in Alga com-
pared to TSP (Fig. 5b), although the differences were not sta-
tistically significant. Specific root length (SRL) did not differ 
significantly between treatments (Fig. 5c). At 30 mg kg⁻1, 
Alga showed a SRL slightly higher compared to TSP, while 
a60 mg kg⁻1, TSP recorded slightly higher results. Addition-
ally, measurements of root diameter and root surface area 
revealed no statistically significant differences between fer-
tilizer types or soil P levels (Fig. S4).

P allocation to roots was not significantly influenced by P 
type or soil P level (Fig. 5d). At 30 mg kg⁻1, pots amended 
with Alga allocated slightly lower P to the roots compared to 
TSP, though the difference was not statistically significant. 
At 60 mg kg⁻1, this trend was also observed with no signifi-
cant differences detected.

Root AMF colonization

The effect of P type and P level on arbuscular mycorrhi-
zal fungi (AMF) colonization was evaluated based on four 

morphological parameters: mycorrhizal frequency, myc-
orrhizal intensity, arbuscular development, and arbuscule 
abundance, according to the method proposed by Ho-
Plágaro et al. (2020). At both P levels, Alga-treated plants 
consistently exhibited higher colonization compared with 
those supplied with TSP. Mycorrhizal frequency reached 
significantly higher colonization percent compared to TSP 
(Fig. 6a). Mycorrhizal intensity followed a similar trend, 
with higher mean values for Alga of 47.1% and 41.9%, 
than for TSP with 31.9% and 27.7%, although the differ-
ences were not statistically significant (Fig. 6b). Similarly, 
arbuscular development and abundance were significantly 
higher in the Alga treatments compared with TSP. P levels 
did not significantly influence any of the AMF colonization 
parameters, although a general decrease in colonization was 
observed when P levels increased from 30 to 60 mg kg⁻1.

Fruit yield and P uptake

At P level of 30 mg kg⁻1, Alga and TSP treatments produced 
comparable fruit numbers, averaging 12.2 fruits per pot, while 
at 60 mg kg⁻1, alga yielded slightly more fruits per pot com-
pared to TSP (not significant, Fig. 7a). However, increasing P 
levels from 30 mg kg⁻1 to 60 mg kg⁻1 resulted in a significant 
33% overall increase in fruit yield across both treatments. At 

Fig. 4   The effect of P fertilizer type (Alga or TSP) and application 
dose (30 or 60  mg  kg−1) on (a) Shoot dry weight and, (b) shoot P 
uptake. Control treatments are not included in data analysis. Error 
bars represent the standard deviation for six replicates (Mean ± SD, 

n = 6). Data was analyzed by two-way ANOVA; different letters indi-
cate significant differences within each P-type at given P-level. The 
p-value of P-level, regardless of P-type, is presented below the Y-axis 
title
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Fig. 5   The effect of P fertilizer type (Alga or TSP) and application 
dose (30 or 60  mg  kg−1) on root morphological properties and P 
uptake. (a) Root dry weight, (b) Average root length, (c) Specific root 
length, and (d) Root P uptake of tomato roots. Control treatments are 
not included in data analysis. Error bars represent the standard devia-

tion for six replicates (Mean ± SD, n = 6). Data was analyzed by two-
way ANOVA; different letters indicate significant differences within 
each P-type at given P level. The p-value of P-level, regardless of 
P-type, is presented below the Y-axis title
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30 mg kg⁻1, both treatments yielded similar average fruits 
weight per pot, while at 60 mg kg⁻1, Alga-treated fruits weight 
were higher compared to TSP, although differences were 
insignificant. While fruit weight was consistently higher in 

Alga-treated pots, statistical analysis indicated no significant 
differences between the two fertilizers. Increasing P levels 
from 30 to 60 mg kg⁻1 significantly enhanced the total fruit 
weight from 355 to 453 g per pot (Fig. 7b).

Fig. 6   The effect of P fertilizer type (Alga or TSP) and applica-
tion dose (30 or 60 mg  kg−1) on AMF morphological parameters in 
tomato roots at harvest. (a) Frequency of mycorrhiza colonization 
in the root system, (b) Intensity of the mycorrhizal colonization in 
the root system, (c) Arbuscular abundance in the root system, and 
(d) Intensity of arbuscular mycorrhiza in the root system. Control 

treatments are not included in data analysis. Error bars represent 
the standard deviation for six replicates (Mean ± SD, n = 6). Data 
was analyzed by two-way ANOVA; different letters indicate signifi-
cant differences within each P-type at given P level. The p-value of 
P-level, regardless of P-type, is presented below the Y-axis title
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The P uptake and allocation was also evaluated. At 
30 mg kg⁻1, plants treated with Alga showed statistically 
significant higher P uptake compared to TSP. Similarly, 
at 60 mg kg⁻1 P uptake in Alga treated plants was signifi-
cantly higher than in TSP. When P levels were raised from 
30 to 60 mg kg⁻1, fruit P uptake was significantly increased 
(Fig. 7c). Overall, across all P-amended treatments, the high-
est P uptake in tomato organs was observed in fruits with 
63 mg plant−1, followed by shoots with 31 mg plant−1 and 
2 mg plant−1 in the roots.

TSS was analyzed as a quality parameter with no effect 
of P type or P level on Brix level, which were between 6 to 
7 ºBrix for all treatments except the control (Fig. S5).

Mineral composition of fruits

The mineral composition of harvested fruits is summarized 
in Table 2. In general, fruits from Alga-treated plants exhib-
ited higher concentrations of all 11 minerals assessed com-
pared to TSP, though the differences were statistically signif-
icant only for P. Increasing the P level from 30 to 60 mg kg⁻1 
significantly enhanced the concentrations of P, copper (Cu), 
and zinc (Zn) in the fruits.

Discussion

Kinetics of P uptake from wastewater and biomass 
accumulation

Microalgae-based technology provides a sustainable alterna-
tive to traditional wastewater treatment methods for nutrient 
recovery (Maity et al. 2014; Arora et al. 2020). This study 

adopted the P starvation and repletion strategy outlined by 
Solovchenko et al. (2019), to enhance P accumulation in the 
algae biomass. Despite seven days of P deprivation, Coelas-
trella sp. continued to accumulate biomass, likely through 
cellular adaptations that optimize survival in P-limited 
conditions (Tan et al. 2014; Lavrinovičs et al. 2020). Upon 
P repletion, biomass accelerated rapidly, consistent with 
responses reported for other microalgae like Desmodesmus 
communis and Tetradesmus obliquus (Lavrinovičs et al. 
2020). P accumulation in biomass and the rapid P deple-
tion from the synthetic centrate medium shows the ability of 
Coelastrella sp. to uptake P effectively, aligning with similar 
reports in Chlamydomonas reinhardtii (Plouviez et al. 2021, 
2022). This result highlights Coelastrella sp. as a promis-
ing candidate for wastewater P recovery, given its ability to 
maintain growth under P starvation and efficiently accumu-
late P upon repletion.

Algal growth was carried out in a synthetic medium 
designed to mimic concentrated wastewater (centrate) 
with exceptionally high nutrient concentrations. The use 
of synthetic medium allowed the P deprivation and reple-
tion growth method. However, the findings specifically 
reflect the capacity of Coelastrella sp. to take up and store 
P under those controlled conditions only. Previous studies 
have demonstrated that Coelastrella sp. can grow in real 
municipal and agricultural wastewater while effectively 
removing nutrients (Luo et al. 2016; Qader & Shekha 2023), 
highlighting the broader applicability of this microalga in 
wastewater-based cultivation systems. Centrate serves as a 
concentrated reservoir of phosphorus, nitrogen and potas-
sium (Johansson et al. 2019; Munasinghe-arachchige et al. 
2020), which would otherwise exacerbate environmental 
contamination. However, centrate also contains various 

Fig. 7   The effect of P fertilizer type (Alga or TSP) and application 
dose (30 or 60 mg  kg−1) on (a) Number of fruits per pot, (b) Fresh 
fruit weight, and (c) Fruit P uptake. Control treatments are not 
included in data analysis. Error bars represent the standard deviation 

for 6 replicates (Mean ± SD, n = 6). Data was analyzed by two-way 
ANOVA; different letters indicate significant differences within each 
P-type at given P level. The p-value of P-level, regardless of P-type, is 
presented below the Y-axis title
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contaminants, such as antibiotics and heavy metals. These 
substances can influence algal growth rates and nutrient 
uptake. Consequently, the accumulation of such contami-
nants in algal biomass could limit its suitability for use as a 
biological fertilizer, given concerns about plant uptake and 
transmission via the food chain. These restrictions do not 
diminish the significance of exploring wastewater-cultivated 
algae as a fertilizer option. Numerous related risks may be 
mitigated by downstream processing, biomass mixing, and 
regulated application rates. In addition, the gradual nitrogen 
release from algal biomass may confer agronomic benefits 
relative to traditional fertilizers (Zou et al. 2021). Within a 
circular nutrient management framework, algae cultivated 
from wastewater provide a potential, although carefully con-
trolled, alternative for sustainable fertilizer generation.

Extractable P release dynamics

Chemical P fertilizers are integral to modern agriculture, 
yet their environmental impact is considerable (Mahapatra 
et al. 2022; Zhang et al. 2024). To assess P release patterns, 
this study compared Coelastrella sp. with traditional avail-
able TSP fertilizer in soil incubation trial. The rapid decline 
in available P from TSP indicate strong immobilization in 
soil resulting from sorption and precipitation, a phenomenon 
repeatedly observed (Erel et al. 2022; Zhou et al. 2023). 
Conversely, alga-based amendments exhibited a more grad-
ual P release, exceeding TSP-derived available P from day 
42 onward. This behavior may be attributed to two concur-
rent mechanisms. First, mineralization of organic P within 
algal cells progressively generates plant-available P forms. 
Second, the gradual hydrolysis of intracellular polyphos-
phate (PolyP), as indicated by DAPI staining, contributes to 
sustained P release. PolyP hydrolysis in soil can persist for 
several weeks and is strongly influenced by microbial activ-
ity. In this context, the addition of algal organic matter likely 
stimulates soil microbial growth, thereby enhancing phos-
phatase activity and promoting continued P release (Lori 
et al. 2017). Soil P fractionation was not conducted in this 
study; therefore, the redistribution of Olsen-extractable P 
into organic or insoluble inorganic pools, which are not cap-
tured by the Olsen extraction, could not be directly resolved.

The stable extractable P level observed over 84 days 
highlights the beneficial of Coelastrella sp. potential as a 
biofertilizer, acting as slow-release fertilizer (Mulbry et al. 
2005; Coppens et al. 2016), matching the plants’ P demand 
at early growth stage when high P level is not immediately 
required (Rupawalla et al. 2021). The algal fertilizer sup-
plied both intracellular and surface-associated P, supporting 
immediate and sustained P availability to plants. This finding 
underscores the comparative advantage of Coelastrella as a 
biofertilizer candidate and highlights its potential for further Ta
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development. Future research should focus on enhancing P 
uptake efficiency in Coelastrella, which would strengthen 
its applicability as an independent and sustainable P source 
for agricultural production.

Plant response to alga biofertilizer

The alga Coelastrella sp. was evaluated as a P source in a 
tomato pot experiment. Algae biofertilization was compa-
rable to TSP in plant biomass and yield, while P uptake was 
greater in the Alga-treated plants. This is likely associated 
with growth-promoting substances produced by microal-
gae, including phytohormones precursors for auxin, which 
promote fruit development and lateral root formation, and 
salicylic acid, which contributes to plant tolerance under 
abiotic stress conditions, thereby collectively supporting 
plant growth (Oancea & Velea 2013; Chiaiese et al. 2018). 
The alga-based fertilizer enhanced P allocation within the 
plant, particularly to fruits, suggesting improved nutrient 
partitioning and potential gains in crop productivity. This 
effect is likely related to the slow-release characteristics of 
the biofertilizer. Micro and macronutrients were also all 
elevated under alga-fertilization, although not all had signifi-
cant differences. Similar trends have been reported in previ-
ous studies evaluating algal-based fertilizers (Dasgan et al. 
2022; Ferreira et al. 2023). This effect can be explained by 
polyP in the algae biomass. Several studies reported enhance 
uptake of Mg, Zn, Mn, and Fe under synthetic polyP ferti-
lization, attributed to favorable chemical transformations in 
the soil (Gao et al. 2020; Erel et al. 2022).

It is important to note that nutrient concentrations other 
than P were not strictly balanced among treatments. Alga-fer-
tilized plants received greater amount of organic matter, nitro-
gen, and micronutrients than those fertilized with TSP. These 
differences suggest that microalgae may offer a nutritional 
advantage, supplying a wider range of elements. Although 
this imbalance should be carefully considered when compar-
ing nutrient availability across treatments, nutrient supply 
(except for organic matter) in both treatments was sufficient to 
avoid growth limitations. Consequently, the enhanced nutrient 
uptake observed in alga-fertilized plants cannot be attributed 
solely to the higher micronutrient inputs. Rather, the results 
indicate that micronutrient availability was influenced by the 
chemical form and soil dynamics of phosphorus, rather than 
by differences in micronutrient supply per se.

P strongly influences root development morphology 
(Péret et al. 2014). In this study, root development under 
algae fertilization was comparable to TSP. Similar find-
ings were reported for arugula (Eruca sativa) and pak choi 
(Brassica rapa ssp. chinensis), where microalgal biofertili-
zation did not result in significant improvements relative to 
synthetic fertilizers (Wuang et al. 2016). In contrast, other 

species such as pea (Pisum sativum) and garlic (Allium sati-
vum) have exhibited enhanced root elongation under organic 
fertilization regimes (Joshi et al. 2015). Therefore, while 
Coelastrella sp. can be an alternative to synthetic P fertiliz-
ers, its benefits for root development and morphology appear 
limited.

Arbuscular mycorrhizal colonization

Arbuscular mycorrhizal fungi (AMF) enhance plant P 
uptake, however colonization diminished by high soil P 
levels (Liu et al. 2014). In this study, Coelastrella treat-
ments promoted AMF colonization, likely due to P within 
the algae occurs in less readily available polyP and organic 
P forms (Lynch 2011). Application of the algae biofertilizer 
also increases soil organic material compared to synthetic 
fertilizers. This promotes microbial activity and diversity, 
which was found to positively correlate with AMF coloni-
zation (Ferreira et al. 2021; Toren et al.2025 ). TSP treat-
ments resulted in lower AMF colonization, possibly due 
to the abundance of readily available P at the first days of 
growth (Liu et al. 2014; Riaz et al. 2022). Increasing P levels 
from 30 to 60 mg kg−1 reduced AMF colonization in both 
treatments, consistent with previous findings (Wang et al. 
2017). Thus, Coelastrella fertilization appears to promote 
AMF colonization, improving P accusation and potentially 
enhancing plant growth.

Conclusion

This study demonstrates the potential of the alga Coelas-
trella sp. for enhanced P uptake from wastewater and its 
application as a sustainable P fertilizer, reducing reliance on 
non-renewable rock phosphate. Agronomic assays revealed 
that Coelastrella can match or surpass conventional P fer-
tilizer in extractable P in calcareous soils, with more pro-
longed P availability. Coelastrella proved as effective as TSP 
in supporting tomato growth and development while sig-
nificantly enhancing P uptake and AMF colonization. Alga-
based fertilizer promoted the uptake of several micronutri-
ents, thereby indirectly supporting plant growth. Appropriate 
fertilizer management should consider the N contribution 
from the alga, together with its associated organic matter and 
micronutrient inputs. Future work should address engineer-
ing design, logistical integration, and economic feasibility 
to enable implementation of algae-based nutrient recovery 
within wastewater treatment plants.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10811-​026-​03863-3.

https://doi.org/10.1007/s10811-026-03863-3


2022	 Journal of Applied Phycology (2026) 38:2009–2024

Acknowledgements  We acknowledge Dr. Stefan Leu, Adi Kushmaro 
Bier, Dr.Aliza Zarka, Ishai Nahari, and Ben Fruehauf for their technical 
support in the field and laboratory.

Authors’ contributions  Victor Akuku; writing-original draft, visualiza-
tion, formal analysis, data curation, and investigation. Natalie Toren; 
Writing, formal analysis, review, and editing. Inna Khozin Goldberg; 
Review and editing, validation, supervision, funding acquisition, con-
ceptualization, and resources. Ran Erel; Writing review and editing, 
validation, supervision, funding acquisition, conceptualization, and 
resources.

Funding  Open access funding provided by The Agricultural Research 
Organization of Israel. This study was supported by the Center for 
Fertilization and Plant Nutrition (CFPN).

Data availability  Data will be made available upon request.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akca MO, Saygin SD, Bilgin A, Arslan S, Erpul G (2025) Harnessing 
Chlorella vulgaris for mucilage mitigation and wheat growth on 
fluvisol: a study on wastewater treatment efficacy. J Soil Sci Plant 
Nutr 25:6720–6793

Álvarez-González A, Uggetti E, Serrano L, Gorchs G, Casas ME, 
Metamoros V, Gonzlez-Flo E, Diez-Montero R (2023) The poten-
tial of wastewater grown microalgae for agricultural purposes: 
contaminants of emerging concern, heavy metals and pathogens 
assessment. Environ Pollut 324:121399

Arora N, Jaiswal KK, Kumar V, Vlaskin MS, Nanda M, Prithi V, Chau-
han PK (2020) Small-scale phyco-mitigation of raw urban waste-
water integrated with biodiesel production and its utilization for 
aquaculture. Bioresour Technol 297:122489

Aschar-Sobbi R, Abramov AY, Diao C, Kargacin ME, Kargacin GJ, 
French RJ, Pavlov E (2008) High sensitivity, quantitative meas-
urements of polyphosphate using a new DAPI-based approach. J 
Fluoresc 18:859–866

Boussiba S, Vonshak A (1991) Astaxanthin accumulation in the green 
alga Haematococcus pluvialis. Plant Cell Physiol 32:1077–1082

Brunelle T, Dumas P, Souty F, Dorin B, Nadaud F (2015) Evaluating 
the impact of rising fertilizer prices on crop yields. Agric Econ 
46:653–666

Chiaiese P, Corrado G, Colla G, Kyriacou MC, Rouphael Y (2018) 
Renewable sources of plant biostimulation: microalgae as a sus-
tainable means to improve crop performance. Front Plant Sci 
9:1782

Chiapello M, Gutjahr C (2019) Ramf : an open-source R package for 
statistical analysis and display of quantitative root colonization by 
arbuscular mycorrhiza fungi. Front Plant Sci 10:1184

Coppens J, Grunert O, Van Den Hende S, Vanhoutte I, Boon N, Hae-
saert G, De Gelder L (2016) The use of microalgae as a high-value 
organic slow-release fertilizer results in tomatoes with increased 
carotenoid and sugar levels. J Appl Phycol 28:2367–2377

Cordell D, Drangert JO, White S (2009) The story of phosphorus: 
global food security and food for thought. Glob Environ Chang 
19:292–305

Cordell D, White S (2011) Peak phosphorus: clarifying the key issues 
of a vigorous debate about long-term phosphorus security. Sus-
tainability 3:2027–2049

Cordell D, White S (2014) Life’s bottleneck: sustaining the world’s 
phosphorus for a food secure future. Annu Rev Environ Resour 
39:161–188

Cornel P, Schaum C (2009) Phosphorus recovery from wastewater: 
needs, technologies and costs. Water Sci Technol 59:1069–1076

Dasgan HY, Aldiyab A, Elgudayem F, Ikiz B, Gruda NS (2022) 
Effect of biofertilizers on leaf yield, nitrate amount, mineral 
content and antioxidants of basil (Ocimum basilicum L.) in a 
floating culture. Sci Rep 12:20917

De-Bashan LE, Bashan Y (2004) Recent advances in removing phos-
phorus from wastewater and its future use as fertilizer (1997–
2003). Water Res 38:4222–4246

Di Capua F, de Sario S, Ferraro A, Petrella A, Race M, Pirozzi F, 
Fratino U, Spasiano D (2022) Phosphorous removal and recov-
ery from urban wastewater: current practices and new direc-
tions. Sci Total Environ 823:153750

Erel R, Yalin D, Kushmaro-Bier A, Li Q, Gerard F, Toren N (2022) 
Soil properties and growing duration determine phosphorus 
phyto-availability dynamics of polyphosphate versus orthophos-
phate fertilizers. Plant Soil 485:299–315

Ferrari F, Pijuan M, Molenaar S, Duinslaeger N, Sleutels T, Kuntke P, 
Radjenovic J (2022) Ammonia recovery from anaerobic digester 
centrate using onsite pilot scale bipolar membrane electrodi-
alysis coupled to membrane stripping. Water Res 218:118504

Ferreira DA, da Silva TF, Pylro VS, Salles JF, Andreote FD, Dini-
Andreote F (2021) Soil microbial diversity affects the plant-
root colonization by arbuscular mycorrhizal fungi. Microb Ecol 
82:100–103

Ferreira ET, Barrochelo SC, de Melo SP, Araujo T, Xavier ACC, 
Cechin I, da Silva GHR (2023) Biofertilizers from wastewater 
treatment as a potential source of mineral nutrients for growth of 
amaranth plants. PLoS One 18:e0295624

Gao Y, Wang X, Shah JA, Chu G (2020) Polyphosphate fertilizers 
increased maize (Zea mays L.) P, Fe, Zn, and Mn uptake by 
decreasing P fixation and mobilizing microelements in calcare-
ous soil. J Soils Sediments 20:1–11

Hedley M, McLaughlin M (2005) Reactions of phosphate fertilizers 
and by-products in soils. In: Sims T, Sharpley AN (eds) Phospho-
rus: agriculture and the environment. The American Society of 
Agronomy Inc, Crop Science Society of America Inc, Soil Science 
Society of America Inc, Madison, pp 181–252

Hedley MJ, Stewart JWB, Chauhan BS (1982) Changes in inorganic 
and organic soil phosphorus fractions induced by cultivation prac-
tices and by laboratory incubations. Soil Sci Soc Am J 46:970–976

Hernández I, Munné-Bosch S (2015) Linking phosphorus availability 
with photo-oxidative stress in plants. J Exp Bot 66:2889–2900

Ho-Plágaro T, Tamayo-Navarrete MI, García-Garrido JM (2020) His-
tochemical staining and quantification of arbuscular mycorrhizal 
fungal colonization. Methods Mol Biol 2146:43–52

Johansson S, Ruscalleda M, Saerens B, Colprim J (2019) Potassium 
recovery from centrate: taking advantage of autotrophic nitrogen 
removal for multi-nutrient recovery. J Chem Technol Biotechnol 
94:819–828

http://creativecommons.org/licenses/by/4.0/


2023Journal of Applied Phycology (2026) 38:2009–2024	

Joshi R, Singh J, Vig AP (2015) Vermicompost as an effective organic 
fertilizer and biocontrol agent : effect on growth, yield and quality 
of plants. Environ Sci Bio Technol 14:137–159

Lau PS, Tam NFY, Wong YS (1995) Effect of algal density on nutri-
ent removal from primary settled wastewater. Environ Pollut 
89:59–66

Lavrinovičs A, Mežule L, Juhna T (2020) Microalgae starvation for 
enhanced phosphorus uptake from municipal wastewater. Algal 
Res 52:102090

Li Q, Erel R (2020) Generating a high-resolution map of labile soil 
phosphorus using ferrous oxide–impregnated paper combined 
with scanning. Soil Sci Soc Am J 84:262–273

Liu H, Tan Y, Nell M, Zitter-Eglseer K, Wawscrah C, Kopp B, Wang 
S, Novak J (2014) Arbuscular mycorrhizal fungal colonization 
of Glycyrrhiza glabra roots enhances plant biomass, phosphorus 
uptake and concentration of root secondary metabolites. J Arid 
Land 6:186–194

Lori M, Symnaczik S, Mäder P, de Deyn G, Gattinger A (2017) 
Organic farming enhances soil microbial abundance and activity 
— A meta-analysis and meta-regression. PLoS One 12:e180442

Luo L, He H, Yang C, Wen S, Zeng G, Wu M, Zhou Z, Lou W (2016) 
Nutrient removal and lipid production by Coelastrella sp. in 
anaerobically and aerobically treated swine wastewater. Bioresour 
Technol 216:135–141

Lynch JP (2011) Root phenes for enhanced soil exploration and 
phosphorus acquisition: tools for future crops. Plant Physiol 
156:1041–1049

Mahapatra DM, Satapathy KC, Panda B (2022) Biofertilizers and 
nanofertilizers for sustainable agriculture: phycoprospects and 
challenges. Sci Total Environ 803:149990

Maity JP, Bundschuh J, Chen CY, Bhattacharya P (2014) Microalgae 
for third generation biofuel production, mitigation of greenhouse 
gas emissions and wastewater treatment: present and future per-
spectives - a mini review. Energy 78:104–113

Min M, Wang L, Li Y, Mohr MJ, Hu B, Zhou W, Chen P, Ruan R (2011) 
Cultivating Chlorella sp. in a pilot-scale photobioreactor using cen-
trate wastewater for microalgae biomass production and wastewater 
nutrient removal. Appl Biochem Biotechnol 165:123–137

Mulbry W, Westhead EK, Pizarro C, Sikora L (2005) Recycling of 
manure nutrients : use of algal biomass from dairy manure treat-
ment as a slow release fertilizer. Bioresour Technol 96:451–458

Munasinghe-arachchige SP, Cooke P, Nirmalakhandan N (2020) 
Recovery of nitrogen-fertilizer from centrate of anaerobically 
digested sewage sludge via gas-permeable membranes. J Water 
Process Eng 38:101630

Murphy J, Riley JP (1962) A modified single solution method for the 
determination of phosphate in natural waters. Anal Chim Acta 
27:31–36

Oancea F, Velea S (2013) Micro-algae based plant biostimulant and its 
effect on water stressed tomato plants. Rom J Plant Prot 6:104–117

Obersteiner M, Peñuelas J, Ciais P, van der Velde M, Jnssens IA (2013) 
The phosphorus trilemma. Nat Geosci 6:897–898

Olsen SR, Watanabe FS (1957) A method to determine a phosphorus 
adsorption maximum of soils as measured by the Langmuir iso-
therm. Soil Sci Soc Am J 21:144

Osorio-Reyes JG, Valenzuela-Amaro HM, Pizaña-Aranda JJP et al 
(2023) Microalgae-based biotechnology as alternative bioferti-
lizers for soil enhancement and carbon footprint reduction: advan-
tages and implications. Mar Drugs 21:93

Péret B, Desnos T, Jost R, Kanno S, Berkowitz O, Nussaume L (2014) 
Root architecture responses: in search of phosphate. Plant Physiol 
166:1713–1723

Plouviez M, Fernández E, Grossman AR, Sanz-Luque E, Sells M, 
Wheeler D, Guieysse B (2021) Responses of Chlamydomonas rein-
hardtii during the transition from P-deficient to P-sufficient growth 

(the P-overplus response): the roles of the vacuolar transport chap-
erones and polyphosphate synthesis. J Phycol 57:988–1003

Plouviez M, Oliveira da Rocha CS, Guieysse B (2022) Intracellular 
polyphosphate is a P reserve in Chlamydomonas reinhardtii. Algal 
Res 66:102779

Powers SM, Bruulsema TW, Burt TP, Chan NI, Elser JJ, Haygarth PM, 
Howden NJK, Jarvie HP, Lyu Y, Peterson HM, Sharpley Andrew 
N, Shen J, Worrall F, Zhang F (2016) Long-term accumulation 
and transport of anthropogenic phosphorus in three river basins. 
Nat Geosci 9:353–356

Qader MQ, Shekha YA (2023) Using microalga Coelastrella sp. to 
remove some nutrients from wastewater invitro. Baghdad Sci J 
20:1218–1227

Riaz M, Azhar MT, Kamran M, Aziz O, Wang X (2022) Role of arbus-
cular mycorrhizal fungi in plant phosphorus acquisition for sus-
tainable agriculture. Sust Agricult Rev 58:155–176

Rupawalla Z, Robinson N, Schmidt S, Li S, Carruthers S, Buis-
set E, Roles J, Hankamer B, Wolf J (2021) Algae biofertilis-
ers promote sustainable food production and a circular nutrient 
economy – an integrated empirical-modelling study. Sci Total 
Environ 796:148913

Schreiber C, Schiedung H, Harrison L, Briese C, Ackermann B, 
Kant J, Schrey SD, Hofmann D, Singh D, Ebenhöh O, Amelung 
W, Schurr U, Mettler-Altmann T, Huber G, Jablonowski ND, 
Nedbal L (2018) Evaluating potential of green alga Chlorella 
vulgaris to accumulate phosphorus and to fertilize nutrient-poor 
soil substrates for crop plants. J Appl Phycol 30:2827–2836

Sena M, Seib M, Noguera DR, Hicks A (2021) Environmental 
impacts of phosphorus recovery through struvite precipitation 
in wastewater treatment. J Clean Prod 280:124222

Shrestha RC, Ghazaryan L, Poodiack B, Zorin B, Gross A, Gillor O, 
Khozin-Goldberg I, Gelfand I (2022) The effects of microalgae-
based fertilization of wheat on yield, soil microbiome and nitro-
gen oxides emissions. Sci Total Environ 806:151320

Slocombe SP, Zúñiga-Burgos T, Chu L, Wood NJ, Camargo-Valero MA, 
Baker A (2020) Fixing the broken phosphorus cycle: wastewater 
remediation by microalgal polyphosphates. Front Plant Sci 11:982

Solovchenko A, Khozin-Goldberg I, Selyakh I, Semenova L, Ismagulova 
T, Lukyanov A, Mamedov I, Vinogradova E, Karpova O, Konyuk-
hov I, Vasilieva S, Mojzes P, Dijkema C, Vecherskaya M, Zvyagin 
I, Nedbal L, Gorelova O (2019) Phosphorus starvation and luxury 
uptake in green microalgae revisited. Algal Res 43:101651

Stamenov D, Hajnal Jafari T, Djurić S, Žunić V, Kiprovski B, 
Aćimović M (2025) Soil microalga Coelastrella sp. alleviates 
water stress in basil (Ocimum basilicum L.) plants. J Appl Phy-
col 37:3677–3687

Su Y (2021) Revisiting carbon, nitrogen, and phosphorus metabo-
lisms in microalgae for wastewater treatment. Sci Total Environ 
762:144590

Tan X, Chu H, Zhang Y, Yang L, Zhao F, Zhou X (2014) Chlo-
rella pyrenoidosa cultivation using anaerobic digested starch 
processing wastewater in an airlift circulation photobioreactor. 
Bioresour Technol 170:538–548

Toren N, Kolton M, Erel R (2025) Are mycorrhizal fungi essential 
for polyphosphate uptake? Acta Hortic 1432:227–234

Van Drecht G, Bouwman AF, Harrison J, Knoop JM (2009) Global 
nitrogen and phosphate in urban wastewater for the period 1970 
to 2050. Glob Biogeochem Cycles 23:GB003458

Wang C, White PJ, Li C (2017) Colonization and community struc-
ture of arbuscular mycorrhizal fungi in maize roots at different 
depths in the soil profile respond differently to phosphorus inputs 
on a long-term experimental site. Mycorrhiza 27:369–381

Wuang SC, Khin MC, Chua PQD, Luo YD (2016) Use of Spirulina 
biomass produced from treatment of aquaculture wastewater as 
agricultural fertilizers. Algal Res 15:59–64



2024	 Journal of Applied Phycology (2026) 38:2009–2024

Yu J, Luo B, Yang Y, Ren S, Xu L, Wang L, Jio X, Zhu Y, Yi K (2025) 
Polyphosphate-enriched algae fertilizer as a slow-release phos-
phorus resource can improve plant growth and soil health. J Integr 
Agric 24:3656–3670

Zhang Z, Xu M, Fan Y, Zhang L, Wang H (2024) Using microalgae 
to reduce the use of conventional fertilizers in hydroponics and 
soil-based cultivation. Sci Total Environ 912:169424

Zheng Y, Wan Y, Zhang Y, Huang J, Yang Y, Tsang DCW, Wang H, 
Chen H, Gao B (2023) Recovery of phosphorus from wastewater: 
a review based on current phosphorous removal technologies. Crit 
Rev Environ Sci Technol 53:1148–1172

Zhou R, Zhou J, Jia L, Wei J, Yan J, Ji J, Wei Z (2023) Polyphosphate 
hydrolysis, sorption, and conversion in two different soils. Eur J 
Soil Sci 74:e13341

Zoboli O, Zessner M, Rechberger H (2016) Supporting phosphorus 
management in Austria: potential, priorities and limitations. Sci 
Total Environ 565:313–323

Zou T, Zhang X, Davidson EA (2022) Global trends of cropland phos-
phorus use and sustainability challenges. Nature 611:81–87

Zou Y, Zeng Q, Li H, Liu H, Lu Q (2021) Emerging technologies of 
algae-based wastewater remediation for bio-fertilizer production: 
a promising pathway to sustainable agriculture. J Chem Technol 
Biotechnol 96:551–563

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Green microalga (Coelastrella sp.) cultivated in wastewater is an effective phosphorus biofertilizer
	Abstract
	Introduction
	Materials & methods
	Biomass production phase
	Phosphate uptake analysis
	Mineral composition of the algae
	Agronomic test
	Soil incubation
	Pot experiment

	Data analysis

	Results
	Microalgal growth and P uptake kinetics
	Characterization of the algal biomass
	Soil incubation of Algae-based fertilizers
	Pot experiment
	Effect of P-fertilizer type and level on extractable P
	Shoot biomass and P uptake
	Root growth, morphology, and P uptake
	Root AMF colonization
	Fruit yield and P uptake
	Mineral composition of fruits


	Discussion
	Kinetics of P uptake from wastewater and biomass accumulation
	Extractable P release dynamics
	Plant response to alga biofertilizer
	Arbuscular mycorrhizal colonization

	Conclusion
	Acknowledgements 
	References


