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experiment, plants were inoculated with AMF (Rhizo-
glomus irregulare, Funneliformis mosseae, F. geo-
sporum), S. vermifera, or both. P species contained 
in the algal biofilm and P release dynamics were ana-
lyzed by liquid-state 31P nuclear magnetic resonance 
spectrometry and leachate analyses.
Results  Algal biofilms contained high levels of 
orthophosphate with low water solubility. P recovery 
by wheat was lower than from TSP, as indicated by 
plant total dry matter and total P. In algae-fertilized 
wheat, AMF reduced growth but not P uptake, while 
S. vermifera in dual inoculation with AMF miti-
gated the adverse effects. S. vermifera significantly 
increased root growth and P content in roots when co-
inoculated with AMF.
Conclusion  Polyculture algal biomass is an effec-
tive, less leaching-prone organic P source for wheat. 
The synergistic effect of S. vermifera as a root 

Abstract 
Background and aims  Phosphorus (P) from surface 
waters can be captured in algal biomass, which can 
be used as a fertilizer. We investigated the efficiency 
of polyculture algal biofilms produced on municipal 
wastewater effluent as a P fertilizer for wheat. We 
asked whether arbuscular mycorrhizal fungi (AMF) 
and the beneficial root endophyte Serendipita vermif-
era influence plant performance and P uptake.
Methods  Two pot experiments were performed with 
wheat fertilized with algal biofilms or highly avail-
able triple superphosphate (TSP) at a rate of 37 mg 
P kg−1, corresponding to 56.8 kg ha−1. In the second 
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growth-promoting fungus in its interaction with 
AMF shows the potential and relevance of microbial 
involvement in using algae-based fertilizers.

Keywords  Algal fertilizers · Phosphorus · Wheat · 
Arbuscular mycorrhizal fungi · Serendipita vermifera

Abbreviations 
PAB	� Polyculture algal biofilms
AMF	� Arbuscular mycorrhizal fungi
TSP	� Triple superphosphate
ATS	� Algal Turf Scrubber
P	� Phosphorus
NMR	� Nuclear magnetic resonance

Introduction

One of the most urgent problems in agriculture is 
the supply of nutrients necessary for plant productiv-
ity. Phosphorus (P), one of the most essential nutri-
ents for plant growth, is extracted from mined rock 
phosphate. Since P has an extremely long geological 
cycle—estimates range from hundreds of millions to 
billions of years (Smil 2000)—and is thus consid-
ered a non-renewable resource, strategies to reduce P 
losses and recover P from waste streams are crucial to 
prevent possible shortages in the future. Phosphorus 
from mineral fertilizers such as ammonium phosphate 
or superphosphate is highly available to plants, but 
it can be rapidly immobilized by microbes and fixed 
as oxides, ultimately limiting its availability to plants 
(Roy et al. 2016). Additionally, P can be lost through 
runoff, with eutrophication of water bodies being a 
severe consequence.

Algae-based bioremediation technologies have 
emerged as a nature-based solution with consider-
able nutrient recovery potential (Cai et al. 2013; Cala-
han et  al. 2018). Attached algal biofilm reactors are 
low-cost devices with a net-like matrix or roughened 
surface that supports the attachment and growth of 
polyculture biofilms. Once sufficiently developed, the 
biofilm can be easily harvested by scraping the accu-
mulated biomass from the matrix. One of the algae 
biofilm systems, the Algal Turf Scrubber (ATS), has 
successfully been used for treating liquid manure, 
agricultural wastewater, and municipal wastewa-
ter (Mulbry et  al. 2008; Mohsenpour et  al.  2021; 
Ray et  al. 2015). An industrial-scale ATS system of 

1  ha can produce up to 18 tons of dry biomass per 
year, recovering up to 0.26 tons of P and 1 ton of 
nitrogen (N), respectively (Gan et  al. 2022, 2023). 
As the requirements for P recovery from wastewa-
ter in Europe become increasingly stringent (Vivi-
enne 2023), algae-based systems could be a valuable 
option to address this challenge (Hukari et al. 2016).

The polyculture algal biofilm can be an interme-
diate nutrient carrier between nutrient-rich waters 
and plant production. Several studies have shown the 
positive effects of algal fertilizer on plant growth due 
to its P availability and, to a lesser extent, its N avail-
ability (Coppens et  al. 2016; Schreiber et  al. 2018; 
Mau et al. 2021, 2022). Yet nutrients must be released 
from the algal biomass and mineralized to become 
available to plants. In the soil, decomposers, among 
them arthropods, protozoa, fungi, and bacteria can 
break down recalcitrant organic matter and thus initi-
ate the mineralization process (Ekschmitt et al. 2005). 
Coupled with plant or microbial enzymatic activity, 
organic P (Po) is finally converted to inorganic P (Pi) 
that can be taken up from the plant rhizosphere (Rich-
ardson et al. 2011).

Recent studies have investigated the mutual effects 
of microbial communities and algal biomass on nutri-
ent mobilization in soil (Suleiman et al. 2020; Alob-
wede et al. 2022) but the interaction of algal biomass 
with soil fungi has received little attention. This is 
surprising, as arbuscular mycorrhizal fungi (AMF) in 
particular can contribute to P nutrition in mycorrhi-
zal plants (Etesami et  al. 2021; Martin and van Der 
Heijden 2024). AMF are predominantly beneficial for 
Pi uptake since the fungi lack the enzymes required 
to break down organic biomass, and they exert their 
effects by exploring soil volumes beyond the ambit 
of the plant’s roots (Hayman and Mosse 1972; Smith 
and Read 2010). In the presence of Po, AMF have 
been shown to cooperate with phosphate-solubiliz-
ing bacteria (Etesami et al. 2021; Zhang et al. 2014). 
While the benefits of organic fertilization over min-
eral fertilization in terms of soil biological and bio-
chemical properties are well-established (Xie et  al. 
2014), the effects of organic fertilizers on AMF are 
less clear, and there is evidence of both beneficial and 
detrimental effects (Gosling et al. 2006).

The fungal order Sebacinales comprises plant-
beneficial root endophytic fungi with high potential 
for use in agriculture (Ray and Craven 2016; Weiß 
et  al 2016; Varma et  al. 2012). Root colonization 
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by members of this order often results in increased 
host biomass and resistance to biotic and abiotic 
stresses (Ghimire and Craven 2011; Gill et  al. 
2016). Sebacinales apparently lack host specificity 
and have been observed colonizing roots of numer-
ous plant species, including the model organisms 
Arabidopsis thaliana, switchgrass (Panicum vir-
gatum), barley, maize, and wheat (Oberwinkler 
et  al. 2013; Ray and Craven 2016). Switching 
from conventional agriculture to organic manage-
ment of agricultural fields resulted in a substantial 
increase in the abundance of members of Sebaci-
nales in wheat roots (Verbruggen et al. 2014). The 
authors hypothesized that Sebacinales may be sen-
sitive to mineral fertilizers and pesticides or par-
ticularly responsive to organic fertilizers. Clearly, 
the Sebacinales that form mycorrhiza with plants in 
the Ericaceae family (Selosse et al. 2007) seem to 
thrive in soils that are rich in organic matter (Ver-
bruggen et  al. 2014). The genome of Serendipita 
vermifera contains a range of sequences encoding 
carbohydrate-active enzymes (CAZymes), indicat-
ing that S. vermifera has saprotrophic capabilities 
(Ray et  al. 2019). Even though it is still unclear 
whether CAZymes are expressed during plant-fun-
gus interaction and, if so, whether mobilized nutri-
ents from organic sources are transferred to the 
host plant, the potential of Sebacinales to contrib-
ute to the recovery of organically bound nutrients 
is intriguing (Ray and Craven 2016; Weiß et  al. 
2016).

Our first objective was, therefore, to analyze the 
P species in polyculture algal biofilms (PAB) pro-
duced by an ATS system and release of P into the 
plant growth substrate. To do so, we conducted 31P 
NMR analyses of PAB, assessed P release via lea-
chate analyses, and carried out a greenhouse exper-
iment to monitor spring wheat (Triticum aestivum 
L., cv. Scirocco) growth and P uptake from PAB. 
Secondly, we tested the impact of single and dual 
inoculation of wheat with AMF and S. vermifera 
on plant growth and P uptake from PAB. For this 
purpose, we conducted a greenhouse experiment 
with spring wheat fertilized with PAB and mineral 
fertilizer, inoculated with AMF either alone or in 
combination with S. vermifera. We observed plant 
growth, P uptake, and root colonization by the 
fungi.

Materials and methods

Fertilizer

The PAB used as fertilizer in the greenhouse experi-
ments was produced in an ATS system located within 
a wastewater treatment plant (WWTP; N 51º36′15’’, 
E 8º46′01’’). The ATS was fed with secondary clari-
fied effluent under local field conditions, as described 
in Reinecke et al. (2023). The biomass from the ATS 
was harvested on Aug. 26 th and Sep. 9 th, 2021, and 
pooled. The elemental composition of the PAB was 
C: 26.54%, N: 3.94%, P: 1.35%, and K: 0.85%. Addi-
tional fertilizers for the greenhouse trials were Triple-
superphosphate (TSP, Trifetro Fertilizers, Nether-
lands), Hakaphos® Gelb, N:P:K 20:0:16, (COMPO 
EXPERT GmbH, Germany) and potassium sulfate 
(K2SO4, Sigma-Aldrich, USA). Exclusively for the 
leaching experiment (see below), a second algal 
biomass with a particularly high P content (nutrient 
composition C: 17.2%, N: 1.94%, P: 8.70%, and K: 
0.28%) was used which was harvested from an ATS 
situated within a WWTP at Forschungszentrum Jül-
ich (coordinates N 50º54′10’’, E 6º24′14’’). This ATS 
received effluent directly from the WWTP and oper-
ated under field conditions (unpublished).

31P NMR analysis of algal biofilm

PAB-P was extracted by agitating approximately 
1 g of dried and milling PAB in a 30 mL extraction 
solution of 0.25 M NaOH and 50 mM Na2EDTA 
for 16 h. The mixture was centrifuged at 14,000 g 
for 30 min before collecting the supernatant. The 
supernatant was frozen and lyophilized at − 80 °C. 
100 mg of freeze-dried solids was dissolved in 500 
μL of a mixture of NaOD and D2O at pH 13, and 
100 μL of methylenediphosphonic acid (MDPA, 
0.84 mg mL−1 in D2O) was added as an internal ref-
erence. After centrifuging the extracts for 30 min at 
14,000 g, solution 1D 31P NMR data were acquired 
on a Varian 400 MHz spectrometer with a 5 mm 
broadband probe tuned to the  31P nucleus. Spec-
tra were acquired with the following parameters: 
45° pulse calibrated at 9.57 μs, 1.0 s acquisition 
time, 5  s relaxation delay, 32,678 scans, and pro-
ton inverse-gated decoupling at room temperature. 
Identification of the P species was based on previ-
ous measurements of model compounds and natural 
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soils spiked in NaOH-EDTA soil extracts (Missong 
et al. 2016). The area of each peak was determined 
to calculate the ratio of P species.

Growth substrate

To represent nutrient-poor substrate with negligi-
ble plant-available N, P, and K, a mixture of sand 
(RBS GmbH, Germany; particle size < 1 mm) and a 
nutrient-deficient peat-based substrate called “Null 
Erde” (Einheitserdewerke Werkverband e.V., Ger-
many) was used. The physical properties and nutri-
tional composition of sand and Null Erde (Table S1) 
are described in detail in Dombinov et al. (2022).

Phosphorus release dynamics from ATS biofilms

The P release dynamics from the fertilizers were 
assessed following incorporation into the growth 
substrate (see Section"Growth substrate"). Water 
and 50 mM citric acid served as extractants. The 
fertilizers were two different algal biofilms, one that 
was used in the plant growth experiments containing 
1.35% P, and a second containing 8.7% P as well as 
TSP. Nutrient addition was identical to pot Experi-
ment 2 (see Sections “Response of wheat to algal 
biofilm fertilization and fungal inoculation (Experi-
ment 2)” and"Growth substrate"). Fifty mL reaction 
tubes (Falcon, USA) were perforated with several 
2 mm diameter holes and filled with 50 g of the sub-
strate and the respective fertilizer blend (plant-free). 
To adjust water holding capacity (WHC) to 70%, 
30 mL of distilled water or 50 mM citric acid were 
added, respectively. Subsequently, 6–10 mL of dis-
tilled water or 50 mM citric acid were added every 
other day to trigger nutrient leaching. The leachates 
were collected approximately two hours later, and 
the volumes (in mL) were recorded. The leachates 
were analyzed spectrophotometrically (880 nm, 
SPECORD 200 PLUS, Jena Analytics, Germany) 
for bioavailable phosphorus (PO4

3−) according to 
the protocol for ammonium molybdate spectroscopy 
(ISO,  2004). Leaching with water was carried out 
for 42 days, whereas leaching with citric acid was 
stopped after 14 days since almost the entire P con-
tent had been released by then. Five replicates were 
taken of each sample.

Plant growth experiments

Two pot experiments were conducted under con-
trolled conditions in the greenhouse at the Institute 
for Plant Sciences (IBG- 2), Forschungszentrum Jül-
ich, Germany (N 50º54′36’’, E 6 º24′49’’) to inves-
tigate the effect of PAB and/or fungal inoculation on 
wheat (Triticum aestivum, var. Scirocco, KWS SAAT 
SE, Germany) growth. The nutrient-poor substrate, 
i.e., sand/Null Erde mixture, was homogeneously fer-
tilized with PAB or TSP, equivalent to 37 mg P kg−1. 
As the N and K in PAB were insufficient for wheat 
growth, Hakaphos® Gelb (containing only N and 
K) and K2SO4 were added at 377.6 mg N kg−1 and 
303.8 mg K  kg−1. Negative control in Experiment 1 
was the pure nutrient-poor substrate, while in Experi-
ment 2, the nutrient-poor substrate was supplemented 
with identical N and K concentrations as the mineral 
treatment.

The BayEOS sensor (BayCEER, Bayreuth, Ger-
many) measured the light intensity on the plant sur-
face between 6 a.m. and 10 p.m. and the air tem-
perature inside the greenhouse. An automatic drip 
irrigation system was used to water approximately 
60% of the substrate’s water-holding capacity with 
deionized water. All the pots were regularly arranged 
randomly to ensure a randomized placement of exper-
imental units.

Response of wheat growth to fertilization with algal 
biofilms (Experiment 1)

Experiment 1 was conducted from April to June 
2022 and aimed to investigate the impact of PAB on 
wheat growth and P uptake. To do so, 18 pots (Ø 17 
cm, 2 L) were filled with 1.8 kg of the nutrient-poor 
substrate (sand:Null Erde, 1:2 v:v) containing the 
fertilization treatments described above. Five wheat 
seeds germinated in the fertilized substrates were 
thinned to 3 seedlings per pot after 3 days (d). The 
plants were grown 9 weeks, and 6 pots per treatment 
containing 3 plants each were harvested 3, 6, and 
9 weeks after seed germination. The developmental 
stages of the plants were recorded weekly according 
to the phenological developmental stages of wheat 
(Meier 2018). All three harvests included dry weight 
analyses (shoot, root, root mass fractions), and P 
contents in the biomass were analyzed following the 
9-week harvest. The average daily air temperature 
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and light integral were 22.9 °C and 10 mol photons 
m−2 d−1, respectively.

Response of wheat to algal biofilm fertilization 
and fungal inoculation (Experiment 2)

Experiment 2 was conducted from September to 
December 2022 and aimed to investigate synergistic 
or antagonistic effects of PAB and fungal inocula-
tion with S. vermifera on wheat growth and P uptake. 
Three pots (Ø 12 cm, 1 L) per treatment were filled 
with 0.8 kg of substrate (sand:Null Erde, 1:1 v:v) 
fertilized as described above. Wheat seedlings were 
pre-germinated for 3 d and inoculated with AMF 
and S. vermifera, individually or in combination (as 
described below), or remained without inoculation as 
the negative control. Five pre-germinated seedlings 
(inoculated depending on the treatment) were planted 
per pot and thinned to three plantlets after 3 further 
days. Each treatment comprised 3 replicates.

The inoculation of wheat seedlings was performed 
as follows: a vermiculite-bound arbuscular mycorrhi-
zal (AMF) inoculum, namely INOQ AGRI, includ-
ing Rhizoglomus irregulare, Funneliformis mosseae, 
and Funneliformis geosporum was obtained from 
INOQ GmbH (Schnega, Germany) and used accord-
ing to the manufacturer’s instructions. Briefly, 20 mL 
of inoculum was mixed with the nutrient poor sub-
strate and used as a 5 cm thick top layer into which 
the seedlings were transplanted. Control treatments 
received the same amount of vermiculite (Isola 
Vermiculite, Sprockhövel, Germany) mixed into 
the substrate. Serendipita vermifera (strain MAFF 
305830, Syn. Sebacina vermifera) was kindly pro-
vided by Prof. Alga Zuccaro, Institute for Plant Sci-
ences, University of Cologne, Germany. S. vermif-
era was maintained on MYP medium (7 g L−1 of 
malt extract, 1  g L−1 peptone, and 0.5 g L−1 yeast 
extract; Merck, Germany) containing 1.5% agar at 28 
°C for 3 weeks as described in (Sarkar et  al. 2019). 
To produce the inoculum for wheat roots, the sur-
face mycelia were scraped off the agar surface with 
a scalpel and transferred into 100 mL liquid MYP 
medium and incubated at 23 °C and 120 rpm for 12 
d. The mycelium was then carefully crushed with a 
blender (ULTRA-TURRAX®) and regenerated for 
a further 3 d. Prior to root inoculation, the hyphal 
aggregates were poured into a square Petri dish and 
washed 3 times with sterile tap water. Subsequently, 

the emerging roots of 3 d old wheat seedlings were 
gently moved through the solution for 2–3 min to 
allow fungal material to adhere. The seedlings were 
immediately carefully planted into the fertilized sub-
strate. All the procedures up to the root dipping were 
conducted under sterile conditions. The wheat plants 
were harvested after 6  weeks of growth. The dry 
weight of roots and shoots and the P content of the 
biomass were determined, and fungal colonization of 
wheat roots was evaluated (see below). Throughout 
the experiment, the average daily air temperature and 
light integral were 20.4 °C and 5  mol photons m−2 
d−1, respectively.

Plant harvest and chemical analysis of plant material

The harvested biomass was separated into shoots 
and roots. Roots were carefully washed to remove 
the adhering substrate, and both roots and shoots 
were dried to constant weight at 60 °C (TR 1050, 
Nabertherm GmbH, Lilienthal, Germany) before 
measuring dry weights. For Experiment 2, about 0.5 
g of the freshly washed roots were sampled from each 
pot and stored in 15 ml 50% ethanol/water before 
microscopic assessment of fungal colonization.

In Experiment 1, dry shoots and roots were ground 
(MM 400, Retsch GmbH, Haan, Germany) collec-
tively to analyze the biomass for P content. In Experi-
ment 2, dry roots and shoots were ground separately 
to determine if fungal inoculation influenced the 
distribution of P between the plant organs. Ground 
biomass was digested with 5 mL HNO3 in a micro-
wave (MARS6, CEM®, USA) and measured for P by 
Inductively Coupled Plasma-Optical Emission Spec-
trometry (ICP-OES Ultima 2, HORIBA®, France).

Quantification of fungal colonization of wheat roots

A non-vital staining procedure was used for the 
evaluation of mycorrhizal colonization based on 
Vierheilig et  al. (1998). Briefly, root samples were 
collected at harvest and preserved in 50% ethanol/
water. Before staining, roots were washed twice in 50 
ml tap water (approx. 15 °C) to remove the ethanol, 
then cleared by boiling in 10 ml of a 10% potassium 
hydroxide (KOH) solution for 5 min and rinsed sev-
eral times with tap water. The samples were boiled 
for another 3 min in 10 ml of a 5% ink vinegar con-
taining pure white household vinegar (Surig, Mainz, 
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Germany, diluted to 5% acetic acid) and blue Pelikan 
4001 ink (Pelikan, Hannover, Germany). The roots 
were again rinsed with tap water and stored at 4  °C 
in water with a pH of 4.5 before microscopic obser-
vation. Root colonization by AMF was quantified by 
counting arbuscules, vesicles, hyphae, or fungus-free 
structures under a light microscope (Zeiss, Germany) 
as described in McGonigle et al. (1990). In the case 
of S. vermifera inoculation, we identified hyphae and 
hyphal branches between root cells and root corti-
cal cells completely packed with fungal hyphae, as 
described for wheat by Ray and Craven (2016). In 
roots inoculated with both AMF and S. vermifera, no 
effort was made to discriminate the fungal structures, 
as the hyphae did not show any easily recognizable 
distinguishable characteristics.

Statistical analysis

R studio, version 2023.06.1 (2023), was used for 
statistical analyses and generation of figures. Before 
statistical analysis, the Levene test (R package 
“heplots”, Friendly et al. 2025) was used to test the 
normality of the data. One-way analysis of variance 
(ANOVA) was conducted to test the differences 
among treatments and the statistical significance in 
the interaction of fertilizers and mycorrhizal appli-
cations, followed by Tukey’s multiple comparisons 
test (R package “agricolae”, Mendiburu 2023). Dif-
ferences were considered significant at p < 0.05. For 

variables without a significant interaction between 
fertilizer and fungal treatments (Figs. 3, 4 and 5A, 
C, D, E; Fig. S1), separate one-way ANOVAs were 
conducted for each factor, followed by Tukey’s test. 
In these cases, significant differences between ferti-
lizer treatments are indicated by capital letters, and 
differences between fungal treatments are indicated 
by lowercase letters. For variables with a signifi-
cant interaction (Fig. 5B and F), two-way ANOVA 
was followed by Tukey’s HSD test across all treat-
ment combinations. All data are presented as mean 
± standard error (SE). Figures were generated using 
the R packages ggplot2 (Wickham 2016) and ggpat-
tern (Mike and Davis 2025).

Results

Phosphorus species in PAB

To identify the P species contained in PAB, 31P 
NMR analyses were conducted. More than 80% of 
the P extracted by NaOH-EDTA was orthophos-
phate, and around 15% was present as orthophosphate 
monoesters. Further species like orthophosphate 
diesters and pyrophosphate were found in negligi-
ble amounts (Fig.  1A). Neither phosphonates nor 
polyphosphates could be detected. The 1D spectrum 
is shown in Fig. 1B.

Fig. 1   A Percentages of the signal areas and B: 1-D spectrum of the P compound classes measured with 31P NMR spectroscopy 
after EDTA-NaOH extraction
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Phosphorus release dynamics

Analyses of leachates collected over 42 days using 
water as an extractant and of 14 days using 50 mM 
citric acid revealed differences in P release dynamics 
between the extractants and the fertilizers (Fig. 2).

PAB linearly released only 1.1% of the total sup-
plied P via water extraction. Hence, mere leaching 
of P from the PAB is insufficient to feed plants. In 
contrast, TSP released around 20% of the supplied P 
over the same time course, with the highest release 

(15%) occurring before day 14, after which P release 
gradually decreased. We also tested a PAB contain-
ing 8.7% P in addition to the PAB with 1.35% P used 
for the pot experiments to identify P release dynam-
ics between two contrary PABs. P release of the 8.7% 
P-containing PAB was also linear over 42 days, pro-
viding 3.4% of the P supplied (Fig. 2A). The experi-
ment was repeated for a time course of 14 days using 
50 mM citric acid as a root exudate proxy. P release 
dynamics changed compared to water as an extract-
ant. Using citric acid, the largest amounts of P (2.5%, 

Fig. 2   P mobilization dynamics shown as proportion of total 
P supplied from a plant-free mixture of growth substrate with 
PAB (containing 1.35% P and 8.7% P, equivalent to 37 mg 
kg−1 as 100%, light green and dark green, respectively), or TSP 

(37 mg P kg−1 as 100%), leached by water (A), 42 days, 6–10 
mL d−1 or 50 mM citric acid (B), 14 days, 6–10 mL d−1. Each 
graph shows the P release (bars) and the cumulative P release 
(circles). (n = 5 biological replicates)
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5.6% for low and high P PAB, respectively, and 8.0% 
for TSP) were released within the first five days, after 
which release decreased, irrespective of the fertilizer 
(Fig. 2B).

Similar growth performance of PAB‑ and 
TSP‑fertilized wheat plants despite lower P uptake 
from PAB (Experiment 1)

This experiment aimed to determine the effect of PAB 
as a fertilizer for wheat. Wheat phenological develop-
ment (based on the BBCH scale), dry biomass, and 
P content (mg P g−1 DW) show that fertilized plants 
performed notably differently from unfertilized plants 
(Fig.  3). As expected, unfertilized wheat showed a 
different developmental dynamic (Fig. 3A) and accu-
mulated significantly less biomass than either PAB 
or TSP fertilized plants at all harvest times (Fig. 3B). 
Wheat that received P from TSP had slightly but sig-
nificantly more biomass than PAB fertilized plants at 
all harvests (Fig. 3B). At the final harvest, the total P 

content (mg pot−1) of PAB fertilized plants was sig-
nificantly less than of TSP fertilized plants (Fig. 3C). 
Relative P (mg g−1 DW) of PAB fertilized plants 
notably but not significantly differed from either neg-
ative control or TSP fertilization (Fig. 3D).

Fungal colonization rates differ between fertilizers 
and fungal inoculum (Experiment 2)

The roots of wheat plants without fungal inoculation 
showed no fungal structures after 6 weeks of growth 
(Fig.  4A). In contrast, all plants inoculated either 
with AMF, S. vermifera, or both, showed the typical 
structures of fungal colonization in the root cortex 
cells (Fig.  4B-F). Inoculation with AMF resulted in 
the development of hyphae (Fig. 4B), arbuscules and 
vesicles (Fig.  4C). In roots inoculated with S. ver-
mifera, hyphae and hyphae-filled root cortical cells 
were counted (Fig.  4D) while chlamydospores were 
observed but not counted (Fig. 4E). In co-inoculated 
roots, all structures indicating fungal colonization 

Fig. 3   Development of wheat plants according to BBCH phe-
nological monitoring (A), total dry weight of unfertilized (yel-
low) and algal biofilm (PAB) fertilized (green) or TSP ferti-
lized (blue) wheat plants, harvested after 3, 6 and 9 weeks (B), 
n = 6, total P recovered by control, PAB- and TSP-fertilized 

wheat after 9 weeks (C), n = 3, and relative P content of wheat 
plants after harvest at week 9 (D), n = 3. (Tukey’s HSD test, 
different letters denote significant differences between treat-
ments at p < 0.05)
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were counted without differentiating between inocu-
lants (Fig. 4F). In all AMF inoculated plants, coloni-
zation rates were higher than in S. vermifera inocu-
lation alone. In mineral-fertilized plants, the overall 
colonization rate was lowest, while it was highest in 
PAB-fertilized plants. Interestingly, the coloniza-
tion rate with S. vermifera was significantly higher 
in PAB-fertilized plants compared to either TSP- or 
non-fertilized control (Fig. 4G).

Fungal inoculation differentially affects wheat growth 
and P uptake from PAB (Experiment 2)

In the second greenhouse experiment, we focused 
on the effects of fungal inoculation with arbuscular 
mycorrhizal fungi (AMF), S. vermifera (Sv), or both 
in combination (AMF + Sv), on wheat growth and P 
uptake from PAB. No-P treatment and TSP fertiliza-
tion with identical fungal treatments were negative 
and positive controls, respectively. After 6  weeks 

of growth, plants were harvested and separated into 
shoots and roots, followed by measuring growth 
parameters and P allocation. Significant effects of the 
treatments are shown in Table 1.

Overall, total dry weight (DW, g pot- 1) and rela-
tive P content (mg g- 1 DW) increased depending 
on the fertilizer treatment (no-P < PAB < TSP), with 
only minor effects of fungal inoculation (Fig. S1). A 
different pattern emerges when the shoot and root tis-
sues are considered separately (Table 1, Fig. 5). First, 
both responded differently to fertilizer and fungal 
treatments: shoot and root parameters (DW, relative 
and total P content) significantly depended on ferti-
lization (p < 0.01 for all parameters), whereas root 
parameters also showed a fungal inoculation-specific 
pattern. Second, No-P and PAB fertilization gener-
ated a similar pattern in all observed parameters. 
Third, in TSP fertilization only minor contributions 
of fungal inoculation to biomass and P content were 
detected.

Fig. 4   Exemplary pictures of a typical wheat root segment 
after staining. A  no inoculation. Following arbuscular mycor-
rhizal fungi (AMF) inoculation, the orange arrow in (B) points 
to intracellular hyphae. C arbuscules (yellow arrow) and vesi-
cles (green arrow) were typically observed in AMF inoculated 
roots. In S. vermifera (Sv) colonized roots (D) hyphae-filled 
root cells (pink arrows) as well as chlamydospores (E, red 

arrows) were observed. F Dual AMF + Sv inoculation showing 
vesicles (green arrow) and chlamydospores (red arrows). Fun-
gal colonization rate of wheat roots as determined by micro-
scopic observation (E). (Tukey’s HSD test, different letters 
denote significant differences between treatments at p < 0.05, 
n = 3)
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Specifically, the AMF inoculation alone reduced 
shoot and root DW in No-P control and in PAB fer-
tilized wheat (not significant, Fig.  5A, B). Root 
DW was significantly promoted by S. vermifera in 
PAB treatment as well as by double inoculation of 
AMF and S. vermifera in No-P and PAB treatment 
(Fig. 5B). AMF inoculation tended to result in higher 
relative P content in shoots and roots compared to no 
AMF inoculation across all fertilizer treatments. In 
roots, this was significant following PAB fertilization 
(Fig. 5C, D). In shoots, total P content was highest in 
TSP fertilized wheat, with no significant effect of fun-
gal inoculation (Fig. 5E) while there was a significant 
increase in total P in the wheat roots following double 
inoculation with S. vermifera and AMF (Fig. 5F).

Regarding the effects of fungal inoculation on 
wheat performance following PAB fertilization this 
shows that AMF moderately enhanced P uptake but 
also negatively affected plant growth. In contrast, S. 
vermifera alone had no effect on P uptake but instead 
promoted root growth. Double inoculation with both 
fungi resulted in higher total P uptake from PAB, 
resulting in significantly more total P content in 
wheat roots than following TSP fertilization, used 
here as a positive control.

Discussion

In this study we show the potential and limitations 
of a polyculture algal biofilm (PAB) produced on the 
effluent of treated municipal wastewater as a phospho-
rus (P) fertilizer for wheat. Although orthophosphate 
is the main P species in the NaOH labile P fraction of 
PAB, it was less prone to leaching and less available 
to wheat plants during 42 days of growth compared 

to TSP. We further show that the co-inoculation of 
wheat with arbuscular mycorrhizal fungi (AMF) 
and the root-beneficial fungus Serendipita vermifera 
resulted in a comparable fertilizer efficiency of PAB 
and TSP, which was due to a synergistic effect of root 
growth promotion by S. vermifera and enhanced P 
mobilization by AMF.

31P NMR analysis reveals orthophosphate as the 
dominant P species in PAB

The NaOH-extractable fraction of P from PAB con-
sisted mainly of orthophosphate (83%), followed by 
orthophosphate-monoesters (15%), pyrophosphate 
(2%), and orthophosphate-diesters (< 1%; Fig. 1). The 
same P species but also phosphonates and polyphos-
phates were previously detected in algae (Wang et al. 
2019). In our study, we did not detect phosphonates 
and polyphosphates, which could have been due to 
different cultivation conditions, differences in the 
algae community, and/or their amounts being below 
the limit of quantification. In addition, polyphosphate 
may have been hydrolyzed during alkaline extrac-
tion, resulting in its conversion to pyrophosphate 
(He et  al. 2011). To test such underlying processes, 
Wang et al. (2021) had also extracted the algae with 
a deuterated solution, which allowed quantification of 
hydrolytic decay based on changes in chemical shifts 
at the slightly modified electron density of the nuclei. 
The authors reported that algal P also contained a sig-
nificant amount of RNA-P (1.260 g  kg−1; in similar 
amounts as monoester-P) in addition to some phos-
pholipid P (340 mg kg−1), which both escape com-
mon analytical windows using alkaline extraction.

NaOH-EDTA has been widely used to extract P 
from environmental samples. In soils and sediments, 

Table 1   Results of two-
way ANOVA test

P-values (p) of significant 
effects (p < 0.05) of fungal 
and/or fertilizer and 
interaction between them 
are highlighted in bold

Dependent variables Fungi Fertilizer Fungi × Fertilizer

F value p F value p F value p

Shoot DW (g pot−1) 4.409 0.013 72.561  < 0.001 0.953 0.477
Root DW (g pot−1) 49.402  < 0.001 60.287  < 0.001 9.412  < 0.001
P in shoots (mg g−1 SDW) 2.754 0.065 23.595  < 0.001 0.641 0.696
P in roots (mg g−1 RDW) 7.051 0.001 6.392 0.006 2.232 0.075
Total P in shoots (mg pot−1) 1.052 0.388 65.452  < 0.001 0.757 0.61
Total P in roots (mg pot−1) 20.007  < 0.001 31.877  < 0.001 6.931  < 0.001
DW total plant (g) 7.958  < 0.001 77.414  < 0.001 1.890 0.124
P in total plant (mg g−1 DW) 3.237 0.04 24.178  < 0.001 0.512 0.793
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extraction of P with 0.25 M NaOH and 50 mM EDTA 
resulted in recovery rates between 57 and 90% of 
total P (Makarov et  al. 2002; Missong et  al. 2016). 
Although the extraction method was optimized for 

soil samples, it has also been used successfully for 
algal biomass (Feng et  al. 2016, 2019). Feng et  al. 
(2019) applied the extraction solution to aquatic 
macrophytes and algae and achieved a P recovery 

Fig. 5   Effects of fertilizer and fungal treatments on growth 
and phosphorus uptake of wheat plants. A Shoot dry weight, 
B Root dry weight, C Shoot P concentration, D Root P con-
centration, E Total P in shoots, and (F) Total P in roots. For 
panels with no significant interaction (A, C, D, E), signifi-
cant differences between fertilizer treatments are indicated by 
capital letters (No-P, BAP, TSP, p < 0.01, n = 12), and differ-

ences between fungal treatments are indicated by lowercase 
letters (No-Fun, AMF, Sv, AMF + Sv, p < 0.05, n = 3), both 
based on one-way ANOVA followed by Tukey’s test. For pan-
els with significant interaction (B, F), different letters indicate 
significant differences between treatment combinations, based 
on two-way ANOVA followed by Tukey’s test. Error bars rep-
resent standard errors (SE)
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of around 90%. Mackay et  al. (2017) observed that 
the high amounts of orthophosphate in different 
organic soil amendments did not always correspond 
to higher plant availability. Instead, the composition 
and changes within the P pools over time had a gov-
erning effect on plant available P. Similarly, Peirce 
et  al. (2013) compared P species in chicken manure 
over a 12-month period and identified increasing 
concentrations of orthophosphate with increasing 
age, which corresponded to reduced P availability to 
plants. The authors suggested increased binding of 
the orthophosphate to calcium in the substrate. Algal 
biofilms produced on municipal wastewater may con-
tain around 2% calcium (Reinecke et al. 2023), which 
may, upon decomposition of algal biomass, immo-
bilize orthophosphate. Furthermore, Schreiber et  al. 
(2018) analyzed P availability from algal biomass 
composed of Chlorella vulgaris and observed differ-
ences between dry and wet algae as well as sandy and 
organic-rich substrates, indicating effects of biomass 
processing and growing medium on the P availability 
to plants. Other than orthophosphate, the PAB con-
tains negligible amounts (< 1%) of the easily mineral-
izable orthophosphate diester-P (Condron et al. 1990) 
and around 2% of less plant available pyrophosphate 
(Sutton and Larsen 1964), while around 15% was in 
the form of orthophosphate monoester. Monoesters 
may readily sorb to soil surfaces, making them stable, 
and they are assumed to be less susceptible to miner-
alization (Giles et al. 2011; Turner et al. 2005). Plants 
utilize P in the form of inorganic orthophosphate (Pi), 
and the high orthophosphate concentration of PAB 
would be expected to correspond to high plant avail-
ability (Penn and Camberato 2019). However, as dis-
cussed below (4.3), plant P availability was consist-
ently lower than from TSP, which likely reflects that 
much of the PAB total P was organic and thus not 
readily taken up.

P release dynamics from PAB with water and citric 
acid as extractants predict low leaching and high 
plant availability of PAB‑P

The leaching experiment conducted with PAB or TSP 
mixed into the plant-free growing medium showed 
differences in the P release dynamics between the 
fertilizers. PAB-P was much less water soluble than 
the (monocalcium)-P from TSP. This could reflect 
the presence of other, less leaching-prone P forms 

in PAB, such as the 15% orthophosphate monoester 
share discussed above (4.1). However, the leaching 
dynamics were not different between a PAB con-
taining 1.35% and one containing 8.7% P; only the 
absolute amounts differed. This suggests that the P 
species in both algal biofilms are similar. The high 
P content in the PAB may result from P precipita-
tion as hydroxyapatite during high-light and high-
temperature conditions (such as in summer days) 
when the pH of the medium rises to values above 
pH 9 (for details, see Gerardi and Lytle 2015); such 
high pH values have also been observed in the ATS 
system by Gan et  al. (2023). Alternatively, due to 
so-called"luxury uptake", algal cells can accumulate 
much more P than is necessary for their immediate 
growth and to store it in the form of polyphosphate. 
The stored P can serve as an internal P depot when 
needed (Solovchenko et al. 2016). The analyses of the 
1.35% P PAB detected no polyphosphate but further 
studies on the high P-PAB would help to identify the 
P species and their localization, allowing for the opti-
mization of PAB as a fertilizer.

The slow P release from PAB contrasts with the 
comparatively high P uptake by the plants (see 4.3), 
suggesting that other, probably plant-related pro-
cesses contributed to P acquisition. On the one hand, 
P may be rapidly released from organic forms upon 
mineralization, as other studies also showed simi-
lar P availability to plants from algae as from TSP 
(Schreiber et  al. 2018; Siebers et  al. 2019). On the 
other hand, to become available to plants, P that is 
adsorbed to soil or precipitated must be desorbed or 
solubilized from the pool of total P (Richardson et al. 
2011). To improve the access to such P, plants utilize 
several mechanisms including the exudation of low 
molecular mass organic acids that not only release 
phosphate from its binding sites but also dissolve 
hydroxyapatite P, thus increasing the availability of P 
to plants (Wang and Lambers 2020). The short-term 
leaching experiment conducted here with 50 mM cit-
ric acid, a commonly exuded organic acid frequently 
used to study P dynamics in soils (Santos et al. 2017), 
shows that the release dynamics changed compared 
to water as an extractant, resembling the dynamics 
observed in P leaching from TSP. With water, PAB-P 
was released gradually, while with citric acid, the 
largest amounts of P were released within the first few 
days, after which its release decreased, irrespective of 
the fertilizer (Fig. 1B). Citric acid can be considered a 
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proxy for acidic root exudates, and its effect indicates 
that PAB-P can become plant-available in the pres-
ence of a root.

P from PAB is readily available for wheat, but to a 
notably smaller extent than P from TSP

Wheat phenological development, assessed via the 
BBCH scale, indicated comparable development fol-
lowing both fertilizer treatments at weeks 3, 6, and 9, 
compared to the unfertilized control. Overall, plant 
biomass and the total and relative P of control plants 
remained significantly different from that of the ferti-
lized plants at all time points (Fig. 2). Comparing the 
fertilized plants, wheat receiving PAB yielded less 
biomass and acquired significantly less total phos-
phorus compared to wheat fertilized with TSP. The 
relative P content, while notably lower than that fol-
lowing TSP treatment, was not significant, suggesting 
comparable P availability to that of TSP.

As discussed above, this aligns with our expecta-
tion following the 31P NMR and P-leaching results 
that indicated that PAB-P could be slightly less 
available than TSP-P. These results are further in 
accordance with previous reports on algal fertilizers 
(Schreiber et al. 2018; Siebers et al. 2019). Mau et al. 
(2021) used phenological data and literature-derived 
information to analyse wheat growth with an algal 
fertilizer composed of Chlorella sp. Their findings 
indicate that a portion of the P was readily accessible 
from the algal biomass, while another fraction was 
released gradually over time. This resulted in wheat 
growth comparable to that of plants fertilized with 
minerals, albeit with a lower overall P uptake. How-
ever, previous studies have exclusively examined the 
impacts of algal monocultures, while we demonstrate 
successful plant growth using a polyculture algal 
biofilm.

Double inoculation of wheat with arbuscular 
mycorrhizal fungi and the beneficial root endophyte 
Serendipita vermifera improved P transfer from PAB 
to the roots, which retained more P than from readily 
available TSP

Our next aim was to analyse whether and to what 
extent wheat P uptake can benefit from the synergy 
between arbuscular mycorrhizal fungi (AMF) and 
S. vermifera when PAB is used as fertiliser. The 

contribution of AMF to plant P uptake is well under-
stood (Jansa et al. 2011; Smith and Read 2010), while 
it is much less clear for S. vermifera and other mem-
bers of the Sebacinales. P acquisition by host plants 
can be enhanced under some experimental condi-
tions, but the mechanisms differ from those identi-
fied in AMF (Weiß et al. 2016). To gain insight into 
the interaction of wheat with both types of beneficial 
fungi, we inoculated wheat seedlings with AMF and 
S. vermifera, alone and in combination. We harvested 
the roots and shoots after 6  weeks of growth. Inde-
pendently of the fertilizer treatment, all typical myc-
orrhizal structures could be detected in AMF-inoc-
ulated, as well as in S. vermifera-inoculated roots, 
indicating the establishment of functional root-fungus 
interactions (Fig. 4).

Using PAB as a fertilizer resulted in significantly 
higher root colonization with S. vermifera compared 
to TSP fertilization and the No-P treatment. Sebacina-
les have been found to proliferate in soils that are high 
in organic matter and were also found to increase fol-
lowing a transition from conventional to organic agri-
culture (Verbruggen et  al. 2014). In our experiment, 
potential proliferation of S. vermifera in the presence 
of PAB may have led to higher fungal biomass and 
thus increased inoculum density in the substrate. In 
AMF (i.e. Glomus spp.), root infection levels can be 
proportional to inoculum amount (Wilson and Trin-
ick 1983), although colonization also depends on the 
fungus’s infection competence (Abbott and Robson 
1981). In addition, we observed that S. vermifera 
inoculation increased wheat root biomass (see below), 
which potentially also increased the number of entry 
points for fungal colonization. Follow-up experiments 
would be needed to clarify the roles of inoculum den-
sity, infection competence, and root physiological 
responses.

It is interesting to note that the presence or 
absence of P did not affect the root colonization 
rate, as there was no difference in S. vermifera colo-
nization between the No-P and TSP fertilization 
treatments. With double inoculation, S. vermifera 
did not affect AMF colonization in PAB and TSP 
treatments while significantly lower colonization 
was observed in the No-P treatment compared to 
AMF inoculation alone. This suggests that S. ver-
mifera may inhibit AMF’s ability to colonize wheat 
roots at extremely low P availability. Sarkar et  al. 
(2019) studied S. vermifera in the interaction with 
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the plant pathogenic fungus Bipolaris sorokiniana. 
The authors found that genes encoding cell wall-
degrading enzymes, particularly chitinases and glu-
canases, were upregulated in S. vermifera during 
confrontation with B. sorokiniana. Since the iden-
tified gene products are important for mycoparasit-
ism (Sarkar et al. 2019), it is feasible to assume that 
such antagonism also may play a role in the inter-
action between AMF and S. vermifera, which may 
in turn affect the ability of AMF to colonize plant 
roots.

AMF inoculation had a negative effect on plant 
biomass formation, while the relative P content 
increased (albeit not significantly) compared to non-
inoculated plants (Fig.  5). In wheat, which is often 
regarded as non-responsive to AMF, such an out-
come has been described before. However, previ-
ous researchers have demonstrated that considerable 
amounts of P were delivered by AMF to wheat, even 
when the growth response was negative (Li et  al. 
2006, 2005). This indicates that the growth response 
may not be suitable for judging the fungal contribu-
tion to P-use efficiency of plants.

In our study, S. vermifera alone did not affect P 
uptake but significantly promoted wheat root growth 
following PAB fertilization. S. vermifera promotes 
the growth of many different plant hosts, including 
the model plants Arabidopsis and Nicotiana, but also 
the biomass plant switchgrass (Panicum virgatum), 
fennel (Foeniculum vulgare), and rice (Dolatabadi 
et  al. 2011; Pirdashti et  al. 2012; Ray and Craven 
2016). Achatz et al. (2010) reported that growth pro-
motion in barley (Hordeum vulgare) by Serendipita 
indica (syn. Pirformospora indica), a close relative 
of S. vermifera, was not accompanied by increased 
P content. Other members of the order Sebacinales 
in contrast have been shown to provide N and P to 
host plants, especially when these nutrients were 
limited (Nurfadilah et  al. 2013). Ray et  al. (2019) 
reported a significant increase in the number of lat-
eral roots in young wheat seedlings in winter wheat 
inoculated with S. vermifera ssp. bescii under N- or 
P-limiting conditions. However, under these condi-
tions no impact on shoot N or P content conditions 
was observed, and, in turn, no growth promotion 
under optimum N and P conditions was evident. The 
authors suggested that shoot nutrient acquisition and 
plant growth promotion may not necessarily be posi-
tively correlated phenotypic traits. In the wheat-S. 

vermifera interaction introduced in our study, similar 
dynamics could be at play (Fig. 5).

Co-inoculation of AMF and S. vermifera led to 
a significant increase in root P content but only a 
slightly positive, non-significant trend concerning the 
aboveground biomass. Positive synergistic effects of 
co-inoculation of plants with AMF and S. indica have 
been described that alleviate saline stress (Heidarian-
pour et  al. 2020), drought stress (Tyagi et  al. 2023), 
and to reduce heavy metal uptake (Wang et al. 2023). 
He et  al. (2022) co-inoculated the legume Vicia vil-
losa with AMF and S. indica, resulting in increased 
plant biomass, a significantly improved P uptake 
and increased nitrogen (N) availability in the soil. 
Similarly, Hallasgo et  al. (2020) studied the syner-
gistic effects of AMF and two different endophytes, 
S. indica and S. williamsii, on tomato plants. Double 
inoculation enhanced the N concentration in tomato 
shoots without reducing the P transfer by AMF. 
Moreover, the authors observed that S. williamsii per-
formed differently from P. indica when co-inoculated 
with AMF, indicating that interaction patterns, even 
between close relatives, are highly individual. Here, 
we used an AMF inoculum consisting of three arbus-
cular mycorrhizal fungi, namely Rhizoglomus irregu-
lare, Funneliformis mosseae, and Funneliformis geo-
sporum, and we cannot exclude that the individual 
AMF species interact differently with S. vermifera 
and that individual effects may be lost in the combi-
nation. Thus, it would be informative to further inves-
tigate specific interactions with S. vermifera as, to our 
knowledge, no other studies on potential synergism or 
antagonism between S. vermifera and AMF isolates 
have been conducted.

In summary we show that P recovery from PAB 
by wheat plants can be enhanced by co-inoculation 
with arbuscular mycorrhizal fungi and the benefi-
cial root endophytic fungi S. vermifera. Even though 
under the chosen experimental conditions there was 
no positive effect on overall plant biomass, more total 
P was retained in belowground organic plant matter, 
preventing it from being immobilized in the soil. Li 
et  al. (2005) reported that the wheat growth depres-
sion induced by AMF observed at early growth stages 
(up to 6 weeks) disappeared at maturity. It would thus 
be essential to conduct next experiments until wheat 
maturity to evaluate the potential of dual inoculation 
on the wheat seed production, quality, and P recovery 
from PAB.
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Conclusion

In our study, PAB proved to be an effective organic 
P source for wheat, with lower P-leaching potential 
than TSP. Despite wheat’s lower P recovery from 
PAB compared to TSP, it grew efficiently with this 
treatment. While AMF reduced wheat growth with-
out affecting P uptake in PAB-fertilized plants, S. 
vermifera mitigated the adverse effects when co-
inoculated with AMF. Notably, S. vermifera signifi-
cantly enhanced root growth and P content in roots. 
Our study thus highlights the potential of microbial 
involvement in optimizing the use of algae-based fer-
tilizers for sustainable agriculture. It contributes to 
the growing understanding of algae-based fertilizers 
in plant nutrition.

As Sebacinales are more abundant in organically 
managed soils than in conventionally cultivated ones, 
PAB might have specific advantages in joint appli-
cation with organic fertilizers, at best reducing the 
necessity to inoculate the crops. It should also be 
noted that mineral fertilization as well as the absence 
of P inhibited S. vermifera colonization of wheat 
roots, while the presence of S. vermifera inhibited 
AMF colonization under very low P conditions. Fer-
tilizer, soil, or organismic factors involved in this tri-
partite interaction need further elucidation.
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