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Abstract
Microalgae are recognized as eco-functional inoculants that improve soil quality and stimulate plant productivity. This study 
explored the potential of pyroligneous acid (PA), a low-cost byproduct of biomass pyrolysis, as a biostimulant enhancing 
microalgal growth and metabolite production. We investigated the effects of PA on growth, and synthesis of indole-3-acetic 
acid (IAA) and extracellular polymeric substances (EPS) in two microalgal strains, Desmodesmus sp. MAS1 and Chlorella 
sp., when cultivated with PA in presence or absence of light. Preliminary studies showed that 0.01% (v/v) of PA enhanced 
growth of the microalgae, and its increased concentrations were inhibitory. Growth rate of Chlorella sp. with PA was 0.444 
d‒1 in a photobioreactor compared to 0.465 d‒1 without PA, while the corresponding values for strain MAS1 were 0.372 d‒1 
and 0.334 d‒1, respectively. Biomass production for Chlorella sp. and strain MAS1 when grown in presence of PA was 0.80 
and 1.54 g L‒1, respectively, while the biomass of cultures grown in the absence of PA was 1.13 and 1.20 g L‒1, respectively. 
Chlorophyll content increased by 27% (P < 0.05) in Chlorella sp. and 17% (P < 0.05) in strain MAS1 in presence of PA. For 
Chlorella sp., IAA production in presence and absence of PA was 4.40 and 2.40 µg g‒1, respectively, while it was 6.0 and 
2.0 µg g‒1, respectively, for strain MAS1. EPS yield increased by 2.0 mg g‒1 with PA in Chlorella sp., and the increase was 
8.0 mg g‒1 in case of strain MAS1. Chlorella sp. exhibited higher chlorophyll content, enhanced IAA and EPS production 
but there was no increase in biomass. This suggests that PA can improve specific metabolic activities in both the microalgal 
strains, possibly contributing to soil health by promoting soil structure through increased EPS and IAA yield. Subsequent 
soil-based microcosm experiments confirmed that microalgae together with PA significantly increased soil EPS, IAA, dehy-
drogenase activity (DHA), and chlorophyll a content. The increase in DHA was 2.4-fold in soils that received PA and strain 
MAS1, while EPS production was 1.6 times higher. Chlorophyll a content was maximum in PA-amended soils inoculated 
with Chlorella sp., reaching a significant 6.5-fold increase that remained thereafter. These results highlight the dual role of 
PA in stimulating microalgal metabolic activity and enhancing soil microbial function, positioning it as a multifunctional 
biostimulant for sustainable agriculture.

Keywords  Wood vinegar · Biostimulant · Indole-3-acetic acid · Extracellular polymeric substances · Dehydrogenase 
activity · Soil health improvement

 *	 Mallavarapu Megharaj 
	 megh.mallavarapu@newcastle.edu.au

1	 Global Centre for Environmental Remediation (GCER), 
School of Environmental and Life Sciences, College 
of Engineering, Science and Environment, University 
of Newcastle, ATC Building, University Drive, Callaghan, 
NSW 2308, Australia

2	 Cooperative Research Centre for Contamination Assessment 
and Remediation of the Environment (crcCARE), University 
of Newcastle, ATC Building, University Drive, Callaghan, 
NSW 2308, Australia

3	 Formerly Department of Microbiology, Sri Krishnadevaraya 
University, Anantapuramu 515003, India

4	 BioCarbon Proprietary Limited, Cromer, NSW 2099, 
Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-025-04514-4&domain=pdf


	 World Journal of Microbiology and Biotechnology (2025) 41:306306  Page 2 of 17

Introduction

Microalgae are ecologically important microorganisms 
that play a vital role in maintaining soil structure, stabil-
ity, and fertility. Through photosynthesis, they fix atmos-
pheric CO₂ into organic carbon, improving microbial com-
munity dynamics, soil aggregation, and nutrient cycling 
(Jassey et al. 2022; Maier et al. 2018; Abinandan et al. 
2019; Cao et al. 2023). Their biomass contains a wide 
range of biomolecules such as soluble amino acids, bio-
mineral conjugates, polysaccharides, and phytohormones 
(Roque et al. 2023; Jose et al. 2024) which can stimu-
late plant growth and enhance tolerance to environmental 
stresses (Ramakrishnan et al. 2010, 2023; Rupawalla et al. 
2021, 2022). Additionally, microalgae interact symbioti-
cally with soil bacteria and fungi, thereby supporting a 
robust and diverse soil microbiome (Rossi and Dephilip-
pis 2015; Chamizo et al. 2018). They also produce bio-
logically active compounds like enzymes and ions that 
influence soil communities, including plants (Renuka et al. 
2018). Thus, the nutrient use efficiency, plant growth, and 
soil microbial health positioned microalgae as promising 
biofertilizers and biostimulants in sustainable agriculture 
(Gonçalves et al. 2023). Microalgal biomass or its extracts 
have been linked to enhanced crop yield, stress tolerance, 
and reduced dependency on chemical fertilizers (Song 
et al. 2022; Gonçalves et al. 2023). Their integration into 
modern farming practices offers avenues for climate-smart 
agriculture, especially in low-input systems where con-
ventional fertilizers are either unsustainable or cost-pro-
hibitive (Miranda et al. 2024). The microalgal market ini-
tially valued at ~ 1000 million US$ in 2018, was projected 
to reach double by 2023 with an increase in compound 
annual growth rate (CAGR) of 15.20% by 2029 (Ram-
akrishnan et al. 2023; Miranda et al. 2024). From an eco-
nomic standpoint, the scalability of microalgal production 
using low-cost feedstocks such as wastewater has further 
elevated interest in their agricultural applications (Chabili 
et al. 2024). Biomass generated from such dual-use sys-
tems can be valorized into biofertilizers, biostimulants, 
or biopesticides, promoting circular nutrient loops while 
lowering the environmental footprint of farming (Merlo 
et al. 2021; Çakirsoy et al. 2022). Despite their potential, 
commercialization of microalgae-based soil amendments 
remains limited due to challenges in cost-effectiveness, 
metabolite yield inconsistency, and lack of multifunctional 
stimulants capable of supporting both microalgal growth 
and soil health benefits.

Biostimulants are a diverse group of substances 
(Zulfiqar et  al. 2020; Corsi et  al. 2022) and microor-
ganisms that, when applied in small quantities, can sig-
nificantly enhance plant growth and productivity by 

stimulating natural physiological processes (Du Jardin 
2015; Zulfiqar et al. 2020; Corsi et al. 2022; Mandal et al. 
2023). They are the compounds or organisms that improve 
nutrient uptake, promote stress tolerance, and enhance 
crop quality regardless of their nutrient content (Van 
Oosten et al. 2017). The scientific community developed 
various formulations of biostimulants tailored for differ-
ent crops and environmental conditions (Parađiković et al. 
2019). Their integration into modern agronomic practices 
represents a promising strategy for achieving sustainable 
agriculture while mitigating the environmental impacts of 
conventional agrochemicals (Yakhin et al. 2017).

Pyroligneous acid (PA), also known as wood vinegar, is 
a byproduct obtained from the pyrolysis of lignocellulose 
waste or plant biomass to produce biochar (Mathew and 
Zakaria 2015; Akley 2023). PA, produced during biomass 
pyrolysis, can enhance nutrient availability, modulate bacte-
rial communities, and improve soil properties (Cândido et al. 
2023). Its chemical composition and biological effects on 
crops suggest potential as a biopesticide (de Souza Araújo 
et al. 2018; Urrutia et al. 2022). When applied at appropriate 
rates and concentrations, it can be used to improve crop pro-
ductivity (Cândido et al. 2023; Zhu et al. 2021). For exam-
ple, field experiments with lettuce, cabbage, and cucumber 
revealed enhanced productivity when treated with a 500-fold 
dilution of PA every 10 days during the vegetative growth 
stage (Jun et al. 2006). Further, using a 250-fold diluted PA 
alongside a fertilizer at half the recommended concentration 
resulted in a 190% increase in the number of tomato fruits 
and a 189% increase in their weight, compared to using the 
fertilizer alone (Benzon and Lee 2016). Further studies 
have also indicated that the application of PA also improve 
nitrogen fixation through action of enhancing soil nitrogen 
activities (Lee et al. 2021; Seok and Park 2024). However, 
at increasing concentrations, it can also act as a weedicide 
without harming any biota (Hao et al. 2021; Sivaram et al. 
2022a; Iacomino et al. 2024). These findings reiterate that 
PA is an effective biostimulant and tested mostly as foliar 
spray, seed priming agent to enhance plant growth (Fedeli 
et al. 2022) besides promoting soil parameters and microbial 
diversity (Kumar et al. 2025).

The application of PA as a biostimulant in microalgal 
systems has not been systematically explored so far. The 
effects of PA on microalgal growth, metabolite release, and 
its potential for soil health enhancement under different 
nutrient conditions (autotrophy, mixotrophy, and hetero-
trophy) remain unknown. This is especially critical if the 
growing need for cost-effective and dual-benefit biostimu-
lants that contribute to soil fertility and crop sustainability is 
considered. To address this knowledge gap, we used PA as 
the novel biostimulant for assessing its impact on microalgal 
growth and stimulation of soil-beneficial metabolites such 
as indole-3-acetic acid (IAA) and extracellular polymeric 
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substances (EPS) by involving two microalgal strains, Chlo-
rella sp. and Desmodesmus sp. MAS1. Chlorella sp. is well 
known for its autotrophic potential (Adesanya et al. 2014; 
Couto et al. 2021) while Desmodesmus sp. MAS1 has been 
established as a potent soil inoculant (Shanthakumar et al. 
2021; Abinandan et al. 2022). Thus, these two strains were 
chosen for their complementary ecological traits and rel-
evance in agricultural bioformulations while comparing 
their responses to PA under dark and light growth condi-
tions. To establish the proof-of-concept, both IAA and EPS 
were chosen as the critical indicators of soil biostimulation 
because IAA promotes root elongation and nutrient uptake, 
while EPS contributes to soil aggregation, moisture reten-
tion, and microbial habitat stabilization. Using an optimized 
PA concentration (0.01%), the strains were cultivated in pho-
tobioreactors under three growth conditions: CO₂ and light 
(control), CO₂ and light + PA, and CO₂ and dark + PA. Also, 
the PA-stimulated microalgal metabolism was validated by 
assessing EPS, IAA, dehydrogenase activity (DHA), and 
chlorophyll a content in a soil-based microcosm study. 
The attenuated-total reflectance (ATR) technique was 
employed to assess the biochemical composition of EPS. 
To our knowledge, this is the first experimental evidence on 
biostimulation of PA, offering a novel approach to improve 
both microalgal productivity and soil health for sustainable 
agriculture.

Materials and methods

Microalgal strains and maintenance

The microalgal strains, Chlorella sp. and Desmodesmus sp. 
MAS1, maintained axenically in the Phycology Labora-
tory at the Global Centre for Environmental Remediation 
(GCER), University of Newcastle, were used in this study. 
The stock cultures were grown in Bold's basal medium 
(BBM) under continuous illumination (60 μmol m−2 s−1) at 
23 ± 1 °C on an orbital shaker set at 100 rpm (Praveen et al. 
2023a, b).

Preliminary screening for growth response

PA, obtained from Northside Industries, NSW, Australia, 
was supplemented to BBM to provide concentrations (%, 
v/v) of 0.005, 0.01, 0.05, 0.10, 0.50, 1.0, and 5. About 
5 × 105 cells mL−1 collected from exponentially growing 
cultures of Chlorella sp. or Desmodesmus sp. MAS1 were 
added to 30 mL of the above growth medium in 100 mL 
Erlenmeyer flasks and incubated under continuous illumi-
nation (60 μmol m−2 s−1) at 23 ± 1 °C on an orbital shaker 
set at 100 rpm. Growth response, determined in terms of 
optical density (Supplementary Information, Fig. S1) and 

relative fluorescence units (RFUs) of chlorophyll (Supple-
mentary Information, Fig. S2), showed that both the micro-
algal strains could tolerate the addition of PA up to 0.01% 
into the medium.

Experimental setup and analyses

The microalgal strains, Chlorella sp. and Desmodesmus sp. 
MAS1, were cultivated with the optimized PA concentration 
(0.01%) for 8 days in 2.0 L bubble column photobioreactors. 
Cultures were maintained under continuous illumination 
(60 μmol m⁻2 s⁻1) and aerated with filtered air containing 
atmospheric CO2 at a flow rate of 0.01 vvm. The conditions 
included for microalgal growth were: (i) atm.CO2 and light 
with no PA (control); (ii) atm.CO2, light, and 0.01% PA; 
and (iii) atm.CO2, dark, and 0.01% PA, all at constant room 
temperature of 23 ± 2 °C. Triplicate samples were collected 
every alternate day, and the data were expressed as means.

The growth response was measured in terms of cul-
ture density (OD750 nm) and RFUs of chlorophyll using the 
EnSight multimode plate reader (Perkin Elmer, USA) fol-
lowing the method described by Perera et al. (2022). Specific 
growth rate (µ) during the exponential phase were calculated 
using the formula:

where, NODf is the optical density at tf days, NODi is the 
optical density at day 0, and t0 and tf are the times that cor-
respond to the beginning and end of the exponential phase, 
respectively.

Biomass dry weight was determined using the gravi-
metric method as described earlier by Perera et al. (2022). 
Changes in pH were observed using a LAQUA PC1100 pH 
meter (Horiba Scientific, Japan).

IAA in microalgal cells was determined following the 
procedure of Shanthakumar et al. (2021). A known quantity 
of biomass was homogenized in a tissue lyser, and the super-
natant was mixed with an equal volume of freshly prepared 
Salkowski reagent and incubated in the dark for 15 min at 
room temperature. The absorbance of the resulting pink col-
our was measured at 530 nm using a spectrophotometer. IAA 
was quantified using a standard curve and the values were 
expressed as μg g−1 of biomass dry weight.

For EPS analysis, at least 100 mL of supernatant was 
collected after 4 and 8 days of growth by centrifuging the 
samples at 5,000 × g for 15 min. The supernatant contain-
ing the released EPS was passed through 0.45 µm cellulose 
acetate filter. The content of EPS was precipitated by add-
ing three volumes of ice-cold ethanol (96%) and incubated 
overnight at 4 °C. The precipitated EPS was centrifuged at 
10,000 × g for 10 min, and the pellet was washed three times 

Specific growth rate (μ) =
ln
(

NODf
)

− ln(NODi)

tf − to
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with 70% ethanol, followed by centrifugation at 10,000 × g 
for 10 min. The pellets were vacuum-dried, and the EPS 
yield was expressed as mg g−1 of biomass dry wt. To iden-
tify functional groups of EPS, ATR-FTIR spectroscopy was 
performed using triplicate samples (Perera et al. 2022). The 
residues of EPS were suspended in BBM to provide a con-
centration of ~ 2 mg mL−1, and spectra were obtained using 
an FTIR spectrophotometer (Cary 660, Agilent Technolo-
gies, Santa Clara, CA, USA). BBM without EPS was used 
for background spectrum to minimize the interference of 
solutes and traces of dissolved gases, if any, in the medium. 
Characteristic spectral regions corresponding to carbohy-
drates (900–1200 cm⁻1), proteins (1244–1697 cm⁻1), and 
lipids (1744, 2850–2947 cm⁻1) were identified as described 
previously (Abinandan et al. 2021).

Soil‑based microcosm experiment for validating 
microalgal activities

To assess the PA-stimulated microalgal impact under soil 
conditions, a microcosm study was conducted using sandy 
loam soil collected from surface (0–15 cm) in a local pas-
ture site (pH ~ 6.5). The soil was sieved through 2-mm mesh 
to remove debris and homogenized. Six treatment groups 
were prepared in triplicate, each containing 40 g of dry soil 
in sterile plastic Petri dishes: (a) soil + sterile water (con-
trol); (b) soil + PA (0.01%, v/w); (c) soil + strain MAS1 
(~ 30 mg dry biomass); (d) soil + Chlorella sp. (~ 30 mg dry 
biomass); (e) soil + strain MAS1 + PA (0.01%, v/w); and (f) 
soil + Chlorella sp. + PA (0.01%, v/w). The microalgal cul-
tures were harvested on day 8 from photobioreactors and 
centrifuged to concentrate the biomass before soil appli-
cation. PA was added simultaneously during inoculation. 
Moisture was adjusted to 60% of the water-holding capac-
ity and incubated for 20 days in a glasshouse under natural 
light–dark cycles (~ 25 °C day/20 °C night). At day 10 and 
day 20, composite soil samples were collected to assess the 
following parameters. Soil dehydrogenase activity (DHA) 
was determined using the triphenyl tetrazolium chloride 
(TTC) reduction method and expressed as μg triphenyl 
formazan (TPF) g–1 soil hr–1. IAA and EPS were also quan-
tified from soil samples as detailed above. Chlorophyll a 
was extracted from soil using 90% acetone and measured at 
663 nm (Shanthakumar et al. 2021; Abinandan et al. 2022).

Statistical analysis

The experimental mean values (n = 3) were subjected to 
one-way analysis of variance (ANOVA), and the statistical 
significance (P ≤ 0.05) was determined following Duncan’s 
multiple range (DMR) test using the IBM SPSS statistical 
software (version 24, USA).

Results

Growth response of Chlorella sp. and Desmodesmus 
sp. MAS1 in presence of PA

The data on growth response of Chlorella sp. and 
Desmodesmus sp. MAS1 in presence of 0.01% PA under 
light and dark conditions are presented in Fig. 1. In fact, 
growth patterns in cultures grown with PA were compared 
against positive controls (CO2 and light with no PA). 
Under the influence of PA, both the microalgal species 
exhibited different growth patterns, in terms of culture 
density and chlorophyll fluorescence depending on the 
cultivation mode. Both the species exhibited similar rela-
tive growth rates, determined using optical density, in light 
(control), with Chlorella sp. showing slightly higher rates 
when compared with Desmodesmus sp. MAS1 (Fig. 1a). 
When grown in dark, both the strains exhibited slow 
growth compared to other modes of cultivation, and the 
specific growth rates were 0.081 d‒1 for Chlorella sp. and 
0.02 d‒1 for strain MAS1. The growth rates of Chlorella 
sp. cultivated in light with PA or without PA (control) 
were 0.444 d‒1 and 0.465 d‒1, respectively, while those for 
Desmodesmus sp. MAS1 the corresponding values were 
0.372 d‒1 and 0.334 d‒1.

The chlorophyll content, measured in terms of RFUs, 
that indicate the photosynthetic efficiency, also varied 
significantly among different cultivation modes used in 
the study (Fig. 1b). Both the strains exhibited maximum 
chlorophyll when grown in light without PA (control), 
followed by their growth in presence of PA under light 
or dark. For Chlorella sp., the maximum values of RFUs 
were observed in control cultures, followed by those 
grown with PA in light or dark. In fact, the increase in 
fluorescence was 27% after 6 days in control cultures. 
Conversely, Desmodesmus sp. MAS1 showed maximum 
fluorescence after its growth with PA in light, exhibiting 
a 17% increase compared to the control cultures or those 
grown in dark at the end of 6 days. Interestingly, chlo-
rophyll content in both the strains declined after the 6th 
day in control cultures, while it reached a plateau during 
their growth with PA in light. Overall, these results on 
photosynthetic efficiency suggest that both Chlorella sp. 
and Desmodesmus sp. MAS1 performed well in light or 
dark in presence of PA.

Biomass production and changes in pH during micro-
algal cultivation in presence of PA Tables 1 and 2 sum-
marizes the data on biomass production and pH changes 
when Chlorella sp. and Desmodesmus sp. MAS1 were 
cultivated in BBM supplemented with 0.01% PA under 
different growth conditions. Both the microalgal strains 
exhibited significant differences (P < 0.05) in biomass 
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yield when cultured in presence or absence of PA in light, 
compared to those grown with PA in dark. In case of Chlo-
rella sp., the biomass production after 8 days was maxi-
mum in control cultures, reaching approximately 1.13 g 
L‒1 followed by those grown with PA in light (0.80 g L‒1) 

and dark (0.15 g L‒1) (Table 1). However, the biomass 
production was maximum when Desmodesmus sp. MAS1 
was cultivated with PA in light, reaching approximately 
1.54 g L‒1 at the end of 8 days, as compared to the bio-
mass yield in control cultures (1.20 g L‒1) and in cultures 

Fig. 1   Growth, measured in 
terms of a Culture density 
(OD750 nm), and b Chlorophyll 
(relative fluorescence units, 
RFUs), of Chlorella sp. and 
Desmodesmus sp. MAS1 
cultivated up to 8 days under 
light and dark conditions in the 
presence of 0.01% pyroligneous 
acid (PA). The data values are 
the means (± SD) of triplicate 
values
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grown in dark with PA (0.50 g L‒1) (Table 1). The pH of 
the medium during incubation varied significantly among 
different cultures except for Chlorella sp. grown under 
dark conditions (Table 2). Mixotrophic growth resulted in 
an initial drop in pH and consequently stabilized, whereas 
the pH in control cultures rapidly declined initially fol-
lowed by stabilization. On the other hand, the cultures 
of Desmodesmus sp. MAS1 showed significant changes 
(P < 0.05) in pH (Table 2). In cultures kept in dark, the pH 
remained relatively stable with a slight increase compared 
to the initial pH. Interestingly, pH increase was higher 
for Desmodesmus sp. MAS1 when cultured in presence of 
PA in light. Thus, the increase over initial pH was 17 and 
12% during growth of the strain MAS1in dark and light, 
respectively. These findings highlight the great potential 
of both the microalgal strains grown with or without PA 
under light conditions in enhancing biomass production. 
The pH changes observed in the present study further indi-
cate the specific metabolic activities within the cultures, 
particularly CO2 assimilation and photosynthesis during 
growth in light.

Production of IAA and EPS by microalgal cultures 
grown in presence of PA

The results on IAA production by Chlorella sp. and 
Desmodesmus sp. MAS1 grown under different modes in 
the presence of PA are summarized in Fig. 2. Depending 
on the cultivation mode, both the species exhibited signifi-
cant differences (P < 0.05) in IAA production. Chlorella sp. 

showed higher IAA production (4.40 µg g‒1 of biomass dry 
wt) in cultures grown with PA in light when compared with 
the controls or those cultivated in dark in presence of PA 
(Fig. 2a). Thus, the increase in IAA was 83% under mixo-
trophic conditions (PA + light) on day 4 but subsequently 
decreased. However, IAA production decreased by 20% in 
control cultures after two days of incubation. Interestingly, 
the IAA synthesis was relatively higher (6 µg g‒1) in mixo-
trophic cultures of Desmodesmus sp. MAS1 compared to 
those of Chlorella sp. (Fig. 2b). In addition, the increase 
was significantly higher in mixotrophic cultures (200%), fol-
lowed by 55% and 61% for those collected from dark and 
controls, respectively.

Based on the mode of cultivation, both the species 
exhibited significant differences (P < 0.05) in EPS produc-
tion (Figs. 3 and 4). EPS production by Chlorella sp. was 
highest when grown with PA in light, reaching approxi-
mately 8 mg g‒1 of biomass dry wt by day 4. Growth of 
controls (light + no PA) resulted in production of around 
6 mg of EPS g‒1, whereas the content of EPS produced 
under dark conditions was approximately 2  mg  g‒1 
(Fig. 3a). Furthermore, the biochemical composition of 
EPS released in dark conditions consisted of 55% pro-
teins, 34% carbohydrates, and 11% lipids (Fig. 3b). EPS 
produced during mixotrophy of Chlorella sp. composed of 
60% proteins, 24% carbohydrates, and 16% lipids, while 
EPS released from control cultures consisted of 69% 
proteins, 17% carbohydrates, and 14% lipids. Similarly, 
Desmodesmus sp. MAS1 produced maximum amounts of 
EPS under mixotrophic conditions (light + PA), reaching 

Table 1   Biomass yield (g dry 
wt. L−1) of microalgal strains, 
Chlorella sp. and Desmodesmus 
sp. MAS1, in the presence of 
pyroligneous acid (PA)

* The mean data values (± SD, n = 3) sharing the same letter are not significantly different (P < 0.05) from 
each other according to DMR test

Incubation 
(days)

Chlorella sp. Desmodesmus sp. MAS1

PA + Dark PA + Light Control (Light) PA + Dark PA + Light Control (Light)

0 0.105 ± 0.004ab 0.11 ± 0.01A 0.12 ± 0.006w 0.10 ± 0.002a 0.11 ± 0.002A 0.1 ± 0.002v

2 0.079 ± 0.004a 0.15 ± 0.005AB 0.123 ± 0.01w 0.37 ± 0.001b 0.42 ± 0.01B 0.39 ± 0.08w

4 0.139 ± 0.005c 0.22 ± 0.031B 0.412 ± 0.03x 0.44 ± 0.001c 0.79 ± 0.04C 0.69 ± 0.01x

6 0.149 ± 0.015c 0.411 ± 0.033C 0.616 ± 0.03y 0.51 ± 0.013d 1.11 ± 0.05D 0.87 ± 0.07y

8 0.12 ± 0.0036bc 0.812 ± 0.034D 1.13 ± 0.08z 0.53 ± 0.02d 1.54 ± 0.095E 1.2 ± 0.04z

Table 2   pH changes in culture 
medium when Chlorella sp. and 
Desmodesmus sp. MAS1 were 
grown in the presence of PA

Incubation 
(days)

Chlorella sp. Desmodesmus sp. MAS1

PA + Dark PA + Light Control (Light) PA + Dark PA + Light Control (Light)

0 6.51 ± 0.21 6.41 ± 0.07 6.61 ± 0.07 6.59 ± 0.14 6.68 ± 0.05 6.64 ± 0.10
2 6.46 ± 0.004 7.1 ± 0.115 7.39 ± 0.27 7.4 ± 0.225 6.39 ± 0.25 7.39 ± 0.34
4 6.29 ± 0.19 6.46 ± 0.115 7.24 ± 0.02 7.16 ± 0.11 6.6 ± 0.25 7.28 ± 0.13
6 6.67 ± 0.07 6.7 ± 0.16 6.61 ± 0.27 6.51 ± 0.065 6.98 ± 0.07 6.91 ± 0.08
8 6.56 ± 0.06 6.8 ± 0.03 6.95 ± 0.06 6.3 ± 0.15 7.04 ± 0.1 6.81 ± 0.07
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approximately 13.40 mg g‒1 by day 4, followed by growth 
in controls (5.40 mg g‒1) and in dark in presence of PA 
(2.70 mg g‒1) (Fig. 4a). In addition, the biochemical com-
position of EPS produced under heterotrophic conditions 
consisted of 60% proteins, 22% carbohydrates, and 18% 
lipids. The composition of EPS released by cultures grown 
mixotrophically was 60% proteins, 22% lipids, and 18% 
carbohydrates, whereas in controls the EPS consisted of 
57% proteins, 29% lipids, and 14% carbohydrates (Fig. 4b). 

However, both the strains showed a 30% reduction in EPS 
synthesis with increased time of incubation during their 
growth with PA in light.

Validation of PA‑stimulated microalgal metabolism 
in soil microcosm

To evaluate the relevance of PA-enhanced microalgal metab-
olism under soil conditions, microcosm experiments were 

Fig. 2   Indole-3-acetic acid 
(IAA) production (µg g‒1 bio-
mass dry wt.) in a Chlorella sp., 
and b Desmodesmus sp. MAS1 
grown up to 8 days under light 
and dark conditions in the 
presence of 0.01% PA. The 
mean data values (± SD, n = 3) 
sharing the same letter are not 
significantly different (P < 0.05) 
from each other according to 
Duncan’s multiple range (DMR) 
test
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conducted using local pasture soil inoculated with Chlo-
rella sp. or strain MAS1, with or without 0.01% PA. Results 
related to all four bioindicators, viz., EPS, IAA, DHA and 
chlorophyll a, demonstrated that microalgae enhanced soil 
microbial activities under the influence of PA (Fig. 5). The 
EPS content in soil was significantly (P < 0.05) influenced 

by the addition of PA in microalgal treatments (Fig. 5a). On 
day 10, EPS was maximum (˃ 0.18 µg g–1) in soil with PA 
alone and controls and declined by day 20 across all groups. 
Interestingly, EPS levels in soil with PA remained signifi-
cantly higher than those in soil treated with PA and Chlorella 
sp., suggesting that PA alone stimulated EPS in soil. On day 

Fig. 3   Production of extracellu-
lar polymeric substances (EPS) 
in Chlorella sp. when grown 
under light and dark conditions 
in the presence of 0.01% PA up 
to 8 days. a EPS yield (µg g‒1 
biomass dry wt.), and b Relative 
biochemical composition of 
EPS, in terms of per cent car-
bohydrates (C), lipids (L), and 
proteins (P), measured using 
ATR-FTIR spectroscopy
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20, lowest EPS values were recorded in soil treated with PA 
and inoculated with Chlorella sp. (0.09 µg g–1), indicating a 
possible microbial assimilation or its reduced secretion. IAA 
levels increased slightly from day 10 to day 20 in most of the 

treatments (Fig. 5b). But IAA concentration was maximum 
on day 20 (0.085 µg g–1) in soil that received only PA. IAA 
enhancement in soil over time was moderate with Desmodes-
mus sp. MAS1 and PA, while it was the lowest with Chlorella 

Fig. 4   EPS production in 
Desmodesmus sp. MAS1 when 
grown under light and dark con-
ditions in the presence of 0.01% 
PA up to 8 days. a EPS yield 
(µg g‒1 biomass dry wt.), and b 
Relative biochemical composi-
tion of EPS, in terms of per 
cent carbohydrates (C), lipids 
(L), and proteins (P), measured 
using ATR-FTIR spectroscopy
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sp. DHA, an extensively studied indicator of microbial health 
of the soil, showed strong temporal increases (P < 0.05) across 
all the treatments (Fig. 5c). Soil DHA levels were maximum 
on day 20 with both strain MAS1 and Chlorella sp. treat-
ments. Interestingly, soils treated with PA and inoculated 
with strain MAS1 exhibited the highest DHA with a 2.4-fold 
increase relative to the controls. Similarly, soil inoculated 
with Chlorella sp. in presence of PA also showed significant 
increases (> 1.1-fold) compared to the uninoculated controls. 
Chlorophyll a, used as a proxy for residual microalgal activ-
ity and surface photosynthetic persistence, was maximum at 
day 10 (~ 1.10–1.30 µg g–1) in soils inoculated with Chlo-
rella sp. and treated with PA or without PA, and remained at 
elevated levels on day 20 (Fig. 5d). Similarly, strain MAS1 
exhibited a two-fold increase in chlorophyll content with soils 
supplied with PA compared to soils with no PA. Conversely, 

uninoculated soil samples that received only PA had the low-
est chlorophyll content, confirming that algal colonization was 
the primary contributor of the pigment.

Discussion

Impact of PA on growth of Chlorella sp. 
and Desmodesmus sp. MAS1

The application of PA demonstrated a positive and signifi-
cant impact on the growth performance metrics, includ-
ing culture density, chlorophyll content, and biomass pro-
duction, in Chlorella sp. and Desmodesmus sp. MAS1. 
Both the strains when grown in dark in presence of PA 
exhibited slower growth rates, consistent with reduced 

Fig. 5   Soil-based metabolic responses following inoculation with 
Desmodesmus sp. MAS1 and Chlorella sp. in the absence or presence 
of PA (0.01%, v/w). a EPS production (µg g–1 soil); b IAA (µg g–1 
soil); c Dehydrogenase activity (DHA, µg TPF formed g–1 soil hr–1); 

and d Chlorophyll a content (µg g–1 soil) after 10 and 20  days of 
incubation. The mean data values (± SD, n = 3) of a set of treatments 
sharing the same letter are not significantly different (P < 0.05) from 
each other according to DMR test
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chlorophyll levels due to the degradation of chloroplast 
membranes during nutrient assimilation (Xiong et  al. 
2010). In contrast, the addition of PA under light condi-
tions significantly improved growth rates. When grown 
with PA, Chlorella sp. exhibited no significant change 
in growth rate compared to the control, while there was 
11% increase in Desmodesmus sp. MAS1, indicating 
strain-specific responses to PA. These results are con-
sistent with the observations of Caporgno et al. (2020), 
suggesting enhanced biomass production in microalgae 
due to the presence of both organic and inorganic carbon 
sources. Chlorophyll content, indicative of photosynthetic 
efficiency, followed a similar trend. Chlorophyll accumu-
lation in cultures of Chlorella sp. grown with PA in light 
was comparable to that of control cultures, reflecting 
stable photosynthetic activity. However, Desmodesmus 
sp. MAS1 showed a 20% increase in chlorophyll content 
compared to the controls, highlighting its enhanced pho-
tosynthetic efficiency. These findings align with those of 
Murata et al. (2021), which link increased photosynthesis 
to carbon source availability and efficient carbon assimi-
lation. The pH dynamics reflected the metabolic activi-
ties induced by PA. In mixotrophic cultures grown with 
PA, the initial drop in pH may be due to organic carbon 
uptake followed by stabilization due to CO₂ assimilation 
during photosynthesis. This pattern is consistent with the 
findings of Desjardins et al. (2021). Notably, Desmodes-
mus sp. MAS1 exhibited a more pronounced pH increase 
under mixotrophic conditions, reflecting higher meta-
bolic activity and efficient inorganic carbon assimilation 
(Xiong et al. 2010). This initial drop in pH followed by 
its stabilization in cultures grown in presence of PA may 
be due to the acidic PA components and subsequent shift 
in the acid–base balance toward alkalinity can be ascribed 
to CO₂ fixation or bicarbonate assimilation during active 
growth (Han et al. 2022).

Biomass production was significantly influenced by 
PA under light conditions, although the responses varied 
between the strains (Vidotti et al. 2020). Chlorella sp. 
produced maximum biomass under control conditions, 
indicating no significant enhancement by PA. In contrast, 
Desmodesmus sp. MAS1 achieved the highest biomass 
yield under mixotrophy, with PA increasing its productiv-
ity by 12% as compared to the yield in controls. Higher 
biomass production with organic substrate in the presence 
of light is linked to the upregulation of genes involved in 
carbon flux regulation, particularly phosphoenolpyruvate 
carboxylase (Cecchin et al. 2018). The synergistic effects 
of carbon and energy metabolism under the influence of 
PA in the presence of light showed that microalgae could 
achieve higher productivity due to the combined metabolic 
processes of photosynthesis and organic carbon assimila-
tion (Pang et al. 2019).

Though not yet applied in microalgal systems, PA con-
tains phenolics and organic acids that may function similarly 
by serving as accessible carbon sources and biochemical 
triggers for growth. Several studies have shown that biostim-
ulant such as IAA, diethyl aminoethyl hexanoate (DA-6), 
and gibberellic acid enhance microalgal metabolism by 
triggering carbon flux, improving photosynthetic pigment 
synthesis, and reducing oxidative stress (Jiang et al. 2015; 
Liu et al. 2016; Falkowska et al. 2011). The higher biomass 
yield and chlorophyll content observed in Desmodesmus sp. 
MAS1 may also be attributed to its ecological adaptation, 
in terms of metabolic flexibility, to nutrient-variable, light-
exposed habitats, and possibly to more efficient mixotrophic 
metabolism (Praveen et al. 2023a, b). Likewise, the observed 
changes in chlorophyll content and biomass when grown 
with PA are consistent with these known stimulatory effects 
and suggest a potential metabolic priming mechanism. This 
ability of strain MAS1 to utilize complex substrates as exists 
in PA may have contributed to its better performance than 
Chlorella sp. However, the trade-off between biomass and 
chlorophyll in Chlorella sp. attribute to hormetic effect. 
Recently, Erofeeva (2023) described that trade-off due to 
hormetic effect can have positive, negative or zero effect on 
phenotypic plasticity in species response to changing envi-
ronment. For instance, Stirk and van Staden (2020) reported 
that the phytohormones can also elicit antagonistic effect 
rather the heavily reported positive effect on microalgal 
growth. The allelochemical compound, kaempferol, at 
concentrations of 3.50–7.0 mg L⁻1 over 4 days, exerted a 
hormetic effect by enhancing chlorophyll content and anti-
oxidant defense in the cyanobacterium, Microcystis aerugi-
nosa, while simultaneously suppressing cell density, indi-
cating a trade-off between defense and reproduction. But 
this response contrasts with the lower concentrations used 
(0.50–1.0 mg L⁻1), which stimulated cell division instead 
(Li et al. 2021).

Overall, the application of PA at the optimal concentra-
tion of 0.01% effectively enhanced growth rates, chloro-
phyll content, and biomass production while stabilizing pH 
in cultures of Chlorella sp. and Desmodesmus sp. MAS1. 
Although the response of the two microalgal strains to the 
supplementation of PA in culture medium is differential, our 
results highlight the potential of PA as a biostimulant for 
improving microalgal cultivation under light conditions.

IAA and EPS production in microalgal strains 
under the influence of PA

IAA, a critical phytohormone, influences plant growth 
and development by enhancing root elongation and nutri-
ent uptake. In this study, the presence of PA significantly 
stimulated IAA production in Chlorella sp. and Desmodes-
mus sp. MAS1 under light conditions, with MAS1 showing 



	 World Journal of Microbiology and Biotechnology (2025) 41:306306  Page 12 of 17

the highest IAA yield (6.0 µg g‒1 dry weight), representing 
a 200% increase when compared with the growth in dark. 
Similarly, Chlorella sp. showed an 83% increase in IAA 
production under light with PA compared to controls, while 
no significant effect was observed in the absence of light. 
This stimulation can be attributed to the complex organic 
compounds present in PA, which serve as sources of carbon 
and enhance metabolic activities related to IAA production 
(Zhu et al. 2021). Cellular metabolism of microalgae varies 
with the culture conditions, which, in turn, can change the 
hormone profile as well as their concentrations. Do et al. 
(2020a, b) showed that endogenous IAA, indole-3-pyru-
vic acid (IPA), and gibberellin (GA4) levels produced by 
Chlorella sorokiniana TH01 increased from 0.93, 2.66, and 
3.84 μg g‒1 dry wt to 1.83, 3.25, and 7.88 μg g‒1 dry wt 
when the microalga was turned from phototrophic mode 
(no sugar added) to mixotrophic mode with 2 g L‒1 glucose 
supplement. This indicates that the addition of an organic 
carbon source can significantly enhance hormone produc-
tion as observed in the present study. The variability in IAA 
production among microalgal strains and cultivation condi-
tions aligns with the reports available in the literature. For 
instance, Stirk et al. (2009) observed varying IAA levels in 
microalgal strains depending on growth mode and phase. 
Similarly, Jiraskova et al. (2009) observed higher IAA levels 
compared to indole-3-acetamide (IAM) in Chlorella strains, 
emphasizing the influence of organic substrates in hormone 
production. In the present study, PA facilitated the metabolic 
conditions needed for higher IAA synthesis, which could 
promote beneficial microalgae‒soil interactions, enhance 
root growth, and improve nutrient uptake in agricultural 
soils (Rupawalla et al. 2022; Abinandan et al. 2022). These 
findings highlight the potential of PA in sustainable agricul-
ture by leveraging microalgal ability to enhance soil health 
through hormone production.

EPS, secreted by microalgae and other microorganisms, 
are high-molecular-weight compounds predominantly com-
posed of polysaccharides, proteins, and nucleic acids. These 
compounds play essential roles in improving soil aggrega-
tion, enhancing water retention, and protecting soil biota 
from environmental stress (Iacomino et al. 2024). In our 
study, EPS production by Chlorella sp. and Desmodesmus 
sp. MAS1 was significantly influenced by cultivation mode 
and PA supplementation. Notably, PA-induced mixotrophic 
conditions led to substantially higher EPS yields, support-
ing previous findings by Han et al. (2022) and Vidotti et al. 
(2020), who reported increased EPS synthesis under com-
bined organic and inorganic carbon sources. The shift in 
EPS composition, particularly with an increase in lipids, 
observed by them may reflect enhanced carbon storage and 
cellular protection under PA-induced metabolic conditions, 
which clearly aligns with the previous findings on mixotro-
phy-enhanced EPS modulation. This shift, particularly the 

observed increase in lipids and decrease in carbohydrates 
under PA treatment, likely reflects changes in carbon allo-
cation and metabolic adaptation in response to organic sub-
strates, an effect also noted by Manhaeghe et al. (2021). 
Mixotrophic conditions have been shown to enhance both 
carbon storage and extracellular secretion, indicating that PA 
may function as a carbon source and stress modulator that 
drives EPS biosynthesis and structural complexity. Higher 
protein content in EPS when grown in presence of PA + light 
may indicate enhanced assimilation of nitrogen or biosyn-
thesis of extracellular enzymes and stress-response proteins, 
a trait often observed under moderate organic carbon sup-
plementation (Perera et al. 2022). The production of EPS by 
marine microalgae such as Tetraselmis suecica and Cyclo-
tella cryptica was optimized using different carbon sources 
like glycerol, glucose, and acetate (Smith et al. 2020), sug-
gesting that the mixotrophic cultivation on glycerol resulted 
in higher EPS yields and altered biochemical profiles.

From an agronomic perspective, the enhanced EPS yields 
under the impact of PA treatment have critical implica-
tions. Also, the beneficial role of EPS contributes to soil 
health by enhancing soil aggregate stability and promoting 
the formation of soil crusts, which protect the soil surface 
from erosion and improve water infiltration (Shanthakumar 
et al. 2021). The biochemical composition of EPS, which 
includes proteins and polysaccharides, helps bind soil par-
ticles together, creating a stable soil structure (Abinandan 
et al. 2019), while its ability to retain water and nutrients 
fosters a favourable environment for soil biota (Idowu et al. 
2023). In conclusion, the application of PA not only boosted 
the production of IAA and EPS in microalgae but also dem-
onstrated significant potential for improving soil health. 
Enhanced IAA production facilitates root‒soil interactions 
and nutrient uptake, while EPS contributes to soil aggrega-
tion, water retention, and microbial stability. These findings 
underscore the role of PA as a biostimulant in microalgal 
cultivation and its broader implications for sustainable agri-
cultural practices.

Comparative evaluation of chemical stimulants 
and the novelty of PA

Chemical stimulants such as phytohormones and antioxi-
dants have shown considerable promise in improving the 
productivity and biochemical composition of microalgae. 
For example, the use of auxins like IAA and synthetic ana-
logs such as naphthalene acetic acid (NAA) and 2,4-dichlo-
rophenoxyacetic acid (2,4-D) has been linked to enhanced 
biomass, lipid accumulation, and pigment production in 
Chlamydomonas reinhardtii, Chlorella pyrenoidosa, and 
Scenedesmus quadricauda (Salama et al. 2014; Liu et al. 
2016; Du et al. 2017). DA-6 was shown to modulate not 
only biomass but also protein and lipid accumulation in 
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Scenedesmus obliquus and Chlorella ellipsoidea (Jiang 
et al. 2015). Similarly, the addition of gibberellic acid sig-
nificantly improved metabolite profiles and photosynthetic 
pigments in Chlorella vulgaris and Chlamydomonas rein-
hardtii (Falkowska et al. 2011). Beyond phytohormones, 
combinations of antioxidants and signalling compounds, 
such as sesamol, ascorbic acid, and ethanolamine, have also 
been reported to improve antioxidant capacity and lipid 
biosynthesis, especially in docosahexaenoic acid (DHA)-
producing strains like Schizochytrium sp. (Ren et al. 2017; 
Bao et al. 2022). These studies highlight how exogenous 
compounds can enhance carbon assimilation, reduce oxida-
tive stress, and stimulate specific gene pathways related to 
metabolite production (Correa-Aguado et al. 2021). Recent 
advancements have explored diverse small biomolecules and 
phytohormone analogs as metabolic stimulants for microal-
gae, including dopamine (DA), melatonin, and abscisic acid 
(ABA) analogs, each offering unique biochemical or physi-
ological triggers to enhance growth and metabolite accu-
mulation. For instance, DA, a neurotransmitter compound, 
was shown to synergize with salinity and high light stress in 
Haematococcus lacustris, significantly boosting astaxanthin 
yield by 38.60% and biomass by 7.63% at optimal conditions 
of 25 μM DA + 1.0 g L–1 NaCl (Zhao et al. 2022). Similarly, 
melatonin, a widely distributed antioxidant and phytohor-
mone, has been demonstrated to improve growth, lipid pro-
duction, and stress tolerance across multiple strains, func-
tioning through scavenging reactive oxygen species (ROS) 
and transcriptional regulation (Zhao et al. 2024). Addition-
ally, multifunctional small biomolecules such as jasmonates, 
ABA, and their synthetic mimics modulate carbon flux and 
stimulate key biosynthetic pathways in lipid- or pigment-rich 
algal species (Zhao et al. 2025).

While these compounds have shown promise in con-
trolled laboratory setups, their cost, regulatory approval, 
and integration into sustainable agricultural systems remain 
challenging. In contrast, PA, derived as a low-cost byproduct 
of biochar production, offers a circular solution with dual 
functionality, enhancing microalgal biochemical produc-
tivity of IAA and EPS, and promoting soil health through 
organic enrichment and microbial modulation. Unlike DA 
or melatonin, PA’s multicomponent composition (organic 
acids, phenolics, ketones, etc.) facilitates broader metabolic 
activation without the need for synthetic processing or puri-
fication. The significant increase in IAA (up to 200%) and 
EPS (up to 13.40 mg g⁻1) observed in Desmodesmus sp. 
MAS1 under PA-supplemented light conditions is compara-
ble to, and in some cases exceeds, responses seen with other 
stimulants. For instance, previous studies reported increased 
IAA that ranged between 1.80 and 3.50 µg g⁻1 under mixo-
trophic growth with glucose in Chlorella sorokiniana (Do 
et al. 2020a, b). Similarly, salicylic acid and naphthoxyacetic 
acid increased DHA and lipid content in marine microalgae 

(Liu et al. 2016; Singh et al. 2018), though they are synthetic 
or costlier. Although the current study focused on micro-
algae, it is important to consider the potential influence of 
co-existing bacteria in non-axenic cultures. Microalgae and 
bacteria frequently establish mutualistic interactions, where 
bacteria can enhance algal growth and metabolite secretion, 
including phytohormones like IAA (Gonçalves et al. 2023). 
Bacterial pathways of auxin production, such as tryptophan-
dependent routes, may have contribute to the increased IAA 
levels in our cultures. Furthermore, EPS composition and 
yield could be shaped by synergistic microalgal–bacterial 
exudates. Previous studies have shown that such consor-
tia can enhance metabolite diversity and nutrient cycling, 
especially under stress or mixotrophic conditions (Stirk et al. 
2013; Arora and Mishra 2019).

Soil‑based evidence for microalgal–PA synergy

The incorporation microalgal strains into soil in presence 
of PA significantly enhanced bioindicators, including EPS, 
IAA, DHA, and chlorophyll a. The most notable improve-
ments were observed with strain MAS1 in in presence of PA, 
yielding the highest levels of EPS. This observation aligns 
with the findings of Rossi and De Philippis (2015) and Idowu 
et al. (2023), emphasizing EPS as a cornerstone for soil 
structure and biological resilience. The elevated IAA levels 
observed in the present study further suggest the enhanced 
rhizosphere functionality, supporting root–microbe interac-
tions that are critical for nutrient cycling. Serving as a source 
of carbon and metabolic enhancer, PA may have stimulated 
the pathways of stress response and growth promotion in 
microalgae. In contrast, IAA production was significantly 
enhanced in soil that received only PA, suggesting that PA 
may induce or mimic auxin-like signalling via native micro-
bial or abiotic pathways. Also, this observation may point to 
competitive interactions or altered metabolic pathways when 
microalgae are co-introduced. This is consistent with avail-
able reports suggesting that microbial consortia modulate 
hormone expression differently under complex amendments 
(Stirk et al. 2009). The significant increase in DHA with 
time in all treatments underscores the microbial enrichment 
induced by inoculation coupled with PA. The highest DHA 
levels (2.4-fold over control) in soil samples treated with PA 
and strain MAS1 affirms the synergistic effect of this strain 
with PA in boosting microbial respiration. On the other 
hand, the enhancement observed with Chlorella sp. + PA 
suggests that PA may moderately regulate enzymatic turno-
ver in soils. Similar results of increased DHA with supply 
of PA at optimum levels were reported by Cardelli et al. 
(2020), Lee et al. (2021), and Sivaram et al. (2022b). The 
data on chlorophyll a  further confirmed that Chlorella sp. 
maintained higher photosynthetic pigment levels than strain 
MAS1, particularly in combination with PA. This suggests 
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that Chlorella sp. is not only more photosynthetically active 
but also persistent under slightly altered redox or nutrient 
regimes imposed by PA. These findings align with the prior 
reports demonstrating robust tolerance and adaptability of 
microalgae in variable environments (Adesanya et al. 2014; 
Couto et al. 2021). Interestingly, the photosynthetic ability 
in strain MAS1 was doubled when inoculated in presence 
of PA indicating the phenotypic adaptation as observed in 
our previous findings (Abinandan et al. 2021, 2022; Praveen 
et al. 2023a). Thus, the present findings confirm that PA 
can function as a selective biostimulant, enhancing IAA and 
EPS in soils without algal inoculation, but showing variable 
outcomes when co-applied with microalgae. Desmodesmus 
sp. MAS1 was more effective in maintaining EPS and IAA 
in soil when PA was absent, while Chlorella sp. maintained 
strong photosynthetic persistence. These insights highlight 
the importance of tailoring microalgal–PA combinations 
based on target soil functions and further support the use 
of such formulations as multifunctional biological inputs in 
sustainable agriculture.

Conclusion

This study provides the first evidence that PA, a byproduct of 
biomass pyrolysis, can act as a multifunctional biostimulant 
for microalgal cultivation. At a low optimal concentration 
(0.01%), PA significantly enhanced growth, chlorophyll con-
tent, and biomass yield in Chlorella sp. and Desmodesmus 
sp. MAS1, particularly under light conditions. Further-
more, PA promoted the production of IAA and EPS, both 
of which are vital to plant growth promotion and soil struc-
ture improvement. These findings demonstrate the potential 
of PA-enhanced microalgae as dual-function biofertilizers 
that support circular, low-input agriculture. From a practi-
cal standpoint, PA offers notable advantages for large-scale 
applications. It is derived from waste biomass via pyrolysis, 
making it both economically viable and environmentally sus-
tainable. The low effective concentration (0.01%) observed 
in this study implies that even small quantities could yield 
significant agronomic benefits, minimizing costs related to 
transport and handling. Moreover, PA is already produced as 
a secondary product in biochar facilities, enabling easy inte-
gration into existing agricultural and microalgal production 
systems. However, further pilot-scale studies are needed to 
validate the performance of PA in large-scale photobioreac-
tors and field conditions. Consideration of storage stability, 
long-term soil effects, and regulatory compliance will be 
essential for future commercialization. Nonetheless, these 
results highlight PA's promising role in developing scalable, 
low-cost microalgal biostimulant strategies that support both 
crop productivity and soil health.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11274-​025-​04514-4.

Acknowledgements  The authors acknowledge the funding for the pro-
ject, “To determine the yield increase of commercial agricultural crops 
by using pyroligneous acid” provided by the Department of Industry, 
Science, Energy and Resources, Australia.

Author contributions  A.S wrote the original draft and was involved 
in conceptualization, performing experiments, validation, formal 
analysis, reviewing and editing; P.K. was involved in data curation, 
investigation, methodology; K.V. and K.M. reviewed and edited the 
manuscript;  M.M. was involved in supervision, conceptualization, 
reviewing and editing, funding acquisition, and resources. All authors 
read and approved the final manuscript.

Funding  Open Access funding enabled and organized by CAUL and its 
Member Institutions. The authors acknowledge the funding for the pro-
ject, “To determine the yield increase of commercial agricultural crops 
by using pyroligneous acid” provided by the Department of Industry, 
Science, Energy and Resources, Australia.

Data availability  Data is provided within the manuscript or supple-
mentary information.

Declarations 

Informed consent  Not applicable.

Conflict of interest  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

Abinandan S, Shanthakumar S, Panneerselvan L, Venkateswarlu K, 
Megharaj M (2022) Algalization of acid soils with Desmodes-
mus sp. MAS1 and Heterochlorella sp. MAS3 enriches bacteria 
of ecological importance. ACS Agric Sci Technol 2(3):512–520. 
https://​doi.​org/​10.​1021/​acsag​scite​ch.​1c002​77

Abinandan S, Subashchandrabose SR, Venkateswarlu K, Megharaj M 
(2019) Soil microalgae and cyanobacteria: the biotechnological 
potential in the maintenance of soil fertility and health. Crit Rev 
Biotech 39(8):981–998. https://​doi.​org/​10.​1080/​07388​551.​2019.​
16549​72

Abinandan S, Venkateswarlu K, Megharaj M (2021) Phenotypic 
changes in microalgae at acidic pH mediate their tolerance to 
higher concentrations of transition metals. Curr Res Microbiol 
Sci 2:100081. https://​doi.​org/​10.​1016/j.​crmicr.​2021.​100081

Adesanya VO, Davey MP, Scott SA, Smith AG (2014) Kinetic model-
ling of growth and storage molecule production in microalgae 

https://doi.org/10.1007/s11274-025-04514-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acsagscitech.1c00277
https://doi.org/10.1080/07388551.2019.1654972
https://doi.org/10.1080/07388551.2019.1654972
https://doi.org/10.1016/j.crmicr.2021.100081


World Journal of Microbiology and Biotechnology (2025) 41:306	 Page 15 of 17  306

under mixotrophic and autotrophic conditions. Bioresour Technol 
157:293–304. https://​doi.​org/​10.​1016/j.​biort​ech.​2014.​01.​032

Akley E (2023) Wood vinegar promotes soil health and the productiv-
ity of cowpea. Agronomy 13(10):2497. https://​doi.​org/​10.​3390/​
agron​omy13​102497

Arora S, Mishra G (2019) Biochemical modulation of Monodopsis sub-
terranea (Eustigmatophyceae) by auxin and cytokinin enhances 
eicosapentaenoic acid productivity. J Appl Phycol 31:3441–3452. 
https://​doi.​org/​10.​1007/​s10811-​019-​01844-3

Bao Z, Zhu Y, Feng Y, Zhang K, Zhang M, Wang Z, Yu L (2022) 
Enhancement of lipid accumulation and docosahexaenoic acid 
synthesis in Schizochytrium sp. H016 by exogenous supplementa-
tion of sesamol. Bioresour Technol 345:126527. https://​doi.​org/​
10.​1016/j.​biort​ech.​2021.​126527

Benzon HRL, Lee SC (2016) Potential of wood vinegar in enhancing 
fruit yield and antioxidant capacity in tomato. Korean J Plant 
Res 29(6):704–711. https://​doi.​org/​10.​7732/​kjpr.​2016.​29.6.​704

Çakirsoy I, Miyamoto T, Ohtake N (2022) Physiology of microalgae 
and their application to sustainable agriculture: a mini-review. 
Front Plant Sci 13:1005991. https://​doi.​org/​10.​3389/​fpls.​2022.​
10059​91

Cândido NR, Pasa VMD, de Oliveira VA, Campos ÂD, de Fátima 
Â, Modolo LV (2023) Understanding the multifunctionality of 
pyroligneous acid from waste biomass and the potential appli-
cations in agriculture. Sci Tot Environ 881:163519. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2023.​163519

Cao TND, Mukhtar H, Le LT, Tran DPH, Ngo MTT, Nguyen TB, 
Bui XT (2023) Roles of microalgae-based biofertilizer in sus-
tainability of green agriculture and food-water-energy security 
nexus. Sci Total Environ 870:161927. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2023.​161927

Caporgno MP, Böcker L, Müssner C, Stirnemann E, Haberkorn 
I, Adelmann H, Handschin S, Windhab EJ, Mathys A (2020) 
Extruded meat analogues based on yellow, heterotrophically 
cultivated Auxenochlorellaprotothecoides microalgae. Innov 
Food Sci Emerg Technol 59:102275. https://​doi.​org/​10.​1016/j.​
ifset.​2019.​102275

Cardelli R, Becagli M, Marchini F, Saviozzi A (2020) Soil biochemical 
activities after the application of pyroligneous acid to soil. Soil 
Res 58(5):461–467

Cecchin M, Benfatto S, Griggio F, Mori A, Cazzaniga S, Vitulo N, 
Delledonne M, Ballottari M (2018) Molecular basis of autotrophic 
vs mixotrophic growth in Chlorella sorokiniana. Sci Rep 8:6465. 
https://​doi.​org/​10.​1038/​s41598-​018-​24979-8

Chabili A, Minaoui F, Hakkoum Z, Douma M, Meddich A, Loudiki M 
(2024) A comprehensive review of microalgae and cyanobacteria-
based biostimulants for agriculture uses. Plants 13(2):159. https://​
doi.​org/​10.​3390/​plant​s1302​0159

Chamizo S, Mugnai G, Rossi F, Certini G, de De PR (2018) Cyanobac-
teria inoculation improves soil stability and fertility on different 
textured soils: gaining insights for applicability in soil restoration. 
Front Environ Sci 6:49. https://​doi.​org/​10.​3389/​fenvs.​2018.​00049

Correa-Aguado HC, Cerrillo-Rojas GV, Rocha-Uribe A, Soria-Guerra 
RE, Morales-Domínguez JF (2021) Benzyl amino purine and 
gibberellic acid coupled to nitrogen-limited stress induce fatty 
acids, biomass accumulation, and gene expression in Scenedesmus 
obliquus. Phyton 90(2):515–524. https://​doi.​org/​10.​32604/​phyton.​
2021.​013619

Corsi S, Ruggeri G, Zamboni A, Bhakti P, Espen L, Ferrante A, Noseda 
M, Varanini Z, Scarafoni A (2022) A bibliometric analysis of 
the scientific literature on biostimulants. Agronomy 12(6):1257. 
https://​doi.​org/​10.​3390/​agron​omy12​061257

Couto D, Melo T, Conde TA, Costa M, Silva J, Domingues MRM, 
Domingues P (2021) Chemoplasticity of the polar lipid profile of 
the microalgae Chlorella vulgaris grown under heterotrophic and 

autotrophic conditions. Algal Res 53:02128. https://​doi.​org/​10.​
1016/j.​algal.​2020.​102128

de Souza AE, Pimenta AS, Feijó FMC, Castro RVO, Fasciotti M, Mon-
teiro TVC, De Lima KMG (2018) Antibacterial and antifungal 
activities of pyroligneous acid from wood of Eucalyptus uro-
grandis and Mimosa tenuiflora. J Appl Microbiol 124(1):85–96. 
https://​doi.​org/​10.​1111/​jam.​13626

Desjardins SM, Laamanen CA, Basiliko N, Scott JA (2021) Selection 
and re-acclimation of bioprospected acid-tolerant green micro-
algae suitable for growth at low pH. Extremophiles 25:129–141. 
https://​doi.​org/​10.​1007/​s00792-​021-​01216-1

Do TCV, Tran DT, Le TG, Nguyen QT (2020a) Characterization of 
endogenous auxins and gibberellins produced by Chlorella soro-
kiniana TH01 under phototrophic and mixtrophic cultivation 
modes toward applications in microalgal biorefinery and crop 
research. J Chem 4910621:1–11. https://​doi.​org/​10.​1155/​2020/​
49106​21

Do TCV, Tran DT, Le TG, Nguyen QT (2020b) Characterization of 
endogenous auxins and gibberellins produced by Chlorella soro-
kiniana TH01 under phototrophic and mixtrophic cultivation 
modes toward applications in microalgal biorefinery and crop 
research. J Chem 2020:4910621. https://​doi.​org/​10.​1155/​2020/​
49106​21

Du H, Ahmed F, Lin B, Li Z, Huang Y, Sun G, Ding H, Wang C, 
Meng C, Gao Z (2017) The effects of plant growth regulators on 
cell growth, protein, carotenoid, PUFAs and lipid production of 
Chlorella pyrenoidosa ZF strain. Energies 10(11):1696. https://​
doi.​org/​10.​3390/​en101​11696

Du Jardin P (2015) Plant biostimulants: definition, concept, main cat-
egories and regulation. Sci Hortic 196:3–14. https://​doi.​org/​10.​
1016/j.​scien​ta.​2015.​09.​021

Erofeeva EA (2023) Environmental hormesis in living systems: the role 
of hormetic trade-offs. Sci Total Environ 901:166022. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2023.​166022

Falkowska M, Pietryczuk A, Piotrowska A, Bajguz A, Grygoruk A, 
Czerpak R (2011) The effect of gibberellic acid (GA3) on growth, 
metal biosorption and metabolism of the green algae Chlorella 
vulgaris (Chlorophyceae) Beijerinck exposed to cadmium and 
lead stress. Pol J Environ Stud 20(1):53–59

Fedeli R, Vannini A, Guarnieri M, Monaci F, Loppi S (2022) Bio-based 
solutions for agriculture: foliar application of wood distillate alone 
and in combination with other plant-derived corroborants results 
in different effects on lettuce (Lactuca sativa L.). Biol 11(3):404. 
https://​doi.​org/​10.​3390/​biolo​gy110​30404

Gonçalves J, Freitas J, Fernandes I, Silva P (2023) Microalgae as 
biofertilizers: a sustainable way to improve soil fertility and plant 
growth. Sustainability 15(16):12413. https://​doi.​org/​10.​3390/​
su151​612413

Han T, Han X, Ye X, Xi Y, Zhang Y, Guan H (2022) Applying mixotro-
phy strategy to enhance biomass production and nutrient recovery 
of Chlorella pyrenoidosa from biogas slurry: an assessment of the 
mixotrophic synergistic effect. Bioresour Technol 366:128185. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2022.​128185

Hao Z, Bagavathiannan M, Li Y, Qu M, Wang Z, Yu J (2021) Wood 
vinegar for control of broadleaf weeds in dormant turfgrass. Weed 
Tech 35(6):901–907. https://​doi.​org/​10.​1017/​wet.​2021.​95

Iacomino G, Idbella M, Staropoli A, Nanni B, Bertoli T, Vinale F, 
Bonanomi G (2024) Exploring the potential of wood vinegar: 
chemical composition and biological effects on crops and pests. 
Agronomy 14(1):114. https://​doi.​org/​10.​3390/​agron​omy14​
010114

Idowu O, Ndede E, Kurebito S, Tokunari T, Jindo K (2023) Effect of 
the interaction between wood vinegar and biochar feedstock on 
tomato plants. J Soil Sci Plant Nutr 23(2):1599–1610. https://​doi.​
org/​10.​1007/​s42729-​023-​01227-1

https://doi.org/10.1016/j.biortech.2014.01.032
https://doi.org/10.3390/agronomy13102497
https://doi.org/10.3390/agronomy13102497
https://doi.org/10.1007/s10811-019-01844-3
https://doi.org/10.1016/j.biortech.2021.126527
https://doi.org/10.1016/j.biortech.2021.126527
https://doi.org/10.7732/kjpr.2016.29.6.704
https://doi.org/10.3389/fpls.2022.1005991
https://doi.org/10.3389/fpls.2022.1005991
https://doi.org/10.1016/j.scitotenv.2023.163519
https://doi.org/10.1016/j.scitotenv.2023.163519
https://doi.org/10.1016/j.scitotenv.2023.161927
https://doi.org/10.1016/j.scitotenv.2023.161927
https://doi.org/10.1016/j.ifset.2019.102275
https://doi.org/10.1016/j.ifset.2019.102275
https://doi.org/10.1038/s41598-018-24979-8
https://doi.org/10.3390/plants13020159
https://doi.org/10.3390/plants13020159
https://doi.org/10.3389/fenvs.2018.00049
https://doi.org/10.32604/phyton.2021.013619
https://doi.org/10.32604/phyton.2021.013619
https://doi.org/10.3390/agronomy12061257
https://doi.org/10.1016/j.algal.2020.102128
https://doi.org/10.1016/j.algal.2020.102128
https://doi.org/10.1111/jam.13626
https://doi.org/10.1007/s00792-021-01216-1
https://doi.org/10.1155/2020/4910621
https://doi.org/10.1155/2020/4910621
https://doi.org/10.1155/2020/4910621
https://doi.org/10.1155/2020/4910621
https://doi.org/10.3390/en10111696
https://doi.org/10.3390/en10111696
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.1016/j.scitotenv.2023.166022
https://doi.org/10.1016/j.scitotenv.2023.166022
https://doi.org/10.3390/biology11030404
https://doi.org/10.3390/su151612413
https://doi.org/10.3390/su151612413
https://doi.org/10.1016/j.biortech.2022.128185
https://doi.org/10.1017/wet.2021.95
https://doi.org/10.3390/agronomy14010114
https://doi.org/10.3390/agronomy14010114
https://doi.org/10.1007/s42729-023-01227-1
https://doi.org/10.1007/s42729-023-01227-1


	 World Journal of Microbiology and Biotechnology (2025) 41:306306  Page 16 of 17

Jassey VE, Walcker R, Kardol P, Geisen S, Heger T, Lamentowicz M, 
Hamard S, Lara E (2022) Contribution of soil algae to the global 
carbon cycle. New Phytol 234(1):64–76. https://​doi.​org/​10.​1111/​
nph.​17950

Jiang L, Pei H, Hu W, Han F, Zhang L, Hou Q (2015) Effect of diethyl 
aminoethyl hexanoate on the accumulation of high-value biocom-
pounds produced by two novel isolated microalgae. Bioresour 
Technol 197:178–184. https://​doi.​org/​10.​1016/j.​biort​ech.​2015.​
07.​106

Jirásková D, Poulíčková A, Novák O, Sedlakova K, Hradecká V, Strnad 
M (2009) High-throughput screening technology for monitoring 
phytohormone production in microalgae. J Phycol 45(1):108–118. 
https://​doi.​org/​10.​1111/j.​1529-​8817.​2008.​00615.x

Jose S, Malla MA, Renuka N, Bux F, Kumari S (2024) Cyanobac-
teria-green microalgae consortia enhance soil fertility and plant 
growth by shaping the native soil microbiome of Capsicuman-
nuum. Rhizosphere 30:100892. https://​doi.​org/​10.​1016/j.​rhisph.​
2024.​100892

Jun M, Zhi-ming Y, Wen-qiang W, Wu QL (2006) Preliminary 
study of application effect of bamboo vinegar on vegetable 
growth. For Stud China 8:43–47. https://​doi.​org/​10.​1007/​
s11632-​006-​0023-6

Kumar S, Rahman M, Bouket AC, Ahadi R, Meena M, Bhupenchandra 
I, Singh UB, Arutselvan R, Kumar R, Singh SP, Kashyap AS 
(2025) Unravelling the multifarious role of wood vinegar made 
from waste biomass in plant growth promotion, biotic stress toler-
ance, and sustainable agriculture. J Anal Appl Pyrolysis 106851. 
https://​doi.​org/​10.​1016/j.​jaap.​2024.​106851

Lee JK, Park HJ, Cha SJ, Kwon SJ, Park JH (2021) Effect of pyroligne-
ous acid on soil urease, amidase, and nitrogen use efficiency by 
Chinese cabbage (Brassica campestris var. Pekinensis). Environ 
Pollut 291:118132. https://​doi.​org/​10.​1016/j.​envpol.​2021.​118132

Li J, Cao L, Guo Z, An G, Li B, Li J (2021) Time-and dose-dependent 
allelopathic effects and mechanisms of kaempferol on toxigenic 
Microcystis growth. Ecotoxicol Environ Saf 222:112508. https://​
doi.​org/​10.​1016/j.​ecoenv.​2021.​112508

Liu J, Qiu W, Song Y (2016) Stimulatory effect of auxins on the growth 
and lipid productivity of Chlorella pyrenoidosa and Scenedesmus 
quadricauda. Algal Res 18:273–280. https://​doi.​org/​10.​1016/j.​
algal.​2016.​06.​018

Maier S, Tamm A, Wu D, Caesar J, Grube M, Weber B (2018) Pho-
toautotrophic organisms control microbial abundance, diversity, 
and physiology in different types of biological soil crusts. ISME J 
12:1032–1046. https://​doi.​org/​10.​1038/​s41396-​018-​0062-8

Mandal S, Anand U, López-Bucio J, Kumar M, Lal MK, Tiwari RK, 
Dey A (2023) Biostimulants and environmental stress mitigation 
in crops: A novel and emerging approach for agricultural sustain-
ability under climate change. Environ Res 233:116357. https://​
doi.​org/​10.​1016/j.​envres.​2023.​116357

Manhaeghe D, Allosserie A, Rousseau D, Hulle S (2021) Model 
based analysis of carbon fluxes within microalgae-bacteria flocs 
using respirometric-titrimetric data. Sci Tot Environ 784:147048. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​147048

Mathew S, Zakaria ZA (2015) Pyroligneous acid - the smoky acidic 
liquid from plant biomass. Appl Microbiol Biotechnol 99:611–
622. https://​doi.​org/​10.​1007/​s00253-​014-​6242-1

Merlo S, Gabarrell X, Tonon Â, Rossi S (2021) Marine microalgae 
contribution to sustainable development. Water 13(10):1373. 
https://​doi.​org/​10.​3390/​w1310​1373

Miranda AM, Hernandez-Tenorio F, Villalta F, Vargas GJ, Sáez AA 
(2024) Advances in the development of biofertilizers and biostim-
ulants from microalgae. Biol 13(3):199. https://​doi.​org/​10.​3390/​
biolo​gy130​30199

Murata MS, Suzuki Y, Sakurai K, Yamashita H (2021) Freshwater 
alga Raphidocelis subcapitata undergoes metabolomic changes 
in response to electrostatic adhesion by micrometer-sized nylon 

6 particles. Environ Sci Pollut Res 28:66901–66913. https://​doi.​
org/​10.​1007/​s11356-​021-​15300-8

Pang N, Gu X, Chen S, Kirchhoff H, Lei H, Roje S (2019) Exploit-
ing mixotrophy for improving productivities of biomass and co-
products of microalgae. Renew Sustain Energy Rev 112:450–460. 
https://​doi.​org/​10.​1016/j.​rser.​2019.​06.​001

Parađiković N, Teklić T, Zeljković S, Lisjak M, Špoljarević M (2019) 
Biostimulants research in some horticultural plant species – a 
review. Food Energy Secur 8(2):e00162. https://​doi.​org/​10.​1002/​
fes3.​162

Perera IA, Abinandan S, Subashchandrabose SR, Venkateswarlu 
K, Naidu R, Megharaj M (2022) Combined inorganic nitrogen 
sources influence the release of extracellular compounds that 
drive mutualistic interactions in microalgal-bacterial co-cul-
tures. J Appl Phycol 34(3):1311–1322. https://​doi.​org/​10.​1007/​
s10811-​022-​02711-4

Praveen K, Abinandan S, Venkateswarlu K, Megharaj M (2023a) Lev-
eraging phenotypic traits in microalgae: a novel strategy for waste-
water treatment and sustainable biomass production. ACS ES&T 
Water 4(1):103–113. https://​doi.​org/​10.​1021/​acses​twater.​3c004​12

Praveen K, Abinandan S, Venkateswarlu K, Megharaj M (2023b) Har-
nessing extremophilic trait and metabolic flexibility of microalgal 
strains for the treatment of highly alkaline winery wastewater. 
ACS ES&T Eng 4(2):455–465. https://​doi.​org/​10.​1021/​acses​
tengg.​3c003​86

Ramakrishnan B, Maddela NR, Venkateswarlu K, Megharaj M 
(2023) Potential of microalgae and cyanobacteria to improve soil 
health and agricultural productivity: a critical view. Env Sci Adv 
2(4):586–611. https://​doi.​org/​10.​1039/​D2VA0​0158F

Ramakrishnan B, Megharaj M, Venkateswarlu K, Naidu R, Sethuna-
than N (2010) The impacts of environmental pollutants on micro-
algae and cyanobacteria. Crit Rev Environ Sci Technol 40:699–
821. https://​doi.​org/​10.​1080/​10643​38080​24710​68

Ren LJ, Sun XM, Ji XJ, Chen SL, Guo DS, Huang H (2017) Enhance-
ment of docosahexaenoic acid synthesis by manipulation of anti-
oxidant capacity and prevention of oxidative damage in Schiz-
ochytrium sp. Bioresour Technol 223:141–148. https://​doi.​org/​
10.​1016/j.​biort​ech.​2016.​10.​051

Renuka N, Guldhe A, Prasanna R, Singh P, Bux F (2018) Microalgae 
as multi-functional options in modern agriculture: current trends, 
prospects and challenges. Biotech Adv 36(4):1255–1273. https://​
doi.​org/​10.​1016/j.​biote​chadv.​2018.​04.​004

Roque J, Brito Â, Rocha M, Pissarra J, Nunes T, Bessa M, Vieira 
J, Vieira CP, Melo P, Tamagnini P (2023) Isolation and charac-
terization of soil cyanobacteria and microalgae and evaluation of 
their potential as plant biostimulants. Plant Soil 493(1):115–136. 
https://​doi.​org/​10.​1007/​s11104-​023-​06217-x

Rossi F, De Philippis R (2015) Role of cyanobacterial exopolysaccha-
rides in phototrophic biofilms and in complex microbial mats. Life 
5(2):1218–1238. https://​doi.​org/​10.​3390/​life5​021218

Rupawalla Z, Robinson N, Schmidt S, Li S, Carruthers S, Buisset E, 
Roles J, Hankamer B, Wolf J (2021) Algae biofertilisers promote 
sustainable food production and a circular nutrient economy 
– an integrated empirical-modelling study. Sci Total Environ 
796:148913. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​148913

Rupawalla Z, Shaw L, Ross IL, Schmidt S, Hankamer B, Wolf J 
(2022) Germination screen for microalgae-generated plant growth 
biostimulants. Algal Res 66:102784. https://​doi.​org/​10.​1016/j.​
algal.​2022.​102784

Salama ES, Kabra AN, Ji MK, Kim JR, Min B, Jeon BH (2014) 
Enhancement of microalgae growth and fatty acid content under 
the influence of phytohormones. Bioresour Technol 172:97–103. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2014.​08.​059

Seok YJ, Park JH (2024) Reducing nitrogen leaching using wood 
vinegar treated in urea-fertilized soil. Environ Sci Pollut Res 
31(5):7138–7145. https://​doi.​org/​10.​1007/​s11356-​023-​31517-1

https://doi.org/10.1111/nph.17950
https://doi.org/10.1111/nph.17950
https://doi.org/10.1016/j.biortech.2015.07.106
https://doi.org/10.1016/j.biortech.2015.07.106
https://doi.org/10.1111/j.1529-8817.2008.00615.x
https://doi.org/10.1016/j.rhisph.2024.100892
https://doi.org/10.1016/j.rhisph.2024.100892
https://doi.org/10.1007/s11632-006-0023-6
https://doi.org/10.1007/s11632-006-0023-6
https://doi.org/10.1016/j.jaap.2024.106851
https://doi.org/10.1016/j.envpol.2021.118132
https://doi.org/10.1016/j.ecoenv.2021.112508
https://doi.org/10.1016/j.ecoenv.2021.112508
https://doi.org/10.1016/j.algal.2016.06.018
https://doi.org/10.1016/j.algal.2016.06.018
https://doi.org/10.1038/s41396-018-0062-8
https://doi.org/10.1016/j.envres.2023.116357
https://doi.org/10.1016/j.envres.2023.116357
https://doi.org/10.1016/j.scitotenv.2021.147048
https://doi.org/10.1007/s00253-014-6242-1
https://doi.org/10.3390/w13101373
https://doi.org/10.3390/biology13030199
https://doi.org/10.3390/biology13030199
https://doi.org/10.1007/s11356-021-15300-8
https://doi.org/10.1007/s11356-021-15300-8
https://doi.org/10.1016/j.rser.2019.06.001
https://doi.org/10.1002/fes3.162
https://doi.org/10.1002/fes3.162
https://doi.org/10.1007/s10811-022-02711-4
https://doi.org/10.1007/s10811-022-02711-4
https://doi.org/10.1021/acsestwater.3c00412
https://doi.org/10.1021/acsestengg.3c00386
https://doi.org/10.1021/acsestengg.3c00386
https://doi.org/10.1039/D2VA00158F
https://doi.org/10.1080/10643380802471068
https://doi.org/10.1016/j.biortech.2016.10.051
https://doi.org/10.1016/j.biortech.2016.10.051
https://doi.org/10.1016/j.biotechadv.2018.04.004
https://doi.org/10.1016/j.biotechadv.2018.04.004
https://doi.org/10.1007/s11104-023-06217-x
https://doi.org/10.3390/life5021218
https://doi.org/10.1016/j.scitotenv.2021.148913
https://doi.org/10.1016/j.algal.2022.102784
https://doi.org/10.1016/j.algal.2022.102784
https://doi.org/10.1016/j.biortech.2014.08.059
https://doi.org/10.1007/s11356-023-31517-1


World Journal of Microbiology and Biotechnology (2025) 41:306	 Page 17 of 17  306

Shanthakumar S, Abinandan S, Venkateswarlu K, Subashchandrab-
ose SR, Megharaj M (2021) Algalization of acid soils with acid-
tolerant strains: improvement in pH, carbon content, exopoly-
saccharides, indole acetic acid and dehydrogenase activity. 
Land Degrad Dev 32(11):3157–3166. https://​doi.​org/​10.​1002/​
ldr.​3849

Singh D, Mehta P, Saxena R, Barrow JC, Puri M, Tuli DK, Mathur AS 
(2018) Development of continuous cultivation process for oil pro-
duction through bioconversion of minimally treated waste streams 
from second-generation bioethanol production. J Chem Technol 
Biotechnol 93:3018–3027. https://​doi.​org/​10.​1002/​jctb.​5660

Sivaram AK, Logeshwaran P, Abinandan S, Mukunthan K, Megharaj 
M (2022a) Cyto-genotoxicity evaluation of pyroligneous acid 
using Allium cepa assay. J Env Sci Health A Tox Hazard Subst 
Env Eng 57(10):852–857. https://​doi.​org/​10.​1080/​10934​529.​2022.​
21197​41

Sivaram AK, Panneerselvan L, Mukunthan K, Megharaj M (2022b) 
Effect of pyroligneous acid on the microbial community compo-
sition and plant growth-promoting bacteria (PGPB) in soils. Soil 
Syst 6(1):10. https://​doi.​org/​10.​3390/​soils​ystem​s6010​010

Smith J, Hughes A, McEvoy L, Day J (2020) Tailoring of the biochemi-
cal profiles of microalgae by employing mixotrophic cultivation. 
Bioresour Technol Rep 9:100321. https://​doi.​org/​10.​1016/j.​biteb.​
2019.​100321

Song X, Bo Y, Feng Y, Tan Y, Zhou C, Yan X, Cheng P (2022) Poten-
tial applications for multifunctional microalgae in soil improve-
ment. Front Environ Sci. https://​doi.​org/​10.​3389/​fenvs.​2022.​
10353​32

Stirk WA, Bálint P, Tarkowská D, Novák O, Strnad M, Ördög V, Van 
Staden J (2013) Hormone profiles in microalgae: gibberellins and 
brassinosteroids. Plant Physiol Biochem 70:348–353. https://​doi.​
org/​10.​1016/j.​plaphy.​2013.​05.​038

Stirk WA, Novák O, Hradecká V, Pĕnčík A, Rolčík J, Strnad M, Van 
Staden J (2009) Endogenous cytokinins, auxins and abscisic acid 
in Ulva fasciata (Chlorophyta) and Dictyota humifusa (Phaeo-
phyta): towards understanding their biosynthesis and homoeosta-
sis. Eur J Phycol 44(2):231–240. https://​doi.​org/​10.​1080/​09670​
26080​25737​17

Stirk WA, van Staden J (2020) Potential of phytohormones as a strategy 
to improve microalgae productivity for biotechnological applica-
tions. Biotechnol Adv 44:107612. https://​doi.​org/​10.​1016/j.​biote​
chadv.​2020.​107612

Urrutia RI, Gutierrez VS, Stefanazzi N, Volpe MA, González JOW 
(2022) Pyrolysis liquids from lignocellulosic biomass as a poten-
tial tool for insect pest management: a comprehensive review. Ind 

Crops Prod 177:114533. https://​doi.​org/​10.​1016/j.​indcr​op.​2022.​
114533

Van Oosten MJ, Pepe O, De Pascale S, Silletti S, Maggio A (2017) 
The role of biostimulants and bioeffectors as alleviators of abiotic 
stress in crop plants. Chem Biol Technol Agric 4:1–12. https://​doi.​
org/​10.​1186/​s40538-​017-​0089-5

Vidotti A, Riaño-Pachón D, Mattiello L, Giraldi L, Winck F, Franco 
T (2020) Analysis of autotrophic, mixotrophic and heterotrophic 
phenotypes in the microalgae Chlorella vulgaris using time-
resolved proteomics and transcriptomics approaches. Algal Res 
51:102060. https://​doi.​org/​10.​1016/j.​algal.​2020.​102060

Xiong W, Gao C, Yan D, Wu C, Wu Q (2010) Double CO2 fixation in 
photosynthesis–fermentation model enhances algal lipid synthesis 
for biodiesel production. Bioresour Technol 101(7):2287–2293. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2009.​11.​041

Yakhin OI, Lubyanov AA, Yakhin IA, Brown PH (2017) Biostimulants 
in plant science: a global perspective. Front Plant Sci 7:2049. 
https://​doi.​org/​10.​3389/​fpls.​2016.​02049

Zhao Y, Li Q, Chen D, Yang M, Huang F, Liu J, Yu X, Yu L (2025) 
Exploiting synergy of dopamine and stressful conditions in 
enhancing Haematococcuslacustris biomass and astaxanthin 
yield. Bioresour Technol 417:131848. https://​doi.​org/​10.​1016/j.​
biort​ech.​2024.​131848

Zhao Y, Ngo HH, Yu X (2022) Phytohormone-like small biomolecules 
for microalgal biotechnology. Trends Biotechnol 40(9):1025–
1028. https://​doi.​org/​10.​1016/j.​tibte​ch.​2022.​02.​005

Zhao Y, Wang Q, Gu D, Huang F, Liu J, Yu L, Yu X (2024) Mela-
tonin, a phytohormone for enhancing the accumulation of high-
value metabolites and stress tolerance in microalgae: applications, 
mechanisms, and challenges. Bioresour Technol 393:130093. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2023.​130093

Zhu K, Gu S, Liu J, Luo T, Khan Z, Zhang K, Hu L (2021) Wood vin-
egar as a complex growth regulator promotes the growth, yield, 
and quality of rapeseed. Agronomy 11(3):510. https://​doi.​org/​10.​
3390/​agron​omy11​030510

Zulfiqar F, Casadesús A, Brockman H, Munné-Bosch S (2020) An 
overview of plant-based natural biostimulants for sustainable hor-
ticulture with a particular focus on moringa leaf extracts. Plant 
Sci 295:110194. https://​doi.​org/​10.​1016/j.​plant​sci.​2020.​110194

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

https://doi.org/10.1002/ldr.3849
https://doi.org/10.1002/ldr.3849
https://doi.org/10.1002/jctb.5660
https://doi.org/10.1080/10934529.2022.2119741
https://doi.org/10.1080/10934529.2022.2119741
https://doi.org/10.3390/soilsystems6010010
https://doi.org/10.1016/j.biteb.2019.100321
https://doi.org/10.1016/j.biteb.2019.100321
https://doi.org/10.3389/fenvs.2022.1035332
https://doi.org/10.3389/fenvs.2022.1035332
https://doi.org/10.1016/j.plaphy.2013.05.038
https://doi.org/10.1016/j.plaphy.2013.05.038
https://doi.org/10.1080/09670260802573717
https://doi.org/10.1080/09670260802573717
https://doi.org/10.1016/j.biotechadv.2020.107612
https://doi.org/10.1016/j.biotechadv.2020.107612
https://doi.org/10.1016/j.indcrop.2022.114533
https://doi.org/10.1016/j.indcrop.2022.114533
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.1186/s40538-017-0089-5
https://doi.org/10.1016/j.algal.2020.102060
https://doi.org/10.1016/j.biortech.2009.11.041
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.1016/j.biortech.2024.131848
https://doi.org/10.1016/j.biortech.2024.131848
https://doi.org/10.1016/j.tibtech.2022.02.005
https://doi.org/10.1016/j.biortech.2023.130093
https://doi.org/10.3390/agronomy11030510
https://doi.org/10.3390/agronomy11030510
https://doi.org/10.1016/j.plantsci.2020.110194

	Pyroligneous acid as a multifunctional biostimulant enhances microalgal growth and soil beneficial metabolites for sustainable agriculture
	Abstract
	Introduction
	Materials and methods
	Microalgal strains and maintenance
	Preliminary screening for growth response
	Experimental setup and analyses
	Soil-based microcosm experiment for validating microalgal activities
	Statistical analysis

	Results
	Growth response of Chlorella sp. and Desmodesmus sp. MAS1 in presence of PA
	Production of IAA and EPS by microalgal cultures grown in presence of PA
	Validation of PA-stimulated microalgal metabolism in soil microcosm

	Discussion
	Impact of PA on growth of Chlorella sp. and Desmodesmus sp. MAS1
	IAA and EPS production in microalgal strains under the influence of PA
	Comparative evaluation of chemical stimulants and the novelty of PA
	Soil-based evidence for microalgal–PA synergy

	Conclusion
	Acknowledgements 
	References


