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Editorial on the Research Topic
 Mineral solubilizing microorganisms (MSM) and their applications in nutrient bioavailability, bioweathering and bioremediation, volume II




Soil microorganisms are involved in mineral weathering, nutrient bioavailability, and bioremediation in the soil ecosystem. In this regard, microbes' mineral interactions can assist exogenic biogeochemical reactions. Various microorganisms cause weathering and rock decomposition through biocorrosion, bioerosion, and bioperforation by inhabiting rock surfaces or crevices (Bin et al., 2008). Microbes acquire nutrients from rock surfaces by building complex organic ligands and encouraging the release of mineral elements. Bioperforation in rock surface by microbial colonization promotes the exposed surface area of rock and intensifies its weathering by mechanical erosion, microbial destruction, and deterioration of rock particle cementation structure (Ehrlich, 1998). Microorganisms also boost mineral weathering through acidification by producing organic acids, microbial water retention, and release of CO2 due to microbial respiration (Chen et al., 2000). Microorganisms enhance mineral availability from geological resources through mineral breakdown and rock deterioration. Furthermore, microbial technology exploits low-grade mineral resources available for plant uptake, accelerating soil formation (Kumar et al., 2018).

Microorganisms promote soil physicochemical characteristics and nutrient cycling in soil solution (Li et al., 2006). Roots exudates facilitate mineral solubilizing microorganisms (MSM) to perform their activity. In response to the plant's nutritional needs, exudation rates increase with root surface area (Aoki et al., 2012). In addition, plants emit sugars, amino acids, enzymes, fatty acids, sterols, growth factors, vitamins, and secondary metabolites. They transform the rhizosphere into a nutrient-rich environment that may support a diverse microbial population (Vives-Peris et al., 2020). The MSM in the rhizospheric area promotes a more intense mineral bioavailability than bulk soil. Microorganisms solubilize insoluble minerals through various mechanisms, including direct dissolution, redox reactions, and enzymatic production of various acid phosphatases and phytases (Kumar et al., 2013). They solubilize minerals from the soil directly through microbial weathering and promote plant growth by improving root development, modulating phytohormones, producing siderophores and hydrogen cyanide, increasing plant enzymatic activities, controlling phytopathogen under normal as well as stress conditions (Mumtaz et al., 2017; Etesami and Adl, 2020; Saeed et al., 2021).

Industrialization in the current era negatively affects soil and crop productivity by accumulating vast amounts of minerals, including heavy metals. These heavy metals are cytotoxic even at low concentrations and cause human cancer. Their toxicity causes higher production of reactive oxygen species that reduce the antioxidant systems and affect an organism's normal functioning, ultimately leading to cell death (Tarfeen et al., 2022). The MSM can perform bioremediation of contaminated agricultural soil. These microorganisms perform bioremediation of metal minerals through biosorption to cell walls, precipitation, capturing in extracellular capsules, efflux outside the cell, transformation of metal minerals to a less toxic state, and ligation inside cell leading to adsorption of metal minerals ions (Riseh et al., 2022). Bioremediation of metal minerals depends on environmental factors (temperature, pH, electron acceptor, nutrients, etc.), contaminant properties, biodegradative genes in organisms, and bioavailability of contaminants to degrading microorganisms within the site (Maier, 2000). In the current Research Topic, metal bioavailability was considered to be the most crucial factor in bioremediation. The bioavailability of minerals also has a vital role in rocks and minerals weathering and nutrient availability for crop growth and productivity. The MSM have biologically activated metabolic systems that are eco-friendly and cost-effective and have various mechanisms for weathering, bioavailability, and bioremediation of minerals.

This Research Topic aims to uncover the role of MSM in mineral weathering, nutrient availability, and bioremediation. This topic presents two reviews and four original research papers by 39 authors from seven countries that span the research on mineral-solubilizing microorganisms. This topic publishes one article on weathering, three articles on nutrient bioavailability and plant growth promotion, and two articles on the bioremediation or recovery of metal minerals. These articles give insight into ongoing issues and provide a basis for further study on the application of MSM in nutrient availability and bioremediation. Here, we summarized some highlights from the six articles published on this Research Topic.


Mineral bioweathering through mineral solubilizing microorganisms

Microbial diversity is a crucial factor for soil formation from rock weathering. Chen et al. reported a higher abundance of fungi over bacteria during premature colonization on limestone. Fungal communities were remarkably unaffected by nutrient solutions, organic acid, inorganic acid, and microbial competition, while bacterial communities were robust and constant. They observed the dominant fungal phyla were Ascomycota, Basidiomycota, and Chytridiomycota, while the dominant bacterial phyla were Proteobacteria, Bacteroidota, and Actinobacteriota, which have their application in weathering of limestone.



Nutrient bioavailability through mineral solubilizing microorganisms

The MSM are associated with plants to promote essential mineral uptake. Suraby et al. reported the solubilization of insoluble phosphate compounds, including AlPO4, FePO4·4H2O, Ca3(PO4)2, and hydroxyapatite by fungal strain Penicillium olsonii TLL1. This strain promoted Arabidopsis, Bok choy, and rice growth in vermiculite soil under phosphorus-limiting conditions. Rizwanuddin et al. emphasized the solubilization of soil organic phytate by phytase-producing microorganisms. MSM produces phytase enzymes that enhance the phytate mineralization through the cleavage of phytate ester bonds. Transgenic plants are generated by inserting microbial phytase-producing genes to promote phytate mineralization and phosphorus availability in plants. Raimi et al. reported that organic fertilizers support highly functional and more robust interactions within the rhizosphere bacterial community. Organic fertilizers demonstrated functionally versatile bacterial community structures characterized by plant growth-promoting genera such as Agromyces, Bacillus, and Nocardioides over traditional fertilizers. Rhizospheric bacterial communities had higher diversity richness and unique bacterial genera in organic farms than in conventional farms.



Bioremediation through mineral solubilizing microorganisms

Metal minerals at high doses are recalcitrant contaminants that can harm living organisms. Singh et al. reported the bioaccumulation/removal of rare earth elements from hazardous industrial waste of compact fluorescent lamp acid extract using synchronous culture of extremophilic red algae Galdieria sulphuraria. The algal efficiency to accumulate rare earth elements was augmented by adding 6-benzylaminopurine and 1-naphthaleneacetic acid, which could be the solution for the removal or recycling of wastes containing rare earth elements. Biswal and Balasubramanian reviewed the performance of various microbial agents to extract cobalt and lithium from the solid matrix of spent lithium-ion batteries. Bioleaching of dissolved metal from spent lithium-ion batteries is effective through bacterial strains, including Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans, and the fungal strain Aspergillus niger. The production of sulfuric acid from bacterial strains and citric acid, gluconic acid, and oxalic acid from fungal strains are the dominant metabolites involved in cobalt and lithium bioleaching.
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In recent decades, a shift has been seen in the use of light-emitting diodes over incandescent lights and compact fluorescent lamps (CFL), which eventually led to an increase in wastes of electrical equipment (WEE), especially fluorescent lamps (FLs) and CFL light bulbs. These widely used CFL lights, and their wastes are good sources of rare earth elements (REEs), which are desirable in almost every modern technology. Increased demand for REEs and their irregular supply have exerted pressure on us to seek alternative sources that may fulfill this demand in an eco-friendly manner. Bio-removal of wastes containing REEs, and their recycling may be a solution to this problem and could balance environmental and economic benefits. To address this problem, the current study focuses on the use of the extremophilic red alga, Galdieria sulphuraria, for bioaccumulation/removal of REEs from hazardous industrial wastes of CFL bulbs and the physiological response of a synchronized culture of G. sulphuraria. A CFL acid extract significantly affected growth, photosynthetic pigments, quantum yield, and cell cycle progression of this alga. A synchronous culture was able to efficiently accumulate REEs from a CFL acid extract and efficiency was increased by including two phytohormones, i.e., 6-Benzylaminopurine (BAP - Cytokinin family) and 1-Naphthaleneacetic acid (NAA - Auxin family).

KEYWORDS
 compact fluorescent lamp, industrial wastes, extremophile, Rhodophyta, Galdieria sulphuraria, bio-removal, plant hormones
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Introduction

Rare earth elements (REEs) are a group of 17 chemical elements that comprise yttrium (Y), scandium (Sc), and a series of 15 lanthanides. REEs have practically identical physical and chemical properties although they have rather unique magnetic and catalytic properties (Cheisson and Schelter, 2019; Čížková et al., 2021). These properties make them desirable in a wide range of industries such as electrical, electronics, laser, glass, magnetic materials, energy technology, aquaculture, and agriculture (Hu et al., 2004; Chakhmouradian and Wall, 2012; Balaram, 2019). In recent decades, the use of fluorescent lamps (FLs), involving both tubes and compact fluorescent lamps (CFLs), has increased globally to improve energy efficiency. However, due to the presence of mercury and REEs as essential components, their use can be environmentally harmful (Balaram, 2019; Pagano et al., 2019). The shift from incandescent lights and CFLs to light-emitting diodes has generated a considerable amount of waste electrical equipment (WEE) (Baldé et al., 2017; Gwenzi et al., 2018; Pagano et al., 2019). Among the most common elements present in WEE are the REEs yttrium (Y), europium (Eu), and terbium (Tb). These economically important REEs are usually discarded into our environment as wastes, having a consequential effect on the linear flow of goods throughout the economy (Balaram, 2019). Increased demands for REEs, has exerted pressure on industrialized countries to look for alternatives to fulfill their demand in an eco-friendly manner. Bio-removal of WEE containing REEs, and their recycling can have a positive impact, balancing both environmental and economic benefits.

The role of plants, microbes (i.e., bacteria, cyanobacteria, and fungi), and algae as REE accumulators, bio-removers, and potential bio-miners have been studied extensively (Dubey and Dubey, 2011; Qu and Lian, 2013; Pinto et al., 2020; Jalali and Lebeau, 2021). Among these, algae-based bioaccumulation/bio-removal is considered to be one of the most promising methods due to its high efficiency, wide applicability and the low-cost recovery. However, mostly contaminated water, soil or red mud were used as secondary sources of REEs (Pinto et al., 2020; Lima and Ottosen, 2021). Regarding WEE (e.g., CFL lights) as secondary source of REEs, only a few studies have demonstrated the use of microalgae as potential REE accumulators/sorbents or removers (Čížková et al., 2021). However, several studies have been conducted that demonstrate the growth of green and red algae in the presence of a single REE, or waste containing a mixture of REEs (Čížková et al., 2021; Pinto et al., 2021). The growth of green algae Chlamydomonas reinhardtii, Chlorella sp. or Arthrospira sp. improved in the presence of REEs (Liu and Shizong, 1999) whereas, another study showed that due to the presence of multiple REEs in CFL powder, Galdieria growth and dry matter accumulation slowed compared to the control (Čížková et al., 2021).

In addition, extensive research has been conducted to investigate heavy metal (HM) bioaccumulation/bioremediation by algae employing different chemical agents and phytohormones. However, the underlying mechanisms controlling the effect of phytohormones on bioremediation are elusive (Piotrowska-Niczyporuk et al., 2012, 2018). Unlike HM bioremediation, fewer studies have been conducted to understand REE bio-removal/bioaccumulation (Pinto et al., 2020; Čížková et al., 2021; Pinto et al., 2021). Literature describing the use of chemical agents commonly employed in bioremediation, or phytohormones that affect the biosorption/bio-removal of REEs are also scarce. This study is the first showing the use of two phytohormones, 6-Benzylaminopurine (BAP - Cytokinin family, known to affect cell division) and 1-Naphthaleneacetic acid (NAA - Auxin family, generally known as growth stimulators) on REE accumulation by the red algae G. sulphuraria.

Recently, algae from the extremophile group of cyanidiophyceae, especially the unicellular red alga Galdieria, has been proposed as suitable models that have the potential to accumulate or adsorb different REEs (Minoda et al., 2015; Čížková et al., 2019, 2021). G. sulphuraria grows under thermo-acidophilic conditions, and inhabits hot sulfur springs, toxic metal-containing and geothermal habitats (Gross et al., 1998; Yoshimura et al., 1999; Reeb and Bhattacharya, 2010; Minoda et al., 2015). The organism is known to thrive over in moderate/high temperatures ranging from 35°C to 56°C (Reeb and Bhattacharya, 2010; Carfagna et al., 2015; Bottone et al., 2019), and pH ranging from 0.2 to 6 (Yoon et al., 2006; Náhlík et al., 2021; Abiusi et al., 2022). Its resistance to toxic metals and REEs is exceptional among other eukaryotic algae, thus it is a suitable organism to achieve bioaccumulation/bio-removal of metals from waste material (Yoshimura et al., 1999; Minoda et al., 2015; Čížková et al., 2021). Unlike other microalgae, G. sulphuraria produces highly branched and low molecular weight glycogen as an energy and carbon reserve instead of starch supplying energy for processes related to cell multiplication such as DNA replication, nuclear division, cytokinesis, daughter cell formation and release of autospores (Vítová et al., 2015; Martinez-Garcia et al., 2017). The accumulation of starch during the cell cycle, and its consumption during the cell division in dark phase has been described in several synchronized cultures of green algae (Brányiková et al., 2011; Vítová et al., 2015). Recently, Náhlík et al. studied the accumulation of glycogen in G. sulphuraria throughout the cell cycle following light and dark phases. Results showed that some accumulated glycogen was consumed during cell division (Náhlík et al., 2021). Like other microalgae, G. sulphuraria divides by multiple fission and releases 2n autospores from a single mother cell within one cell cycle (Jong et al., 2021).

One of the important fluorescence parameters followed in photosynthetic microalgae is the Fv/Fm ratio, a valuable bio-indicator for overall photosynthetic performance, indicating maximal photochemical quantum efficiency of photosystem II (PSII). The Fv/Fm index also indicates stress conditions such as temperature, light, pH, nutrient concentration, or toxic metals (Schreiber et al., 1986; Iovinella et al., 2020). The ratio of Fv/Fm differs in photosynthetic organisms from plant to cyanobacteria, in land plants Fv/Fm varies between ∼0.75–0.8, and slightly lower values ∼0.7 were reported in green algae. However, red algae and cyanobacteria have significantly lower values of Fv/Fm ratio between ∼0.5–0.6 and ∼0.2–0.4, respectively (Oesterhelt et al., 2007; Iovinella et al., 2020). Like photosynthetic efficiency, photosynthetic pigments are also vulnerable to stress conditions. Until now, the effect of REEs on photosynthetic pigments have not been investigated thoroughly, although research has shown that exposure to Lu3+ (lutetium) and Sc3+ (scandium) significantly reduced levels of photosynthetic pigments in Parachlorella kessleri (Goecke et al., 2017).

In the present study, we describe the effect of a CFL acid extract on a synchronous culture of G. sulphuraria throughout the cell cycle. Furthermore, accumulated glycogen and the photosynthetic pigment profile of a synchronously growing and dividing culture were analyzed. This study provides insight into the impact of REEs on the cell cycle of G. sulphuraria. The study also determined how efficiently this red alga could accumulate REEs from a CFL extract and the effect of two synthetic plant hormones (BAP and NAA).



Materials and methods


Algal culture and growth conditions

The experimental organism, unicellular red alga G. sulphuraria (Galdieri) Merola, 002 was acquired from the Algal Collection of the University “Federico II” of Naples, Italy.1 In general, algal cells were cultivated photoautotrophically in a Galdieria-nutrient medium (modified Allen medium) prepared to the following final composition of macroelements (g L−1): 1.31 (NH4)2SO4, 0.27 KH2PO4, 0.25 MgSO4·7H2O, 0.02 C10H12O8N2NaFe, 0.14 CaCl2·2H2O, and microelements diluted 500x from the stock solution (mg L−1): 31 H3BO3, 1.25 CuSO4·5H2O, 22.3 MnSO4·4H2O, 0.88 (NH4)6Mo7O24·4H2O, 2.87 ZnSO4·7H2O, 1.46 Co(NO3)2·6H2O, 0.014 V2O4(SO4)3·16H2O, 0.3 Na2NO4·7H2O, 1.19 KBr, 0.83 KI, 0.91 CdCl2, 0.78 NiSO4, 0.12 CrO3, 4.74 Al2(SO4)3K2SO4·24H2O (all chemicals from Penta, Chrudim, Czech Republic) in distilled water, autoclaved for 20 min. The synchronization of the cultures was carried out by changing the light and dark periods (16 l/8D) according to Náhlík et al. (2021). The culture was cultivated under optimal conditions of pH 3, temperature of 40°C, and light intensity of 350 μmol photons m−2 s−1. The photobioreactors, in the shape of glass cylinders (300 ml) or flat cuvettes (2.5 l), were placed in a thermostatic water bath and illuminated by a panel of dimmable fluorescent lamps (OSRAM DULUX L55 W/950 Daylight, Milano, Italy). Algal culture suspensions were supplied with a gas mixture of air and CO2 (2% v/v), at a flow rate of 15 L h−1. The experiments were carried out in a batch culture regime under controlled light and temperature conditions.



Preparation of CFL acid extract

Luminophore powder from e-waste of CFL light bulbs was provided by RECYKLACE EKOVUK a.s. (Příbram, Czech Republic). The particle size of CFL powder was 25 μm3 and it was insoluble in water or Galdieria-nutrient medium. Based on the preliminary study with different acids, acid mixtures, and their concentrations, the best solubility of CFL particles was observed in 10% HNO3 acid. To prepare the CFL acid extract with a final concentration of 40 μg mL−1, 4 g of CFL powder was extracted into 100 ml of 10% HNO3. The solution was shaken on a horizontal shaker (at 150 rpm) for 1 h and then extracted at room temperature for 12 h, followed by 3 h of shaking. The suspension was centrifuged at 4000 rpm for 3 min and the supernatant was filtered through a 0.45 μm filter to avoid the remaining solid particles. The resulting clear CFL acid extract solution has an approximate pH of 0.5. The stock solution was used in all experiments.



CFL acid extract treatment

To study the effect of CFL extract on various parameters of the cell cycle and the accumulation of REEs, 4% CFL acidic extract (v/v) was used to treat the algal culture. After adding the CFL extract to nutrient medium, the pH dropped to 2, and was adjusted with approximately 0.5 ml of NH4OH to pH 3. For CFL treatment, the synchronous cultures of G. sulphuraria, at an initial concentration of 1×106 cells L−1, were cultivated in 4% of CFL extract for 24 h. Samples of the algal culture were collected at desired time intervals for further analyses. Along with CFL–treated culture, a control (untreated culture) was also inoculated with the same initial culture concentration and incubated for 24 h.



Plant hormone treatment

To study the effect of hormones on REEs accumulation, one set of asynchronous cultures of G. sulphuraria was cultivated with CFL and hormones for 24 h. For this study two synthetic plant hormones, 6-Benzylaminopurine (BAP-Cytokinin family) and 1-Naphthaleneacetic acid (NAA-Auxin family) (Sigma-Aldrich) were used at a final concentration of 5 mg L−1 for this study. At the end of the experiment, cultures with and without plant hormones were harvested by centrifugation (3,000 rpm, 5 min), freeze dried and analyzed by ICP-MS.



Dry matter and doubling time determination

Dry matter was determined from 5 ml of algal suspension centrifuged at 4000 rpm for 5 min in dried and pre-weighed 5 ml test tubes. The pellet was dried at 105°C for 24 h and weighed on a Sartorius TE214S-0 CE analytical balance.

Doubling time (DT) was calculated for both the control and treated cultures of G. sulphuraria based on dry matter (DM) according to the equation [image: image], where Tt is the time of the end of the light phase, T0 is the starting time, and DMt is the value of dry matter at Tt and DM0 is the value of dry matter at T0.



Pigment analysis

To determine the content of chlorophyll a (Chl a) and carotenoids (car), 10 ml of homogenized suspension of both the control and CFL–treated cultures were centrifuged at 4000 rpm for 5 min. Harvested pellets were suspended in 1 ml of phosphate buffer (containing 0.1 M KH2PO4: 0.1 M Na2HPO4·12H2O, 1:9; pH 7.7) and 10 μg of MgCO3.The pellets were then each mixed with 500 μl of 0.75–1.00 mm glass beads (P-LAB, Prague, Czech Republic) and vortexed for 5 min to break the cell walls. For pigment extraction, 4 ml of 100% acetone was added, mixed well, and centrifuged at 4000 rpm for 5 min. After the first round of extraction, the supernatant was transferred to a calibrated tube with a stopper and placed in a dark block. The extraction process was repeated with 80% acetone and the supernatant was transferred to the same calibrated tube. The final volume of extract was made up to 10 ml using 80% acetone. The absorbance of the solution was recorded at 750, 664, 647, 470, and 450 nm by UV-1800 spectrophotometer, Shimadzu Corporation (Kyoto, Japan). The content of chlorophyll a and carotenoids were calculated according to Wellburn (1994).

Phycobiliproteins were extracted in 10 ml of homogenized control and CFL–treated culture samples. Each culture was centrifuged at 4000 rpm for 10 min at room temperature and the pellet was washed twice with distilled water. Finally, the culture was re-suspended in 20 mM acetate buffer (pH 5.1) containing 40 mM NaCl and 0.02 M sodium azide, followed by bead beating and repeated freeze-thawing until the phycobiliproteins were released into the supernatant. The collected supernatant was measured in a UV–VIS spectrophotometer (Shimadzu 1800-UV, Shimadzu Corp., Japan). The estimation of phycobiliproteins, expressed in mg mL−1,was carried out by following the equations of Bennett and Bogorad (1973) and Johnson et al. (2014). All chemicals were supplied by Penta (Chrudim, Czech Republic).



Photosynthesis evaluation

Photosynthetic activity was evaluated by fluorimeter as the quantum yield (Fv/Fm). Two milliliters aliquots were withdrawn from the culture and placed into 10 × 10-mm plastic cuvettes for 30 min in the dark. Quantum yield was measured using an AquaPen-C 100 PAM fluorimeter (Photon Systems Instruments, Drasov, Czech Republic).



Determination of glycogen content

Glycogen content was determined by the anthrone method (McCready et al., 1950) according to the modified protocol of Brányiková et al. (2011). Briefly, 10 ml algal samples were harvested by centrifugation at 3000 rpm for 3 min and the cell pellet was stored at −20°C. 250 μl zirconium beads (0.7 mm diameter) and 500 μl dH2O were added to thawed samples and vortexed (Vortex Genie 2, Scientific Industries, Inc., Bohemia, NY, United States) for 5 min at 3,200 rpm for cell breakage. For depigmentation of algae, 1 ml of 80% ethanol was added to the sample then vortexed and incubated at 68°C for 15 min in a water bath. This process was repeated 3–4 times until the pellet was clear (green color free). The glycogen-containing cell pellets were hydrolyzed with 1.5 ml of 30% perchloric acid for 15 min at room temperature, then centrifuged and supernatants were collected into pre-prepared calibration test tubes. This process was repeated twice more, and the extracts were combined and made up to 5 ml using 30% HClO4. The colorimetric reaction was then carried out by mixing 500 μl of ice-cold extract with 2.5 ml of anthrone reagent (2 g of anthrone in 1 l of 72% (v/v) ice-cold sulphuric acid). The mixture was boiled at 100°C for 8 min followed by cooling and quantification at 625 nm (A625) using a Shimadzu UV-spectrophotometer UV-1800 (UV-1800, Shimadzu, Kyoto, Japan). The same procedure was followed for the blank (500 μl of 30% HClO4) and standard tubes (500 μl of glucose (100 mg L−1) in 30% HClO4). Glycogen calibration was carried out simultaneously using glucose as the standard. To obtain the calibration curve for glycogen determination, the values measured for glucose were multiplied by 0.9. The data were expressed as picograms (pg) of glycogen per cell.



Confocal microscopy

Confocal images of treated and control cells were captured with an inverted Zeiss LSM 880 laser scanning confocal microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) equipped with a Plan-Apochromat 63x/1.4 NA Oil DIC M27 immersion objective. SYBR-Green was excited by Argon laser 488 nm (laser power 0.03%), its emission was captured by GaAs-detector at wavelengths 499–571 nm, Gain 750. Likewise, chlorophyll auto-fluorescence was excited by Argon laser 488 nm (laser power 0.15%) and detected at 695–759 nm (PMT detector, using photon counting mode). This track was on top of that used to create T-PMT signal (transmission) using Gain 370. The pinhole for this excitation wavelength was kept at 69 μm diameter. MBS was chosen 488 and pixel dwell time was given 16.38 μs. The images were then processed using ImageJ software.



Statistical analysis

All experiments were performed in three biological replicates (n = 3). The presented results are the averages and standard deviations from all three replicates. The data statistics analysis was generated using the Real Statistics Resource Pack software (Release 8.4) for MS Excel 2013. Copyright (2013–2021) Charles Zaiontz2 (accessed on 3 January 2023). To quantify the relationship between predictor variables (time, treatment) and a response variable (concentration of pigments, or concentration of glycogen, or Fv/Fm ratio) multiple linear regression model was used. The fitted regression model was: ß1 + (ß2*time) + (ß3*treatment) + (ß4*time^2) + (ß5*(time*treatment)), where the coefficient values correspond to predictors: ß1 - Intercept, ß2 - Time, ß3 - Treatment, ß4-Time^2, ß5 – Time*Treatment. The comparison of individual REE concentration levels at different time points or between experimental treatments (CFL, CFL + hormones) was performed using the one-way ANOVA test and Tukey’s HSD test. A value of p < 0.05 was considered significant.



Quantitative REE analysis by ICP-MS

Samples of CFL alone and CFL-treated algal biomass were digested with 30% H2O2 and 67% HNO3 (Merck, Suprapure) in a PTFE microwave oven (MLS1200 MEGA, Gemini bv, Apeldoorn, The Netherlands) at 250–600 W for 20 min. Quantitative analysis of REEs was performed using an Elan DRC-e (Perkin Elmer, Concord, ON, Canada) which is equipped with a concentric PTFE nebulizer and cyclonic spray chamber. Algal samples were passed through a 0.45 μm nylon syringe filter (Millipore, Molsheim, France) and diluted 1:10 with distilled water. Values were expressed as micrograms per gram dry weight (μg g−1 DM).




Results

Before conducting the experiments and because CFL was extracted into 10% HNO3, the effect of 10% HNO3 on a synchronous culture of G. sulphuraria was studied. Results of this preliminary study showed that there was no negative effect of 10% HNO3 on the cell shape, size, or growth of this organism (Supplementary Figures S1, S2).


Effect of CFL on growth of Galdieria sulphuraria

Growth of the control culture of G. sulphuraria and the culture treated with CFL extract was expressed as dry matter in mg mL−1 (Figure 1). Our results showed a progressive increase in dry matter of both control and treated cultures up to 16 h (light regime), after which, a decline was observed due to a light limitation. The control culture of G. sulphuraria reached a dry matter content of 0.42 mg mL−1 during the light phase whereas the culture treated with CFL extract achieved only 0.30 mg mL−1 dry matter. The loss of dry matter from 0.42 mg mL−1 to 0.28 mg mL−1 in the control culture and from 0.30 mg mL−1 to 0.17 mg mL−1 in CFL–treated culture during the dark phase (Figure 1, dark phase) could be due to losses by respiration (night biomass loss). The calculated mass doubling time (see Methods for the equation) was 10.09 h ± 0.30 for the control culture and 12.10 h ± 0.48 for the culture treated with CFL extract.
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FIGURE 1
 Growth of synchronous culture of Galdieria sulphuraria in control (black circles) and CFL–treated (red diamonds) medium, at pH 3, a light intensity of 350 μmol photons m−2 s−1 and a temperature of 40°C, expressed as dry matter (DM) in μg mL−1. The dark phase is indicated by the black bar above the graph. The data are plotted as means of biological triplicates. The error bars represent standard deviations (±SD) and are shown when larger than the symbol size.




The effect of CFL on photosynthetic pigments

The effect of CFL extract on chlorophyll a, carotenoids, and phycocyanin contents was observed at 4 hourly intervals over the period from 0 to 24 h synchronous culture. Figure 2 shows the comparative effect of CFL–treated and control cultures on pigment content. Results showed that all three photosynthetic pigments progressively increased with increasing duration of the experiment, although CFL–treated cells showed lower pigment levels than the control culture. Figure 2A shows the synthesis of chlorophyll a, which was affected by CFL treatment throughout the experiment. At the end of the light phase (16 h), the Chl a content was recorded as 3.0 mg L−1 in the control culture whereas, in the CFL–treated culture, Chl a content was only 2.2 mg L−1. This loss in chlorophyll content could be due to CFL extract stress on the algae. In contrast, carotenoids, which are known to play a role in defense of algae against stress, increased till 4 h to 110 mg L−1 under CFL treatment compared with 78 mg L−1 in the control culture (Figure 2B). Later, the trend of values reversed, and at 16 h (end of the light phase), the CFL–treated culture yielded 209 mg L−1 carotenoids as compared to 270 mg L−1 in the control culture (Figure 2B). Like chlorophyll a, phycocyanin content also increased progressively throughout the experiment. The control culture showed a slightly higher level of phycocyanin at 16 h, i.e., 191 mg L−1 as compared to 176 mg L−1 in the CFL–treated culture (Figure 2C). Interestingly as compared to chlorophyll and carotenoids, phycocyanin was the pigment least affected by CFL acid extract stress.

[image: Figure 3]

FIGURE 2
 Photosynthetic pigments in synchronous control (black bar) and CFL–treated (red bar) Galdieria sulphuraria cultures, expressed as mg L−1 (A) chlorophyll a, (B) carotenoids, (C) phycocyanin. The dark phase is indicated by the black bar above the graph. The data are plotted as means of biological triplicates. The error bars represent standard deviations (±SD). For details of statistical analysis (multiple linear regression) see Supplementary Table S1.


Multiple linear regression was used to test if time (hours of cultivation) and treatment (control vs. CFL) significantly predicted the concentration of pigments (chlorophyll a, carotenoids, and phycocyanin) in the algal biomass (Figure 2). For fitted regression model see Methods. The overall regression was statistically significant for Chl a (R2 = 0.97, F(4, 9) = 132.56, p = 5.43E-08), carotenoids (R2 = 0.94, F(4, 9) = 61.55, p = 1.55E-06), and also for phycocyanin (R2 = 0.97, F(4, 9) = 125.25, p = 6.98E-08). Both time and time^2 significantly predicted the concentration of all three pigments. Treatment alone did not significantly predict their concentration, however, the interaction term time*treatment did significantly predict the concentration of chlorophyll a, and carotenoids. The treatment influence was therefore significantly time-dependent. There was no time-dependency for phycocyanin, and its concentration in both cultures was not significantly different. For β coefficients and corresponding p-values see Supplementary Table S1.



The effect of CFL on photosynthesis efficiency (Fv/Fm)

In the present study photosynthetic performance was determined as quantum yield (ratio Fv/Fm) which is the parameter commonly reflecting reduced function or impairment of the PSII reaction centers. At the beginning of the experiment, the Fv/Fm ratio was recorded as 0.58 in the control culture and 0.55 in the CFL–treated culture (Figure 3). With progression of the cell cycle, at 6 h, the Fv/Fm ratio fell to its minimum, i.e., 0.36 and 0.17 in the control and CFL–treated cultures, respectively, (light phase of Figure 3). This decrease in Fv/Fm in the control culture recovered to almost its initial value, i.e., 0.53–0.56 at 18–24 h during the dark phase. The Fv/Fm ratio in the CFL–treated culture recovered to a value of approximately 0.45, which is slightly lower than its original value (Figure 3, dark phase).
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FIGURE 3
 Fv/Fm ratio of synchronous control (black bar) and CFL–treated (red bar) Galdieria sulphuraria cultures, showing the photochemical maximum quantum efficiency of PSII. The dark phase is indicated by the black bar above the graph. The data are plotted as means of biological triplicates. The error bars represent standard deviations (±SD). For details of statistical analysis (multiple linear regression) see Supplementary Table S1.


Multiple linear regression was used to test if time (hours of cultivation) and treatment (control vs. CFL) significantly predicted the Fv/Fm ratio in the algal biomass (Figure 3). For fitted regression model see Methods. The overall regression was statistically significant (R2 = 0.65, F(4, 21) = 12.92, p = 1.84E-05). Both time and time^2 significantly predicted the Fv/Fm ratio. Treatment alone significantly predicted the Fv/Fm ratio, however, the interaction term time*treatment did not. For β coefficients and corresponding p-values see Supplementary Table S1.



The effect of CFL on glycogen content

The accumulation of glycogen in G. sulphuraria was followed throughout the cell cycle and samples were withdrawn every 2 h from both control and CFL–treated cultures (Figure 4). The net content of glycogen in both cultures progressively increased from the beginning of the cell cycle, showing the highest content, i.e., 8.0 pg. cell−1 in the control and 5.11 pg. cell−1 in the CFL–treated culture, at 16 h (at the end of the light phase). This represents and approximately 8-fold increase in glycogen in the control culture and 5.5-fold increase in the CFL-treated cells during the light phase; around 1/3 of the glycogen content was consumed during the dark phase in both cases (Figure 4).
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FIGURE 4
 Concentration of total glycogen in synchronous Galdieria sulphuraria cultures. Control culture (cyan diamonds), CFL–treated culture (cyan-black diamonds). The dark phase is indicated by the black bar above the graph. The data are plotted as means of biological triplicates. The error bars represent standard deviations (±SD) and are shown when larger than the symbol size. For details of statistical analysis (multiple linear regression) see Supplementary Table S1.


Multiple linear regression was used to test if time (hours of cultivation) and treatment (control vs. CFL) significantly predicted the concentration of glycogen in the algal biomass (Figure 4). For fitted regression model see Methods. The overall regression was statistically significant [R2 = 0.92, F(4, 21) = 75.24, p = 3.84E-12]. Regarding the β coefficients and corresponding p-values in the Supplementary Table S1, it can be concluded that all predictor variables significantly predicted the concentration of glycogen. The treatment influence was significantly time-dependent, and the difference in glycogen concentration between control and CFL-treated culture was statistically significant.



Course of the cell cycle

In this study, cell cycle development of G. sulphuraria was assessed by confocal microscopy using SYBR Green dye for nuclear staining (Figure 5). At the beginning of the cell cycle, during the light phase of the experiment, the single-nuclei daughter cells of both control (Figure 5A) and CFL–treated cultures (Figure 5B) were released from their mother cell walls (Figure 5A – 0 h). The cells started to grow in both cultures (Figure 5A – 8 h). In the control culture, chloroplasts and nuclei started to divide into two at 12 h (Figure 5A – 12 h). Protoplast division into two occurred at 14 h (Figure 5A – 14 h). At 16 h of the cell cycle, cells started to divide into four (Figure 5A – 16 h) which included the second chloroplast, nuclei, and protoplast fissions. At 24 h of the cell cycle, all the cells finished the division into four daughter cells, which remained by the mother cell wall (Figure 5A – 24 h). CFL-treated cells (Figure 5B) followed the same time course of the cell cycle as control cells, with the exception that the first cell division was delayed by 1–2 h (Figure 5B 12 h, 16 h).
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FIGURE 5
 Fluorescent photomicrographs of cells of Galdieria sulphuraria under control conditions (A), and in a CFL–treated culture (B). Control culture: daughter cells - 0 h, growing single cells - 8 h, 1st division of chloroplast and nuclei - 12 h, division into 2 cells - 14 h, division into 4 cells, protoplast division apparent - 16 h, four daughter cells growing inside the original mother cell wall before their release - 24 h. CFL–treated culture: chloroplast and nuclei started to divide - 12 h, apparent division into 2 cells - 14 h, started division into 4 cells and protoplast fission apparent - 16 h, four daughter cells growing inside the original mother cell wall before their release - 24 h. Nuclei in green were stained by SYBR Green I, chloroplasts in red - autofluorescence of chlorophyll. The bar represents 5 μm.




The effect of CFL on accumulation of REEs in algal biomass

ICP-MS analysis was conducted to observe the accumulation of REEs by a synchronous culture of G. sulphuraria. REE levels in the CFL acid extract were also analyzed using ICP-MS. The most abundant elements in the extract were La, Y, and Ce followed by Tb, Eu and Gd, respectively (Table 1). The results showed that specific REEs accumulated differently at different phases of the cell cycle. For example, at 2 h of the cell cycle (growth phase), Y and Eu levels were recorded as 42 and 2.7 μg g−1 DM respectively, which increased to 803 μg g−1 and 145 μg g−1 DM, respectively, at 10 h of the cell cycle (commitment point before the first division) (Figure 6). In contrast, at 2 h of the cell cycle, cerium (Ce) and La levels were 101 and 35 μg g−1 DM respectively, which drastically decreased to 2 and 10 μg g−1, respectively, at 24 h of the cell cycle (end of the cell cycle; cell division finished) (Figure 6). The most abundant lanthanides accumulated by G. sulphuraria were Y followed by Eu, La, and Ce (Figure 6). However, the uptake of REEs was not related to their abundance in the CFL acid extract (compare Figure 6; Table 1). There is an apparent increase in the content of Y and Eu in the biomass during the cell cycle, while a decrease of La and Ce was detected. Although Tb and gadolinium (Gd) were quite abundant in the CFL acid extract, their accumulation was less than 5 μg g−1 DM throughout the cell cycle (Table 1; Figure 6). This suggests a concentration-independent accumulation of REEs by G. sulphuraria.



TABLE 1 Concentration of individual REEs in a CFL acid extract.
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FIGURE 6
 Accumulation of individual REEs in synchronous cultures of Galdieria sulphuraria under CFL–treatment expressed as concentration in μg g−1. The Y axis has a logarithmic scale. The X axis represents three different phases of the cell cycle (growth phase, commitment point, end of the cell cycle). The dark phase is indicated by the black bar above the graph. The error bars represent standard deviations (±SD). For details of statistical analysis (one-way ANOVA, Tukey’s HSD) see Supplementary Table S2.


A one-way ANOVA was performed to compare the effect of time (different phases of the cell cycle-2 h, 10 h, 24 h) on the concentration of individual REEs in the biomass of G. sulphuraria. The analysis revealed a statistically significant difference in the concentration of individual REEs between at least two groups, for statistical values see Supplementary Table S2A. Tukey’s HSD test for multiple comparisons found that the mean value of the concentration of individual REEs was significantly different between the groups marked by asterisks in the Supplementary Table S2B. Overall, the concentration of all elements differed significantly between 2 h and 10 h and also between 2 h and 24 h, with the exception of two elements La and Ce, where the difference in their concentration was significant between all groups (2 h, 10 h, 24 h).



The effect of plant hormones on REEs accumulation

Two synthetic plant hormones, i.e., BAP and NAA, were tested to determine their effect on the accumulation of REEs from the CFL acid extract. Before conducting this experiment, we studied the effect of these two hormones on cell shape, size, and growth of G. sulphuraria. Results showed that these hormones did not affect these parameters (Supplementary Figures S3, S4). The results showed that both hormones dramatically affected REE accumulation, but NAA had the more significant effect. The asynchronous culture of G. sulphuraria, after 24 h of growth, accumulated 3,596 and 319 μg g−1 DM of Y and Eu respectively, which increased to 6,556 (1.82-fold) and 451 (1.4-fold) μg g−1 DM, respectively, in the presence of NAA (Figure 7A). BAP also increased the accumulation of Y and Eu to 3,870 and 298 μg g−1 DM, respectively, (Figure 7A). Figure 7B shows the accumulation of La, Ce, Gd and Tb from the same experiment. NAA increased the accumulation of La from 19 to 27 μg g−1 DM, Ce from 7 to 10.5 μg g−1 DM, Gd from 20 to 29 μg g−1 DM and Tb from 16 to 21.5 μg g−1 DM (Figure 7B). However, BAP did not increase the accumulation of La, Ce, Gd, and Tb like Y and Eu (compare BAP in the Figures 7A,B). Compared to BAP, NAA had a more pronounced effect on the accumulation of REEs.
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FIGURE 7
 Effect of plant hormones NAA and BAP on the accumulation of individual REEs in Galdieria sulphuraria under CFL treatment. (A) Y and Eu accumulation following NAA and BAP treatments, and (B) La, Ce, Gd and Tb accumulation under NAA and BAP treatments. Expressed as concentrations in μg g−1. The error bars represent standard deviations (±SD). For details of statistical analysis (one-way ANOVA, Tukey’s HSD) see Supplementary Table S3.


A one-way ANOVA was performed to compare the effect of treatment (CFL extract alone, CFL + BAP hormone, CFL + NAA hormone) on the concentration of individual REEs in the biomass of G. sulphuraria. The analysis revealed that there was a statistically significant difference in the concentration of individual REEs between at least two groups, for statistical values see Supplementary Table S3A. Tukey’s HSD test for multiple comparisons found that the mean value of the concentration of individual REEs was significantly different between the groups marked by asterisks in the Supplementary Table S3B. Altogether, valid for all elements, there was no significant difference in concentration of individual REEs in the biomass treated by CFL alone and CFL+ BAP. On the other hand, the concentration of REEs in the biomass treated by CFL + NAA was significantly different in comparison with the other two groups (CFL alone and CFL + BAP).




Discussion

The extremophilic red alga G. sulphuraria was selected for the present study due to its ability to grow in a range of diverse habitats including those having thermophilic, acidophilic, halophilic and toxic metal conditions (Oesterhelt et al., 2007; Weber et al., 2007). The growth of cyanobacteria and algae in the presence of REEs has been demonstrated previously. Dubey and Dubey reported on the growth of three cyanobacteria, Phormidium, Oscillatoria and Lyngbya, in presence of red mud (Dubey and Dubey, 2011). Similarly, the growth of 6 living macroalgae species, i.e., Ulva lactuca, Ulva intestinalis, Fucus spiralis, Fucus vesiculosus, Osmundea pinnatifida and Gracilaria sp. in laboratory-prepared seawater solution containing REEs (Y, La, Ce, praseodymium (Pr), neodymium (Nd), Eu, Gd, Tb, dysprosium (Dy)) has been studied (Pinto et al., 2021). However, until now, only a few studies have been conducted to evaluate the growth and accumulation of REEs present in waste luminophores. Interestingly, this is the first study that examines the effect of a CFL acid extract on growth and the bioaccumulation of REEs present in electronic waste of CFL lights. Prior to this study, Čížková et al., used the unicellular red alga Galdieria phlegrea to examine the growth and bioaccumulation of REEs from luminophore powder (of two different sources such as energy saving light bulbs - CFL, and fluorescent lamps - FL) (Čížková et al., 2021). The findings of the present study confirmed that the growth of G. sulphuraria was optimal under the acidic conditions (Supplementary Figures S1, S2). Thus low growth (dry matter) observed in the presence of the CFL acid extract compared to the control culture (Figure 1) could have been due to a negative effect of REEs.

The biomass loss recorded in the dark phase of both control and treated cultures (Figure 1, dark phase) was due to the phenomenon of night biomass loss or respiration loss. This phenomenon is an essential property of photosynthetic algae, and acts as a tax on day biomass gains; approximately 30% of the algal biomass produced during the day can be lost at night (Guterman et al., 1989; Hu et al., 1998; Edmundson and Huesemann, 2015). Edmundson and Huesemann, studied night biomass loss in three potential commercial biomass-producing algal strains, Chlorella sorokiniana, Nannochloropsis salina and Picochlorum sp. They reported that specific night biomass loss rates were highly variable, and varied between −0.006 and −0.59 μdark day−1 (Edmundson and Huesemann, 2015). The result also showed that night biomass loss was species-specific and influenced by environmental conditions such as culture temperature and light intensity prior to and during the dark phase. The night biomass loss was positively corelated with increasing cultivation temperature (Torzillo et al., 1991; Edmundson and Huesemann, 2015). Given the high optimal cultivation temperature (40°C) of G. sulphuraria, loss of biomass during the dark phase was not surprising.

All three photosynthetic pigments increased with progression of the cell cycle in both control and CFL–treated cultures (Figure 2). However, the CFL–treated culture showed reduced levels of Chl a as compared to the control, probably due to adverse effects of REEs present in the CFL acid extract (Figure 2A). A negative effect of abiotic stresses on photosynthetic pigments of algae and cyanobacteria has also been reported (Sun et al., 2014; Fu et al., 2020). In the present experiment, the phycocyanin was least affected pigment by CFL acid stress (Figure 2C). The reason could be a high stability of phycocyanin of extremophilic G. sulphuraria which was significantly more stable compared to phycocyanin of common cyanobacteria Spirulina platensis (Wan et al., 2021). All the members of cyanidiophyceae were considered as best organisms for the production of stable phycobiliproteins (Carfagna et al., 2018; Ferraro et al., 2020). Regarding carotenoids, their function also comprises a defense mechanism to mitigate the damaging effects of stress in photosynthetic organisms (Shi et al., 2020; Potijun et al., 2021). Microalgae respond to an increased exposure to dissolved metals by accumulating carotenoids as antioxidant compounds (Gauthier et al., 2020). In the present study, carotenoid content increased during the initial 4 h of the cell cycle (Figure 2B), probably to mitigate the stress caused by prime accumulation of REEs (Figure 6; 2 h) in the CFL–treated culture. Nonetheless, due to increased accumulation of certain REEs (e.g., Y, Eu) with the progression of the cell cycle (Figure 6; 10 h, 24 h) and due to their toxicity, carotenoids were not able to cope with this stress and levels began to decrease (Figure 2B). It is known that under acute metal stress the antioxidant capacity of microalgae can be depleted (Pinto et al., 2003). Similarly to this study, a selenium (Se) concentration of up to 75 mg L−1 increased both the chlorophyll and carotenoid contents in Chlorella vulgaris; a higher concentration (>75 mg L−1) of Se caused a significant decline in the overall content of carotene and chlorophyll a (Sun et al., 2014). This result showed that if the level of stress was higher, then no defense mechanism of the cell could protect it. Similarly, Cheng et al., showed that an increasing concentration and exposure time to cadmium (Cd) can cause a decline in Chl a, Chl b and carotenoids in C. vulgaris (Cheng et al., 2016). Like other metal stresses, photosynthetic pigments of Trachydiscus minutus and Parachlorella kessleri were evaluated after exposure to several single REEs and monazite (Goecke et al., 2017). Results showed that pigment content was variable according to the element and algal species used.

The Fv/Fm ratio signifies the maximum potential quantum yield of photosystem II, once all the reaction centers are exposed. It is used as an indicator of stress on PSII. Under stress conditions, the photosynthetic efficiency of PSII is reduced as the cell activates all photo-protective mechanisms. The determined starting values of Fv/Fm ratio (0.58; 0.55) are typical for red algae (Oesterhelt et al., 2007; Iovinella et al., 2020), and are not comparable with green algae or plants due to a fluorescence interference of phycocyanin present in red algae. Our results showed that both the control and CFL–treated cultures expressed a fall in the Fv/Fm ratio at the initial hour of the experiment, which could be due to sudden light exposure after a long (8 h) dark phase (Figure 3). Comparable Fv/Fm values and pattern were determined during the cell cycle of G. sulphuraria treated with red mud extract (Náhlík et al., 2022). Fu et al. also observed a similar pattern in Galdieria partita, where the Fv/Fm value started to decrease rapidly within 1 h of high light exposure (Fu et al., 2020). In our study, after the 1st h of incubation, the control culture began to adapt to the new condition and eventually recovered significantly during the dark phase of the cell cycle. Nevertheless, CFL–treated cells were unable to recover significantly during the light phase of the experiment due to simultaneous light and CFL stress (Figure 3). Likewise, the maximum photochemical quantum yield (Fv/Fm) of the PSII reaction center decreased under La exposure in D. quadricauda (Ashraf et al., 2021). However, in G. sulphuraria, high light conditions stimulated cell growth and dry matter in both control and CFL–treated cultures. Recently, Kselíková et al., studied the effect of two different concentrations of deuterated water and three different light intensities on the Fv/Fm ratio in C. reinhardtii and D. quadricauda. They observed reduced Fv/Fm ratios with increasing light intensity and the concentration of deuterated water (Kselíková et al., 2022). The studies by Kselíková et al., and Ashraf et al., support results observed in the present study showing that increasing stress can reduce the photosynthetic efficiency of PSII (Ashraf et al., 2021; Kselíková et al., 2022).

Glycogen synthesis exactly followed the pattern of dry matter accumulation throughout the cell cycle in both control and CFL–treated cultures. Around 20–30% of the glycogen content produced in the light phase was consumed during the dark phase (Figure 4). Náhlík et al. observed a similar pattern of glycogen synthesis in synchronized cultures of G. sulphuraria (Náhlík et al., 2021). So far, the accumulation of glycogen during the cell cycle in Galdieria has not been studied. However, the consumption of glycogen during cell division was comparable to consumption of starch during the cell cycle in green algae (Vítová et al., 2015).

The algal cell cycle is associated with the nature of algal species and growth conditions. In the present study, the control culture of G. sulphuraria attained its 1st division at 12 h and 2nd at 16 h of the cell cycle (Figure 5A). Under the same growth conditions, G. sulphuraria attained the first cell division into two cells at 12 h and the second division into four cells at the 16th h of the cell cycle (Náhlík et al., 2021). Although, CFL–treated cells showed a 1–2 h delay in cell division which could be a toxicity adaptation time, eventually they completed their second division within the time course of the cell cycle (Figure 5B). At the end of the cell cycle (24 h of experiment) all cells had divided into four daughter cells in both control and CFL–treated cultures, but not released from the mother cell wall (Figures 5A,B). The 2 h shift was also confirmed by the calculation of the mass doubling time being about 10 h in the control culture and 12 h in the CFL treated culture. Although the cells finished the division to four in the CFL treated culture, the biomass gain was lower implying the daughter cell size had to be smaller (compare Figures 1, 5, 24 h). In contrast to Cyanidioschyzon, in Galdieria and Cyanidium, the divided cells (autospores) were surrounded by the mother cell wall before hatching (Jong et al., 2021). There was also a correlation between the number of following cell divisions and commitment cell size in cyanidialean red algae, including G. sulphuraria. The delayed cell division of the CFL–treated culture could be due to slower growth for cells to reach commitment size, as compared to the control culture (Jong et al., 2021). However, CFL–treated cells also finished the 2nd division during the dark phase of the 24 h cell cycle. Similarly, Pseudokirchneriella subcapitata, a freshwater alga was exposed to different metals, i.e., cadmium (Cd), chromium (Cr) and copper (Cu), and their growth, cell volumes, and cell divisions were investigated over a period of 72 h (Machado and Soares, 2014). Results showed that the highest metal concentrations of Cr(VI) and Cu(II) arrested cell growth before the first nuclear division whereas Cd(II) arrested the cell after the second nuclear division but before the release of autospores from the mother cell wall (Machado and Soares, 2014). This variable impact of metals on the cell cycle of algae suggests that different metals trigger different toxicity mechanisms.

In the present study, REE accumulation was concentration-independent and highly selective with the progression of the cell cycle (Figure 6; Table 1). In G. sulphuraria, the accumulation of single REEs was not concentration dependent, e.g., the concentration of La and Ce was very high in the CFL acid extract, however the accumulation of Y and Eu was greater than the accumulation of La and Ce (Figures 6, 7). The increased or decreased metal concentration in cells at different phases of the cell cycle could be due to the selective behavior of G. sulphuraria towards individual REEs. If the cells were not able to tolerate toxicity of several REEs such as Ce and La, they excluded these metals from cells in a later phase of the cell cycle. This phenomenon could be a base for a future selective “extraction” of lanthanides from medium by continuous sampling during the cultivation. Similar findings were observed in Galdieria phlegrea, where the ratio of accumulated REEs differed significantly from their ratio in the growth medium (Čížková et al., 2021). Several studies show that the accumulation of light lanthanides, i.e., La, Ce, Pr, Nd, promethium (Pm), samarium (Sm) were preferred by organisms over heavy lanthanides (González et al., 2015; Yang and Wilkinson, 2018). Our results clearly showed that G. sulphuraria has tremendous capacity for lanthanide bio-mining/bio-removal, but further investigation is required to understand the detailed mechanisms behind the bioaccumulation/biosorption of REEs from e-waste (CFL lights) containing environments.

Interestingly, almost no research to date has been conducted on the effect of hormones on the bioaccumulation of REEs by microalgae. This is the first study that shows the accumulation of Y and Eu can be doubled in the presence of the plant hormones NAA and BAP (Figures 7A,B). However, the mechanism behind increased REE accumulation following NAA exposure remains elusive. A possible explanation could be that the application of exogenous cytokinins and auxins mitigated the toxicity of REEs and promoted cell growth, development, and regulated their adsorption similar to HM adsorption in green algae C. vulgaris and Acutodesmus obliquus (Piotrowska-Niczyporuk et al., 2012, 2018).



Conclusion

Being acidophilic in nature, the red alga G. sulphuraria can grow in the presence of a CFL acid extract containing 10% HNO3, although growth was slightly slower than the control culture. Photosynthetic pigments such as chlorophyll a, carotenoids and phycocyanin were also decreased under CFL treatment, although carotenoid synthesis minimized the deleterious effects of CFL up to the initial 4th h of the cell cycle. During the light phase of the cell cycle, photosynthetic performance, expressed as the ratio Fv/Fm, was negatively affected by CFL treatment, but later in the dark phase, recovered significantly. In the initial hours of the cell cycle, cell division was delayed by about 2 h with CFL treatment, although later cells were able to complete their 2nd division within 24 h of the cell cycle. The produced daughter cells were of smaller size. Accumulation of REEs by G. sulphuraria was concentration-independent and selective. The REEs most accumulated by G. sulphuraria were Y and Eu, followed by La, Ce, Gd, and Tb, respectively. The plant hormone NAA stimulated the accumulation of REEs and almost doubled Y accumulation. BAP also had a pronounced effect on Y and Eu accumulation, although it did not increase the accumulation of other REEs. Waste luminophores like CFL bulbs could be a great secondary source of REEs, and using the red alga G. sulphuraria may be promising in REE bio-removal/accumulation technology. Recovery of REEs from algal biomass could lead to an economic and eco-friendly solution for the removal of hazardous waste from CFL lights and for the generation of REEs for future use.
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The increasing demand for food has increased dependence on chemical fertilizers that promote rapid growth and yield as well as produce toxicity and negatively affect nutritional value. Therefore, researchers are focusing on alternatives that are safe for consumption, non-toxic, cost-effective production process, and high yielding, and that require readily available substrates for mass production. The potential industrial applications of microbial enzymes have grown significantly and are still rising in the 21st century to fulfill the needs of a population that is expanding quickly and to deal with the depletion of natural resources. Due to the high demand for such enzymes, phytases have undergone extensive research to lower the amount of phytate in human food and animal feed. They constitute efficient enzymatic groups that can solubilize phytate and thus provide plants with an enriched environment. Phytases can be extracted from a variety of sources such as plants, animals, and microorganisms. Compared to plant and animal-based phytases, microbial phytases have been identified as competent, stable, and promising bioinoculants. Many reports suggest that microbial phytase can undergo mass production procedures with the use of readily available substrates. Phytases neither involve the use of any toxic chemicals during the extraction nor release any such chemicals; thus, they qualify as bioinoculants and support soil sustainability. In addition, phytase genes are now inserted into new plants/crops to enhance transgenic plants reducing the need for supplemental inorganic phosphates and phosphate accumulation in the environment. The current review covers the significance of phytase in the agriculture system, emphasizing its source, action mechanism, and vast applications.
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Introduction

Phosphorus (P) is one of the Earth’s (lithosphere) less-abundant macronutrients (0.1% of total), and soil phosphorus concentration depends on the phosphorus content of the parent material. Organic phosphorus (Po) constitutes approximately 30%–65% of the total phosphorus; however, inorganic phosphorus (Pi) accounts for 30%–75% of the total soil phosphorus (Fujita et al., 2017; Wu et al., 2022). Its availability throughout the initial stages of plant development is vital for the establishment of plant reproductive component primordia. It is essential for boosting root strength and ramification, giving plant vigor and pathogen resistance. Moreover, it aids in the production of seeds and the early maturity of crops such as grains and legumes (Sharma et al., 2013). Figure 1 demonstrates the various routes of phosphorus utilization by the plants in the soil. Plants require phosphorus for their various fundamental processes such as photosynthesis, flowering, fruiting, and maturation. Significantly high phosphorus levels are required for cell division and in the development of meristematic tissues. It also promotes the growth of roots and helps in nitrogen fixation (Weil and Brady, 2017). While in the case of phosphorus deficiency, the plant is typically spindly, thin-stemmed, and stunted and has dark and almost bluish-green foliage, instead of light foliage. Therefore, phosphorus-deficient plants frequently appear relatively normal unless much larger and healthy plants are present to provide a comparison. In addition, delayed maturation, irregular flowering, and poor seed quality are traits of phosphorus-deficient plants. A significant phosphorus deficit can result in senescence and withering of leaves. Lack of phosphorus causes many plants to exhibit purple colors in their leaves and stems. Phosphorus is found aggregated in the form of myo-inositol hexabisphosphate in soil, which is chemically known as phytate/phytic acid. Soil phytate can be produced through microbial soil Pi transformation, plant tissues, and monogastric animal manures (Liu et al., 2022). Phytate mineralization is observed by many microorganisms and can be implemented in plant systems for induced agricultural sustainability. The previous study demonstrated that the exogenous addition of phytate-rich substrates and soil immobilization and transformation by P fertilizers are associated with phytate accumulation (Menezes-Blackburn et al., 2013).

[image: Figure 1]

FIGURE 1
 Depiction of the importance of phosphorus to a plant and the role of phosphate solubilizing microorganisms in the utilization of different forms of phosphorus via diverse processes.


Phytate is a chemical derivative of inositol (myo-inositol hexabisphosphate) and is the most widely distributed form of phosphorus in the soil (Duong et al., 2018). It is present mainly in the bound form with other minerals and significantly contributes to the organic soil phosphate pool (Po) (Gerke, 2015). Structurally, it is a six-hydroxyl alcohol with phosphoric acid (six molecules) residues bound to its hydroxyl groups.

As the metallic cations of Ca, Fe, K, Mg, Mn, and Zn are tightly bound by the negatively charged phosphate in PA, they become insoluble and are hence not available for plants (Azeem et al., 2014; Sun et al., 2021). Small quantities of inorganic phosphorus added to the rhizosphere might act as a stimulator to phytic acid mineralization, thus improving plant phosphorus feeding (Elhaissoufi et al., 2022). However, the phytate present in the soil cannot be directly utilized by the plants. For soil phytate to contribute to plant P nutrition, phosphate ester (C-O-P), phosphoanhydride (P-O-P), or phosphonate (C-P) must first be dephosphorylated through phytase-mediated hydrolysis.

Phytases are abundantly found in nature. The primary sources include plants, microbes (bacteria and fungi), and some animal tissues (Cookson, 2002; Konietzny and Greiner, 2002). Due to their catalytic properties and simplicity of enzyme production, phytases of microbial origin are the most suitable for use in the commercial biotechnological production of enzymes. A few plant roots have been detected with phytases having low hydrolytic activity and not secreting phytase into the rhizosphere. Therefore, plants are unable to utilize soil phytates by their mechanism. Phytases are actively excreted by microscopic soil fungi and, to a lesser extent, by bacteria. Plant roots were shown to have weak phytase activity, but since the enzyme is not released into the rhizosphere, plants are unable to absorb the fixed phosphorus from soil phytates on their own (Kashirskaya et al., 2020).

Phytases are enzymes that catalyze the hydrolysis of phytic acid in different positions of the inositol ring and release phosphorus, zinc, and other minerals in inorganic form, thereby increasing the absorption of minerals by plants (Vats and Banerjee, 2004). The physicochemical properties of phytases affect their stability, mobility, and ability to hydrolyze soil phytate. Moreover, their enormous anion-holding capacity and surface area suggest that inositol phosphates have a strong affinity for soil colloids. Their activity is dependent on the soil type. Azeem et al. (2014) reported that clays and organic materials restrict enzyme activity more than diverse soil surfaces, with great specificity to soil characteristics and mineralogy. Moreover, after 28 days of phytase adsorption in sandy soil, 40% of the extra phytase remained active, but only 5% remained active in soil with higher clay percentages. A well-aerated soil will allow for faster phosphorus solubilization than saturated, wet soil. Interlaminar gaps in clay minerals reduced phytase activities more than 1:1 phyllosilicate.

Because of their global commercial importance, sources of phytases in microbes are rated more essential than other sources (Singh et al., 2020). Although plants cannot obtain phosphorus from phytate directly, the existence of phosphate-solubilizing microorganisms in the rhizosphere can compensate for this loss (Kaur, 2020). Microbial phytases were more effective than those extracted from plants (Azeem et al., 2014). Currently, microbial phytase is a highly researched area known to counter food toxicity and security concerns. A report in support of this fact has been published currently by Ladics et al. (2020). They studied the toxicity effects of PhyG (bacterial phytase variant) developed via fermentation using Trichoderma reesei and observed non-toxic when consumed on remarkably higher doses of consumption in broilers. Another study by Thorsen et al. (2021) evaluated the safety of Phytase HM derived from Aspergillus oryzae. They studied the effects in vivo and observed no mutagenic or inflammatory effects. Significantly, these produced positive responses to the growth and bone health of poultry animals.



Phytate: Organic phosphorus

Phosphorus deposition as phytate within soils is approximately 50 million metric tonnes annually, accounting for 65% of phosphorus fertilizer. Inositol hexakisphosphate (IP6), a chemical derived from phytate, was found in 1903 and is the primary P storage form in many soil and plant tissues (Azeem et al., 2014). Soil phytate may derive from plant tissues, monogastric animal manures, and microbial conversion from soil Pi. Plants and bacteria both produce phytate, although plants are the primary producer. Phytate exists in six inositol esters, i.e., Mono-, bis-, tris-, tetrakis-, pentakis-, and hexakis-phosphates (IP1–6), out of which, IP6 is the major form, making up to 83%–100% of IP (Hill et al., 2007). Moreover, IP6 exits in four stereoisomers with their abundance in the order: myo (56–90%) > scyllo (20%–50%) > Dchiro (6%–10%,) > neo (1%–5%) (Turner et al., 2012). IP6 stereoisomer is mostly contributed by plants while the rest of the stereoisomers are synthesized by microbes present in the soil. Phytate has a high degree of charge density and hence has strong interaction with soil and is responsible for binding Fe/Al-oxides in acidic soil and Ca/Mg minerals in alkaline soil. Due to pH dependency, and numerous hydroxyl- and oxo- groups on the surface, phytate develops a chelating affinity with mineral cations and forms phytate-mineral complexes. However, multiple hydroxyl groups allow phytic acid and its deprotonated phytate forms to form strong inter- and intra-molecular hydrogen bonds and aid in solubility and acidity in aqueous solutions (Liu et al., 2022). Despite the possibility of phytate being present in soil solution, there is not any proven record that plants directly absorb phytate from the soil. The soil phytate must first be dephosphorylated from phosphate ester (COP), phosphoanhydride (POP), or phosphonate (CP) via phytase-mediated hydrolysis to contribute to plant P nutrition.



Mechanisms of phytate solubilization

Phytate has a high affinity for soil; therefore, it gets accumulated in the soil as compared to other esters of phosphorus. Hence, its availability is low, thereby interfering with the interaction with phytase which reduces the cleavage of esters bonds of phytate and mineralization of the inositol ring (Tang et al., 2006). There are two approaches to improving phytate access by phytase: desorption and solubilization. Protons, organic acids, and phenolic acids can all desorbate or solubilize P in soil, with organic acids being the main solubilizer of the rarely available phosphorus (Richardson et al., 2011). There are three methods through which the carboxylate groups in organic acids can mobilize phytate. First, by substituting P with a carboxylate anion, carboxylates can desorb phosphate anions from the soil by ligand exchange. Due to its higher number of carboxyl groups and closer pK2 value (4.76 vs. 4.28) to soil pH (4.5–9.5), tribasic citrate releases more P than dibasic oxalate and causes oxalate to degrade more quickly (Menezes-Blackburn et al., 2016). Second, carboxylates can remove P sorption sites by solubilizing Fe and Al via H+. Finally, they can dissolve organic matter (OM) that binds to P via Fe/Al-bridges, releasing phosphate as the OM-Fe/Al-P complex (Gerke, 2010). Phytate solubilization in the soil is improved by chelating metals bound in metal-phytate complexes to release P and chelating metals to form complexes that bind to soils and prevent microbial degradation of organic acids (Gerke, 2015). Microbes can efficiently decompose organic acids in the soil solution, but their decomposition is slowed significantly by sorption onto the soil. For phytate to dissolve in soil, organic acids must be present in the soil solution and Gerke provided a summary of the impact of organic acids on plants’ uptake of phytate-P (Gerke et al., 2000; Gerke, 2015).

Both the plant and microbial phytases play a significant role in the solubilization of phytate (Figure 2) present in the soil. Phytases catalyze the mineralization, or the conversion of organic phosphorus from phytate to inorganic phosphorus, which can be easily absorbed by plants (Ariza et al., 2013). The extracellular phytase secreted from the roots is crucial for soil phytate hydrolysis when there is a lack of P, these either stay attached to the cell walls of the roots or are discharged straight into the rhizosphere to catalyze phytate hydrolysis (Sun et al., 2022). By using genetic engineering tools, transgenic plants have been developed to express phytase genes of microbial origin to break down soil phytate. This improves plant phosphorus accumulation and increases biomass (Xiao et al., 2005; Balaban et al., 2017).

[image: Figure 2]

FIGURE 2
 The various processes of phytate solubilization highlighting the breakdown of phytate (unavailable form) into simpler compounds (available form).




Factors regulating phytate solubilization

The plant can only absorb the inorganic phosphate produced by the hydrolysis of phytic acid. In various physicochemical circumstances, the phosphate ester bond in phytate is relatively stable. The negative charge of phytate is responsible for interaction with metals present in soil and the formed metal complexes affect its solubility (Celi et al., 2001). Metal phytate complexes are soluble as follows: in terms of metal species, Na, Ca, and Mg are preferred over Cu, Zn, Mn, Cd, and Al over Fe. In terms of pH, pH 5.0 is preferred over pH 7.5. Except for Al-phytate, most phytate-metal complexes resist acid hydrolysis, and dry complexes are typically stable at high pressure and temperature (except Ca phytate) (De Boland et al., 1975). At all pH ranges, phytate combines with calcium to form soluble complexes (Ca1- or Ca2− phytate) or insoluble precipitates such as Ca3− phytate. Strong chelating chemicals like EDTA are insufficient to dissolve complexes of metals without first reducing the metals (like Fe) (Sun et al., 2021). Phytate may undergo severe immobilization, which prevents it from being hydrolyzed by phytase, resulting in its limited availability and significant accumulation in soils. This is supported by the fact that phytate has a higher reactivity than Pi and other Po compounds (Celi and Barberis, 2005). The organic acids produced by plant exudates and microbes also affect the solubility of phytate in soil (Richardson et al., 2011). The phytate solubility in the soil is also dependent on the phytase enzyme. The activity of phytase is affected by soil pH and is optimum in the range of 2.5–8.0 and then decreases with an increase in pH. In addition, because of its sorption onto soil minerals like montmorillonite, phytase action is suppressed (Leprince and Quiquampoix, 1996). Aspergillus niger phytase varied in its ability to prevent metal complexes from being hydrolyzed by enzymes; however, it has been discovered that the Fe phytate complex showed the most outstanding inhibition. Strong chelating chemicals like EDTA are insufficient to dissolve complexes of metals without first reducing the metals (like Fe) (Sun et al., 2021). Moreover, the interactions among phytate-mineralizing bacteria, bacteria-eating nematodes, and mycorrhizal fungi also boost plant P uptake from phytate in soils with significant P adsorption (Ranoarisoa et al., 2020).



Types of phytases and their sources

Phytases were discovered in 1907 and are considered among the 10 most significant discoveries in agricultural processes during the last century. Phytase enzymes are phosphatases that may initiate the progressive dephosphorylation of phytate (Figure 3). They are classified according to their source, pH optimal (alkaline or acid phytases), and current catalytic processes. Although not all phytases have the exact catalytic mechanism, there are four separate categories of these enzymes with diverse structures and processes (Lei et al., 2013; Menezes-Blackburn et al., 2013) viz., β-propeller phytase (BPPs), protein tyrosine phosphatase-like phytase (PTP-like phytase), purple acid phosphatase (PAPs), and last histidine acid phosphatases (HAPhy). Whereas HAPhy is further subdivided into multiple inositol polyphosphate phosphatases (MINPs) due to the observed difference in sequence homology. Cysteine phosphatase-like phytase (CP-phytase) and BPP are exclusively found in microbes, but HAP and PAPhy phytases have been found in plants. Because of the economic relevance of these enzymes, the structure and characteristics of microbial HAPs have been intensively researched (Madsen and Brinch-Pedersen, 2020). Furthermore, the catalytic process is related to molecular structure, which fluctuates substantially across and within different categories. On the other hand, the structural differences among phytases via the phytate dephosphorylation on the inositol ring at varying locations (3, 5, and 6) categorize it into 3-phytase, 5-phytase, and 6-phytase (Singh B. et al., 2018; Rix et al., 2022).

[image: Figure 3]

FIGURE 3
 Major types of phytases and their different mechanism of action stating a basic criterion for their classification.


Because certain phytases are intracellular but may not participate in external phosphorus-phytate dephosphorylation, soil and manure phytase activity cannot be linked entirely to P nutrition. Rhizosphere phytase activity may enhance plant development in soils with inadequate P supplies (Liu et al., 2022). Although, this phytase activity is commonly regarded as a direct indication of the metabolic needs of the microbial population in several situations and circumstances. Xenobiotic phosphonates (flame retardants, detergent additives, pesticides, and antibiotics) are today’s major effluents (Behera et al., 2014). Most organic molecules have high molecular weights and are often resistant to enzymatic hydrolysis; in such cases, phosphatases are one of the best-researched enzymes capable of biodegradation. Depending on the application, a phytase with commercial potential must meet several quality requirements. When added to feed, enzymes should be efficient in releasing phytate phosphate, stable to withstand heat inactivation from feed processing and storage, and inexpensive to produce. Since feed pelleting is frequently done at temperatures between 65°C and 95°C, thermostability is a crucial concern (Konietzny and Greiner, 2004).



Source of phytase

Phytases are extensively distributed among various life forms. Plants, microorganisms, and animals are the sources used to obtain phytase (Figure 4). Among them, microbial phytase is the major source of phytases, produced by yeasts, bacteria, and fungi, followed by plants.

[image: Figure 4]

FIGURE 4
 The various sources of phytases highlighting certain examples of phytate/phosphate solubilizing microorganisms.


In plants, phytase may be found in higher concentrations in wheat, barley, and peas, while lower content in soybeans, maize, spinach, and so on. Phytase in the plant was first discovered in rice bran, which formed several phosphatidyl inositols as an intermediate or final product (Secco et al., 2017; Kumar and Sinha, 2018; Singh N. et al., 2018). Plant phytases can be MINPPs, PAPhys, or, in rare situations, HAPs, which are more similar to fungus HAPs than MINPPs. Plant phytases are typically produced during seed germination and can be expressed during grain filling. Phytases are usually linked with roots and are often extruded from them. Phytases exhibit wider mechanisms of action as discussed in the earlier sections, indicating their potential to work on other substrates. In plants, there is no obvious functional distinction between the phytase groups (Madsen and Brinch-Pedersen, 2020).

The majority of HAP family plant phytases begin phytate hydrolysis at position C6 of the myo-inositol hexaphosphate ring and are thus classified as type 6 phytases. Some plant phytases have been identified as alkaline or purple acid phosphatases. Plant phytase is inactive in dry seeds, but its activity increases during germination because phytase releases phosphorus to meet the plant’s needs (Hussain et al., 2022); also reported to inhibit the translocation of heavy metals in plants, for instance, Pteris vittata PvPHY1, a new root-specific phytase expressed in tobacco was reported to promote growth and P accumulation by 10%–50% (Sun et al., 2022). Plant-derived phytase enzymes are unstable at pH levels below 4.0 and above 7.0, but phytase enzymes derived from bacteria are stable at pH levels above 8.0 and below 3.0. The optimum temperature range for plant phytase is 40–60°C, while higher temperatures of 70–90°C result in plant phytase deactivation. When the temperature surpasses 80°C, pellet formation results in the inactivation of plant phytase (Hussain et al., 2022). The main issue with generating plant phytases is that a cost-effective and efficient method of synthesizing the enzymes has yet to be established. Plant phytases have lower pH and heat stability than microbial phytases. However, manufacturing phytase from plants is time-consuming, complicated, and costly. This is also not economically advantageous. Due to the tough plant cell walls and phyto-depositions, the extraction of phytases generated by plants necessitates the use of chemicals and takes more time than that of microbes. Moreover, the price of chemicals may change depending on the type of plant source. On the other hand, by using an optimized substrate, growth conditions, and manufacturing techniques, microorganisms may be employed for mass production. As a result, the production of phytase from microbial origin has more significant potential (Dailin et al., 2019; Alemzadeh et al., 2022).



Microbial phytase

Microbial phytase activity was first discovered in A. niger mycelium more than a century ago (Gessler et al., 2018). Microbial phytases, preferably those derived from filamentous fungi such as Mucor piriformis, Penicillium, Rhizopus, Aspergillus, Thermomyces, and Trichoderma, constitute a large number of scientific reports published in response to this topic (Jatuwong et al., 2020). Fungi have more efficiency in phytate degradation due to certain factors, such as their hyphae can traverse longer distances in soil and extract P more efficiently and their ease of culture and excellent production yields (Shahryari et al., 2018). Fungi are also known to exhale a high concentration of organic acids, which act as a chelator and are considered the major process of inorganic phosphate solubilization. Microbial phytases do not require or release any toxic chemicals, thus they are safe biofertilizers and can also benefit farmers who practice organic farming (Gaind and Nain, 2015). Singh and Satyanarayana (2015) reported Schwanniomyces castellii as the most phytase-yielding strain. Several reports revealed the diversity of phytase-producing yeasts such as Candida otropicalis, Candida krusei, Arxula adeninivorans, Debaryomyces castelii, Kluyveromyces fragilis, Kluyveromyces lactis, Schwanniomyces castellii, Zygosaccharomyces bisporus, Zygosaccharomyces priorionus, and P. spartinae (Kaur et al., 2007; Menezes et al., 2020; Soman et al., 2020; Molina et al., 2021). Phytases have been reported in bacteria such as Aerobacter aerogenes, Bacillus sp. (Bacillus licheniformis, Bacillus subtilis P6, and B. subtilis) (Zhao et al., 2021; Trivedi et al., 2022), Enterobacterium, anaerobic rumen bacteria (Megasphaera elsdenii and Selenomonas ruminantium), Escherichia coli, Lactobacillus amylovorus, and Pseudomonas sp. Lactobacillus sanfranciscensis, which were discovered as the highest phytase producers among the lactic acid bacterial strains recovered from sour doughs (Konietzny and Greiner, 2004). Bacterial phytases have high thermostability. Other characteristics of bacterial phytases include comparatively smaller structures (Hussain et al., 2022), high substrate specificity, proteolysis resistance, and catalytic efficiency.



Contribution of phytases in agriculture

Organic phosphorus, in the form of inositol phosphates, contributes 30%–80% of total phosphorus in soils. Phosphorus is inaccessible to plants due to interactions with reactive metals, such as Zn2+, Al3+, Cu2+, Ca2+, and Fe2+, and calcareous and normal soils (Azeem et al., 2014). Phosphorus buildup as phytate in soils can reach up to 51 million metric tons annually, accounting for 65% of phosphorus fertilizer. Phytase/phosphatase enzymes serve as essential mediators of organic phosphorus mineralization to use the soil’s organic phosphorus pool (Gaind and Nain, 2015). Protein and microbial-mediated degradation, partial or total incapacitation by adsorption onto soil particles and interaction with metal ions, microbial metabolites, and polyvalent anions are all important factors influencing phytase activity (Tang et al., 2006; Nannipieri et al., 2011).

Manures of monogastric animal and plant tissues and microbial conversion of soil inorganic phosphorus can all produce phytate (Liu et al., 2022). Phytase hydrolyzed the soluble forms of calcium and magnesium inositol phosphates; moreover, extracellular phytase activity has been identified in various plant species under phosphate stress situations. According to Wang et al. (2022), Mg-Al layered double hydroxides (LDHs) were found to be environmentally friendly materials to reduce phytate loss and promote the sustainable consumption of phytate when applied to the soil. Phytate or low phosphates are utilized by plants, which are present in soil and the utilization is enhanced when the soil contains phytase-producing microorganisms (Rao et al., 2009). Phytases provide a diverse role in various disciplines, but their major effects were studied in soil sustainability and feed additives.



Role of microbial phytases in soil sustainability

Soils are formed through the dissolution of rocks and the minerals contained within them, and except for carbon, hydrogen, oxygen, and some nitrogen, soil serves as the environment for the growth of roots, and plants rely on soil for all other nutrients and water. Earlier, only the soil’s physical and chemical characteristics were thought to be significant. Yet, it is now well acknowledged that soil biodiversity plays a crucial role in preserving fertility and that soil biological activities are influenced by its physical and chemical properties. By the biotic operations of the microorganisms, the phytate can be found in soils in a variety of ways, including adsorbed to clays, as insoluble iron, calcium, and aluminum salt precipitates in acidic soils can be broken to the available form of phosphorus. Phytic acid also binds to the positively charged moiety of amino acids limiting their absorption; therefore, the proteins of leguminous plants consisting of more basic proteins are more readily bound to that of wheat proteins (Dersjant-Li et al., 2019). Phytases, from diverse sources in soil, are abundantly generated by numerous fungi, yeast, plants, animals, and bacteria, are necessary to hydrolyze phytic acid in the soil and are in charge of releasing phosphorus in rhizospheric regions of soil. The consumption of phosphorus from phytate is significantly influenced by the exogenous phytase activity of the roots of transgenic plants (Singh and Satyanarayana, 2011). There exist several phenomena of phytate utilization as discussed in the previous section “Mechanism of phytate solubilization.” The degradation of phytates produces many by-products and final products that enhance soil health (Figure 5). Phytase activity of a microbial source can be induced using optimized substrate and inoculum levels, pH, temperature, nitrogen and carbon additives, and resistance and sensitivity to the various metal inhibitors implied (Sadaf et al., 2022).
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FIGURE 5
 An overview to demonstrate the cyclic working process of a biofertilizer and the role of microorganisms in phytate solubilization.




Application of phytase-producing biofertilizers

High agricultural efficiency is based on lower synthetic chemical fertilizer doses and crop production costs. Phosphorus is supplied to crops in agricultural farming systems using produced phosphatic compounds. Because of their inherent value and possible agronomic capacity for plant development during prolonged phosphorus deprivation, bioinoculants may be a solution; phytases of microbial origin have emerged as an attractive target for commercial application (Kaur, 2020). Although several phosphate-solubilizing biofertilizer agents have been identified, they are primarily aimed at mobilizing rock phosphates in soil (Mohite et al., 2022).

Microbial phytases are thought to be a precise method for improving plant growth and productivity on a global level. Biofertilizers are regarded as very successful alternatives to synthetic fertilizers due to their simplicity, non-toxicity, environmental friendliness, and cost-effectiveness (Mazid and Khan, 2015). Biofertilizers have been demonstrated to increase the growth and development of plants by increasing the availability of macro and micronutrients to the plant system. Azotobacter, Azosporillum, Phosphobacteria, and Rhizobium-based biofertilizers are well-known and successful (Jorquera et al., 2008; Singh et al., 2014; Balogun et al., 2021; Chakraborty and Akhtar, 2021; Taj and Mohan, 2022). Pseudomonas, Aspergillus (A. niger, A. flavus, and A. fumigatus) (Balogun et al., 2021), Burkholderia, Advenella species, Cellulosi microbium sp. PB-09 (Singh et al., 2014), Enterobacter, and Pantoea isolates may release inorganic phosphate from phytate, thereby supporting agricultural sustenance. Microbial phytases are an appealing target for biofertilizers because they play an essential part in the soil phosphorus nutrient cycle. Many phosphate-solubilizing biofertilizers have been discovered, although their main function is to mobilize rock phosphates in soil. Biofertilizers are required to solubilize immobilized phosphate forms, like phytate, into mobilized form (Mohite et al., 2022). Phytases are essential for maintaining the balance of phosphorus in the environment, especially in its organic form, phytic acid, which reduces the need for chemical fertilizers to make up for phosphorus shortfall. Natural soil bio-resources, such as soil microorganisms, can be a viable alternative to traditional inorganic fertilizers. Some of the potential phytase-producing microbial strains with plant growth-promoting attributes are summarized in Table 1.



TABLE 1 Microorganisms producing phytase and having PGPR effects.
[image: Table1]



Phytase-producing transgenic plants

By maximizing the use of soil-based phosphate pools, including residual phosphorus, biotechnologies must be applied to agriculture to increase the efficiency of phosphate usage in crop production. For instance, intercropping cereals and legumes has been recommended to boost crop yields (Yang and Yang, 2021). Moreover, rhizosphere modification for phytate absorption may be ineffective because of low environmental fitness, inadequate metabolite production, or inoculum variability (Shenoy and Kalagudi, 2005). With the aid of modern technology, phytase can now be genetically inserted into crops (transgenic plants), used as biofertilizers, or added to the soil as pure enzymes. This also applies to all applications of phytate as a source of high phosphorus for animals, especially farm animals. The expression of regulating microbial phytase gene resulting in nutritious transgenic plant varieties might bring a significant outcome to resolve soil phytate consumption issues, as well as a lower dependency on external rock phosphate supply or biofertilizer treatment (Singh and Satyanarayana, 2011). The general mechanism for the transgenic development procedure has been stated in Figure 6.
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FIGURE 6
 A pictorial representation of the steps involved in the generation of a transgenic plant beginning with the screening of an efficient microorganism possessing phytase gene followed by DNA extraction, cloning of phy gene, and transformation to the plant cell, which is further tested in vivo by plant tissue culture and then finally implemented to the field.


In the last decade, the genes involved in the synthesis of microbial phytases having a high affinity toward phytate have been utilized to produce transgenic plants. Phytase genes from bacteria, fungi, and yeasts such as B. subtilis, Selenomonas ruminantium, E. coli, Aspergillus ficuum, A. niger, and Thermomyces lanuginosus have been used to develop transgenic plants. The most studied A. niger enzyme has been successfully expressed in Arabidopsis, tobacco, wheat, maize, soybeans, alfalfa, and canola (Valeeva et al., 2018). Several studies back up the advantages brought forth by transgenic types, such as the high expression of a PHY US417-related gene in Arabidopsis that led to increased growth and inorganic phosphorus content without inducing inorganic phosphorus starvation-triggered (PSI) genes. Enhanced biomass and Pi were seen in plants co-cultured with ePHY overexpression when the PSI gene was suppressed (Belgaroui et al., 2016).

Bacillus phytase production in tobacco cell cytoplasm alters the balance of inositol phosphate biosynthesis, providing more accessible phosphate (Singh and Satyanarayana, 2012). Arabidopsis thaliana, a transgenic plant grown solely on phytate, demonstrated better growth, which was related to root overexpression of the A. niger histidine acidic phosphatase gene phyA. Using Bacillus phytases, researchers have acquired further positive results in a transgenic plant (Balaban et al., 2017).

Transgenic soybean plants grew faster and absorbed more P (Singh et al., 2020). Transgenic soy roots produced A. ficuum histidine acid phytase (afphyA), which had 3.5–6 times the catalytic activity as compared to wild-type control plants for inorganic phosphate (Li et al., 2009). Sapara et al. (2022) studied the effectiveness of phytase gene promoters in transgenic varieties of tomato and cucumber, which were known to enhance minerals and micronutrient concentration, thus supporting nutrigenomics. Some of the transgenic varieties obtained are tabulated in Table 2.



TABLE 2 Transgenic plants developed in response to positive outcomes.
[image: Table2]

Despite these promising laboratory results, the situation in real-world soils would be less favorable. There is minimal evidence that such transgenic plants boost phosphate absorption and plant development in conventional soils; this has been supported by Blackburn (2012) in his experiments using Trifolium subterraneum, which resulted from better P absorption and more remarkable plant development found in agar was hampered when the same plants were exposed to the actual soil. One possible explanation is that phytases that have been released lose their action in soil due to adsorption. This rapid immobilization of the enzyme may limit the phytase’s capacity to interact with phytic acid in the soil, negating the previously predicted benefits of such a transgenic method to improve plant metabolism (George et al., 2004).

Bacterial phytases are frequently less expensive to produce and more accessible to express in plants than their eukaryotic counterparts. When using a bacterial phytase to make transgenic plants, it is critical to use an effective expression system inside the plants. Transgenic phytases are frequently introduced into the rhizosphere to aid in the decomposition of soil phytate and the improvement of soil phosphorus bioavailability, further increasing soil fertility and nutrient absorption. Plants engineered to express microbial phytase genes can release extracellular enzymes into the rhizosphere, enhancing phosphorus accumulation in plants. Phytases might reduce the risk of malnutrition while also lowering the phosphorus level of animal excrement. Phytases have enormous commercial and environmental potential. According to the existing literature, either the variation in phytase activity across plants has minimal impact on the phosphate nutrition of soil-grown plants or the baseline levels of phytase activity among plants have equal hydrolytic capacities. However, it is more likely that a significantly more considerable proportion of phytase obtained from microorganisms will disguise the variations in plant-exuded phytase (Liu et al., 2022). A remarkable study by Song et al. (2022) evaluated the effectiveness of the CRISPR/Cas9 mechanism to induce mutation within the phytate utilizing gene expression. They successfully reported the reduced phytic acid content with the deletion of specific gene segments.



Conclusion and future prospective

Microbial phytases have been a need for the current scenario, as such naturally produced enzymes have various advantages, i.e., they are non-toxic, readily available, environmentally safe, and low production cost. Microbial phytases are among the most researched concerning their significance, action mechanism, and mass production. It has been hypothesized that certain phytases have positive health benefits, including heart disease, kidney disorders, and in some types of cancer. The food sector may potentially be interested in employing phytases to generate functional meals as well as to increase mineral bioavailability by lowering the phytate level in a particular product.

Consumers of agricultural goods are worried about their quality, nutritional value, and health. Phosphate solubilizing microorganisms (PSM) as inoculants is a measure for increased plant production. Although, their efficacy in replenishing the required plant nutrient is dependent on their establishment in the soil after competing for nutrients with natural flora. They are sensitive to plant pathogens due to the production of hydrogen cyanate, antibiotics, and antifungal metabolites. Their use is both environmentally and economically sound. Thus, using PSM as biofertilizers is a viable approach for increasing food production while posing no health risks and conserving the environment, and emerging the development of sustainable soil management. Genetic and protein engineering can be used to modify and improve the characteristics of enzymes. Transgenic plants and animals producing phytase and low-phytate crops are gaining popularity nowadays. Further advances in the creation of application-oriented phytases will usher in a new age in bioprocessing, broadening the scope of its efficiency and applicability. Furthermore, it emphasizes the use of advanced molecular techniques and genetic engineering to produce phytase genes of microbial origin for phytase synthesis. This strategy merits greater consideration since it can provide fresh research opportunities in future.
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Spent lithium-ion batteries (LIBs) are increasingly generated due to their widespread use for various energy-related applications. Spent LIBs contain several valuable metals including cobalt (Co) and lithium (Li) whose supply cannot be sustained in the long-term in view of their increased demand. To avoid environmental pollution and recover valuable metals, recycling of spent LIBs is widely explored using different methods. Bioleaching (biohydrometallurgy), an environmentally benign process, is receiving increased attention in recent years since it utilizes suitable microorganisms for selective leaching of Co and Li from spent LIBs and is cost-effective. A comprehensive and critical analysis of recent studies on the performance of various microbial agents for the extraction of Co and Li from the solid matrix of spent LIBs would help for development of novel and practical strategies for effective extraction of precious metals from spent LIBs. Specifically, this review focuses on the current advancements in the application of microbial agents namely bacteria (e.g., Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans) and fungi (e.g., Aspergillus niger) for the recovery of Co and Li from spent LIBs. Both bacterial and fungal leaching are effective for metal dissolution from spent LIBs. Among the two valuable metals, the dissolution rate of Li is higher than Co. The key metabolites which drive the bacterial leaching include sulfuric acid, while citric acid, gluconic acid and oxalic acid are the dominant metabolites in fungal leaching. The bioleaching performance depends on both biotic (microbial agents) and abiotic factors (pH, pulp density, dissolved oxygen level and temperature). The major biochemical mechanisms which contribute to metal dissolution include acidolysis, redoxolysis and complexolysis. In most cases, the shrinking core model is suitable to describe the bioleaching kinetics. Biological-based methods (e.g., bioprecipitation) can be applied for metal recovery from the bioleaching solution. There are several potential operational challenges and knowledge gaps which should be addressed in future studies to scale-up the bioleaching process. Overall, this review is of importance from the perspective of development of highly efficient and sustainable bioleaching processes for optimum resource recovery of Co and Li from spent LIBs, and conservation of natural resources to achieve circular economy.
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1. Introduction

Lithium-ion batteries (LIBs) are widely used in electric vehicles, energy storage systems, mobile phones, and other portable electronic devices for energy storage applications (Martins et al., 2021; Miao et al., 2022). The use of LIBs as energy storage devices is mainly due to their high energy density, high reliability, higher output voltage, fast charging ability, higher resistance to self-discharge, light weight and longer lifetime (Miao et al., 2022; Alipanah et al., 2023). There is a huge demand for LIBs (USD$36.7 billion in 2019), and it is projected to increase by nearly fourfold (i.e., USD$129.3 billion) by 2027 (Dyatkin and Meng, 2020). The global LIB production capacity is estimated to increase from 455 GWh in 2020 to 1,447 GWh in 2025, i.e., with a compound annual growth rate (CAGR) of 26% (Alipanah et al., 2021). Notably, China was the major producer of LIBs, e.g., in 2020, contributing to 77% of the total LIBs production globally (Alipanah et al., 2021). Due to explosive production and usage of LIB-based portable and non-portable devices, a huge amount of spent LIBs is generated (Golmohammadzadeh et al., 2022). The amount of spent LIBs generated has been estimated to reach 640,000 metric tons in China by 2025 (Yang et al., 2022), while in Australia, it is expected to reach 137,000 metric tons by the end of 2036 (Golmohammadzadeh et al., 2022). With the assumption that the average lifespan of LIBs used in automotive applications (e.g., electric vehicles) is 10 years, it is projected that 700,000 metric tons of LIBs will reach their end of life by 2025 globally (Alipanah et al., 2021).

The different components of spent LIBs and their corresponding percentage in the total weight are: cathode (35%), battery case (25–30%), anode (15–18%), electrolyte (11–12%), plastic materials (5–6%) and others (mass loss during treatment, e.g., drying, 3–4%) (Horeh et al., 2016; Heydarian et al., 2018). LiCoO2 (lithium cobalt oxide) is one of the most preferred cathodes than other lithium oxides-based cathodes and extensively used in portable electronic devices at the current time. The use of LiCoO2 is likely to continue in the future primarily due to its high energy density and longevity (Zeng et al., 2014; Zhang et al., 2022). The two major metals in spent LIBs (with LiCoO2 as cathode material) are cobalt (Co) which is detected up to 30.4% and lithium (Li) which is found up to 10.3% of the total weight of spent LIBs (Heydarian et al., 2018). Other elements detected in spent LIBs at varying concentrations include nickel (Ni), manganese (Mn), copper (Cu), aluminum (Al) and iron (Fe) (Table 1). The concentration of Cu, Ni and Mn in spent LIBs varies between 6–12%, 5–10% and 5–11%, respectively (Roy et al., 2021a; Ratnam et al., 2022). The concentration of these elements varies in natural ores depending on the types of minerals (e.g., primary vs. secondary minerals, or based on the chemical groups, e.g., sulfide, arsenide, carbonate, oxide-containing ores) (Dehaine et al., 2021). For example, carrollite which is a sulfide-containing mineral contains 28.56% Co, 20.53% Cu and 9.48% Ni, while skutterudite (arsenide containing mineral) contains only 17.95% Co and 5.96% Ni (Dehaine et al., 2021). There are variations of metal contents in spent LIBs which is possibly due to variations of manufactory (battery chemistry) (Xin et al., 2016; Sethurajan and Gaydardzhiev, 2021). As a result of a significant increase of LIBs production worldwide, the price of some of the metals used in LIBs considerably increased, e.g., the Co price increased nearly 4 times in the last 2 years, from US$ 22 /kg to US$ 81 /kg (Du et al., 2022). According to a recent study, the price of Li also increased by three-times (Ratnam et al., 2022). Fan et al. (2020) reported that the average price of Co was US$ 75,991.27/ton in 2018, which was 10 and 5 times higher than that of Mn and Ni, respectively. With the current trend of increasing production of LIBs, nearly 70% of the global Co reserves is expected to be spent for battery production by 2040, and the demand for LIBs is projected to go beyond its supply by 2030 (Alipanah et al., 2023). At present, 35% of the globally produced Li and 25% of globally produced Co are utilized for LIBs production and it is estimated that the Li consumption could be doubled (66%) by 2025 (Swain, 2017; Golmohammadzadeh et al., 2022). It should be noted that the global reserves for Co and Li are limited to nearly 145 million tons and 62 million tons, respectively (Fan et al., 2020).


TABLE 1    Metal contents in spent Li-ion batteries (LIBs) reported in various studies.
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Disposal of LIBs used in electronic applications as part of various solid waste streams due to their limited life span (e.g., the typical life span of LiCoO2-based LIB is 1–2 years, 500–1,000 cycles) is an issue of concern (Aboelazm et al., 2021; Lin et al., 2021; Yu et al., 2022). The reason for this concern is that improper management and disposal of untreated spent LIBs could pose negative effects on human health, environment and ecosystems (Huang et al., 2019). Metals namely Co and Ni present in LIBs are categorized as carcinogenic and mutagenic materials. Furthermore, the toxic organic electrolytes/solvents used in LIBs could have adverse impacts on the human health and environment (Fan et al., 2020). The polymers like polyethylene and polypropylene used in separators could also pose negative environmental effects (e.g., cause microplastic pollution) (Golmohammadzadeh et al., 2022; Ratnam et al., 2022). The spent LIBs are considered as secondary source of metals, and sometimes, the metal quantity (e.g., concentration) is higher than what is available in the concentrated ores or natural ores (Xi et al., 2015). In view of the limited supply of Li and Co, it is important to reduce the high demand on the natural metal resources, save the valuable metals present in the spent LIBs and mitigate environmental pollution caused by the hazardous components of spent LIBs, spent LIBs should be appropriately handled and recycled.

Recycling could play a major role in the overall sustainability of future LIBs by recycling the secondary metallic resources and also contribute to the circular economy (Golmohammadzadeh et al., 2022). It is reported that recycling and reuse of valuable metals namely Co and Ni from spent LIBs could save 51.3% of natural resources and reduce the mining of metals from the virgin mineral sources (Dewulf et al., 2010). The recovered valuable metals from spent LIBs can be reused in LIBs or other products including supercapacitors (Ratnam et al., 2022). The commonly used recycling methods for spent LIBs include direct recycling, pyrometallurgy, hydrometallurgy and biohydrometallurgy (bioleaching) (Golmohammadzadeh et al., 2022; Roy et al., 2022). The major advantages and disadvantages of various types of recycling methods are given in Table 2. Among the various types of recycling methods, bleaching is cost-effective, environmentally friendly, simple in operation and less energy intensive (Golmohammadzadeh et al., 2022; Mokarian et al., 2022). As of 2018, the recycling rate of LIBs was only 8.86% (Mao et al., 2022), and the global rate of Li recycling is even lower (i.e., < 1%) (Swain, 2017).


TABLE 2    Comparison of potential advantages and disadvantages of commonly used LIB recycling methods (Roy et al., 2021a, 2022; Golmohammadzadeh et al., 2022; Mao et al., 2022).
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Although LIBs dominate in the various energy markets (e.g., from portable electronic devices to electric vehicles) (Wu Y. et al., 2019), from the sustainability perspectives (e.g., to reduce carbon footprint), recently increasing interest is given on the development of renewable/green energy (e.g., solar, wind and biomass-based energy) (Qazi et al., 2019; Ray et al., 2022). Specifically, in the biomass-based energy, diverse microalgae species are explored for their potential as a feedstock for biofuel production (Nayak et al., 2018, 2020). For the sustainable energy systems, biomass-based electrode materials (e.g., anode: bio-graphite) and bio-based solid electrolytes are explored in LIBs (Sagues et al., 2020; Raj et al., 2022). According to Sagues et al. (2020) the softwood-derived bio-graphite in a LIB cell shows 89% capacity retention over 100 cycles and more than 99% coulombic efficiency. Another study reported that the use of carbonated soybean oil-based electrolyte in LFP batteries exhibited the gravimetric capacity of 112 and 157 mAh/g at room temperature and 60 °C, respectively (Raj et al., 2022).

To understand the current state of knowledge on the recycling of spent LIBs, this review comprehensively analyzed the publication trend in the last 10 years (2013–2022) using the scientific database (e.g., Scopus) (Supplementary Figure 1). The two keywords used in the Scopus search engine are “spent Lithium-ion batteries” and “recycling” which resulted in 1,268 publications with only 15 publications in 2013, but 360 publications in 2022 (i.e., increased by 24 times). The continuous increase of publications pertaining to spent LIBs in the past 10 years indicates that there is an increasing interest among scientific communities to develop novel and sustainable technologies for the recycling of spent LIBs to recover valuable metals present in spent LIBs and contribute to environmental protection. A major fraction of these publications is related to the recycling of spent LIBs using the pyrometallurgy, hydrometallurgy or direct recycling. Previous studies have also reported that the above three methods are widely used for the recycling of spent LIBs (Zeng et al., 2014; Mao et al., 2022). In terms of the distribution of publications in various countries, around 60% of articles were published by researchers in China, followed by the United States (9%) and India (6%). Further analysis in the Scopus database employing the keywords namely “spent Lithium-ion batteries,” “bioleaching” and/or “biohydrometallurgy” revealed a total of 53 publications (37 journal articles, 8 review articles, 6 book chapters and 2 conference papers), indicating that bioleaching is getting much attention as an emerging environmentally friendly method. The flowchart for the review methodology is presented in Supplementary Figure 2. However, it should be noted that bioleaching is largely explored in the lab-scale mode for the recovery of valuable metals from spent LIBs. The most articles included in each subsection are mostly peer-reviewed articles published in 2013–2022 which are collected from the various online scientific database namely Scopus, Web of Science, and Google Scholar by using the keywords relevant to the particular section. Additionally, the relevance and data quality were further checked by reading the abstract and/or specific sections of the article.

Our literature review shows that a few review papers dealing with bioleaching of valuable metals in spent LIBs have been published (Moazzam et al., 2021; Roy et al., 2021a,2022; Sethurajan and Gaydardzhiev, 2021) among which one review mainly focused on the Li bioleaching (Moazzam et al., 2021). However, limited information is available on the comparative evaluation on the performance of bacterial and fungal-based bioleaching for recovery of major elements such as Co and Li from spent LIBs. Discussion on the quality and quantity of metabolites (bio-acids) produced due to interactions of LIB components (e.g., metals) with bacteria or fungi which drive the bioleaching process is scant. Application of possible biological and/or chemical methods for the recovery of Co and Li from the aqueous bioleaching media (e.g., transformation of dissolved metals into solid form through precipitation) was not sufficiently addressed in the past reviews. Understanding of the bioleaching kinetics is important to optimize the process performance which was found to be missing in the earlier reviews. From the circular economy perspective, critical discussion on the sustainability of the bleaching method for the recovery of valuable metals from spent LIB is necessary, but this was not considered previously.

The main objective of this review is to comprehensively analyze the recent developments in the literature on the application of microbial agents namely bacteria and fungi for the recovery of valuable metals (mainly Co and Li) from spent LIBs. The influence of various factors including bioleaching conditions (e.g., leaching medium pH, pulp density, aeration and substrate/energy source concentrations) and spent LIBs characteristics (e.g., powder particle size) on the recovery of valuable metals was assessed. Insights into microbe- metal interactions and the associated bioleaching mechanisms are presented. The sustainability of the bioleaching method is critically discussed. The key knowledge gaps that currently exist in literature and future research directions for further development of the bioleaching method with improved efficiency and sustainability are highlighted.



2. Overview of the development and chemistry of Li-ion batteries (LIBs)

The initial discovery of LIBs was done in 1970s. However, the first commercial LIB was produced by Sony in 1991 (Baum et al., 2022; Yang et al., 2022). In 2019, three scientists namely John B Goodenough, M Stanley Whittingham, and Akira Yoshino won the highly prestigious Nobel Prize in Chemistry for their pioneering works on the development of LIBs (Kamat, 2019; Service, 2019). In the battery technology, the key motivation is to use Li metal in the cathodic materials since Li is the most electropositive (–3.04 V) and lightest metal (molecular weight: 6.94 g/mol and specific gravity: 40.53 g/cm3), therefore enabling the design of storage systems with high energy density (Tarascon and Armand, 2001). The key chemical reactions involving in the primary non-rechargeable LIBs (e.g., the common Zn/MnO2 “Alkaline” cell) (Eqs. 1, 2) (Huggins, 2016; Roy et al., 2022) and secondary rechargeable LIBs (Eqs. 3, 4) are presented below (Moosakazemi et al., 2022; Roy et al., 2022). Additionally, the chemical reactions are involved in charge and discharge processes in LIBs having LiCoO2 as the cathode and graphite as the anode are presented in Eq. (5) (Zeng et al., 2014).


2.1. Primary non-rechargeable LIBs
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2.2. Secondary rechargeable LIBs

[image: image]

[image: image]

[image: image]

The key components of a typical LIB include anode (negative electrode–natural or synthetic graphite), cathode (positive electrode–different formulations of Li-based metal oxide), separator (electrolyte resistant polymers, e.g., polypropylene or polyethylene), electrolyte (lithium salts dissolved in an organic solvent e.g., LiPF6, LiBF4, etc.) and battery casing materials, and aluminum and copper foil (Golmohammadzadeh et al., 2022; Roy et al., 2022; Alipanah et al., 2023). The schematic diagram of a typical LIB cell with different components is presented in Figure 1. The weight fraction of various components of a LIB cell is given in Supplementary Table 1. A typical LiCoO2-based LIB contains 5% plastic, 34% LiCoO2 (cathode), 16% graphite (anode), 7% copper foil, 20% aluminum foil, 1% conductive agent, 14% electrolyte and 3% others (Figure 2) (Duan et al., 2022). The variation of the percentage of different components in LIBs could be due to LIBs production from different manufacturers (Zeng et al., 2014). Based on the shape, LIBs are categorized into four types including (1) cylindrical, (2) coin, (3) prismatic, and (4) thin and flat LIBs (Tarascon and Armand, 2001). Graphite is commonly used as the anode in LIB with the theoretical specific capacity of 372 mAh/g (Griffiths, 2016). On the basis of battery chemistry, different cathode materials are used in LIB namely LCO: lithium cobalt oxide (LiCoO2), NMC: lithium nickel manganese cobalt (LiCoxMnyNi1–x–yO2), LMO: lithium manganese oxide (LiMn2O4), LFP: lithium iron phosphate (LiFePO4), and NCA: lithium nickel cobalt aluminum oxide (LiNixCoyAlzO2) (Alipanah et al., 2021; Baum et al., 2022). The characteristics of these cathodic materials are presented in Table 3. According to the life cycle assessment (LCA) of the LIB, production of 1 Wh storage capacity of LIB is linked to a cumulative energy demand of 328 Wh and emission of 110 gCO2eq of greenhouse gas (GHG) (Peters et al., 2017). The total cost for the production of one ton of LIB is US$ 77,708, and among the various components, the cost of the cathode material (e.g., LiCoO2, US$ 2,946) is higher than other parts (Gratz et al., 2014) (Supplementary Figure 3). Due to considerable progress on LIB research and developments, the price of LIB is gradually decreasing, e.g., from 3.17 $/Wh in 1991 to 0.28 $/Wh in 2005 (Vanitha and Balasubramanian, 2013). Among these cathodes, LiCoO2 is widely used in commercial applications (specifically in portable electronics) than others because LiCoO2 is relatively thermally more stable and has high energy density than other types of batteries (Tarascon and Armand, 2001; Baum et al., 2022). For the synthesis of LIBs, Li and Co are in greater demand compared to other metals due to their low relative abundance (Fan et al., 2020).
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FIGURE 1
Schematic diagram for the different components of a typical LIB cell.
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FIGURE 2
Weight fraction (wt %) of different components of LIBs with various cathode materials [adapted and modified from a previous study (Duan et al., 2022)]. LCO, LiCoO2; LMO, LiMn2O4; NMC, LiNixCoyMnzO2; and LFP, LiFePO4.



TABLE 3    Characteristics of cathode materials used in LIBs and their typical applications (Vanitha and Balasubramanian, 2013; Griffiths, 2016; Harper et al., 2019; Alipanah et al., 2021; Roy et al., 2022).
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3. Pre-processing/pre-treatment of spent LIBs

Lithium-ion batteries (LIBs) have complex chemistry and structural configurations. Hence, pretreatment is applied for disintegrating this complex structure so that the downstream resource recovery processes would be easier (Premathilake et al., 2023). The pre-treatment has several benefits including enhancement of metal recovery rate, decrease of energy consumption, reduction of environmental risks and avoidance of safety risks (Hua et al., 2020). The pre-treatment process consists of the following five stages namely (1) sorting, (2) stabilization/discharge, (3) dismantling/disassembly (4) grinding/crushing and (5) separation (Hua et al., 2020; Ali et al., 2022). The sorting of spent LIBs is carried out based on the physical appearance (shape, size, density and magnetic properties) and chemistry (type of cathode materials) (Ali et al., 2022). Batteries can be sorted based on electrical parameters (static and dynamic) namely internal resistance, voltage, self-discharge rate and discharge capacity (Ali et al., 2022). Automatic sorting methods such as X-ray sensors and optical sensors are also developed (Yu et al., 2021). Spent LIBs for recycling may contain a small amount of residual charges which may cause spark and explosion during the dismantling of batteries due to the reaction of Li with atmospheric oxygen (Premathilake et al., 2023). Discharge is a process to stabilize the spent LIBs by removing the residual energy to eliminate short circuit/explosion in the downstream processes of recycling (Hua et al., 2020; Du et al., 2022). The spent batteries are discharged using various methods to drain out the residual charge to less than 0.5 V to avoid the occurrence of any fire and explosion (Roy et al., 2022). The brine/electrolyte method (using NaCl or Na2SO4 salt solution) is commonly applied for stabilization of spent LIBs. Other methods used in discharging/stabilization include electrical/ohmic discharge (using an external circuit), and cryogenic discharge (e.g., using liquid nitrogen) and thermal deactivation (heating at 100–150°C) (Yu et al., 2021; Ali et al., 2022). Disassembling of spent LIBs is commonly done in two ways namely manual disassembly (mainly employed in laboratories) and automatic disassembly (e.g., large-scale industrial recycling) (Du et al., 2022). Manual dismantling (physical teardown) is done using mechanical tools such as screwdrivers, pliers, bolt cutters, knives and saws. However, it may cause several safety problems and environmental effects (Premathilake et al., 2023). In the disassembling process, different components of a spent LIB cell including outer metal casing, plastic materials, separator, cathode, anode and other materials (glue, binder, electrolytes, wire, etc.) are separated, and taken for further treatment wherever necessary (Du et al., 2022). Crushing is a size reduction process in which shredding, hammer milling and granulating can be applied based on the size and shape requirement of the next step of the separation process (Ali et al., 2022). Crushing can be done in two ways such as dry crushing (without addition of water) or wet crushing (presence of water or other solution which inactivate lithium) (Yu et al., 2021). Mechanical crushing is commonly used, and high efficiency can be achieved by using appropriate tools. The mechanical crushing enhances the contact surface of active cathode materials, and hence optimization of the recycling process is needed (Guimarães et al., 2022). A study evaluated the performance of three different types of grinding methods such as hammer, ceramic balls and knife mills for removal of electrode materials from spent LIBs (Takahashi et al., 2020). Notably, knife mill was effective for maximum recovery of cathode materials (i.e., achieved 11.2 wt % Co recovery) from the battery.

In the separation process, different parts of the crushed spent LIBs are separated based on their physicochemical properties such as size, density, hydrophobicity and ferromagnetism (Hua et al., 2020). The main aim of separation followed by purification is to separate active cathode materials (black mass) from other parts of spent batteries to achieve high recovery of valuable metals. The following separation processes are applied: (1) particle size fraction/sieving separation, (2) density/gravity separation (3) froth flotation separation, (4) magnetic separation and (5) electrostatic and eddy current separation (Ali et al., 2022). Other methods include mechanical separation (grinding and ultrasonic cleaning for separation of cathodes from foils), chemical dissolution (e.g., dissolution of organic binder by organic solvent and alkaline leaching) and thermal separation (high-temperature for separation of binder attached to the foils) (Yu et al., 2021). Based on the particle size distribution, the crushed material can be broadly divided into two fractions: fine fraction which mainly contains the active cathode materials, while the coarse fraction mostly consists of plastics, casing materials and separators (Premathilake et al., 2023). The mechanical separation is cost-effective and simple in operation, but results in low separation efficiency (Yu et al., 2021). However, organic solvent dissolution results in good separation and high recovery efficiency. The pre-processed/pre-treated spent LIB materials (in powder form) are taken for recycling of valuable metallic resources using various methods.



4. Overview of various methods for recycling of spent LIBs

The pre-treated spent LIB materials (mainly cathodic material) are taken to the next step of recycling process for the extraction of valuable metals. The following four methods such as direct recycling or three metallurgical-based methods (pyrometallurgy, hydrometallurgy and biohydrometallurgy) are commonly applied for the recovery of valuable metals from spent LIBs. In the direct recycling process, battery materials (e.g., cathode) are recovered with no or minimal change of their original chemical structure, and it is mainly carried out by physical and magnetic separation (Hua et al., 2020; Ali et al., 2022). Additionally, the surface and bulk properties of active battery materials can be restored using the chemical processes namely re-lithiation or hydrothermal methods (Ali et al., 2022). Pyrometallurgy (thermal processing) is a high temperature (500–1,000°C) thermal treatment which converts metal containing battery components into metallic alloy (Hua et al., 2020; Ali et al., 2022). Metals are converted into metal oxides. The pyrometallurgical process involves three main steps including pre-heating, plastic burnings and metal reducing. The thermal pre-treatments employed for the recovery of cathode materials include incineration, calcination and pyrolysis, and the enriched metals are processed using the roasting or smelting processes (Makuza et al., 2021). The efficiency of the pyrometallurgical method depends on various factors namely processing temperature, residence time, flux addition and types of purge gas (Makuza et al., 2021). Although pyrometallurgical process is industrially viable for large-scale recycling of spent LIBs, it shows poor performance toward Li recovery (Georgi-Maschler et al., 2012).

In hydrometallurgical method (aqueous processing), the valuable metals present in the cathodic materials are dissolved into a liquid at low temperature, followed by separation and purification to recover valuable metals (Ali et al., 2022; Du et al., 2022). In the metal leaching, various types of inorganic acids (HCl, HNO3, H2SO4, and H3PO4) (Botelho Junior et al., 2021) or alkaline (e.g., NaOH) solutions are employed (Mao et al., 2022). Takahashi et al. (2020) investigated the leaching of Co from spent LIBs obtained from a cell phone company using various inorganic acid leaching agents [H2SO4, HNO3, and HCl with or without reducing agent (H2O2)]. They found that the acid leaching using a combination of H2SO4 and H2O2 at the solution pH of 3.0 and temperature of 50°C resulted in the best Co recovery (98%). Another recent study from the same research group on metal recovery from the spent NMC type battery using 1 mol/L H2SO4 at the temperature of 90°C and solid-to-liquid ratio of 1:10, but without addition of a reducing agent achieved 100% extraction of Co, Li and Ni and 93% extraction of Mn (Guimarães et al., 2022). The three key steps of the hydrometallurgical method include leaching, precipitation and solvent extraction (Hua et al., 2020). Among the pyrometallurgical and hydrometallurgical processes, hydrometallurgical process is more advantageous because of less greenhouse gases (GHGs) (e.g., CO2) emissions and low energy consumption (Vasconcelos et al., 2023). Additionally, hydrometallurgical processing results in the recovery of highly pure-grade Li. However, the above recycling methods (pyrometallurgy and hydrometallurgy) are not sustainable since the pyrometallurgical method is energy intensive and produces GHGs (Ali et al., 2022). Although the GHGs emission rate is lower in hydrometallurgical than pyrometallurgical method, it produces a high amount of corrosive wastewater which could damage the receiving water bodies if discharged without proper treatment (Ali et al., 2022).

In the hydrometallurgical process, H2O2 is usually used as a reducing agent for metal extraction from spent batteries using an inorganic-based leaching system (Takahashi et al., 2020). However, H2O2 is a chemical reagent that is explosive in nature and can easily disintegrate in the acidic (e.g., H2SO4) condition (Wu et al., 2020; Ma et al., 2021). Thus, for the development of environmentally friendly hydrometallurgical processes, considerable interest has emerged in the use of green reductants [e.g., antibiotic bacteria residues (ABR) and fruit peel] while using hydrometallurgical-based leaching process (Wu et al., 2020; Ma et al., 2021). In H2SO4 leaching system at the liquid-to-solid ratio of 30:1 ml/g, temperature of 90°C and reaction time of 2.5 h, the application of ABR (ABR to spent cathode powder: 0.8:1) resulted in the optimum recovery of various metals namely Co (98.50%), Li (99.90%), Ni (99.57%) and Mn (98.99%) (Ma et al., 2021). A subsequent study was conducted by the same research group in which the authors initially conducted thermal (350–750°C) reductive transformation of spent cathode powder in the presence of ABR (Ma et al., 2022). The highest recovery of various metals (Co: 99.5%, Li: 99.9%, Ni: 99.4%, and Mn: 99.9%) was obtained under low concentration acid leaching conditions (1 mol/L H2SO4) with a liquid-to-solid ratio of 20:1, reaction temperature of 60°C and reaction time of 1 h. Wu et al. (2020) used waste orange peel as the green reductant for metal extraction from spent LIBs. Citric acid-based leaching (1.5 M) with the orange peel dose of 5 mg/ml at the reaction temperature of 100°C, reaction duration of 4 h, and slurry density of 25 g/mL was effective for removal of various metals (Co, Li, Ni, and Mn), i.e., the leaching efficiency of metals varied between 80 and 99%.

The direct recycling is reported to be economically feasible with no considerable negative effects on the environment and energy efficient (Ali et al., 2022; Roy et al., 2022). Practically it is feasible to recover all battery materials including anodes, foils and electrolytes, and the process is most suitable for LFP type batteries (Roy et al., 2022). However, the key disadvantages are: (1) the maturity level of process is low (mainly at the laboratory scale, i.e., will take time to mature and commercialize), (2) the regeneration process is yet to be developed and (3) the mixing of cathode materials decreases the performance and value of the recycled products (Ali et al., 2022; Roy et al., 2022).

In recent years, increasing interests are given on the application of bio-hydrometallurgical (bioleaching) methods which use acid producing microorganisms (bacteria or fungi) for the recovery of valuable metals from spent LIB since the bleaching process is cost-effective, environmentally friendly, less energy intensive, and has low emissions of GHGs as well as high efficiency (Hua et al., 2020; Roy et al., 2021a; Du et al., 2022). Other potential advantages include the requirement of minimal chemicals and water for bioleaching process, operational simplicity, no need of high skilled workers, selectivity toward metals, growth of most of the microbes under ambient conditions, and continued reuse of microbes (Roy et al., 2021a; Golmohammadzadeh et al., 2022; Ratnam et al., 2022). Microbial adaptation to toxic environments, genetic engineering of microbes using synthetic biology techniques, bioprospecting of novel biomining bacteria and storing of microbial agents have enhanced the accessibility of appropriate biocatalysts for applications in bioleaching (Kaksonen et al., 2018, 2020). Furthermore, the development of advanced microbial characterization tools has improved the understanding of metabolisms and metabolic activities of microbial communities and their abilities in the bioprocesses. Bioleaching has already been commercially applied for the removal of metals from low-grade sulfidic ores and for the pretreatment of refractory sulfidic gold-containing minerals (Kaksonen et al., 2020). At present, the application of bioleaching techniques for the recycling of toxic and complex waste materials such as spent LIBs have received considerable attention. However, the bioleaching process is slower than the hydrometallurgical process (Botelho Junior et al., 2021). The detailed information about the recovery of valuable metals from spent LIBs using bioleaching is presented in the next section. Additionally, a flow diagram containing the detailed procedures involved on the recycling of spent LIBs using bioleaching method is presented in Figure 3.
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FIGURE 3
Flow-chart for recycling of spent LIBs.




5. Microbial-based (bioleaching) recovery of valuable metals from spent LIBs

Bioleaching is a microbial-based natural chemical process in which insoluble solids are converted to soluble and extracted forms (Villares et al., 2016; Heydarian et al., 2018). Moreover, bioleaching is a promising emerging biotechnological process for recovery of secondary metal resources from spent LIBs, and could also contribute to achievement of the environmentally friendly circular economy (Orell et al., 2010; Villares et al., 2016). The bioleaching experiments are mainly conducted in three different ways namely (1) one-step bioleaching, (2) two-step bioleaching and (3) spent-medium bioleaching based on the types of interactions (direct/indirect) between microorganisms and the pre-processed spent LIBs (crushed and sieved powder form of spent LIBs) (Horeh et al., 2016; Biswal et al., 2018, 2022). The one-step method is a conventional approach in which pre-growth microorganisms are added as an inoculum to the leaching medium containing the spent LIBs powder. The leaching of metals from the complex spent LIBs powder matrix is driven by the continuous production of bioacids with the concurrent microbial growth (Biswal et al., 2022). The one-step method is suitable for spent LIBs containing a low amount of toxic components, e.g., pre-processed LIBs (e.g., water washing and drying) since the growth rate of microorganisms would be reduced due to toxicity effects. In the two-step method, the leaching organism is primarily grown (e.g., up to logarithmic phase) in the leaching medium for a specific time period for the production of bioacids. The LIB powered is then added to initiate the metal extraction process (Biswal et al., 2018, 2022). This method is suitable for spent LIBs containing toxic materials (without having any pre-treatments like washing and drying) which could hinder the growth of microorganisms with direct application. In both one-step and two-step methods, direct physical contact/interaction between microorganisms and spent LIB components occurs. In the spent medium method, the leaching is carried out by adding battery powder to the cell free medium (called spent medium), i.e., the microorganism is firstly fully grown in the medium for the production of bioacids, then the spent medium is obtained by removing the cells using various techniques such as centrifugation, filtration, or both (Biswal et al., 2018, 2022). The spent medium-based bioleaching can be applied to the spent LIBs containing diverse toxic components namely metals, electrolytes and organic solvents. Among the three types of bioleaching approaches, the spent medium bioleaching is most preferable since the leaching efficiency is usually higher in spent medium-based bioleaching tests compared to others (one-step or two-step method) (Horeh et al., 2016; Alavi et al., 2021; Lobos et al., 2021). Since there is no physical contact between microbial agents and spent LIBs particles in spent medium leaching, the individual process (biological and chemical) can be optimized (Bahaloo-Horeh et al., 2019). For example, the quality and quantity of biogenic acids can be enhanced during the initial growth experiments, while in the chemical leaching, the use of biogenic acid and higher pulp density can be explored since there is no issue of toxicity effects on hazardous components of LIBs due to absence of microbial cells. The bacterial-based leaching is conducted using basal salt/9K/modified 9k medium [(NH4)2SO4, KCl, K2HPO4.3H2O, MgSO4.7(H2O), Ca(NO3)2, and FeSO4.7(H2O)] (Roy et al., 2021b) while fungal leaching is carried out using the sucrose medium [(NaNO3, KH2PO4, KCl, MgSO4.7H2O), yeast extract and sucrose] (Bahaloo-Horeh and Mousavi, 2017). The bioleaching experiments are conducted using single/pure culture microbial systems (Biswal et al., 2018) or consortia/mixed culture microbial systems (Heydarian et al., 2018; Alavi et al., 2021). The initial inoculum size for bacterial and fungal leaching is nearly 107 cells/spores per mL (Mishra et al., 2008; Bahaloo-Horeh and Mousavi, 2017).


5.1. Bacterial-based bioleaching for recovery of valuable metals from spent LIBs

The acidophilic sulfur-oxidizing bacteria (SOB) and iron-oxidizing bacteria (IOB) are widely used for the bioleaching of valuable metals from spent LIBs (Ghassa et al., 2020; Noruzi et al., 2022). The major SOB employed in the bioleaching of valuable metals from spent LIBs include Acidithiobacillus thiooxidans, Sulfobacillus thermosulfidooxidans, and Alicyclobacillus spp. while the dominant IOB applied for spent LIB bioleaching are Acidithiobacillus ferrooxidans, Leptospirillum ferriphilum, and Sulfobacillus spp. (Ghassa et al., 2020; Liu et al., 2020; Golmohammadzadeh et al., 2022). These SOB and IOB are called chemolithoautotrophs which can utilize carbon dioxide (CO2) as the carbon source (i.e., they obtain carbon by reductive fixation of atmospheric CO2), while they utilize inorganic compounds such as ferrous ion (Fe2+, IOB) and reduced S [elements sulfur (S0), SOB] as an energy source (Hong and Valix, 2014). In the bacterial leaching, ferrous sulfate (FeSO4), iron powder and pyrite (FeS2) are also used as the source of iron and sulfur (Golmohammadzadeh et al., 2022). The IOB oxidizes Fe2+ to Fe3+, while SOB oxidizes S0 to SO42– (Heydarian et al., 2018). Other chemolithoautotrophic bacteria namely Acidithiobacillus caldus, and Ferroplasma spp. are also applied for the bioleaching of metals from spent LIBs (Ghassa et al., 2020). A majority of the chemolithotrophic bacteria show high level of tolerance to metals toxicity (Işıldar et al., 2019).

Single or consortia acidophilic bacteria are used for the recovery of valuable metals (mainly Co and Li) from spent LIBs (Table 4). Biswal et al. (2018) used A. thiooxidans 80191 as the microbial agent and observed higher Li (66%) removal than Co (23%) under two-step bioleaching tests. Another study also used A. thiooxidans (PTCC 1717) (inoculum concentration: 107 cells/mL) for the metal extraction from spent LIBs (spent coin cells) in two-step bioleaching tests, and found higher recovery of Co (60%) and Li (99%) than Mn (20%) (Naseri et al., 2019b). Using an IOB, A. ferrooxidans, Roy et al. (2021b) obtained higher Co (94%) recovery compared to Li (60%) from spent LIBs at a high pulp density (100 g/L) in 3 days with continued refilling of the bacterial culture to the leaching medium for three cycles. Additional study from the same research group on the spent nickel-, manganese-, cobalt (NMC)-based LIBs using A. ferrooxidans at a higher pulp density (100 g/L) reported a higher extraction efficiency of various metals namely Co (82%), Li (89%), Mn (92%) and Ni (90%) (Jegan-Roy et al., 2021). Li et al. (2013) reported 47.6% dissolution of Co from spent LIB employing A. ferrooxidans as the leaching organism. Using the mixed culture consortia of A. ferrooxidans and A. thiooxidans, 67% Co and 80% Li were extracted from spent LIBs in the nutrient rich medium (Marcinčáková et al., 2016). However, the metal efficiency was considerably reduced (10.5% Co and 35% Li) when tested with the low nutrient medium which contains only elemental sulfur (4 g/L) and sulphuric acid. Another study also used the same mixed culture (A. ferrooxidans and A. thiooxidans), and found 50.4 % Co, 99.9% Li and 89.4% Ni recovery from spent LIBs used in laptops (Heydarian et al., 2018). However, using a mixed culture containing four different thermophilic bacteria (A. caldus, L. ferriphilum, Sulfobacillus spp. and Ferroplasma spp.), the bioleaching tests resulted in the dissolution of 99.9% Co, 84% Li and 99.7% Ni from spent LIB used in laptops. Do et al. (2022) performed spent NMC bioleaching using A. ferrooxidans, and reported 90.4% Co, 89.9% Li, 85.5% Ni, 91.8% Mn recovery in 6 h at a higher pulp density (100 g/L). Additionally, the authors attempted to regenerate cathode material (NMC111 and NMC622) using the oxalate-based precipitated metals from the bioleached solution and found that the electrochemical stability of the regenerated cathode material was similar to that of commercial NMC (i.e., nearly 85% of capacity retention after 50 cycles at 100 mA/g). Liu et al. (2020) reported that bio-oxidative activity of microbial agents reduced due to metallic stress, as a result, the bioleaching efficiency is declined. However, addition of exogenous glutathione (GSH) which is a ubiquitous intracellular peptide with diverse functions (0.3 g/L), the bacterial intracellular reactive oxygen species (ROS) level decreased by 40% which resulted in 96.3% Co and 98.1% Li recovery at pulp density of 5% using microbial consortium of L. ferriphilum and S. thermosulfidooxidans.


TABLE 4    Bacterial-based bioleaching for recovery of valuable metals from spent Li-ion batteries (LIBs).
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A few studies have isolated acidophilic bacteria from the acid mine drainage, then applied them for metal extraction from spent LIBs (Hariyadi et al., 2022b; Putra et al., 2022). Hariyadi et al. (2022b) conducted bioleaching of spent LIBs using A. ferrooxidans cells isolated from water samples of a coal mine pond, and found recovery of 57.81% Co at medium pH of 2.5 in 14 days of incubation period. Another study from the same research group reported 73.95% dissolution of Co from spent LIBs at an optimum experimental condition of 10 g/L of pulp density, temperature of 30°C, pH of 2–4 and incubation period of 14 days with A. ferrooxidans inoculum size of 20% (v/v) (Putra et al., 2022). Overall, findings of these reports suggest that the metal removal efficiency varied among various studies which may be due to the difference in the leaching microorganisms (e.g., single vs. mixed culture), mode of leaching (one-step, two-step or spent medium), battery chemistry (e.g., characteristics of cathode materials) and leaching conditions (pH and pulp density). Additionally, in most of the studies, it was observed that the Li bioleaching efficiency was greater than that of Co.



5.2. Fungal-based bioleaching for recovery of valuable metals from spent LIBs

Fungi are the heterotrophic microorganisms which use organic carbon-based materials as the carbon source for their growth and metabolism (Bahaloo-Horeh et al., 2019). Several fungal species namely Aspergillus niger, Aspergillus tubingensis, Penicillium simplicissimum, and Penicillium chrysogenum are employed for the extraction of metals from electronic wastes (Bahaloo-Horeh et al., 2019; Işıldar et al., 2019; Lobos et al., 2021). However, in spent LIBs bioleaching, A. niger is highly favored due to less complexity in the growth and harvesting process and higher yields (Roy et al., 2021a). In contrast to bacteria, fungi have the greater capacity for tolerance to diverse toxic metals, having a shorter lag phase and faster leaching rate as well as fungi can grow in both acid- and alkaline-consuming wastes (Horeh et al., 2016). A study compared the metal tolerance capacity of three fungi species namely A. niger (ATCC 6275), P. chrysogenum (ATCC 10108) and P. simplicissimum (ATCC 48705) by exposing them 250 mg/L of CoCl2 or LiCl solution over a period of 20 days (Lobos et al., 2021). Among the three fungal species, only A. niger developed tolerance to both metals since an increase of biomass production was observed.

Biswal et al. (2018) conducted fungal bioleaching of spent LIBs (pulp density: 0.25% w/v) using two isolated strains, A. niger MM1 and A. niger SG1 under cell-free spent medium. Both fungal strains were effective for the extraction of valuable metals from spent LIBs, i.e., 80–82% Co and 100% Li recovery were achieved. Horeh et al. (2016) used a pure culture of A. niger (PTCC 5210) for the recovery of various metals from spent mobile phone LIBs using three different approaches (one-step, two-step and cell-free spent medium). Among the three types of experimental conditions, the spent-free medium test exhibited highest performance for the extraction of numerous valuable metals including Co (45%), Li (95%) and other metals (e.g., Cu: 100%, Mn: 70%, and Al: 65%). Subsequent experiments from the same research group using A. niger (PTCC 5210) reported the highest Co (64%) and Ni (54%) recovery at lower (1%, w/v) pulp density, but the recovery of other four metals (Cu: 100%, Li: 100%, Mn: 77% and Al: 75%) was optimum at higher (2%, w/v) pulp density (Bahaloo-Horeh and Mousavi, 2017).

A recent study isolated A. niger from waste spices (Candlenut), and 57% Co and 72% Li recovery was obtained in 21 days of incubation time (Hariyadi et al., 2022a). Using a mixed fungal culture (A. niger and A. tubingensis), Alavi et al. (2021) investigated the bioleaching of valuable metals from spent cellphone LIBs using three different types of carbon sources (pure sucrose, impure sucrose and vinasse from an ethanol industry) under three types of leaching methods. The bioleaching was optimum with the spent medium test having vinasse as the carbon source, i.e., the recovery of Co and Li was nearly 60 and 95%, respectively, whereas the recovery of another three metals (Mn, Ni, and Al) was varied between ∼80 and 98%. To enhance the metals toxicity tolerance level of A. niger (PTCC 5010), Bahaloo-Horeh et al. (2018) gradually increased the pulp density in the leaching medium from 0.3 to 1.0% (w/v) to adopt the A. niger to the toxic metal environment. Bioleaching tests showed that the adapted A. niger exhibited higher leaching efficacy for diverse metal elements from mobile phone-based spent LIBs including Co (38%), Li (100%), Cu (94%), Mn (72%), Al (62%), and Ni (45%). A study compared the metal dissolution performance of two different types of fungal species [A. niger (PTCC 5010) and P. chrysogenum (PTCC 5037)] (Kazemian et al., 2020), and the authors noticed that the A. niger (76.31%) demonstrated higher Li leaching capability than P. chrysogenum (54.6%). In total, most of the studies used A. niger as the microbial agent for the fungal bioleaching of spent LIBs (Table 5). Among various fungal species, A. niger is capable of tolerating metals toxicity from spent LIBs, and hence exhibited higher metal bioleaching efficiency. Like bacterial-based bioleaching, Li recovery was higher than Co in fungal-based bioleaching.


TABLE 5    Fungal-based bioleaching for recovery of valuable metals from spent Li-ion batteries (LIBs).

[image: Table 5]



5.3. Quality and quantity of bioacids production in bacterial and fungal bioleaching

Bioacids or biogenic acids are the metabolites produced by the microbial agents during their growth in the leaching medium with or without supplementation of spent LIBs, and they primarily contribute to the extraction of metals from the spent LIB solid matrices (Biswal et al., 2018, 2022). In bacterial-based leaching [specifically SOB (e.g., A. thiooxidans)] with the use of elemental sulfur as the energy source and electron donor, biogenic sulfuric acid (H2SO4) is produced by oxidation of S0 (Biswal et al., 2018). With the use of A. thiooxidans (80191), the pure culture growth medium resulted in the production of 10.2 mM biogenic H2SO4, while the H2SO4 production significantly decreased by nearly fivefold (1.7 mM) with the addition of 1% (w/v) So as the energy source and 0.25% (w/v) spent LIB powder (one-step leaching) (Biswal et al., 2018). Using the A. ferrooxidans strain (DSMZ, 1927), Roy et al. (2021b) reported 0.17 M production of H2SO4 under the leaching condition of 100 mg/L spent LIB pulp density and 45 g/L FeSO4. However, the H2SO4 concentration increased by nearly 3 times (0.52 M) with the increase of FeSO4 dose to 150 g/L.

In fungal bioleaching, mostly sucrose and glucose are used as a carbon and energy source, and the microbial metabolism (through the Krebs cycle) results in the production of diverse organic acids (carboxylic acids) namely citric, gluconic, oxalic, malic, fumaric, lactic, pyruvic and succinic acids, etc (Bahaloo-Horeh and Mousavi, 2017; Bahaloo-Horeh et al., 2019). Using two isolated A. niger strains (MM1 and SG1), Biswal et al. (2018) reported only the production of citric acid with 76.9–102.4 mM in the pure culture medium (without spent LIBs), but the citric acid concentration was reduced to nearly half (40.7–43.1 mM) with the one-step bioleaching. Similar observations were also reported by two earlier bioleaching works since the citric acid was the dominant metabolite produced by the metabolism of sucrose, and the concentration of citric acid is usually lower in one-step/two-step bioleaching (133 mg/L) compared to cell free spent medium leaching (8,078 mg/L) (Horeh et al., 2016; Bahaloo-Horeh and Mousavi, 2017). Kim et al. (2016) found that A. niger isolate (KUC5254) produced a significant amount of citric acid (118.8 mM) than oxalic acid (0.8 mM) in the sucrose (100 g/L) growth medium.

A study compared the changes of quality of organic acid production by the unadapted and adapted A. niger (adapted by adding various doses of spent LIBs pulp densities), and only oxalic acid (up to 13,000 mg/L) was produced by the unadapted A. niger, whereas four different organic acids (oxalic, malic, citric and gluconic acid) were produced by the adapted A. niger with gluconic acid was the dominant metabolite (nearly 4,000–13,000 mg/L) with incubation time varied between 6 and 30 days (Bahaloo-Horeh et al., 2018). Overall, the quantity and quantity of bioacids production depends on the various factors namely the type of microbial agents (bacteria vs. fungi), leaching medium chemistry (e.g., composition and pH), type of energy/carbon sources, spent LIBs characteristics (e.g., quantity and quality of metals), pulp density, etc (Supplementary Table 2) (Biswal et al., 2018, 2022; Bahaloo-Horeh et al., 2019). The concentration of bioacids is usually higher in the pure culture growth medium (i.e., absence of spent LIBs) than that of the microbial growth in the presence of waste materials (one-step or two-step leaching) (Biswal et al., 2018). The decrease in the generation of bioacids by the addition of spent LIBs could be due to deactivation/suppression of enzyme activities responsible for the bioacid production by the toxic/inhibitory effects of metals or other components of spent LIBs (Naseri et al., 2022; Pourhossein and Mousavi, 2023).



5.4. Comparison of valuable metal recovery efficiency between bacterial, fungal and chemical leaching

A few studies compared the performance of valuable metals recovery of two types of biological leaching processes (bacteria vs. fungi) as well as the leaching efficiency between bioleaching and chemical leaching (i.e., using commercially synthesized chemical acids with concentrations similar to the concentration of bioacids produced in bioleaching) (Bahaloo-Horeh et al., 2018; Biswal et al., 2018; Noruzi et al., 2022). According to Biswal et al. (2018) between bacterial and fungal bioleaching, the metal extraction efficiency from spent LIBs was higher in fungal leaching (Co: 82% and Li: 100%) compared to bacterial leaching (Co: 23% and Li: 66%). Additional experiments using commercially synthesized of H2SO4 and citric acid with concentrations similar to those of bioacids showed that the percentage of valuable metal dissolution was higher (4–15%) in bioleaching compared to chemical reagent-assisted leaching method. Similar results were also obtained by another study in which authors compared critical metals removal efficacy between fungal leaching and chemical leaching (employing a mixture of commercial four types of carboxylic acids namely citric, gluconic, malic and oxalic acids) (Bahaloo-Horeh et al., 2018). The metal removal efficiency was higher in fungal-based leaching (38% Co and 100% Li) compared to commercial organic acid-based leaching (13% Co and 68% Li). According to a recent study, the recovery of Co and Ni from spent LIBs was higher in bacterial-based leaching (99.95% for both Co and Ni using A. ferrooxidans and A. thiooxidans) than chemical leaching [only 7.09% Co and 26.90% Ni using Fe2(SO4)3 with the sulfate concentration similar to that in the bioleaching solution] (Noruzi et al., 2022). Xin et al. (2009) reported that the chemical simulation of acid solubilization (Fe2+: 4 g/L and H2SO4 at pH of 1.0) resulted 621 mg/L Co and 303 mg/L Li recovery from spent LIBs powder. However, the bioacid leaching system achieved much higher metal dissolution (i.e., Co: 920 mg/L and Li: 470 mg/L) which is potentially due to continuous production of H2SO4 from biooxidation of S0 by SOB. Additional work from the same research group on three types electric vehicle spent cathode materials (LMO, LFP, and NMC) also found that the metal dissolution was higher in bioleaching system containing mixed bacterial culture (A. thiooxidans and L. ferriphilum) and mixed energy source (S0 and FeS2), i.e., leaching of various metals in the bioacid system was 92% Li, 43.5% Co, 92% Mn, and 38.3% Ni, whereas the leaching of these metals in chemical simulation system was much lower, i.e., 65, 20, 52, and 18%, respectively.

Thermodynamics analysis shows that bioleaching is more thermodynamically feasible than chemical leaching (Niu et al., 2014). Niu et al. (2014) performed the thermodynamic analysis of the bacterial leaching (mixed culture of Alicyclobacillus spp. and Sulfobacillus spp.) and chemical leaching (H2SO4 + FeSO4), and found that the change of free energy (ΔG) for the bacterial leaching (−3629.93 KJ/mol) was nearly 14 times higher than that of the chemical leaching (ΔG: −265.44 KJ/mol). The large difference in the free energy value between the two types of leaching suggests that the bioleaching has much higher potential to be a favorable compared to chemical leaching. In fungal bioleaching, multiple metabolites (organic acids) are produced, while in bacterial-based bioleaching only one metabolite (H2SO4) is produced. Thus, it is expected that higher metal recovery is possible by the chemical action of multiple metabolites in fungal leaching than bacterial leaching with single metabolite. The bioacids (carboxylic acids) produced in fungal leaching are mild, less toxic and biodegradable, while bacterial leaching produces inorganic acids such as H2SO4 which are corrosive and not easy to handle (Bahaloo-Horeh and Mousavi, 2017). Based on the pKa values of carboxylic acids, the pH of dilute solutions of carboxylic acids (equivalent to the fungal produced bioacids) is in the moderate acidic pH range between 3 and 5 (Moosakazemi et al., 2022). Sedlakova-Kadukova et al. (2020) compared the performance of three different bioleaching systems (bacterial consortia: A. ferrooxidans and A. thiooxidans, fungi: A. niger and yeast: Rhodotorula mucilaginosa) for the extraction of Li from lepidolite (Li-containing mineral). They found that the heterotrophic fungal and yeast bioleaching was faster (40 days) than autotrophic bacterial consortium bioleaching (336 days). Altogether, the fungal bioleaching has the following advantages including fungal isolates having higher capacity to tolerate toxic components of spent LIBs, and the ability to grow in a broad range of pH (pH: 2–8, i.e., both acid and alkaline environment) with shorter lag phase (Bahaloo-Horeh et al., 2019).

For the comparative evaluation of variations in the dissolution of Co and Li in bacterial and fungal bioleaching, statistical analysis (Box and Whisker plot) was done using the literature data presented in Table 4 (bacterial leaching) and Table 5 (fungal leaching). The Box and Whisker plot (Figure 4) shows that in both types of bioleaching systems, Li dissolution was relatively higher than that of Co. Further analysis using the two-tailed Student t-test at 95% confidence interval (P ≤ 0.05) reveals that the difference between Co and Li dissolution efficiency was statistically significant (P < 0.05) for the fungal leaching, but not for the bacterial leaching. Between the two types of bioleaching systems, Co dissolution seems to be higher in the bacterial-based leaching system, whereas fungal leaching appears to promote more Li solubilization than the bacterial system (Supplementary Figure 4). However, more studies (specifically fungal leaching) are needed for better comparison of the metal leaching performance of the two types of biological methods.
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FIGURE 4
The Box and Whisker plot showing the comparative Co and Li leaching efficiency reported in literature using bacteria or fungi as the bioleaching agent.




5.5. Recovery of valuable metals from the bioleached medium

Multiple microbial-driven reactions in the bioleaching process facilitate the extraction of metals from the complex solid matrix of spent LIBs as well as convert the hazardous fractions of spent LIBs into non-hazardous form (Naseri et al., 2019b). Thus, the bioleached medium is usually highly rich in diverse valuable metals including Co and Li, but they are mainly in the dissolved form. From the circularity and economic perspectives, the dissolved secondary metals can be recycled/recovered by transferring the dissolved form of the metals into the solid form through microbial-driven ad/or chemical-driven precipitation reactions (Biswal et al., 2018). Biotechnological techniques such as bioprecipitation (e.g., employing metal reducing bacteria), biosorption (e.g., using living or dead biosorbents) and bio-electrochemical systems (e.g., microbial fuel cell and microbial electrolysis cell) can be applied for metal recovery (Sethurajan and Gaydardzhiev, 2021). The common precipitating agents used for the precipitation of metals include sulfides, carbonates and hydroxides. The pH of the medium plays a critical role for selective precipitation of the target metals. However, limited information is available on the recovery of valuable metals from the pregnant bioleached medium using biological methods. Biswal et al. (2018) used the fungal leaching solution for the recovery of Co and Li using the chemical precipitation method. Co recovery was attempted by adding three types of chemical reagents namely cobalt sulfide, cobalt hydroxide and cobalt oxalate which resulted in the Co recovery efficiency of 88–100%. Li was precipitated as lithium carbonate by adding sodium carbonate, and the Li recovery was 73.6%. Biogenic sulfide precipitation which is mediated by sulfate reducing bacteria (SRB) is used for metal recovery from secondary sources and natural ores (Sethurajan and Gaydardzhiev, 2021). The bioprecipitation reactions occur in the anoxic environment as shown in the following equations (Eqs. 6–8). Several studies have reported that SRB namely Desulfovibrio vulgaris are effective for bio-precipitation of Co as cobalt sulfide (CoS ⋅ xH2O) from the aqueous medium in sulfidic environment (Blessing et al., 2001; Mansor et al., 2020). In SRB-based bio-precipitation reactions (Supplementary Figure 5), organic carbon acts as an electron donor, while sulfate is acts as an electron acceptor (Sethurajan and Gaydardzhiev, 2021). Using acetic acid (CH3COOH) as the model organic carbon source, the bio-precipitation reactions are presented in Eqs. 9, 10 (Kumar et al., 2015).
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5.6. Bioleaching kinetics

Bioleaching kinetic studies help to understand the nature and mechanism of the leaching process (Baniasadi et al., 2019). However, limited information is currently available on the kinetics of spent LIBs bioleaching. Although kinetics of bioleaching process is usually slower than other recycling processes namely conventional hydrometallurgy and pyrometallurgy, a few studies have reported that while using metallic ions (e.g., Cu2+ and Ag+) as catalysts, the dissolution rate of metals was considerably enhanced (Zeng et al., 2013; Niu et al., 2015). Addition of catalytic ions accelerates electron transfer in the leaching solution (Zeng et al., 2013). With the application of 0.8 g/L Cu2+ into the bioleaching medium containing microbial consortia of L. ferriphilum (IOB) and A. thiooxidans (SOB), the solubilization rate of Zn and Mn from Zn–Mn batteries increased from 47.7 to 62.5% and from 30.9 to 62.4%, respectively (Niu et al., 2015). Additionally, the kinetic data were fitted with four different types of models (chemical reaction controlled model, shrinking sphere model, diffusion controlled model and product layer diffusion model), and the chemical reaction controlled model was most suitable to describe the kinetics data with the R2 value of 0.9783. However, another study from the same research group on spent LIBs bioleaching using microbial consortia of Sulfobacillus spp. (IOB) and Alicyclobacillus spp. (SOB) achieved 72% Co and 89% Li at pulp density of 2% (w/v) (Niu et al., 2014). However, the researchers reported that the product layer diffusion model was best fitted to describe the kinetic data (R2: 9,731). According to Baniasadi et al. (2019) the rate of bioleaching is controlled by the diffusion controlled model which is described as the shrinking core model. Sedlakova-Kadukova et al. (2020) also used the shrinking core model to describe the Li dissolution kinetics from lepidolite under three different microbial agent (bacteria, fungi and yeast) bioleaching systems. Other bioleaching studies on metal recovery from e-waste (e.g., printed circuit boards) also found that the shrinking core model was the most suitable for description of metal dissolution kinetics (Faraji et al., 2018; Arslan, 2021; Ilyas et al., 2022). In addition to metal ion catalysts, the application of ultrasonication (Nazerian et al., 2023) and reducing agents (Ghassa et al., 2020) is explored to enhance metal dissolution kinetics, but in-depth studies are needed to understand the associated kinetics mechanisms.




6. Factors impacting the performance of bioleaching process

The metal dissolution rate from spent LIBs in the bioleaching process depends on both biotic and abiotic factors (Moazzam et al., 2021; Sethurajan and Gaydardzhiev, 2021). The biotic factors include the type of microbial agents (bacteria vs. fungi). However, the abiotic factors include the leaching solution chemistry (e.g., concentration of nutrients and energy/carbon source and pH), environmental parameters (e.g., temperature), and other factors namely pulp density, spent LIBs particle size, aeration, and catalyst (Supplementary Table 3). The influence of the key parameters on the bioleaching performance is discussed below.


6.1. Composition of leaching medium

The quality and quantity of leaching medium components including nutrients and energy and carbon source considerably impact on the microbial growth and production of metabolites, and finally the bioleaching performance (Roy et al., 2021a). In bacterial leaching involving autotrophic microorganisms, various inorganic reagents such as S0, Fe2+ (e.g., FeSO4.7H2O) and pyrite (FeS2) are used as an energy source (Bahaloo-Horeh et al., 2019). To reduce the overall recycling cost, iron-containing waste materials like iron scrap are applied instead of commercial reagents (FeSO4.7H2O) for the bacterial leaching of spent LIBs and a similar level of metal recovery (Co and Ni) was achieved in both cases (Ghassa et al., 2020). In fungal leaching, which is mediated by the heterotrophic microbial agents, organic carbon (sucrose or glucose) is used as the carbon source (Roy et al., 2021a). Organic carbon containing industrial wastes namely vanasse can be utilized as carbon source in fungal leaching (Alavi et al., 2021).

In a recent study, with the increase of Fe2SO4 concentration from 45 to 150 g/L, the dissolution of Co was enhanced from 44.51 to 94.02%, while Li was increased from 42.92 to 60.30% (Roy et al., 2021b). Li et al. (2013) conducted the bioleaching study of spent LIBs using A. ferrooxidans at the Fe2+ concentration in the range between 25 and 65 mg/L, and an optimum Co recovery (48.2%) was achieved at the Fe2+ dose of 45 mg/L. The increase of Co recovery was related to the increase of the redox potential with the change of the Fe2+ dose in the leaching system. A study investigated the bioacids production by A. niger using sucrose as the carbon source with concentration ranging from 50 to 150 g/L (Bahaloo-Horeh and Mousavi, 2017). Higher production of various bioacids (citric acid: 26,478 mg/L, malic acid: 1,832.53 mg/L, gluconic acid: 8,433.76 mg/L) was obtained under the optimal sucrose dose of 116.90 g/L, fungal inoculum concentration of 3.45% (v/v) and leaching medium pH of 5.44.

In addition to carbon [e.g., organic carbon for heterotrophic and inorganic carbon (CO2) for autotrophic]/energy source, microorganisms require nutrients like N and P for their growth (cell synthesis) and activity (Mills et al., 2008; Biswal and Chang, 2022). Thus, inorganic reagents such as ammonium sulfate [(NH4)2SO4] (e.g., as a source of N) and potassium dihydrogen phosphate (KH2PO4)/dipotassium hydrogen phosphate (K2HPO4) (e.g., as a source of P) are added to the medium as nutrients to support the microbial growth (Marcinčáková et al., 2016). A study compared the (LiCoO2 content: 27.2%) bioleaching performance of a microbial consortia (A. ferrooxidans and A. thiooxidans) for spent LIBs in two different media: (1) synthetic nutrient medium (called 9K medium) containing all the nutrients and energy source, and (2) low nutrient medium containing only H2SO4 and S0 as the energy source (Marcinčáková et al., 2016). Nutrient-rich medium exhibited higher metal removal (Co: 67% and Li: 80%) than nutrients limiting medium (Co: 1.5% and Li: 35%). Overall, the bioleaching kinetics could be impacted by changes of the substrate concentration which serves as an electron donor and/or source of energy. Thus, bioleaching medium should be provided with an optimum concentration of substrates to achieve the highest microbial growth and metabolism as well as the highest recovery of metals from spent LIBs. The increase of substrate dose beyond the optimum concentration could show inhibitory effects to microbial activity and the optimum substrate doses could vary for different microbes.



6.2. Leaching medium pH

The acidity (pH) of the leaching medium generally controls the growth of leaching bacteria and bacterial-based catalytic reactions which is optimum up to nearly pH 3.5 (Mishra et al., 2008). Most of the acidophilic bacteria (e.g., IOB and SOB) show optimum growth at the pH range of 2.0–2.5 (Bosecker, 1997). Li et al. (2013) performed the bioleaching of spent LIB using A. ferrooxidans at the pH range of 1.0–4.0 and the highest Co recovery was obtained (47.6%) at the pH of 1.5. The fungal-based bioleaching can be performed in a wider pH range between 3.0–7.0 (Moazzam et al., 2021). Ijadi Bajestani et al. (2014) reported that A. ferrooxidans-based bioleaching at an initial pH of 1.0 with LIBs particle size of 1.62 μm and the initial Fe3+ concentration of 9.7 g/L demonstrated optimum removal of various metals (93.7% Co, 87% Ni and 67% Cd) from spent batteries (Ni-Cd and Ni-MH). The optimum pH for the A. niger-based bioleaching is nearly 5.0. In a fungal bioleaching test, it was observed that an initial pH of 5.44 with sucrose concentration of 116.90 g/L and inoculum size of 3.45% (v/v) results in a maximum production of various metabolites (citric acid, malic acid and gluconic acid) (Bahaloo-Horeh and Mousavi, 2017). In the bioleaching tests, the pH of the leaching medium usually increases (consumption of bioacids) initially after the addition of spent LIBs powder due to its alkaline nature of Li-based compounds in LIB (Heydarian et al., 2018). Li is an alkaline metal which highly reacts with water and produces lithium hydroxide in aqueous medium (Heydarian et al., 2018). Furthermore, in bacterial leaching, the oxidation of Fe2+ to Fe3+ by IOB resulted in a decrease of pH due to proton consumption as shown in the following equation (Eq. 11) (Ijadi Bajestani et al., 2014). Together, the leaching kinetics could be influenced by the changes of solution pH since it impacts the microbial growth and its activity. The optimum pH for a bioleaching process depends on the selected microbial agents and the operating systems.
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6.3. Pulp density

The toxicity level of the leaching environment could change with the change of pulp density dose since metals and other hazardous components of spent LIB could exert toxicity effects to the microbial agents (Biswal et al., 2022). At higher pulp density, the metal ions (e.g., Co2+ and Li+) in the spent LIBs induce oxidative stress on the leaching microorganisms (Liu et al., 2020). In a simulated bioleaching experiments using acidophilic microbial consortium (L. ferriphilum and S. thermosulfidooxidans), at a pulp density of 4% (w/v) LiCoO2 powder, the intracellular ROS level in the mixed culture was enhanced from 0.82 to 6.02 in 24 h, which was nearly three times greater than the control test at 0% pulp density (2.04) (Liu et al., 2020). Niu et al. (2014) compared the valuable metals leaching efficiency at pulp densities of 1–4%, and observed that with the increase of pulp density from 1 to 4%, the amount of Co (declined from 52 to 10%) and Li (declined from 80 to 37%) dissolution was considerably reduced. The pulp density dose of 2% shows an optimum performance with 72% Co and 89% Li extraction being achieved. Naseri et al. (2019b) explored a two-step bioleaching of various metals from the spent lithium-ion coin cell at various pulp densities (10–50 g/) using the A. thiooxidans, and observed that the metal extraction decreased at higher pulp densities. The pulp density of 30 g/L resulted in optimum metal dissolution with 60% Co, 99% Li and 20% Mn removal. The decrease of metal removal efficiency at the higher pulp density is due to the reduction of microbial growth by environmental toxicity, the increase of viscosity of leaching solution and the reduction of oxygen transfer (Naseri et al., 2019b). In total, an appropriate pulp density should be provided to the bioleaching system to achieve maximum microbial growth and metal extraction. With the increase of pulp density, the oxygen mass transfer may decrease due to the increase of viscosity of the leaching medium which ultimately could reduce the metal extraction kinetics (Roy et al., 2021a). For the commercialization, bioleaching at higher pulp density is required.



6.4. Temperature

Temperature strongly influences the microbial growth, and hence impacts the bioleaching efficiency (Niu et al., 2014). A majority of SOB and IOB as well as fungal species can grow well between 28 and 30°C (Bosecker, 1997). Using a mixed culture of Alicyclobacillus spp. (SOB) and Sulfobacillus spp. (IOB), Niu et al. (2014) investigated the effects of various temperatures (30–40°C) on metal bioleaching from spent LIBs with a mixed bacterial culture, and found that with the increase of temperature from 30 to 35°C, the leaching of Co and Li increased from 52 and 78% to 72 and 89%, respectively. Further increase of temperature to 40°C resulted in the decrease of leaching efficiency which is possible due to inhibition of microbial growth (Niu et al., 2014). The bioleaching experiments are usually conducted in the temperature range between 22–35°C (Moazzam et al., 2021). Together, temperature is considered as one of the critical factors which impacts the leaching kinetics. The leaching kinetic increases up to the optimum temperature, and then decreases due to reduction of microbial growth and its activity. Additionally, the changes of temperature impact the thermodynamics (e.g., Gibb’s free energy) of various biochemical reactions according to the Arrhenius law of thermodynamics (Niu et al., 2014).



6.5. Aerobic environment (dissolved oxygen level)

Most of the acidophilic microorganisms, both bacteria (e.g., A. ferrooxidans) and fungi (e.g., A. niger) grow well under aerobic environments (Bosecker, 1997; Putra et al., 2022; Nazerian et al., 2023). Hence, sufficient oxygen/air should be supplied to the leaching medium (e.g., through aeration, stirring or shaking) to obtain optimum microbial activities and metal leaching efficiency. A. ferrooxidans gets energy for the growth through the oxidation of substrate, ferrous ions (electron donor) (i.e., oxidation of Fe2+ to Fe3+) in which the dissolved oxygen (O2) acts as a terminal electron acceptor (Liang et al., 2016; Liu et al., 2020). A recent bioleaching study using A. ferrooxidans isolated from the acid mine drainage reported that Co extraction from spent LIBs was nearly 74% with aeration (stirring) of the leaching medium, while Co leaching was reduced to nearly 52% without aeration (Putra et al., 2022). Overall, in aerobic bioleaching system, O2 acts as an electron acceptor. Thus, sufficient dissolved oxygen should be available in the leaching medium to achieve faster leaching kinetics.



6.6. Addition of catalysts

Bioleaching is usually considered as the slow kinetics process due to inhibition of growth and metabolism of leaching microorganism by toxic effects of high concentration metals (Zhang et al., 2023). Hence, to accelerate the metal dissolution kinetics, several metallic ions (e.g., Ag+, Cu2+, Bi3+, Hg2+, and Co2+) are added which accelerate the electron transfer and improve the metal removal performance (Niu et al., 2015). With the addition of 0.75 g/L of copper ions (Cu2+), the bioleaching of Co from spent LIBs remarkably increased from 43.1 to 99.1% in 10 days leaching period (Zeng et al., 2012). Additional bioleaching experiments from the same research group reported that with the supplementation of leaching medium with 0.02 g/L of silver ions (Ag+), the Co leaching rate was almost doubled within 7 days, i.e., the amount of Co dissolution increased from 43.1 to 98.4% (Zeng et al., 2013). Noruzi et al. (2022) also found similar results of the enhancement of metals extraction efficiency from spent LIBs with the addition of silver ions (0.02 g/L), i.e., up to 99.95% Co and Ni leaching was observed by the supplementation of leaching (two-step approach) medium with silver ions. The copper ion (Cu2+)-based (Eqs. 12, 13) and silver ion (Ag+)-based (Eqs. 14–16) catalytic reactions for the removal of Co and Li from spent LIBs are presented in Roy et al. (2021a) and Golmohammadzadeh et al. (2022).
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In addition to metallic catalyst-based bioleaching, a few studies have applied ultrasonication (called sonobioleaching) to accelerate the leaching efficiency (Nazerian et al., 2023). Without ultrasonication, the leaching of Co, Li, Mn and Ni was 13, 57, 42 and 25%, respectively, with A. ferrooxidans at the pulp density of 10 g/L (Nazerian et al., 2023). However, with the application of ultrasonication (203.5 W for 0.5 h), the metal leaching efficiency was increased (Co: 19%, Li: 57%, Mn: 50% and Ni: 34%) and the leaching time was reduced to nearly half (shortened from 24 h to 12 h). The increase of bioleaching efficiency by the application of ultrasound is due to the following four mechanisms such as (1) increase of convective penetration in the leaching medium by disintegration of particles, (2) increase of temperature and pressure of the leaching medium by cavitation, (3) enhancement of the homogeneous and heterogeneous reactions (having metals as the catalysts/reactants) by ultrasound application, and (4) generation of various reactive radical species according to the following reactions (Eqs. 17–20), followed by the enhancement of the concentration of ferric ion (Eqs. 21–23) in the leaching medium that accelerates/stimulates the reaction rate (Nazerian et al., 2023). Overall, in the catalysts-based bioleaching system, an appropriate dose of catalysts should be applied to the leaching medium to obtain maximum microbial growth and leaching efficiency. The addition of catalysts lowers the activation energy, and thus accelerates the reaction rate (Bahaloo-Horeh et al., 2019).
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6.7. Spent LIBs particle size

Mass transfer is one of the key factors which influences the bioleaching performance (Bahaloo-Horeh et al., 2019). The availability of contact surface of the particles of spent LIBs used for leaching impacts the mass transfer rate. Generally, with the decrease of particle size (i.e., higher surface are), the contact surface increases, and as a result the mass transfer also increases (Bahaloo-Horeh et al., 2019). The upsurge of mass transfer contributes to the higher removal of metals from spent LIBs. Appropriate mesh size is usually used to sieve and collect the desired smaller size particles spent LIBs powder after crushing and milling (Mishra et al., 2008). In a majority of the studies, the size of spent LIBs powder used in bioleaching tests largely varied between less than 75 and 300 μm (Mishra et al., 2008; Bahaloo-Horeh et al., 2018; Biswal et al., 2018). Nonetheless, a few studies used commercial LiCoO2 powder for the bioleaching tests and the particle size varied between 105 and 130 μm (Liu et al., 2020). Together, to achieve higher metal extraction in bioleaching, an appropriate LIB particle size should be used since the mass transfer is limited at bigger particle size. Additionally, the biofilm development and microbe-metal interactions may be higher in smaller LIB particles due to high surface area, and stronger microbe-metal interactions could result in faster leaching kinetics.




7. Insights into bioleaching mechanisms: metal dissolution by microbe-material interactions

Several biochemical mechanisms are proposed to explain the bioleaching reactions (Işıldar et al., 2019). The bioleaching reactions are broadly categorized into three groups namely (1) acidolysis, (2) redoxolysis and (3) complexolysis (Figure 5) based on the types of energy and carbon sources used as well as the type of biological production of metabolites (e.g., bioacids) (Botelho Junior et al., 2021; Sethurajan and Gaydardzhiev, 2021). In acidolysis, metal transformation from insoluble to soluble form occurs by the produced bioacids and/or protons. In redoxolysis, the microbes are attached to the surface of waste materials to be leached through the biofilm formation and the extracellular polymers (EPS), triggering the metal solubilization due to electron transfer between the solid mineral in waste materials and the microbes. In the case of complexolysis, the metabolites (bioacids) produced by the microbes form the soluble metal-organic complex through chelation and complexation reactions (Sethurajan and Gaydardzhiev, 2021). For the bacterial–based leaching, two types of leaching mechanisms are proposed: (1) direct (contact) leaching, and (2) indirect (non-contact leaching) (Bahaloo-Horeh et al., 2019; Roy et al., 2021a). The direct mechanism mainly occurs in one-step and two-step bioleaching tests where there is a physical contact between the microorganisms and the spent LIBs particles (Bahaloo-Horeh et al., 2019). However, the indirect mechanisms are mainly applicable to the cells free spent medium bioleaching test (Bahaloo-Horeh et al., 2019). The bioleaching mechanism for the removal of Li is different from that of other metals (Co, Mn, and Ni), For example, Li leaching is mainly driven by the non-contact mechanism (acidolysis), while the contact mechanism [acid solubilization plus reduction of insoluble form of metals (Co3+, Mn4+, and Ni3+) by Fe2+] contributes to the removal of Co, Mn and Ni from spent LIBs (Xin et al., 2016). The extracellular polymeric substances (EPS) secreted by the bacteria play an important role in metal dissolution since strong attachment occurs between bacterial cell and spent LIBs particle through EPS by hydrophobic and electrostatic forces (Wang et al., 2018). Moreover, EPS concentrate Fe2+/Fe3+ cycle inside the battery particle which accelerate the metal removal by reductive mechanism. EPS increases the electronic potential which accelerates electron transfer and metal solubilization. A few studies have reported that biosorption and bioaccumulation contribute to metal removal from spent batteries specifically in fungal leaching (Bahaloo-Horeh et al., 2019; Dusengemungu et al., 2021). Biosorption is a process of accumulation of metals onto the biomass through numerous physicochemical processes (e.g., adsorption). Bioaccumulation is a process of the transport of soluble metal ions into the living biomass through cell membrane which is facilitated by the different functional groups (amine, carboxyl, hydroxyl, phosphate and sulfate) present in the fungal mycelium (Dusengemungu et al., 2021).


[image: image]

FIGURE 5
Key biochemical mechanisms for removal of metals from spent LIBs [adapted and modified from a previous study (Sethurajan and Gaydardzhiev, 2021)].



7.1. Bacterial bioleaching mechanisms


7.1.1. Direct leaching

Under the direct leaching, the microbes attachment to the surface of the spent LIBs particle facilitates the electron transfer reactions (or electrochemical interactions) between the metal substrate in spent LIBs and the reduced metal ions (usually added externally) (Roy et al., 2021a). Since spent LIBs hardly contain any iron-sulfur containing minerals, S0 and Fe2+ (e.g., in the form of FeSO4) are usually added externally as a source of energy and electron donor to promote bacterial leaching. The direct microbial interactions between bacteria (e.g., SOB) and spent LIBs results in the formation of biogenic inorganic acid, H2SO4 due to the oxidation of S0 and the concurrent oxidation of Fe2+ to Fe3+ also occurs (Eqs. 24–27) (Bahaloo-Horeh et al., 2019; Roy et al., 2021a). Both H2SO4 and Fe2+ act as oxidizing agents and facilitate the mobilization of metals from the spent LIB solid matrices. Xin et al. (2009) reported that acid-based solubilization (acidolysis) was the sole mechanism for valuable metal recovery from spent batteries in the sulfur (S0)-based bioleaching system, whereas a combined effects of acid solubilization (acidolysis) and Fe2+ facilitated reduction (redoxolysis) contributed for the metal removal in the FeS2 or S + FeS2 bioleaching system.
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7.1.2. Indirect leaching

The indirect leaching is carried out by the lixiviants produced by the bacteria which chemically oxidize the reduced metal substrates in the spent LIBs (Bosecker, 1997). The IOB oxidizes Fe2+ to Fe3+, then reduction reactions of Fe3+ lead to the production of protons (H+ ions) which enhances the metals recovery efficiency (Eqs. 28–31). The aerobic metabolism of A. ferrooxidans is presented in Figure 6.
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FIGURE 6
Oxidation and reduction reactions involving by aerobic metabolism of Acidithiobacillus ferrooxidans which contribute to the metal leaching [adapted and modified from a previous study (Valdés et al., 2008)].





7.2. Fungal bioleaching mechanism

The fungal bioleaching mechanism mainly involves organic carboxylic acids (e.g., citric acid, oxalic acid and gluconic acid) produced by the heterotrophic fungal species during aerobic metabolism using sucrose as the carbon source (Bahaloo-Horeh and Mousavi, 2017). The metal solubilization by organic acids is mainly driven by the acidolysis and complexolysis reactions (by protons released by bioacids). However, the bioacids also change the oxidation potential of the leaching media, i.e., redoxolysis reaction (by anions from bioacids, e.g., citrate, oxalate, gluconate, etc.) and also contribute to the metal solubilization (Eqs. 32–43) (Biswal et al., 2018; Işıldar et al., 2019).
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8. Sustainability of bioleaching method for recycling of spent LIBs

Our literature review shows that most of previous studies mainly focused on the recycling of spent LIBs using various technologies, but limited information is available about the sustainability assessment of recycling technologies, especially the bioleaching method. The comparison of bioleaching and other recycling methods (e.g., pyrometallurgical and hydrometallurgical) from the sustainability viewpoint is usually done by performing comprehensive LCA which considers most of the environmental impacts of a recycling technique (Villares et al., 2016). A detailed LCA is required for scaling of the bioleaching process for industrial applications (Roy et al., 2022). A few studies have also performed techno-economic analysis (TEA) and energy assessment of the bioleaching process. According to a very recent study, the LCA results show the reduction of global warning potential (GWP) by nearly 8 times with the recycling of spent LIBs by bioleaching methods using Gluconobacter oxydans bacteria (6–19 kg CO2 equivalent GWP per kg of recovered Co) compared to other technologies (e.g., hydrometallurgy using HCl, 43–91 kg CO2 equivalent GWP per kg of recovered Co) (Alipanah et al., 2023). The TEA analysis projected a possible average profit of 21% for the processing of 10,000 tons/year of black mass (mostly cathode materials from spent LIBs). The economic viability of the bioleaching method is highly dependent on the purchasing price of spent LIBs (costs of collection and transportation). Moreover, the cost of chemical reagents used as the energy sources reagent (e.g., iron sulfate) and their consumption rate also have effects on the economic feasibility of the bioprocess (Alipanah et al., 2023). Sun et al. (2016) performed the LCA of recycling of spent Zn-Mn batteries using bacterial consortia (Alicyclobacillus spp. and Sulfobacillus spp.) at the pilot-scale operation mode. Among the tested 18 environmental impact parameters, the two parameters namely human toxicity (62.7 kg 1, 4- dichlorobenzene equivalent per kg of battery treatment) and marine ecotoxicity (0.46 kg 1, 4- dichlorobenzene equivalent per kg of battery treatment) were the main components of the environmental impact that get much attention. Among the various recycling processes, the pre-treatment processes such as mechanical cutting and crushing of spent LIBs accounted for the highest environmental impact.

Although limited information is available on the TEA for spent LIBs recycling using the bioleaching method, Işıldar (2018) compared the TEA for the recycling of printed circuit boards (PCBs) using three different routes (chemical, biological and hybrid approaches consisting of chemical plus biological methods). Notably, the total costs (a combination of operational costs and capital investment costs) for PCBs recycling using the biological method (EUR 0.616/kg PCB) was lower than that of the chemical (EUR 0.67/kg PCB) and hybrid methods (EUR 1.008/kg PCB). Thus, the TEA results suggest that the biological process is the most economically feasible method for the recovery of metals from e-wastes. Nevertheless, other critical factors including the potential environmental impacts, recovery yield and possible revenue generation need to be considered for selection of a specific recycling technology (Moazzam et al., 2021). For the overall costs associated with the recycling of spent LIBs, the cost of purchasing of spent LIBs was the major contributor (62–89%) of the total recycling cost (Alipanah et al., 2023). Boxall et al. (2018) computed the economic value of various metals recovered from the spent LIB by employing a sequential batch leaching process with biogenic ferric iron (mixed culture of IOB and SOB) and 100 mM H2SO4, and they reported the requirements to achieve the potential economic value of US$10,769 (Co: $9,558, Cu: $602, Ni:$332, Li: $257 and Mn:$20) for processing of one ton of spent LIBs. The maturity level which is measured by the technology readiness levels (TRL) of the biological method for e-wastes recycling seems to be lower [TRL > 4 (exploratory stage), operation at the column and tank reactors] compared to pyrometallurgical and hydrometallurgical methods (TRL > 6) (Moazzam et al., 2021).



9. Future research directions


•In most of the existing bioleaching studies, specific groups of microbial agents (e.g., A. thiooxidans and A. ferrooxidans in bacterial leaching, and A. niger in fungal leaching) are studied for their bioleaching performance. However, efforts should be made in future for isolation of acidophilic microbes from the acidic and metal contaminated sites (e.g., acid-mine drainage), followed by assessment of their bioleaching capacity.

•Since spent LIBs contain diverse toxic elements including critical metals and organic electrolytes/solvents, synthetic biology-based techniques (e.g., genetic engineering) can be applied to modify the metal tolerance genes in the microbial genome to enhance its tolerance level to the toxic elements of spent LIBs. The overall recycling cost may decease using the genetically modified microbes (engineered microbes) since a few pre-treatment processes (e.g., washing and drying of battery powder) can be omitted.

•Although numerous research works are performed on critical metal dissolution using bacterial and fungal bioleaching, limited information is currently available about the recovery of highly concentrated dissolved metal ions from the pregnant bioleached solution using biological methods, e.g., bio-precipitation employing the metal reducing bacteria. Recovery of high-grade valuable metals from spent LIBs electrodes would contribute not only to the economy, but also to achieving the circularity and a closed-loop bioprocess.

•Future studies should provide a better understanding of the leaching kinetics and thermodynamics of the bioleaching process. This would in turn help to gain insights into the potential mechanisms involved in the microbial-mediated metal solubilization.

•The existing literature has largely focused on the optimization of operating parameters to enhance the critical metal dissolution efficiency from spent LIBs powder, but more attention should be given to assess the economic, energy and environmental sustainability assessment of the bioleaching method.





10. Discussion and conclusion

Recycling of spent LIBs is necessary from the perspectives of sustainability, circular economy and environmental protection (Zeng et al., 2014; Mao et al., 2022). This review presents a comprehensive analysis of the current developments on the recovery of valuable metals (mainly Co and Li) from spent LIBs using microbial agents namely bacterial and fungal species. The efficiency of bioleaching processes reported in literature has large variations which could be due to differences in experimental, operational and/or environmental conditions adopted in different works including the type of microbial agents employed, changes of leaching medium chemistry, changes of spent LIBs chemistry (cathode materials), and environmental conditions (temperature) (Moazzam et al., 2021; Sethurajan and Gaydardzhiev, 2021). Between the two types of microbial agents, fungal leaching seems to result in higher overall valuable metal solubilization yield than bacterial leaching because heterophilic fungi exhibit high level of tolerance to the toxic leaching environment. Additionally, it produces multiple metabolites (organic carboxylic acids) than bacteria (Biswal et al., 2018, 2022). Fungi adopt different pathways to maintain their activity in toxic environments, for example, transformation of the solubilized form of metals into their insoluble forms by reaction of the produced bioacids (e.g., precipitation of metal oxalate).

Additionally, biosorption and intracellular bioaccumulation hinder the transport of metal ions into cells. The metal solubilization capacity of microbial agents can be improved by the adaptation method (i.e., enhancement of microbial resistance to toxic metals) by exposing the microbes to the toxic environment initially by gradually increasing spent LIBs pulp density (Bahaloo-Horeh et al., 2018), adding synthetic lithium and cobalt salt solutions (Lobos et al., 2021) or by adding metallic catalysts (Ag+ or Cu2+ ions) (Zeng et al., 2012, 2013). A few studies have applied microbial consortia (e.g., mixed culture of IOB and SOB) in the bioleaching process (Heydarian et al., 2018; Ghassa et al., 2020), and obtained a high metal leaching yield. The synergetic interactions of microbial consortia with battery powder could facilitate the production of bioacids/oxidizing agents that in turn accelerate metal dissolution. Among the two types of valuable metals, the solubilization rate of Li seems to be higher than Co in both bacterial and fungal leaching systems which could be related to its unique physicochemical properties including high instability, high chemical activity as well strong hydration power (i.e., formation LiOH) in aqueous medium (Wang et al., 2012; Wei et al., 2021). Bioleaching is successfully applied for the extraction of valuable metallic resources from ores in mining industry (Zhang et al., 2023). However, bioleaching of metals from spent LIBs has largely been carried out in the laboratory-scale. At present, the TRL (technology readiness level) of bioleaching processes for the recycling of e-waste is nearly 4 (i.e., exploratory research) (Moazzam et al., 2021). Hence, more studies (mainly pilot-scale) are needed to better understand the changes of the bioleaching performance with the changes of various operating parameters as well as the associated mechanisms so that the scale-up of the bioleaching process can be carried out for industrial-scale applications.

The commercial application of the bioleaching method for critical metal recovery from spent LIBs is limited due to its slow kinetics (Mishra et al., 2008). However, several techniques including application of metal catalyst (Cu2+ and Ag+) (Zeng et al., 2012, 2013), ultrasound treatment (called sonobioleaching) (Nazerian et al., 2023) are adopted to enhance the bioleaching kinetics and/or metal recovery. A few studies have reported that the chemical-biological hybrid systems were effective for optimum recovery of valuable metals from spent LIBs (Dolker and Pant, 2019) as the Lysinibacillus–citric acid hybrid system was very efficient specifically for Co recover (98%). The bioleaching method is sustainable than other recycling technologies (e.g., pyrometallurgical and hydrometallurgical) because LCA-based studies have reported that GWP of bioleaching is considerably lower than hydrometallurgy (Alipanah et al., 2023). TEA also shows that bioleaching is economically feasible than other recycling methods (e.g., chemical and hybrid technologies) (Işıldar, 2018).

The synthesis of LIBs (specifically electrode materials) largely depends on the natural resources which are limited, for example, natural graphite for anode and critical metals like Co and Li for cathode synthesis (Olivetti et al., 2017). Biomass or bio-waste which are usually rich in organic carbon and considered as a source of renewable energy (Ahmed et al., 2022). Presently, great interest is given for the development of biowaste-based electrode materials to produce eco-friendly LIBs (Ahmed et al., 2022; Ho et al., 2022). The electrical stability of biowaste-based LIBs is comparable to LIBs synthesized using natural materials.

To achieve energy sustainability, at present significant interest is given worldwide on the development of renewable energy (green energy). The potential sources of renewable energy include biomass energy, solar energy, hydro energy, wind energy, tidal energy and geothermal energy (Kalyani et al., 2015). The key advantages of renewable energy include they are abundant, renewable and environmentally friendly due to low or zero greenhouse gas (e.g., CO2) emission (Kalyani et al., 2015). For biomass-based energy, various types of biomass or biowastes are used as a feedstock material for conversion them into bioenergy using biotechnological-based methods (Anwar et al., 2014). For example. lignocellulosic waste (e.g., agricultural waste) are used for the production of bioethanol (Anwar et al., 2014), whereas microalgae biomass is used for production biodiesel (Ray et al., 2022). Anaerobic digestion is also a promising technology for conversion of biomass to bioenergy (e.g., biomethane) (Milledge et al., 2019). Genetic and metabolic engineering tools are applied to engineer the organisms to enhance the bioenergy production (Brar et al., 2021).

The major conclusions drawn from this review on the recovery of valuable metals from spent LIBs using microbial agents are presented here.


•Spent LIBs are usually rich in various valuable metals namely Co and Li, but their concentrations vary with the change of cathode material chemistry.

•Lithium and cobalt-based LIBs are widely used in electrical and electronic devices due to their high energy density.

•Bioleaching is an eco-friendly and green technology which looks promising for effective recovery of valuable metals from spent LIBs.

•Acidophilic microorganisms including chemolithotrophic bacteria (IOB and SOB) and heterotrophic filamentous fungi (e.g., A. niger) are widely used for the dissolution of valuable metals from spent LIBs.

•Bioacids produced by the microbial agents [H2SO4 by bacteria and diverse organic carboxylic acids (e.g., oxalic, citric and gluconic acids) by fungi] mainly contribute to the metal dissolution.

•The major mechanisms involved in the solubilization of metals include acidolysis, redoxolysis and complexolysis.

•Several biotic (type of microbial agents) and abiotic factors (leaching medium composition, pH, pulp density, aeration, particle size of LIBs powder, temperature, etc.) considerably impact the critical metal recovery efficiency in bioleaching processes.

•The bioleaching process is thermodynamically feasible, and the process is also sustainable due to its minimal negative environmental impacts and cost-effective than other recycling technologies.

•In view of the promising resource recovery applications of the bioleaching process, efforts are needed to improve the technical maturity of this process toward its large-scale practical applications based on pilot studies and techno-economic assessments through multi-disciplinary collaboration.
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Introduction: Microorganisms, including the pioneer microorganisms that play a role in the early colonization of rock, are extremely important biological factors in rock deterioration. The interaction of microorganisms with limestone leads to biodeterioration, accelerates soil formation, and plays an important role in the restoration of degraded ecosystems that cannot be ignored. However, the process of microbial colonization of sterile limestone in the early stages of ecological succession is unclear, as are the factors that affect the colonization. Acid erosion (both organic and inorganic), nutrient availability, and water availability are thought to be key factors affecting the colonization of lithobiontic microorganisms.

Methods: In this study, organic acid (Oa), inorganic acid (Ia), inorganic acid + nutrient solution (Ia + Nut), nutrient solution (Nut), and rain shade (RS) treatments were applied to sterilized limestone, and the interaction between microorganisms and limestone was investigated using high-throughput sequencing techniques to assess the microorganisms on the limestone after 60 days of natural placement.

Results: The results were as follows: (1) The abundance of fungi was higher than that of bacteria in the early colonization of limestone, and the dominant bacterial phyla were Proteobacteria, Bacteroidota, and Actinobacteriota, while the dominant fungal phyla were Ascomycota, Basidiomycota, and Chytridiomycota. (2) Acid erosion and nutrient availability shaped different microbial communities in different ways, with bacteria being more sensitive to the environmental stresses than fungi, and the higher the acidity (Ia and Oa)/nutrient concentration, the greater the differences in microbial communities compared to the control (based on principal coordinate analysis). (3) Fungal communities were highly resistant to environmental stress and competitive, while bacterial communities were highly resilient to environmental stress and stable.

Discussion: In conclusion, our results indicate that limestone exhibits high bioreceptivity and can be rapidly colonized by microorganisms within 60 days in its natural environment, and both nutrient availability and acid erosion of limestone are important determinants of early microbial colonization.

KEYWORDS
 biodeterioration, bioreceptivity, lithobiontic microorganism, corrosion, limestone


1. Introduction

Microbial colonization interferes with the integrity and esthetics of rock minerals (Trovão et al., 2019). Worldwide, most lithic artifacts have suffered irreversible biodegradation (Abdel Ghany et al., 2019; Trovão et al., 2019; Gambino et al., 2021; Zhang et al., 2021), for example, the Angkor sandstone monuments (Liu et al., 2018), the limestone walls of the old cathedral of Coimbra (Trovão et al., 2019), the Chaalis abbey (Mihajlovski et al., 2017), and the Feilaifeng limestone statue (Li et al., 2018). Southwest China is a typical carbonate area (Chen et al., 2022), where politics, economics, and culture are all linked to carbonate rocks. For example, policies in Southwest China are linked to the ecological restoration of areas exhibiting karstic desertification, and most building materials are limestone. The study of the biodeterioration of limestone is therefore of great value. Acids (both organic and inorganic) produced by colonizing biota are known key factors that lead to rock biodegradation (Zhang et al., 2019). Stone relic conservation science aims to slow or even eradicate the biodegradation of lithic relics caused by microorganisms and preserve their integrity. In contrast, according to ecological succession theory, acceleration of the biodeterioration of stones leads to the formation of relatively stable biological communities, promotes biomineralization, and accelerates soil formation. The clarification of the ecological succession process of colonizers and their interactions with the stone matrix is exceptionally important both for the conservation of lithic artifacts and for the promotion of soil formation. Microbial biodeterioration involves a series of processes, including biofilm formation, discoloration, salinization, mechanical damage, permeation, and organic matter production (Scheerer et al., 2009). The essence of microbial biodeterioration is the action of hydrogen ions from acidic corrosives produced by lithobiontic microorganisms on the rock matrix, resulting in dissolution, complexation, and chelation (Moroni and Pitzurra, 2008; Gadd, 2017a,b; Li et al., 2018). The acids produced are mainly organic acids such as oxalic and citric acid (Gadd, 1999; de Oliveira Mendes et al., 2020) and inorganic acids, such as HNO2, HNO3, H2SO3, and H2SO4 (Warscheid et al., 1991; Warscheid and Braams, 2000; Moroni and Pitzurra, 2008). The organisms involved in rock biodeterioration mainly include bacteria, Cyanobacteria, fungi, algae, lichens, and mosses (Scheerer et al., 2009; Pinheiro et al., 2019; Zhang et al., 2019). In recent years, the study of lithobiontic microorganisms has made great progress, from determining the role of single microbial species (Gerrits et al., 2021) to determining the role of multiple microbial species (Crispim and Gaylarde, 2005; Trovão et al., 2020) on rocks, and the study of rock biodeterioration is flourishing. Various organisms on rocks, such as fungi, algae, and lichens, have been extensively reported on, but bacteria and archaea have been relatively less reported on (Pinheiro et al., 2019). Regarding fungi, most studies have focused on the biodegradation of limestone caused by fungal strains that can be isolated and cultured (Trovão et al., 2020, 2021), while relatively little attention has been paid to other fungal taxa that colonize limestone under natural conditions.

Because of the poor availability of water and organic matter on rocks, pioneer microorganisms colonizing rocks generally have the ability to utilize small amounts of water, inorganic matter, and airborne organic matter (Villa et al., 2016). In addition, rocks provide little shelter for microorganisms other than the pores and cracks on the rocks, so lithobiontic microorganisms are often exposed to conditions of drastic temperature changes and strong UV light (Walker and Pace, 2007). In response to these conditions, lithobiontic microbes often form specific biofilms based on their nutrient and growth requirements to increase their adaptation to extreme environments (Gorbushina, 2007). Compared to microorganisms in other environments, lithobiontic microorganisms are characterized by (1) low taxonomic diversity but high synergistic and metabolic activity (Villa et al., 2015); (2) phylogenetic similarity and high specificity worldwide (Gorbushina and Broughton, 2009); and (3) pigments, exopolymeric substances, and efficient DNA repair systems that allow survival on the rock (Gómez-Silva, 2018). Rock surface pH, porosity, permeability, mineral composition, texture, geometry, shading, and timing of colonization affect the composition and structure of lithobiontic microbial communities (Miller et al., 2012; Brewer and Fierer, 2018; Liu et al., 2018, 2020; Abdel Ghany et al., 2019; Chen et al., 2022). A decrease in rock surface pH is generally regarded as more serious biodeterioration (Pinheiro et al., 2019). In addition, air is an important factor influencing the structure and composition of lithobiontic microbial communities, especially as air near cities contains organic pollutants that can be a source of energy for microorganisms (Mitchell and Gu, 2000; Villa et al., 2016).

Limestone is one of the rock types that are more susceptible to biodeterioration. Softness, brightness, and easy sculptability increase the bioreceptivity of limestone (Miller et al., 2012; Pinheiro et al., 2019; Chen et al., 2022). The inorganic compounds in limestone are good substrates for the growth of various microorganisms, with microorganisms obtaining the required elements by secreting organic acids (Warscheid et al., 1991). For example, Nitrosomonas spp. can secrete nitric acid and Thiobacillus spp. can secrete sulfuric acid, thereby obtaining the necessary chemoenergetic nutrients (Warscheid and Braams, 2000). Our previous study reported on the microbial taxa (and their functional genetic variations) on carbonate rock under natural conditions with various weathering times (Chen et al., 2022). However, it is not clear which microorganisms take the lead in colonizing limestone under natural conditions, or whether acid erosion or nutrient availability promote microbial colonization. Therefore, to understand the effects of acid erosion (organic and inorganic acids), nutrient availability, and rainfall on microbial colonization, we set up a total of five treatments: organic acid (Oa), inorganic acid (Ia), inorganic acid + nutrient solution (Ia + Nut), nutrient solution (Nut), and rain shade (RS). We focused on the following questions: what are the early colonizing microbial species on limestone surfaces in the subtropical climate zone? What are the ecological strategies of bacterial and fungal communities during colonization of limestone surfaces? What factors influence the colonization of limestone surfaces by microorganisms? To clarify these questions, we selected sterilized limestone sand-sized grains as the study material and applied different treatments to investigate the colonization patterns of various microbes. Our study provides new insights into the potential conservation of limestone artifacts and the soil-forming role of limestone in karst areas.



2. Materials and methods


2.1. Experimental design and sample processing

We chose limestone, which is commonly found in southwest China, as the study material. The limestone was purchased from a specialized stone factory and was uniformly processed to a particle size that could pass through a 3-mm but not 1.5-mm sieve. The limestone samples were sterilized in a sterilizer at 180°C for 2 h and cooled. Next, 300 g were placed in a 100 mm × 95 mm × 55 mm plastic grid (Supplementary Figure S1H). Before adding the samples, a sterilized piece of gauze with an approximate pore size of 1 mm was placed in each compartment of the grid to prevent leakage of the added samples. In addition, an in situ weather station (Supplementary Figure S1B) was installed to observe the meteorological elements such as temperature, humidity, atmospheric pressure, and rainfall at the experimental site (26°25′42.65″, 106°39′59.65″), and readings were taken every 10 min. The experiment ran from January 15 to March 15, 2022.

To explore the relationship between limestone dissolution and microbial colonization, we set up six groups, i.e., addition of nutrient solution (Nut; Supplementary Figure S1G), addition of organic acid (Oa; Supplementary Figure S1D), addition of inorganic acid (Ia; Supplementary Figure S1E), addition of inorganic acid and nutrient solution (Ia + Nut; Supplementary Figure S1F), control (CK; Supplementary Figure S1C), and rain shade (RS; Supplementary Figure S1C) groups. Hoagland’s solution is a complex nutrient solution containing large amounts of macronutrients and micronutrients required by a variety of organisms. Therefore, for the Nut group, a concentration gradient was set up involving five nutrient concentrations (40 mL each; Supplementary Table S1), i.e., 5, 10, 15, 20, and 25 mL Hoagland’s solution mixed with water (for example, 5 mL Hoagland’s solution in 35 mL water, and so on). The Nut concentrations and ratios were based on previous descriptions (Rajan et al., 2019). We selected oxalic acid, which is commonly found in rocks undergoing biodeterioration, as the corrosive organic acid for this experiment. For the Oa group, we set up a concentration gradient involving five oxalic acid concentrations (40 mL each), i.e., 0.1, 0.2, 0.4, 0.8, and 1.6 mmol/L. The Oa concentrations were based on the concentrations of 0.3–0.7 mmol/L in rocks undergoing biodeterioration reported by Sheng et al. (1997). We selected hydrochloric acid, which is often used as the dissolution acid for carbonate-related experiments (Sun et al., 2010), as the strong dissolution acid for this experiment. For the Ia group, we set up a concentration gradient involving five hydrochloric acid concentrations (40 mL each), i.e., 0.1, 0.2, 0.4, 0.8, and 1.6 mol/L. For the Ia + Nut group, we set up the same concentration gradient of hydrochloric acid as in the Ia group, and after the reaction was completed (after 24 h), we added 15 mL Hoagland’s solution diluted to 40 mL with water. For the Nut, Oa, and Ia groups, after 24 h, 40 mL sterile water was added to give a final volume of 80 mL. For the CK and RS groups, 80 mL sterile water was used. After each rainfall event, we added an equal amount of sterile water to the RS group based on the amount of rainfall recorded by the weather station. We conducted three replicates of each treatment to give a total of 66 samples.



2.2. Sampling and assessment of limestone samples

It has been found that fungi grow on modern limestone surfaces after 60 days of infection (Abdel Ghany et al., 2019). Therefore, after the limestone samples had been left outdoors for 60 days, we scooped them out with a sterile steel spoon and placed them in labeled plastic bags. For high-throughput sequencing, to obtain microorganisms samples for DNA extraction, we added 50 g of the limestone samples to about 125 mL sterile water, washed them with an ultrasonic cleaner for 15 s to ensure that the microorganisms on the limestone were washed into the sterile water, and then passed the solution through a 0.02-μm filter membrane. Next, 50 g of the limestone samples was used for pH determination and 50 g was converted into powder with a ball mill and passed through a 0.053-mm sieve for X-ray diffraction (XRD) analysis (to investigate the structure of the limestone samples) and Fourier transform infrared spectroscopy (FTIR) analysis (to characterize the atomic groups in the limestone samples). The remainder of the limestone samples were passed through a 0.053-mm sieve to obtain the powder remaining on the rock surface, which was placed in plastic bags for physicochemical experiments. We assessed the organic nitrogen (ON) and total carbon (TC) content of the powder samples using an organic elemental analyzer (all the C obtained by the analyzer should represent the TC because most of the samples are carbonate rocks). In addition, we assessed the organic carbon (OC) content of the powder samples using the H2SO4-K2Cr2O7 heating method (Bao, 2000).



2.3. DNA extraction and PCR amplification

Total microbial genomic DNA was extracted from the membrane (0.02-μm) samples using an E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The quality and concentration of DNA were determined using 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., United States). The DNA was then kept at −80°C prior to further use.

For bacteria, the V3–V4 hypervariable regions (468 bp) of the 16S rRNA gene were targeted using primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′; Liu et al., 2016). For fungi, the internal transcribed spacer region (about 300 bp) was targeted using primer pairs ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′; Adams et al., 2013). The 16S PCR reaction mixture included 4 μL 5 × Fast Pfu buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL Fast Pfu polymerase, 10 ng template DNA, and ddH2O to give a final volume of 20 μL. The ITS PCR reaction mixture included 2 μL 10 × buffer, 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.2 μL rTaq polymerase, 0.2 μL bovine serum albumin, 10 ng template DNA, and ddH2O to give a final volume of 20 μL.

The PCR amplification cycling conditions were as follows: initial denaturation at 95°C for 3 min, denaturing at 95°C for 30 s (27 cycles for 16S and 35 cycles for ITS), annealing at 55°C for 30 s, and extension at 72°C for 45 s, and single extension at 72°C for 10 min, ending at 4°C. All samples were amplified in triplicate. The PCR products were extracted after 2% agarose gel electrophoresis and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions. They were then quantified using a Quantus™ Fluorometer (Promega, United States). Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, United States) according to standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw sequencing reads were deposited into the US National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database (accession number: PRJNA944278).



2.4. Sequencing data processing and quality control

Raw FASTQ files were de-multiplexed using an in-house perl script, quality-filtered using fastp v0.19.6 (Chen et al., 2018), and merged using FLASH v1.2.7 (Magoč and Salzberg, 2011) based on the following criteria: (i) 300-bp reads were truncated at any site with a mean quality score of <20 over a 50 bp sliding window and truncated reads <50 bp were discarded, (ii) reads containing ambiguous characters were also discarded, and (iii) only overlapping sequences >10 bp were assembled according to their overlapping sequence. The maximum mismatch ratio of the overlapping region was set at 0.2. Reads that could not be assembled were discarded. The optimized sequences were then clustered into operational taxonomic units (OTUs) using UPARSE v7.1 (Edgar, 2013) with a 97% sequence similarity level. The most abundant sequence for each OTU was selected as a representative sequence. The taxonomy of each OTU representative sequence was analyzed using RDP Classifier v2.2 (Wang et al., 2007) and 16S and ITS rRNA gene databases (Silva v138 for bacteria and Unite v8.0 for fungi) using a confidence threshold of 0.7.

All sequences classified as chloroplast or mitochondria sequences were removed using the Majorbio Cloud platform (https://cloud.majorbio.com; Ren et al., 2022). Next, we selected the OTUs that were detected in ≥2 samples and that accounted for ≥5 occurrences across samples. Thereafter, samples were rarefied to the smallest observed number of reads to normalize for uneven sequencing effort.



2.5. Statistical analyses

All analyses were performed in the R Environment v4.2.2, and all plots were generated using the ggplot2 package. The sequencing data were transformed to proportions using total-sum scaling (TSS) normalization (McKnight et al., 2019); the data were transformed using log10(x + x0), where x is the original non-zero abundance count data and x0 = 0.1·min(x) (Sunagawa et al., 2015). We used the pcoa() function in the ape package for unconstrained principal coordinate analysis (PCoA; Paradis et al., 2004). Permutational multivariate ANOVA (PerMANOVA) was performed with the adonis() function implemented in the vegan package (Dixon, 2003). We calculated the difference in richness between treatment groups using the aov() function in the stats package and the duncan.test() function in the agricolae package to perform a post hoc test (Steel and Torrie, 1980). We performed a two-sample permutation Student’s t-test (one-tailed; Hervé, 2022) using the perm.t.test() function in the RVAideMemoire package.

To construct Oa, Ia, Ia + Nut, and Nut co-occurrence networks, we selected OTUs that were present in ≥8 of all 15 Ia, Oa, Nut, or Ia + Nut samples (each treatment group had five concentration subgroups and three replicates). We then calculated the correlation coefficient R and p value between pairs of OTUs using the corAndPvalue() function in the WGCNA package (Langfelder and Horvath, 2012), and we identified eligible pairs based on absolute R > 0.75 and value of p < 0.01. The igraph package (Csardi and Nepusz, 2006) was used for network construction. Regarding the network topology properties, we measured the relative importance of a network node in terms of the information centrality of the node, and used the ratio between the reduced value of the network efficiency after removing any node and the network efficiency of the network without removing any node as the information centrality of that arbitrary node, and we used the information centrality of the largest node in the network as the network vulnerability indicator (Shang et al., 2021). We used the glmer() function in the lme4 package to fit a generalized linear mixed-effect model (GLMM; Bates et al., 2015), with different treatments as random effects. The glmm.hp.() function in the glmm.hp package was used to calculate the relative contribution of multiple environmental factors after performing GLMM based on hierarchical partitioning theory (Lai et al., 2022).




3. Results


3.1. Rock properties and climatic conditions

The XRD results after standard mapping comparison indicate that the main phase of our rock samples was carbonatite (Reig et al., 2002; Zhang et al., 2017; Supplementary Figure S2A). In addition, the strong absorption peak at point b in the FTIR map was at around 1,419 cm, which represents the stretching vibration within [CO3]2−, followed by point c at 875 cm and point d at 711 cm, which represent the bending vibration within [CO3]2− (Reig et al., 2002; Shareef et al., 2008), while point a at 3,444 cm was produced by the water absorption of KBr during the production process (Yang et al., 2015; Supplementary Figure S2B). In summary, the XRD and FTIR results indicate that the main component of our sample was calcium carbonate.

Based on the meteorological data obtained from the in situ weather station we installed (Supplementary Figure S2C), the mean temperature at our test site during the 60-day period (from 2022-01-15 to 2022-03-15) was 4.56°C (−4.7 to 25.5°C), the mean relative humidity was 82.44% (18.30–99.90%), the accumulated rainfall was 85.6 mm, and the mean atmospheric pressure was 89 kPa (87.8–90 kPa).



3.2. Bacterial and fungal community diversity among treatments

Among the 66 samples (3 RS, 3 CK, 15 Ia, 15 Oa, 15 Nut, and 15 Ia + Nut samples), 7,417 distinct fungal OTUs were obtained from 4,020,249 high-quality sequences and 2,754 distinct bacterial OTUs were obtained from 2,665,071 high-quality sequences at a 97% similarity level. After retaining the eligible OTUs (detected in ≥2 samples and accounting for ≥5 occurrences across samples), there were 2,832 fungal OTUs and 529 bacterial OTUs. The sequence count data were normalized based on the minimum value. The diversity indices were then calculated based on these data. The Good’s Coverage of the 66 samples varied from 99.43 to 99.80% for bacterial communities, with a mean of 99.65%, and from 98.78 to 99.97% for fungal communities, with a mean of 99.42% (Supplementary Table S2). The dilution curves (Supplementary Figure S3), theoretical species richness [Chao1 and abundance-based coverage estimator (ACE)], and Good’s Coverage showed that after 60 days, a certain number of microorganisms had colonized the surface of the limestone sand-sized grains, and the diversity of the fungal communities was higher than that of the bacterial communities.

Regarding the bacterial communities, all Nut concentrations and high Oa concentrations significantly reduced the richness (Figures 1A,B), while the Ia and Ia + Nut treatments did not significantly alter the richness (Figures 1C,D). In addition, RS treatment significantly reduced bacterial richness (Figures 1A–D). Regarding the fungal communities, RS treatment did not significantly change the richness (Figures 1E–H). In addition, compared to CK, all Ia + Nut treatments and low Ia concentrations significantly increased the fungal richness (Figures 1G,H), while the Nut and Oa treatments did not significantly increase the richness (Figures 1E,F).
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FIGURE 1
 Richness of bacterial (A–D) and fungal (E–H) communities under different treatment conditions. Different lowercase letters indicate significant differences between groups (p < 0.05), and the same lowercase letters indicate no significant differences between groups. RS, rain shade; Nut, nutrient; Oa, organic acid; Ia, inorganic acid; la + Nut, inorganic acid + Nutrient; and values after each treatment indicate concentration.


Rain shade treatment did not significantly change the evenness of the bacterial or fungal communities (Supplementary Figures S4A–H). High Ia + Nut treatment significantly reduced the bacterial community evenness (Supplementary Figures S4C,D), while the other treatments did not significantly change it. In addition, the Nut treatments changed the fungal community evenness (Supplementary Figure S4E), while the other treatments did not.



3.3. Comparison of bacterial and fungal community composition among treatments

The dominant bacterial phyla based on mean relative abundance (>1% threshold) among all treatments were Proteobacteria (56.78%), Bacteroidota (32.85%), and Actinobacteriota (8.22%). In contrast, the mean relative abundances of Deinococcota (0.95%), Cyanobacteria (0.42%), Bdellovibrionota (0.40%), Firmicutes (0.15%), Chloroflexi (0.11%), and Patescibacteria (0.05) were < 1% (Figure 2A). The top 10 bacterial genera were Flavobacterium (22.34%), Massilia (19.19%), Noviherbaspirillum (6.95%), Cytophaga (7.41%), Cellvibrio (5.34%) Caulobacter (5.46%), Arthrobacter (5.27%), Pseudomonas (4.34%), and Brevundimonas (2.68%; Supplementary Figure S5A).
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FIGURE 2
 Relative abundances of phyla under different treatment conditions (A: bacteria, B: Fungi). RS, rain shade; Nut, nutrient; Oa, organic acid; Ia, inorganic acid; Ia + Nut, inorganic acid + nutrient; values after each treatment indicate concentration.


The dominant fungal phyla based on mean relative abundance (>1% threshold) among all treatments were Ascomycota (57.82%), Basidiomycota (35.58%), and Chytridiomycota (4.45%). In contrast, the mean relative abundance of Mortierellomycota (0.15%) was <1% (Figure 2B). The top six fungal genera were Epicoccum (12.67%), Symmetrospora (9.37%), Cladosporium (9.05%), Vishniacozyma (4.62%), Itersonilia (4.47%), and Botrytis (2.19%; Supplementary Figure S5B).



3.4. Differences in microbial communities among treatments

Our PCoA and Adonis tests showed that bacterial and fungal communities exhibited significant separation regarding different Nut, Oa, Ia, and Ia + Nut concentrations, and that bacterial communities (0.71 > R2 > 0.47, p = 0.001) differed more than fungal communities (0.44 > R2 > 0.35, p = 0.001) for the treatments (Figure 3). In addition, UpSet plots showed that most OTUs were shared between the different treatments (Supplementary Figure S6).
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FIGURE 3
 Principal coordinate analysis (PCoA) of bacterial (A–D) and fungal (E–H) communities under different treatment conditions. RS, rain shade; Nut, nutrient; Oa, organic acid; Ia, inorganic acid; Ia + Nut, inorganic acid + nutrient; and values after each treatment indicate concentration.


We calculated the Bray–Curtis dissimilarity distances for bacterial and fungal communities between the treatment groups and the CK group, and the treatment groups and the RS group. For bacteria, there was a significant Nut effect, with the distances significantly increasing with Nut concentration (Supplementary Table S3; Supplementary Figures S7A,B). However, there were no significant acidity (Oa, Ia, or Ia + Nut) effects (Supplementary Figure S7). For fungi, there were no significant differences in the Bray–Curtis dissimilarity distance among the treatment groups and CK, or the treatment groups and RS (Supplementary Figure S8).

In summary, there were significant differences in bacterial and fungal community composition among the groups, but a large proportion was shared. In addition, the bacterial communities were more sensitive to the treatments than the fungal communities, especially regarding Nut concentrations.



3.5. Bacterial and fungal co-occurrence networks

For both fungal and bacterial communities, the proportion of positive correlations (among all correlations) was higher than the proportion of negative correlations in the Oa, Ia, Ia + Nut, and Nut networks, while the Nut network had a greater proportion of negative correlations. More negative correlations indicate increased competition between species, which occurred for both fungal and bacterial communities in the Nut treatment group (Supplementary Figure S9; Supplementary Table S4).

For the Nut network, strong correlations (R > 0.25) were more common among bacterial OTUs than fungal OTUs, while weak correlations (−0.25 < R < 0.25) were less common among bacterial OTUs than fungal OTUs. For the Oa and Ia + Nut networks, the negative correlations were stronger among bacterial OTUs than fungal OTUs, while the positive correlations were weaker among bacterial OTUs than fungal OTUs. For the Ia network, the negative correlations were weaker among bacterial OTUs than fungal OTUs, while the positive correlations were stronger among bacterial OTUs than fungal OTUs (Figure 4; Supplementary Figure S9).
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FIGURE 4
 Bacterial and fungal co-occurrence networks on limestone under different treatment conditions. Large modules with ≥5 nodes are shown in different colors, and smaller modules are shown in gray. RS, rain shade; Nut, nutrient; Oa, organic acid; Ia, inorganic acid; Ia + Nut, inorganic acid + nutrient.


When considering the significant correlations for a given threshold (R > 0.75, p < 0.01), the number of positive correlation edges was greater than the number of negative correlation edges for both fungal and bacterial communities (Supplementary Table S4). In addition, the permutation Student’s t-test showed that the number of nodes was significantly lower in the bacterial networks than the fungal networks, but the edge density (i.e., the ratio of the number of edges to the number of all possible edges) was significantly higher (Supplementary Table S5). A higher edge density indicates more efficient network information transfer, higher resilience to environmental stress, and easier achievement of dynamic stability. The networks showed that the bacterial communities were more tightly connected, more complex, and more resilient to environmental stress, but less resistant to environmental stress than the fungal communities.



3.6. Relative contribution of environmental factors to microbial richness

Generalized linear mixed-effect models showed that bacterial and fungal richness increased with OC and ON and decreased with TC among the various treatments (Figure 5). In addition, fungal richness increased with pH, while bacterial richness decreased with pH. To investigate the relative contributions of the above four environmental factors to bacterial and fungal richness, we calculated their contributions after multivariate GLMM modeling based on hierarchical partitioning (Supplementary Figure S10). The results showed that OC had the highest relative contribution to bacterial richness, while TC had the highest relative contribution to fungal richness.
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FIGURE 5
 Scatter plots of the relationships of log-transformed richness (bacterial: A–E; fungal: E–H) with total carbon (TC, %), organic nitrogen (ON, %), organic carbon (OC, %), and pH under various treatment conditions. The trend lines represent the best-fit lines according to generalized linear mixed-effects models (GLMMs).





4. Discussion


4.1. Bacterial and fungal communities on limestone

The bacterial taxa found in this study are similar to those found in previous studies (Miller et al., 2008, 2009; Miller, 2010; Chimienti et al., 2016), but differ in terms of the dominant taxa. At the phylum level, the dominant bacteria found in this study were Proteobacteria (56.78%), Bacteroidota (32.85%), and Actinobacteriota (8.22%; Figure 2A). Proteobacteria is a key chemolithotroph involved in biotic degradation (Scheerer et al., 2009; Miller, 2010), most taxa of Bacteroidota are halophiles, and Actinobacteriota can lower the pH of rock surfaces and can be used as an indicator of biodeterioration (Scheerer et al., 2009). The microbial communities on the surfaces of Italian and French limestone tombstones and monasteries were reported to be dominated by Cyanobacteria and Alphaproteobacteria (Mihajlovski et al., 2017; Gambino et al., 2021). The microbial communities on the surfaces of 149 limestone and granite gravestone samples from three continents were reported to be dominated by Proteobacteria, Cyanobacteria, and Bacteroidetes (Brewer and Fierer, 2018).

At the phylum level, the dominant fungi found in this study were Ascomycota (57.82%) and Basidiomycota (35.58%; Figure 2B), similar to results from a previous study (Gómez-Cornelio et al., 2012). At the genus level, some of the rock-inhabiting fungal species (belonging to the genera Cladosporium, Epicoccum, and Botrytis) were the same as those found in previous studies (Gómez-Cornelio et al., 2012; Trovão et al., 2020), while some endemic taxa (such as Vishniacozyma, Itersonilia, and Symmetrospora) were also found (Supplementary Figure S5B). It is worth noting that some species of the genera Cladosporium, Epicoccum, and Botrytis have been found to have a potential for biodeterioration (Gómez-Cornelio et al., 2012; Li et al., 2018; Trovão et al., 2020).



4.2. Response of bacterial and fungal communities to different treatments

Cyanobacteria are often the first colonizers and first microbes to perform ecosystem functions because their photoautotrophic metabolism is based on the ability to use light to produce energy and organic matter and to collect micronutrients, oxygen, carbon dioxide, and water from the surrounding air (Pinheiro et al., 2019). However, the relative abundance of Cyanobacteria in this study was low (Figure 2A). It is important to note that the above studies all assessed bacterial composition patterns under natural conditions, whereas in this study, Oa and Ia treatments were imposed (Supplementary Figure S1). This led to the interesting phenomenon of inorganic material produced by limestone dissolution allowing Proteobacteria, which depends on chemoenergetic inorganic nutrients, to colonize the limestone surfaces in large numbers (Figure 2A).

The dominant fungi differ between different climatic conditions, with filamentous fungi dominating in mild and humid environments, and the so-called microcolonial black fungi dominating in arid and semi-arid climates (Sterflinger and Piñar, 2013; Selbmann et al., 2015; Pinheiro et al., 2019). In our experimental site, which is located in a subtropical climate zone, filamentous fungi such as Cladosporium and Epicoccum were two of the dominant genera on the limestone surfaces (Supplementary Figure S5B), which is similar to what has been reported previously (Gómez-Cornelio et al., 2012; Pinheiro et al., 2019; Trovão et al., 2020).

Fungi can secrete more Oa than bacteria (Abdel Ghany et al., 2019) and grow mycelia that can damage rocks (Gaylarde et al., 2003; Dakal and Cameotra, 2012; Trovão et al., 2019). In this study, different concentrations of acids/nutrients shaped the bacterial and fungal communities; the bacterial communities were less resistant to the environmental stresses (different concentrations of acids/nutrients) than the fungal communities, so the abundance of fungi was higher than that of bacteria (Figure 3). Among the fungal genera found, Cladosporium and Epicoccum were both filamentous fungi; they may have been dominant because mycelia increase the efficiency of nutrient uptake (Fukasawa et al., 2020), which can increase the competitiveness of fungi compared to bacteria. Therefore, it is unsurprising that the abundance of fungi was higher than that of bacteria for the acid/nutrient treatments.



4.3. Adaptation of limestone lithogenic microorganisms

Typically, fungal communities are more able to persist in arid environments than bacterial communities and are more resistant to drought, while bacterial communities have good resilience under suitable conditions, i.e., they are able to recover rapidly (Barnard et al., 2013; de Vries et al., 2018). The limestone samples were in a chronic water deficit environment, which resulted in higher fungal abundance than bacterial abundance and a higher resistance to environment stress among the fungi compared to the bacteria, which were more resilient to the arid environment than the fungi (Figures 1, 3, 4; Supplementary Table S5). In addition, among the different treatments, Nut decreased bacterial richness (Figure 1A). Conversely, Ia + Nut increased fungal richness (Figure 1H). We hypothesized that fungi are better adapted to the limestone surface environment and are more competitive than bacteria during the early colonization process. The species richness and evenness of the fungal community were higher than those of the bacterial community after the sterile limestone sand-sized grains were subjected to natural conditions for 60 days (Figure 1; Supplementary Figure S4). Oa and Nut might hinder bacterial colonization, while Ia + Nut promoted fungal colonization, suggesting that the fungal community might be better adapted to limestone surfaces than bacteria (Figure 1). In addition, we speculate that rainfall may be the main source of bacterial communities on limestone surfaces, while the environment may be the main source of fungal communities (Figure 1).

Based on our findings, we believe that limestone can be protected from biodeterioration in several ways. First, biodeterioration is the result of a combination of physical and biochemical mechanisms (Gadd, 2017b). Among the biochemical mechanisms, inorganic and organic acids are important influences. As carbonic acid is a very common inorganic acid that is mainly formed when excessively high concentrations of CO2 in the air dissolve in water (Gadd, 2017b; Liu et al., 2020), CO2 concentrations should be monitored to prevent carbonic acid in rainwater from dissolving limestone. Second, phototrophs such as Cyanobacteria are thought to be an important group of organisms in rock biodeterioration that are able to use photosynthesis to assimilate CO2 into organic forms for subsequent colonizers (Sand and Bock, 1991; Crispim et al., 2006; Vázquez-Nion et al., 2018). Therefore, protecting limestone from direct sunlight as much as possible will slow the growth of lithobiontic Cyanobacteria and thus reduce the biodeterioration of the limestone. Third, rainfall, as an important environmental factor, is associated with a variety of biodeterioration processes, such as discoloration, distortions, blackening, and patina formation (Liu et al., 2020). Hence, limestone surfaces should be protected from rainfall to reduce colonization by microorganisms in the rainfall. Fourth, as it has been found that microorganisms cultured from the rinds of biodeteriorated rock surfaces can still cause damage to rocks (Gómez-Cornelio et al., 2012), microorganisms growing on limestone rocks undergoing biodeterioration need to be removed to avoid further erosion.




5. Conclusion

This study investigated microbial colonization of limestone surfaces after 60 days of treatment with various Nut, Oa, Ia, Ia + Nut, and Nut concentrations, providing a new perspective on microbial–rock interactions. We draw the following three main conclusions. First, fungi and bacteria exhibited different colonization patterns during the 60 days that the limestone was left in its natural environment. Fungi were more resistant to environmental stress and able to colonize the limestone surfaces rapidly and in large numbers, showing higher richness and competitiveness, while bacterial communities, although less diverse, were more complex and resilient to environmental stress, with an increased ability to recover rapidly. Second, the rock surface environment (acid erosion and nutrient availability) determined the early colonization by microorganisms, with different concentrations of Nut, Oa, and Ia all shaping the microbial communities in different ways. The higher the acidity (Ia and Oa), the greater the differences (compared to the CK) in microbial communities. The bacteria were less resistant to environmental stress than the fungi, and there was an obvious Nut concentration gradient effect for bacteria. Third, the richness of bacterial and fungal communities were influenced by OC, ON, TC, and pH, with OC being an important determinant of bacterial community richness and TC being an important determinant of fungal community richness. However, this study lacks a quantitative analysis of how limestone surface characteristics such as roughness and porosity affect microbial colonization. In addition, the limestone surface environment changed drastically over time, and this study did not assess the microbial colonization in different periods. Therefore, studies on the ecological succession of microorganisms on limestone surfaces in different periods should be conducted to provide a scientific basis for the conservation of limestone artifacts and early ecological succession in karst areas.
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Introduction: Rhizosphere bacterial communities play a crucial role in promoting plant and soil ecosystem health and productivity. They also have great potential as key indicators of soil health in agroecosystems. Various environmental factors affect soil parameters, which have been demonstrated to influence soil microbial growth and activities. Thus, this study investigated how rhizosphere bacterial community structure and functions are affected by agronomic practices such as organic and conventional fertiliser application and plant species types.

Methods: Rhizosphere soil of vegetable crops cultivated under organic and conventional fertilisers in different farms was analysed using high-throughput sequencing of the 16S rRNA gene and co-occurrence network pattern among bacterial species. The functional structure was analysed with PICRUSt2 pipeline.

Results: Overall, rhizosphere bacterial communities varied in response to fertiliser type, with soil physicochemical parameters, including NH4, PO4, pH and moisture content largely driving the variations across the farms. Organic farms had a higher diversity richness and more unique amplicon sequence variants than conventional farms. Bacterial community structure in multivariate space was highly differentiated across the farms and between organic and conventional farms. Co-occurrence network patterns showed community segmentation for both farms, with keystone taxa more prevalent in organic than conventional farms.

Discussion: Module hub composition and identity varied, signifying differences in keystone taxa across the farms and positive correlations between changes in microbial composition and ecosystem functions. The organic farms comprised functionally versatile communities characterised by plant growth-promoting keystone genera, such as Agromyces, Bacillus and Nocardioides. The results revealed that organic fertilisers support high functional diversity and stronger interactions within the rhizosphere bacterial community. This study provided useful information about the overall changes in soil microbial dynamics and how the changes influence ecosystem functioning under different soil nutrient management and agronomic practices.

KEYWORDS
 fertilizers, microbial networks, agroecosystem, soil-plant-microbe interactions, 16S rRNA gene sequencing, plant-soil ecology


Introduction

Soil microbes participate in nutrient cycling, organic matter decomposition and energy flow, which are key in sustaining soil ecosystem functions (Ling et al., 2022). However, soil nutrient management, soil properties and climatic conditions, which vary across geographic locations alter how soil ecosystem function through a possible shift in microbial diversity and functions (Ge et al., 2008; Ahkami et al., 2017; Yang et al., 2021). Substantial responses to changes in land use and soil nutrient build-up have been reported for both plant and soil microbial communities, with potential consequences for ecosystem functioning (Nielsen et al., 2015). Soil microbial diversity is vast and its interactions with other ecosystem components (e.g., vegetation and soil parameters) are complex, which significantly impacts the correlation between soil microbial diversity and ecosystem functions in response to disturbances (Garnica et al., 2020). Thus, insights into soil bacteriome structure and how it is affected by agronomic practices are key to making informed decisions that will promote agroecosystem sustainability.

Currently, organic and conventional fertilizers are the main agro-inputs for improving soil nutrient content (Musyoka et al., 2017). Improved soil nutrient content enhances overall plant health by altering the soil parameters and predisposing the selection of certain rhizosphere bacterial communities with unique ecosystem functions. Consequently, the plant and microbes interactions in the soil, along with the above-ground productivity, are affected by the type of fertilizer applied (Ahkami et al., 2017). Using phospholipid fatty acids, a study has reported that organically managed soil enhanced bacterial and fungal biomass, with an increase in total microbial metabolic activity and soil organic matter. Thus, soil nutrient management types could drastically impact soil ecosystem functioning, through the imbalances caused by fertilizer application and nutrient deposition (Martínez-García et al., 2018).

Furthermore, plant species or genotypes influence the synthesis of unique exudates and extracellular enzymes, which impact microscale spatial patterns in soil bacterial communities and differentially stimulate the growth of specific microbial groups under different ecosystems across geographic locations (Hoch et al., 2019; Yan et al., 2021). Usually, plants exert a selective influence on their rhizo-microbiome to acquire key beneficial traits (Jaramillo et al., 2016), indicating rhizosphere microbial communities are a reflection of plant species and plant-beneficial genetic functions. For example, legumes harbor bacteria with nitrogenases that enhance their N-fixing ability (Lugtenberg, 2015). Similarly, plant-associated microbes, which perform functions such as nitrate reduction, denitrification, nutrient solubilization, and production of phytohormones such as indole acetic acid, ethylene and siderophore are a reflection of the host plant’s needs (Raimi et al., 2017). These microbial functions influence plant productivity and health, which in turn drive soil bacterial diversity and ecosystem functions (Mendes et al., 2013).

Soil parameters vary by geographic location and primarily provide similar conditions that affect the activities of plants and their associated microbiome to soil microbes (Mendes et al., 2013). Studies have shown that factors such as soil pH, carbon, organic matter and nutrient content drive spatial patterns of soil microbial diversity within an ecosystem (Bardgett and Caruso, 2020; Nan et al., 2020). Spatial patterns of soil microbial community due to plant species and fertilizer types and how it relates to bacterial taxonomic and functional profiles remain largely underexplored. Increase in land-use intensification is reported to alter soil microbial composition (Felipe-Lucia et al., 2020) and keystone taxa, which are crucial for microbial community structure and ecosystem functioning (Banerjee et al., 2018). Due to the importance and unique role of keystone taxa, their interactions or loss can trigger a shift in microbiome structure (Yang et al., 2021). Interactions between microbial community members have been widely assessed using microbial co-occurrence network analysis (Li et al., 2018; Xu et al., 2022). Thus, co-occurrence patterns and microbial networks are key to understanding how bacterial community interactions and keystone taxa distribution and functions change under different agronomic practices (Huang et al., 2019; Hernandez D. J. et al., 2021).

Consequently, this study assessed the effects of fertilizer type (organic vs. conventional) and plant species type on the microbial dynamics (including keystone taxa) and ecosystem functions of vegetable rhizosphere soil across different farms. It is hypothesized that fertilizer type in each of the farming systems predisposes the selection of certain rhizobacterial communities, which possess diverse but unique functional gene repertoire of agronomic importance. Results from this study could provide baseline information useful in predictive modeling for manipulating soil bacterial communities to improve agroecosystems. Similarly, the approach used in this study could unravel keystone taxa with unique biomarker potential for monitoring soil health and productivity in a given nutrient management system.



Experimental procedures


Description of the study sites and rhizosphere soil sampling

Rhizosphere soils were collected from four vegetable farms located in the North West (farms B and S) and Gauteng (farms J and T) provinces of South Africa. Farm B (26°42′55.0″S 27°04′59.6″E) and farm S (26°47′43.5″S 27°02′18.3″E) are situated in JB marks municipality, while farm J (26°11′40.1″S 28°03′58.3″E) and farm T (26°03′16.0″S 27°40′13.3″E) are in Johannesburg and West Rand District municipalities, respectively. The North West province is characterized as a semi-arid climate while the Gauteng province is classified as a mild climate that is neither humid nor too hot (www.sa-venues.com/weather/). Average annual temperature and rainfall are 22.36°C and 36.6 mm for North West province and 20.64°C and 56.11 mm for Gauteng province. The average annual relative humidity for North West and Gauteng provinces are 37.8 and 50.22%, respectively (Weather and Climate, 2023). Vegetable farming is a major agricultural production in the two provinces, with higher production in the North West compared with the Gauteng province (Macaskill, 2016). The farms have been cultivating various vegetables, including cabbage, lettuce, onions, and spinach for over 2 years on the same plot. The Gauteng province farms (farm J and T) practice conventional farming, using chemical fertilizers, pesticides and fungicides, whereas the farms in the North West province (farm B and S) practice mainly organic farming, utilizing plant and animal waste. The organic farms use compost, green waste, and animal manure (poultry, sheep, goat, and cow), while the conventional farms use chemical fertilizers including NPK fertilizers, urea, ammonium nitrate, diammonium phosphate, and pesticides such as carbamates, organophosphates and pyrethroid (Personal communication).

Sampling was conducted in the summer (October–February) of 2021. Based on visual inspection, rhizosphere soils of healthy vegetables of the same age and size including, Allium cepa (onion), Brassica oleracea (cabbage), Lactuca sativa (lettuce), and Spinacia oleracea (spinach), were sampled from each farm as described by Barillot et al. (2013), with some modifications. Briefly, vegetables were uprooted and shaken vigorously to remove bulk soil from the roots. Thereafter, the rhizosphere soil was collected by hand-shaking several undamaged roots to release the adhering soil into a sterile beaker. Five replicate samples were collected for each plant per farm and an equal quantity (50 g each) of the soils from the same vegetable for each farm were pooled to obtain a composite sample. An additional sample of the rhizosphere soil was collected from each farm; a different vegetable type was sampled at each farm, bringing the total number of study samples to 20. Samples were immediately placed in sterile zip-lock bags, transported to the laboratory on ice and stored for further analysis.



Physicochemical parameters and enzyme analyzes of rhizosphere soil

The soil pH was measured from a 1:2.5 soil-water suspension using a pre-calibrated pH meter (HQ40d Hach, United States), while the electrical conductivity (EC) was determined with an EC meter. The amounts of macronutrients (N, P, K, and Ca), micronutrients (Mn, Fe, Zn, and Cu), heavy metals (Pb, Cd, Cr, Hg, and As) and exchangeable cations (Ca2+, Mg2+, K+, and Na+) in the soil were determined using the inductively coupled plasma mass spectrometry (ICP-MS), following standard procedure (Bulska and Wagner, 2016). Other physicochemical properties, such as soil texture (sand, silt, and clay proportion), cation exchange capacity (CEC), moisture and organic matter (OM) content, and the soil enzyme activities, including acid and alkaline phosphatases, β-glucosidase, urease and dehydrogenase activity were analyzed at the Eco-Analytical, North-West University, South Africa, following standardized methods described by the Soil Science Society of South Africa (SSSSA, 1990).



High-throughput sequencing of 16S rRNA gene

Soil community DNA was extracted using Power Soil DNA extraction kits (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The DNA concentration was measured with a Qubit fluorometer (Invitrogen, Carlsbad, CA, United States) and the integrity was checked using gel electrophoresis with a 1% agarose gel. Extracted DNA was normalized to equimolar concentrations (5 ng/μl) using 0.1 M Tris-HCl (pH 8.5) and the partial 16S rRNA gene (V3-V4 region), a universal barcode for the characterization of bacteria, was amplified in a polymerase chain reaction (PCR) using Illumina-barcoded 341F and 805R primers (Klindworth et al., 2013). The 16S rRNA gene library was prepared as described by van Wyk et al. (2017). Paired-end (2 × 300 bp) sequencing of the gene libraries was performed on the Illumina MiSeq sequencer using the Nextera v3 kit (Illumina Inc., San Diego, CA, United States). Sequencing was performed at the sequencing facility of the Unit for Environmental Sciences and Management, North-West University, Potchefstroom, South Africa.



Bioinformatics

The 16S rRNA gene sequence reads were demultiplexed and trimmed of barcodes using MiSeq Reporter software (Illumina Inc., San Diego, CA, United States) and then quality checked with FastQC (v. 0.11.5) (Babraham Bioinformatics, UK). Low-quality reads were trimmed with trimmomatic software (v. 0.38) (Bolger et al., 2014) and reads with mean nucleotide base quality score of less than 20 (Phred Q score) were removed. Reads were analyzed using the Quantitative Insight into Microbial Ecology v2 platform (QIIME 2, Release 2020.11; Bolyen et al., 2019). Quality-filtered reads were denoised and clustered into amplicon sequence variants (ASVs) using DADA2 denoiser (Callahan et al., 2016) with a pre-trained classifier of the SILVAngs rRNA gene reference (release 138) (Quast et al., 2013). After singleton removal, the ASV table was rarefied to an even depth before the taxonomic assignment and diversity analyzes in QIIME 2. Alpha diversity indices such as the Shannon-Wiener index, inverse Simpson index, Chao1 richness estimator and phylogenetic diversity were analyzed in R v 4.1.1 (R Development Core Team, 2018).



Predicted functional metagenomic profile of rhizosphere bacterial communities

The functional metagenomic profile of the absolute abundance of microbial genera was predicted using the Tax4Fun2 package (Wemheuer et al., 2020) in R (R Development Core Team, 2018). Firstly, the ASVs were searched against the 16S rRNA gene reference sequences using the basic local alignment search tool (BLAST) via the runRefBlast function. Thereafter, the functional prediction was evaluated using the makeFunctionalPrediction, where the ASVs were summarized based on the results of the next neighbor search (Wemheuer et al., 2018). Predicted profiles were annotated based on the Kyoto Encyclopaedia of Genes and Genomes (KEGG) orthology (KO) pathways (Kanehisa et al., 2012). KO terms and metabolic pathways were generated for the ASVs and the relative abundance of the functional genes was calculated. To gain insights into the influence of agronomic practices on bacterial community functional genes, only a few of the KO terms contributing to major ecosystem functions (e.g., organic matter decomposition and biogeocycling), plant growth and nutrient metabolism were investigated.



Co-occurrence network

Bacterial community co-occurrence patterns were analyzed by constructing ecological networks using the Random matrix theory (RMT)-based method in the molecular ecological network analysis (MENA) pipeline1 (Faust and Raes, 2016). To assess the impact of fertilizer type on soil bacterial structure, organic and conventional farm networks were constructed. Network complexity was reduced by using only ASVs present in at least 40% of the samples across the organic and conventional farms and the Pearson correlation coefficient was employed for data transformation. Using a multilevel modularity optimization algorithm, bacterial community groups were identified by clustering networks into modules (Blondel et al., 2008). Node connectivity was established based on among-module connectivity (Pi) and within-module connectivity (Zi); creating four sub-categories of nodes (a) peripheral (Zi < 2.5; Pi < 0.62), (b) connectors (Zi < 2.5; Pi > 0.62), (c) module hubs (Zi > 2.5; Pi < 0.62) and (d) network hubs (Zi > 2.5; Pi > 0.62) (Guimera and Amaral, 2005). The networks were visualized in Gephi v 0.9.2.



Statistical analyzes

All statistical analyzes were performed in R software (v.4.1.1) unless otherwise stated. The significance for all tests was set at p < 0.05 and the data was tested across fixed factors: farms, fertilizer types (organic vs. conventional farms) and vegetable species. Data normality was tested using the Shapiro–Wilk test and non-normal data was transformed with log10, square root or sine to fit a normal distribution. Normal or non-normal data were analyzed using parametric or non-parametric tests, respectively. Correlation between soil physicochemical and enzyme activity data was tested using Pearson or Spearman rank correlation for normalized or non-normal datasets. The community structure across the farms, and between organic and conventional farm soil was visualized with a nonmetric multidimensional scaling (NMDS) plot and a cluster dendrogram using vegan and dendextend (v. 1.12.0) (Galili, 2015) packages in R studio. Differences in multivariate space across the fixed factors were performed with Bray-Curtis dissimilarity using permutational multivariate analysis of variance (PERMANOVA) and Permutational test for homogeneity of multivariate dispersion (PERMDISP). Linear Discriminant Analysis (LDA) Effect size (LEfSe) (Segata et al., 2011) was performed to detect differentially abundant genera (Mann–Whitney U test or Kruskal-Wallis test, p-value < 0.05; LDA score > 2) between the farms, organic and conventional farms and plant species using microeco package in R software (Liu et al., 2021). Subsequently, the LEfSe results were visualized as bar plots. An indicator species functional analysis was performed for predicted KO terms to detect the most discriminatory KOs between the fixed factors. KO terms with false discovery rate (FDR)-adjusted p < 0.05 and an indicator value of > 0.1 were taken to be discriminant for the fixed factors. Redundancy analysis (RDA) was performed in R software to show the physicochemical parameters that best explain the variations in the microbial community composition.



Data availability statement

The 16S rRNA gene sequence data for this study are available in the sequence read archives (SRA) of the National Centre for Biotechnological Information under a BioProject with SRA accession no PRJNA904574 (https://www.ncbi.nlm.nih.gov/bioproject/904574).




Results


Rhizosphere soil physicochemical properties

The soil physicochemical parameters varied across the fixed factors with no particular trend. A near-neutral pH range was observed across the farms, with the conventional farms having a higher pH than the organic farms (Table 1). The moisture and OM content ranged from 1.06–1.42% and 4.98–5.89%, respectively. Organic farms largely had a higher CEC and OM content than conventional farms. Farms mostly had low quantities of microelements and heavy metals, except for Pb and As in farm J (Table 1). Soil texture was mainly classified as sandy-clay-loam for organic farms and sandy-loam for conventional farms. Some of the soil physicochemical properties significantly (Kruskal-Wallis test, p < 0.05) differed across the farms (Table 1), while only the differences in OM, clay proportion, CEC, NH4, P, and Cu were statistically significant (Mann–Whitney or t-test, p < 0.05) across the fertilizer types.



TABLE 1 Selected soil physicochemical properties across farms and fertilizer types.
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Soil enzyme activities

The soil enzyme activities were significantly (Kruskal-Wallis H test, p < 0.05) different across the farms and fertilizer type, except for alkaline phosphatase, which was not influenced by the fertilizer type. Mostly, the enzyme activities were higher for organic farms compared to conventional farms (Table 2). The alkaline and acid phosphatases had a very low range of activities across the farms. Comparing among farms, farm B had the highest dehydrogenase and β-glucosidase activities, while farm S had the highest activity for urease. Farm J had the lowest urease activity, which is approximately five, 12 and 23 folds lower compared to farms B, T, and S, respectively (Table 2). The main effect of crop type and the interactions between the fixed factors on soil enzyme activities were not statistically significant (Kruskal-Wallis H test, p > 0.05).



TABLE 2 Important rhizosphere soil enzyme activities across the farms.
[image: Table2]



Diversity and community structure of bacterial amplicon sequence variants

A total of 1,933,349 16S rRNA gene reads was obtained from all samples, with a mean read count of 96,667 per sample. Quality-filtered reads were clustered into 28,604 ASVs after pruning low count and low variance features. The ASVs were rarefied to an equal depth of 74,170 (rarefaction curve in Supplementary Figure S1) before examining the treatment effects. The distribution and richness of ASVs differed substantially across the farms, with farm S having the highest number of unique ASVs (Figure 1A). Observed ASVs were higher in organic compared to conventional farms and 276 ASVs were shared among all the farms (Figures 1A,B). Comparing the shared ASVs in the organic (Supplementary Figure S2A) with the conventional (Supplementary Figure S2B) farms, 1,222 and 313 ASVs were exclusive to the organic and conventional farms, respectively (Figure 1B). Similarly, ASV richness differed across the rhizosphere of each vegetable species. Unique ASVs were higher in cabbage, followed by lettuce and onion rhizosphere, while spinach and lettuce rhizosphere share more ASVs (Supplementary Figure S3).
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FIGURE 1
 Comparison of unique and shared amplicon sequence variants (ASVs) richness. (A) ASV richness across the farms, (B) unique ASVs between organic and conventional farms.


The alpha diversity indices measured were not significantly influenced by the main effect of fertilizer type and plant species, except for the inverse Simpson index, which was significant (ANOVA, F = 3.65, p = 0.035) across the farms, with the pairwise comparison (Tukey HSD, P-adjusted = 0.0218) showing differences between farms T and S. In addition, the combined effects of the fixed factors (fertilizer type and plant species) and their interactions had no significant effect (general linear model, p > 0.05) on the alpha diversity indices measured.

Bacterial community structure was highly differentiated across the farms and between the organic and conventional farms in multivariate space. Although the bacterial community structure in the organic farms (farms B and S) are somewhat differentiated, they are jointly less similar to conventional farms (farms J and T) (Figure 2A); the community structural pattern is also supported by the hierarchical clustering (Figure 2B). Moreover, the bacterial community composition was significantly different between the farms (PERMANOVA, p = 0.001) and across organic and conventional farms (PERMANOVA, p = 0.009), contributing about 39.01 and 11.74% of the variations in the models and a PERMDISP of 0.073 and 0.269, respectively. Significant variation was observed between farms B and T, J and T, and S and T. However, the plant species had no significant (PERMAOVA, p = 0.568) effect on the bacterial community structure, which was not clearly differentiated (Supplementary Figure S4). The non-significant and low dispersion rate in the bacterial community across the farms (Supplementary Figure S5A) suggests the results depicted by the NMDS plot in Figure 2A are reliable. The stress plot run for the NMDS plot is below 0.2 (Supplementary Figure S5B). The effect of fertilizer type and plant species interaction on the bacterial community structure was not significant (Supplementary Table S1).

[image: Figure 2]

FIGURE 2
 Bray-Curtis dissimilarity between bacterial communities. (A) Comparison of observed ASVs between organic and conventional fertilization and across farms based on non-metric multidimensional scaling (NMDS). (B) Unweighted paired group mean arithmetic (UPGMA) hierarchical cluster dendrogram. The eclipses in the NMDS plot show 95% confidence intervals (standard error) in multivariate space within the group centroids, while the dotted lines indicate the distance of each sample to its group centroid in multivariate space. The stress plot (Supplementary Figure S5B) for the NMDS showed that the original dissimilarities are well preserved (stress = 0.165047) in the reduced number of dimensions.




Dominant and differentially abundant rhizosphere bacterial communities

Across all datasets, the relatively more abundant classifiable ASVs belonged to nine phyla and 19 major genera. Across the farms, the most relatively abundant (>5%) phyla were Actinobacteria (32.3%), Proteobacteria (25.4%), Acidobacteria (8.4%), Firmicutes (7.6%), Chloroflexi (7.6%), and Planctomyces (5.7%) (Figure 3A). The relatively more abundant (> 5%) genera across the farms are Bacillus, Rubrobacter, Gemmatimonas, Solirubrobacter, RB41, Nocardioides and Bryobacter (Figure 3B). Bacillus and Nocardioides were relatively more abundant in conventional farms, with their highest abundance found in farm J, while Rubrobacter and Solirubrobacter were more abundant in organic farms, mainly in farms B and S, respectively. Across the plant species, the bacterial community composition at the phylum and genus taxa levels were not particularly different; however, at the phylum level, Chloroflexi, Planctomycetes and Gemmatimonadetes were relatively most abundant in cabbage, whereas Actinobacteria, Proteobacteria and Firmicutes were the most abundant phyla in onion (Supplementary Figure S6A) compared to other vegetables. Cabbage had the highest relative abundance of Bacillus and Rubrobacter, whereas onion had the highest relative abundance of Nocardioides, Streptomyces and Solirubrobacter (Supplementary Figure S6B).
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FIGURE 3
 Average relative abundance (>5%) of dominant phylotypes across the farms. (A) Dominant Phyla (B) Dominant Genus taxa. The phylotypes with average relative abundance below 1% and the unculturable and unclassified at the genus taxa level were expunged from the plot. The bar plots were constructed based on the average relative abundance per farm site in R studio.


Linear discriminant analysis (LDA) effect size (LEFSe) showed that a total of 205 features were discriminant across the farms (Kruskal-Wallis H rank-sum test, p < 0.05; LDA score > 2.0; Supplementary Table S2) while only 18 features were discriminant for organic farms vs. conventional farms (LDA score > 2.4; Supplementary Table S3). No taxa was discriminant across the plant species after multiplicity adjustment (Kruskal-Wallis rank-sum test; p > 0.05). The genera Rubrobacter and Microlunatus were highly discriminant in organic farms (Figure 4A), while Nocardioides, Ilumatobacter, Lysobacter, and Marmoricola, were significantly discriminant in conventional farms (Figure 4A). Some of the bacterial communities that were significant and differentially abundant (FDR-adjusted p < 0.05, LDA score > 2.0) at the genus taxa across the farms are shown in Figure 4B. Rubrobacter and uncultured Conexibacteraceae were more discriminant in farm B, while Pira4lineage and uncultured bacterial Clone C112 were discriminant in farm T. In farm S, Uncultured Actinomycetales, Thermoactinomyces, and Tumebacillus were found to be discriminant. The discriminant features in conventional farms, Marmoricola and Lysobacter, were mainly from farm J. Before multiplicity adjustment of the LEFSe results for plant species type, Pseudomonas, Paracoccus and Candidatus Udaeobacter were discriminant (p > 0.05, LDA score > 2.0) and abundant in cabbage, onion, and spinach, respectively (Figure 4C), while lettuce rhizosphere soil showed no discriminant feature.
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FIGURE 4
 Differentially abundant genera of the rhizosphere bacterial communities. (A) Top 6 statistically significant discriminant (FDR-adjusted p-value < 0.1, LDA score > 2.4) genera between organic and conventional farms (B) Top 9 discriminant (FDR-adjusted p-value < 0.05, LDA score > 2.0) between the farms. (C) Differentially abundant genera (FDR-adjusted p-value < 0.1, LDA score > 2.0) between the plant species. The bar plot was generated using the Linear Discriminant Analysis (LDA) Effect size (LefSe) in the R using the microeco package. Uncul., uncultured.




Bacterial functional profile and differentially abundant agroecological important enzymes

The KO terms and pathways predicted for all the ASVs were 6,429 and 279, respectively. After multiplicity adjustment, 17 of the predicted pathways were significant for fertilizer type factor (Kruskal-Wallis rank sum test, p < 0.05; LDA > 0.181; Supplementary Table S4), while no significant pathway was observed for the plant species factor. Across the farms, a total of 161 functions were significant (Kruskal-Wallis rank sum test, p < 0.05; LDA > 0.274) after multiplicity adjustment (Supplementary Table S5). Seventeen abundant KO terms, contributing to important agroecological processes such as the synthesis or metabolism of N, P, C, S, and Fe compounds were compared across the farms (Figure 5). Predicted KO terms, including nitrogenase, acid and alkaline phosphatase, ferric chelate reductase and aminocyclopropane-1-carboxylate (ACC) deaminase, had low relative abundance in organic compared to conventional farms. Based on the Bray-Curtis distance, the predicted pathways in organic farms and conventional farms clustered separately as shown by the hierarchical cluster dendrogram plot in Figure 5.
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FIGURE 5
 Relative abundance of KEGG Orthology terms contributing to important agroecosystem functions. The hierarchical clustering dendrograms are based on the mean Bray-Curtis distance between the farms. The color range for the relative abundance is scaled across the farms. The superscripts by the enzyme commission (EC) number indicate (A); ACC, (B); N-fixation, (C); phosphorous mineralization, (D); sulfur mineralization (E); soil iron balance, (F); biocontrol, and (G); soil C breakdown. ICT, iron complex transport system.


A higher relative abundance of K01505, K02217, K07405, K01187, and K03332 was predicted in the rhizosphere of cabbage relative to other plant species. Similarly, K00368, K02585, K01183, K07406, and K02013 were higher for ASVs from spinach than in other plant species, while onion had the least abundance of predicted KOs (Supplementary Table S6). The major functional profile group of the bacterial communities at taxa rank level 1 is metabolism, followed by environmental information, and genetic and cellular processes. Using LEfSe, it was revealed there are differences in the abundances of key enriched pathways across the fixed factors (Kruskal-Wallis rank-sum test, p < 0.05, LDA > 0.2). Organic farms had more differentially abundant pathways compared to conventional farms. Amino acid, arginine, proline metabolism, C-fixation and citrate cycle pathways were discriminant in the organic farm (Supplementary Table S4), while sulfur, phosphonate and phosphinate metabolism were more abundant in the conventional farms. Farm T, followed by farm J had the highest number of important enriched pathways (Supplementary Table S5). Xenobiotic degradation and terpenoid and polyketide metabolism were differentially abundant in farm J while bacterial secretion, translation and genetic information system were more abundant in farm T (Supplementary Table S5).



Relationship between biological and physicochemical properties

Although there were no significant correlations between some of the soil enzyme activities and physicochemical parameters (Supplementary Table S7), beta-glucosidase had a significantly positive correlation with pH (r = 0.32, p = 0.001) and PO4 (r = 0.12, p = 0.045) but negative correlation with OM (r = −0.69, p = 0.015), NH4+ (r = −0.72, p = 0.005) and K (r = −0.30, p = 0.019). Both alkaline and acid phosphatase significantly (p < 0.05) correlated with TOC, positively and Cl, negatively. Moreover, alkaline phosphatase correlated positively with NO3 while acid phosphatase correlated positively with pH and EC. In addition, dehydrogenase had significant correlations that were negative with pH, PO4, NH4 and K but positive with OM and TOC. Although there exists either a positive or negative correlation between the soil enzymes and moisture content, Ca and sand, the correlations were not significant. Similarly, though not significant, there were correlations between the species function percentage of bacterial community with the soil parameters (Supplementary Figure S7).

The RDA plot showed that the soil physicochemical properties contributed 34.5% (R-squared adjusted value) of the variation in the bacterial community structure. Farms and fertilizer type-specific clustering were observed, especially for the organic farms (Figure 6). Among the physicochemical parameters in the RDA model, TOC, OM, EC, and CEC were statistically significant (ANOVA, p < 0.05) (Supplementary Table S8). Similarly, there were significant correlations between the environmental variables and the distance matrix (Mantel, p < 0.05) (Supplementary Table S8). Overall, the plot showed that soil physicochemical properties largely influenced the variations observed in the bacterial community (Figure 6). PO4, Na, and NH4 had more impact on the bacterial community structure in farm T, while moisture, TOC, sand, and pH, had more influence on bacterial community structure in the organic farms (farms B and S).
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FIGURE 6
 Redundancy analysis (RDA) triplot showing the correlation between bacterial community relative abundance (for 30 major genera) and explanatory variables (physicochemical factors). The first species axis (RDA) is significant (p < 0.05).




Co-occurrence analysis

Some of the ASVs had significant (r = 0.70, p < 0.05) positive correlations with the environmental traits, which produced a significant (Mantel, p = 0.001) effect on the network connectivity. The significant ASVs and node connectivity were found to be significant for two major phyla: Actinobacteria (Mantel, r = 0.120, p = 0.022) and Acidobacteria (Mantel, r = 0.344, p = 0.009). From the topological metrics (Table 3), both organic and conventional farm networks were non-random as inferred from the significant power-law distribution for each network (R2organic = 0.88, p < 0.05; R2conventional = 0.84, p < 0.05) and the higher values of some of the structural features in the empirical compared to the random networks (Table 3). The empirical network consisted of 247 nodes and 704 edges (Figure 7A) for the organic farms and 284 nodes and 1,027 edges for the conventional farms (Figure 7B).



TABLE 3 Topological properties of empirical and random networks between bacterial communities of organic and conventional farm.
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FIGURE 7
 Co-occurrence networks of bacterial communities and classification of nodes for detection of keystone taxa within ecological networks in (A) organic and (B) conventional farm rhizosphere soil. The nodes represent bacterial species (round shape), colored according to the community modularity class. Node sizes are proportional to their degree of distribution, and nodes having less than two connections have been removed. Edges are network connections signifying significant (FDR-adjusted p < 0.01) associations between nodes. Positive associations are colored red, while negative associations are colored blue. Detected module hubs in the two farm networks are linked with Acidobacteria, Actinobacteria, Proteobacteria and Chloroflexi, while the connectors are affiliated with Actinobacteria for both organic and conventional farms. The co-occurrence network statistics are presented in Table 3.


A higher level of positive (~72%) associations occurred among the bacterial communities in the organic farms compared to conventional farms, which had a higher negative (~33%) association. Though community segmentation was apparent in both networks, the organic farms had a more profound fragmentation. Moreover, a higher network complexity was observed for organic farms compared to conventional farms, which had more numbers of smaller modules and edges than organic farms. The module hubs were not of similar parameters, with organic farms (Figure 7A) having more bacterial communities compared to conventional farms (Figure 7B). Actinobacteria, Acidobacteria, Proteobacteria and Chloroflexi were dominant in the keystone nodes. No network hub was observed for both networks. While Actinobacteria occurred as a major node that highly connects modules in both networks (Figure 7), Bacteroides, Proteobacteria, Acidobateria and Chloroflexi are other connectors in the organic farm network. The keystone nodes comprised the genera Bacillus, Nocardioides, Blastocatella, and Saccharomonsospora. A major connector in conventional farms is Agromyces while organic farms are dominated by the family Micrococcaceae, Roseiflexaceae, Blastocatellaceae, Xanthobacteraceae, and Chitinophagaceae (Figure 7).




Discussion

Soil microbes significantly contribute to ecosystem functions through organic matter decomposition, nutrient cycling, and mineralization. These functions and plant ecosystems are influenced by agronomic practices such as soil nutrient management and cropping systems. Thus, this study provided insights into the rhizosphere soil bacterial community structure and functions of vegetable crops cultivated under organically and conventionally managed soil in different farms. Functional profiling and differentially abundant taxa of rhizosphere bacteria allowed for the identification of rare microbial communities with unique potentials in agroecosystems, emphasizing the benefits of understanding soil microbiome dynamics to reveal specific patterns, functions and strategies used by microbes under different agronomic conditions.


Soil physicochemical parameters influence nutrient richness

The fact that soil nutrients and structure drive plant growth and soil microbial diversity is well established (Bach et al., 2010; Xu et al., 2022). Some of the soil parameters, including pH, EC, moisture content, NH4+ and NO3− were not significant across the farms, However, except for pH and P, the measured values were relatively not within the optimal range required for the productivity of most crops, including vegetables (Rosen and Eliason, 2005; Warncke et al., 2009; Liu and Hanlon, 2018). Contrary to our results, low moisture content has been reported in chemically fertilized soils (Rachwał et al., 2021) and a higher pH in organically managed soil (Diacono and Montemurro, 2010; Aziz et al., 2017). Higher levels of organic matter increase soil water holding capacity through soil aggregation, signifying soil organic matter and moisture content are strongly correlated (Rajkai et al., 2015). Although organic farms typically have higher organic matter content and soil texture type that support high moisture content, our results showed that conventional farms had higher moisture content, possibly due to other factors such as time of sampling and irrigation system. Compared to conventional farms, soils in the organic farms largely had higher clay content, CEC and OM content; this is in agreement with the observations from other studies (Han et al., 2016; Rigane et al., 2020). Among the farms, farm S, which is organically managed, had the highest particle size (Table 1). Soil particle sizes impact soil aeration and structure, while high clay content and CEC strongly drive the fixation of key soil nutrients (Ramos et al., 2018; Kome et al., 2019). Being negatively charged, clay particles adsorb positive ions such as Ca2+, Fe3+, K+, and NH4+ which are key indicators of soil nutrient richness (Tomašić et al., 2021). In contrast, our results show that in the organic farms (Farm B and S), which had higher clay content, some of the positive ions, including NH4+, K+, and Ca2+ were relatively lower suggesting other factors, including irrigation, could have influenced the soil nutrient levels.



Soil enzyme activities in organically and conventionally managed soil

High activity of soil enzymes, including dehydrogenase, β-glucosidase and urease activities have been reported in organic farms (Hernandez T. et al., 2021; Pittarello et al., 2021). Extracellular enzyme production has been positively correlated with high microbial biomass and diversity in the community. Such reports are consistent with our results that showed a high activity of β-glucosidase across organic farms, validating the comparatively higher C mineralization in organic farms compared to conventional farms; compost and manure applied in organic farms are rich in carbon substrate (Zang et al., 2018; Cordero et al., 2019). Acid and alkaline phosphatase activities are optimal at pH 3.0–5.5 and 8.5–11.5, suggesting the low activities across the farms may be linked to the soil neutral pH (Neina, 2019). Soil enzyme activities dynamically respond to soil nutrient management, which influences soil parameters, particularly pH, OM, moisture content and nutrient content (Pan et al., 2013; Koishi et al., 2020). A significant correlation between soil pH and dehydrogenase, β-glucosidase and acid phosphatase suggests pH is a key factor driving enzyme activities (Pan et al., 2013). The observed positive correlation of β-glucosidase with OM indicates the specificity of the enzyme to soil C, which is a fraction of the total soil OM (Meena and Rao, 2021). Corroborating with our result of reduced enzyme activities in the conventional farm, excessive use of chemical fertilizers has been reported to hinder soil enzyme activities (Pittarello et al., 2021; Rachwał et al., 2021). Thus, the types of fertilizers used in plant cultivation affect changes in soil conditions, such as enzyme activities which may cause variations in the dynamics of the associated soil microbial community (Liu and Hanlon, 2018; Ullah et al., 2019).



Rhizosphere bacterial community diversity and structure

Soil properties, especially organic matter drive bacterial growth and metabolism, suggesting the bacterial richness across the farms is related to soil conditions (Peltoniemi et al., 2021; Rachwał et al., 2021). This was evidenced in the RDA triplot (Figure 6), which revealed a significant correlation between the soil parameters and some bacterial communities. Soil physical and biological parameters, including OM, moisture and nutrient content, pH, dehydrogenase, β-glucosidase, and urease, support improved soil and plant health, which in turn influence the rhizosphere bacteria composition (Yan et al., 2021). Rhizosphere microbiome has some analogous traits with its associated plants, suggesting plant selective impact on rhizosphere microbes and consequently shaping rhizobacterial assemblage (Ling et al., 2022). Similar to other studies, though only the inverse Simpson diversity index was significant, the differences in alpha diversity across the farms suggest fertilizer types influence bacterial community richness (Hu et al., 2011; Acharya et al., 2021). According to Hermans et al. (2017) and Kamaa et al. (2011), bacterial communities respond to prevailing soil nutrient management types, which vary across landscapes; this is in agreement with our results which revealed differences in bacterial communities across the different farms, as depicted by the NMDS plot (Figure 2A). However, the bacterial community structure of soils from similar fertilizer types showed some differences, an indication that other site-specific factors, such as the source and type of seeds, fertilizers, and irrigation systems not considered in this study, may be responsible.

Important bacterial phyla, including Actinobacteria, Proteobacteria, Acidobacteria, Firmicutes and Chloroflexi, which were relatively abundant across the farms have been reported in similar studies (Ezeokoli et al., 2020; Zhang et al., 2022). These phyla usually exist in C-rich niches, such as the rhizosphere, which supports high metabolic activities and fast microbial growth. The variation in taxa abundance across crop species may be due to differences in root architecture and exudates, which differentially stimulate the growth of rhizosphere microbial communities (Hoch et al., 2019; Yan et al., 2021). Similarly, this may have influenced the higher ASVs abundance observed in cabbage compared to other crop species, suggesting the need to further explore factors influencing rhizobacteria diversity variability in different crop species under similar conditions. Several studies have identified core bacterial microbiomes primarily using taxonomic assignment; however, for detailed knowledge of microbial dynamics, it has become imperative to further identify soil microbes using key functions that are commonly expressed (Ling et al., 2022). For instance, Gemmatimonadetes, a recently classified phylum found among the major phyla in the cabbage soil have species that contribute to C-fixation through chlorophototrophy (Thiel et al., 2018). In addition, predominant genera, such as Bacillus, Nocardioides, Pseudomonas, Rubrobacter, and Lysobacter, which are constantly enhanced in the rhizosphere, contribute to key microbial functions and processes, such as biogeochemical cycling, organic matter decomposition, mineralization and processes that are crucial to agroecosystem sustainability (Raimi et al., 2017; Adeleke et al., 2019).



Ecological functions of differentially abundant rhizosphere bacterial community

The differentially abundant Rubrobacter in organic farms is underexplored despite its ecological restoration and engineering potential, which is attributed to its ability to survive in low-nutrient soil and under intense desiccation (Baubin et al., 2021). Similarly, Lysinibacillus and Pseudomonas predominant in organic farm soils are well-known plant growth-promoting rhizobacteria involved in N-fixation, phytohormone production and P solubilization (Li et al., 2017; Vignesh et al., 2021; Shahwar et al., 2023). Candidatus Udaeobacter, a differentially abundant genus in the spinach rhizosphere, exhibits multidrug resistance and the ability to evade the harmful effects of antimicrobials (Willms et al., 2020). The unique properties of these genera suggest they are suitable indicator species for assessing the soil nutrient status. In contrast to the organic farms, conventional farms had differentially abundant Norcardioides, Lysobacter, Ilumatobacter, and Marmoricola. Nocardioides participate in bioremediation, especially organochlorine degradation such as lindane pesticide and chloroaromatics, making them a crucial candidate for soil remediation strategy (Ito et al., 2019; Singh and Singh, 2019). Lysobacter is a well-known biocontrol agent (Lin et al., 2021) while Ilumatobacter and Marmoricola participate in C and N cycling, respectively (Edgmont et al., 2012; Liu et al., 2023). Although soil microbes have been extensively classified, the high proportion of unclassified sequences in this study gave credence to the fact that the majority of soil microbiomes are yet to be fully identified and characterized (Delgado-Baquerizo, 2019; Furtak et al., 2020). However, metagenomics, a leading and relatively recent technique for effective analysis of diverse environments has advanced microbial diversity knowledge, offering valuable strategies for optimizing the cultivation of yet uncultured species (Kulski, 2016; Mendes et al., 2017).

Nitrogenase and NifT play key roles in the N-cycle, while cellulases break down cellulose and polysaccharide, and chitinase degrades chitins, contributing to C and N levels in the ecosystem (Glick, 2012). Corroborating the report by Ling et al. (2022), alpha-glucosidase and beta-fructokinase were highly predicted in organic farms, possibly due to the high level of C supplied by compost and animal manure, suggesting a more sustainable soil microbial community may be achieved through organic amendments that increased these key enzymes. Bacterial communities such as Bacillus, Enterobacter, Citrobacter, and Pseudomonas detected have been previously reported with N-fixing ability due to their nitrogenases (Gomez-Garzon et al., 2017; Li et al., 2017). On the contrary, nitrite reductase genes driving the denitrification pathway in the N-cycle were significantly abundant in Farm T, which is a conventional farm, establishing the fact that these genes play a crucial role in preventing groundwater pollution caused by nitrate compounds due to excessive chemical fertilizer application (Liu et al., 2020). Arylsulfatase and choline-sulfatase drive the sulfur content in the soil and are usually activated under sulfur-deficient conditions (Cregut et al., 2013; Sánchez-Romero and Olguin, 2015). Surprisingly, these genes were highly prevalent in conventional farms (Farm T and J) (Figure 5), suggesting other factors, including available sulfur, forms of sulfur compounds and other nutrient complexes in the soil may have influenced the prevalence of these enzymes (Siwik-Ziomek et al., 2016). In addition, the high abundance of enzyme coding genes predicted in the rhizosphere of cabbage compared to other vegetables could enhance soil nutrient richness and in turn drive increased soil microbial composition and diversity (de Bruijn, 2015; Xu et al., 2022). While variations across geographic locations drive changes in soil physicochemical parameters (Moore et al., 2022), the changes may in turn influence soil microbial and enzyme activities (Meena and Rao, 2021), suggesting the reason for some of the variations observed across the farms. Thus, it may be recommended toward best practices to always understand agronomic soil parameters for appropriate selection of efficient soil nutrient management.



Microbial co-occurrence network and keystone taxa

Microbial co-occurrence structure greatly impacts community assembly, abundance and diversity (Pan et al., 2021). Soil nutrient management (types of fertilizer applied) and plant species have been reported to influence the network structure of soil bacterial communities (Xue et al., 2018; Xu et al., 2022). The network analysis showed that conventionally managed soil had high numbers of bacterial communities with negative links, which may indicate weak connections among microbial associations. This observation was corroborated by Huang et al. (2019), who attributed the distinctly weakened ecological interactions between soil microbes to long-term chemical fertilization. In contrast, the higher level of positive interactions in the organic farms may signify greater ecological cooperation among the microbial communities for diverse ecosystem functions and consequently; a network structure with high stability and high-order level complexity (Xue et al., 2018; Gu et al., 2019). Profound community fragmentation was noticed for organic farm networks. According to Hernandez D. J. et al. (2021), ecological stress greatly influences the complexity and stability of microbial networks, indicating fragmentation may not necessarily be due to fertilizer types. Thus, other factors such as soil types, irrigation and land preparation that impact soil microbial diversity may be influential.

In microbial networks, modules comprise species, which are interconnected with more frequent and intensive interactions than other parts of the community (Ling et al., 2022). Compared to conventional farms, the organic farms had high numbers of complex topological structures and modules, which suggests high niche differentiation in organic farms (Figure 7; Table 3). Unique microbes play key roles in the functioning of bacterial communities by contributing to the information current across the entire network (Banerjee et al., 2018). Similar to our observation, Gu et al. (2019) reported no network hubs in their study, suggesting unique phylotypes for specific functions are absent. However, some generalists, including Bacillus, Nocardioides, Agromyces, and Blastocatella were detected, signifying diverse keystone species that could drive the soil microbial communities in each of the farms (Gu et al., 2019). Module hub, network hub and connectors harbor keystone communities whose identification further improves the understanding of microbial community structure and interactions (Pan et al., 2021). In this study, Bacillus found in organic farms is a unique generalist, participating in nutrient solubilization and mineralization; therefore, can generate a niche for other plant growth-promoting rhizobacteria. On the other hand, the conventional farm network has Agromyces as a major connector, which is involved in xylan degradation; thus, may create a niche for microbial populations that cannot degrade polysaccharides (Rivas et al., 2004).

To further improve our agroecosystem management knowledge, we recommend that the impact of soil nutrient management on soil microbial diversity and functional structure be investigated across seasons. Data on crops cultivated in the previous seasons, irrigation systems and sources of fertilizers were not available, contributing to some of the limitations in this study.




Conclusion

This study revealed the soil bacterial community diversity and functions are influenced by farm sites and fertilizer types. Unique bacterial communities, which contribute to ecosystem functions were also differentiated across these fixed factors. To a large extent, the discovery of unique bacterial communities such as Bacillus and Rubrobacter with plant growth-promoting and niche-creation potentials across the farms could improve the understanding of soil microbial dynamics for enhancing soil and plant productivity. In addition, conventional farms had reduced keystone taxa compared to organic farms, signifying fertilizer types impact the abundance of keystone taxa, which is a key factor in ecosystem functioning. This study provided comprehensive details on rhizosphere soil bacterial diversity and functions, which could be useful in the identification of biomarker species for monitoring soil productivity in a particular nutrient management system. Keystone taxa, such as Bacillus and Agromyces could be a good source of microbial resources for bioformulation production. Overall, the findings provide a baseline for understanding how fertilizer types, organic and conventional fertilizers, impact soil bacteria community structure and related ecological functions. Such knowledge may be useful for monitoring invasive species or formulating a strategy for replenishing extinct beneficial species following land-use intensification or a particular agronomic practice.
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Microbiomes in soil ecosystems play a significant role in solubilizing insoluble inorganic and organic phosphate sources with low availability and mobility in the soil. They transfer the phosphate ion to plants, thereby promoting plant growth. In this study, we isolated an unidentified fungal strain, POT1 (Penicillium olsonii TLL1) from indoor dust samples, and confirmed its ability to promote root growth, especially under phosphate deficiency, as well as solubilizing activity for insoluble phosphates such as AlPO4, FePO4·4H2O, Ca3(PO4)2, and hydroxyapatite. Indeed, in vermiculite containing low and insoluble phosphate, the shoot fresh weight of Arabidopsis and leafy vegetables increased by 2-fold and 3-fold, respectively, with POT1 inoculation. We also conducted tests on crops in Singapore’s local soil, which contains highly insoluble phosphate. We confirmed that with POT1, Bok Choy showed a 2-fold increase in shoot fresh weight, and Rice displayed a 2-fold increase in grain yield. Furthermore, we demonstrated that plant growth promotion and phosphate solubilizing activity of POT1 were more effective than those of four different Penicillium strains such as Penicillium bilaiae, Penicillium chrysogenum, Penicillium janthinellum, and Penicillium simplicissimum under phosphate-limiting conditions. Our findings uncover a new fungal strain, provide a better understanding of symbiotic plant-fungal interactions, and suggest the potential use of POT1 as a biofertilizer to improve phosphate uptake and use efficiency in phosphate-limiting conditions.
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1. Introduction

The availability of macro- and micronutrients plays a pivotal role in the growth and development of plants. Among the macronutrients, phosphorus is an essential element involved in metabolic processes and signal transduction pathways in plants (Nesme et al., 2018). Phosphate limitation is a major nutritional constraint as it affects plant growth development and compromises optimal yields. Phosphate deficiency in agriculture has often been addressed by applying phosphate fertilizers, but the phosphate use efficiency in plants is only 5%–25% due to the rapid fixation into insoluble forms (Schnug and Haneklaus, 2016). Moreover, the over-application has led to loss of soil fertility and associated environmental hazards (Sharma et al., 2013).

Plants respond to phosphate limitation through various physiological, morphological, and biochemical strategies. One of the acclimatization responses is the root morphology change to acquire available phosphate. The plant root morphology is remodeled by inhibiting primary root elongation and enhancing the formation of lateral roots and root hairs, which increases the effective surface area (Peret et al., 2014).

In Arabidopsis, the transcription factor STOP1 (SENSITIVE TO PROTON RHIZOTOXICITY 1) regulates citrate and malate exudation by activating the expression of its downstream genes, MATE and ALMT1 efflux transporters, respectively, which are important for Al tolerance (Sawaki et al., 2009). In addition, RAE1 functions as an E3 ligase ubiquitinating STOP1 and controls the expression of STOP1-regulated AtALMT1 in Al resistance and low Pi response (Zhang et al., 2019). The inhibition of primary root elongation under phosphate stress is often linked to iron accumulation in the root apical meristem (Ward et al., 2008) which is mediated by two genes in Arabidopsis, LPR1 (Low Phosphate Root 1) encoding multicopper oxidase with ferroxidase activity and PDR2 (Phosphate Deficiency Response 2) encoding single P-type ATPase (Ticconi et al., 2004; Svistoonoff et al., 2007). The interaction of LPR1-PDR2 results in the accumulation of iron in the root apical meristem (RAM) and elongation zone (EZ) leading to callose deposition at the cell walls of RAM and EZ. Callose deposition impairs the expression of the transcription factor, SHR (Short Root), which is required for root patterning (Petricka et al., 2012). This results in blocked cell-to-cell communication and reduced RAM activity (Muller et al., 2015). Phosphate-deficiency stress also promotes the accumulation of reactive oxygen species (ROS) and peroxidase in the cell walls of the root apical meristem (RAM) and elongation zone (EZ) in Arabidopsis plants. Peroxidase activity crosslinks cell wall components, which leads to cell wall stiffening, eventually reducing root cell expansion (Balzergue et al., 2017). Phosphate deprivation also leads to higher levels of nitric oxide (NO) in the roots (Wang et al., 2010; Royo et al., 2015). NO acts as a signal molecule that mediates multiple responses, including reduction of primary roots (Wu et al., 2014), development of lateral roots (Correa-Aragunde et al., 2004), growth of root hair (Lombardo et al., 2006), and reutilization of phosphate in the cell wall (Zhu et al., 2017) in phosphate deficiency in plants.

Phosphate-solubilizing microorganisms (PSM) help in phosphate assimilation from both organic and inorganic forms of phosphates in soil, making it available for plant uptake. Soluble phosphate acquisition by PSM is attributed to several mechanisms such as chelation and ion exchange processes, production of organic acids, secretion of microbial-derived enzymes such as acid phosphatases and phytases, and production of phytohormones (Bergkemper et al., 2016). Although PSM includes both fungi and bacteria, the phosphate-solubilizing activity of fungi is comparatively higher than that of bacteria (Khan et al., 2010). Mycorrhizal associations with the plant roots are the best-characterized beneficial interactions that help to mobilize soil nutrients and improve plant growth. However, endophytic fungi are the major contributors to phosphate solubilization in the Brassicaceae family as mycorrhizal associations are rare (Bonfante and Genre, 2010). Most of the phosphate-solubilizing fungi (PSF) have been reported in the genera Penicillium (Li et al., 2016), Aspergillus (Yin et al., 2015), and Trichoderma (Lei and Zhang, 2015) and have been utilized as microbial inoculants in a variety of crops for improved phosphate uptake, and thereby increased biomass and yield. For example, Penicillium oxalicum and Aspergillus niger increase the bioavailability of phosphate and promote maize growth in calcareous soil (Yin et al., 2015). Penicillium guanacastense was reported as a potent biological fertilizer as it enhances the growth of Pinus massoniana under phosphate-limiting conditions (Qiao et al., 2019). Though PSF from soil has been widely investigated, the phosphate solubilizing activity of airborne fungi is less explored. Recently, Aspergillus hydei sp. nov. was reported to be the first phosphate-solubilizing fungus reported in the air (Doilom et al., 2020). Efficient PSF is a promising eco-friendly strategy to improve phosphate uptake and promote plant growth in modern agriculture. Nevertheless, it remains unclear how symbiotic fungi control the growth condition and regulate gene expression of their host plants under phosphate limitation.

In this study, we identify a new airborne fungal strain P. olsonii TLL1 (POT1) and investigate gene regulation for root growth, especially under limited phosphate availability such as phosphate deficiency and insoluble phosphate conditions in the soil, testing its phosphate solubilizing capability by fungus-plant interaction. Furthermore, we show that POT1 as a biofertilizer functions in mono/dicot plants and propose that it can be applied effectively in phosphate-limiting soils in both upland and paddy environments.



2. Materials and methods


2.1. PSF strain and plant materials

PSF was isolated from indoor dust samples and monocultured on Pikovskaya agar containing 0.5% tricalcium phosphate (CaP), pH 6.8–7.2, by incubating at 25°C for 7 days.

For seedling growth, Arabidopsis WT (Col-0), Bok Choy (Brassica rapa subsp. chinensis), and Rice (Temasek Rice) seeds were germinated on media containing Murashige and Skoog salts, 0.25 mM MES, 10 g/L sucrose, and 0.8% agar.



2.2. Identification and genotyping of PSF strain

Total genomic DNA was extracted from the PSF strain using the CTAB method (Edel et al., 2001). One hundred nanograms of genomic DNA of the PSF strain were used to amplify five genetic loci such as internal transcribed spacer (ITS), translation elongation factor-1-α (TEF1α), small ribosomal subunit (SSU), large ribosomal subunit (LSU), and Mini-chromosome maintenance protein (MCM7) using Hi-fidelity Phusion DNA polymerase (White et al., 1990; Schmitt et al., 2009; Raja et al., 2011 2017; Stielow et al., 2015). The genotyping was performed with primers in Supplementary Table S1. The PCR reaction profile consisted of initial denaturation at 98°C for 3 min, followed by 35 cycles of 98°C for 10 s, 55°C–68°C for 30 s, and 72°C for 1 min and a final extension of 72°C for 5 min. The sequences of PCR amplicons were determined using Sanger’s Sequencing, and the contigs were assembled using the Bioedit tool and were analyzed by BLAST searches at NCBI.

A phylogenetic tree was constructed using MEGA v. 7.0 separately for each genetic locus. The maximum-likelihood (ML) algorithm and Tamura Nei model were applied, with 1,000 bootstrap replications. Reference sequences of the genes from the genus Penicillium were also used for alignment. The final tree was presented with a bootstrap cutoff level above 65% (Visagie et al., 2014).



2.3. Colony morphology and microscopy analysis

The colony morphology of POT1 was studied by culturing it on PDA and MEA plates at 28 ± 2°C for 7 days. The colonization of POT1 was analyzed under full P conditions using co-staining with Wheat Germ Agglutinin-Alexa Fluor 488 conjugate (WGA-AF488) and propidium iodide (PI) as per the protocol mentioned in Redkar et al. (2018). Confocal analysis was performed using a TCS SP8 confocal laser scanning microscope (Leica, Germany). The excitation wavelength and detection wavelength for WGA-AF488 were 488 nm and 500–540 nm, respectively. For PI staining, the excitation wavelength and detection wavelength were 561 nm and 580–630 nm, respectively.



2.4. Bioassay for assessment of plant growth promoting potential

In vitro growth test of the Arabidopsis ecotype Col-0 was assessed in modified Hoagland’s solution under full P, low P, and -P conditions with 0.50 mM, 0.01 mM, and 0 mM of KH2PO4 (pH 5.6), respectively (Millner and Kitt, 1992). Four-days-old Arabidopsis seedlings were transferred to the test media precultured with 100 μL of POT1 conidial spore suspension (108 spores/mL). The root length of the seedlings was estimated after 10 days using ImageJ software.1 Other growth parameters such as shoot and root fresh weight were also determined.

The total phosphorus content in the shoot was measured by digesting 45 mg of the leaf or root tissue in 1 mL of 3:1 HNO3/HCl in a microwave oven at 240°C for 15 min, and after digestion, it was diluted 10 times with water. The phosphorus content was determined using Agilent 720 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES; Agilent, United States).



2.5. Quantitative RT-PCR

The total RNA was isolated from shoots and roots of Arabidopsis plants grown in full P and low P conditions both with and without POT1 using FavorPrep™ plant total RNA mini kit (Favorgen, Taiwan). Subsequently, cDNAs were synthesized from 1 μg of total RNA samples using the iScript cDNA synthesis kit (Bio-Rad, United States). Quantitative real-time RT-PCR was then performed using the CFX96 Real-Time system (Bio-Rad, United States). Each reaction had a total volume of 20 μL, comprising 10 ng of template, 10 μL of SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, United States), and 0.5 μM of each primer. The amplification conditions were set as follows: initial denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, and annealing at 60°C for 30 s. The expression of RAE1, STOP1, ALMT1, and MATE1 were analyzed with primers in Supplementary Table S2. Actin was used as the reference gene, and the gene expression level was analyzed by Genex Program (Bio-Rad, United States). The relative expression levels of each gene were normalized to their expression levels under full P conditions without POT1.



2.6. Determination of STOP1 protein levels in plants after POT1 inoculation

Full-length CDS of the STOP1 gene was amplified from Arabidopsis cDNA using STOP1F: CACCATGGAAACTGAAGACGATTTGTGCAA and STOP1R: GAGACTAGTATCTGAAACAGACTCACCAAC and cloned in pENTR/D vector (Invitrogen, United States) and then transferred to pBCo-DC-3HA plant expression vector by Gateway cloning (Invitrogen, United States) using LR clonase enzyme II (Invitrogen, United States) to generate 35S: STOP1-3HA construct. The construct was then introduced into the Arabidopsis ecotype Columbia-0 (Col-0) through Agrobacterium-mediated floral dipping (Zhang et al., 2006). To detect STOP1 accumulation in plants, transgenic Arabidopsis seedlings harboring 35S: STOP1-3HA transgenes were grown in full P and -P conditions both with and without POT1 at pH 5.6 for 10 days. The plants (100 mg) were flash-frozen in liquid nitrogen and homogenized with 500 μL IP lysis buffer containing 1X complete protease inhibitor tablets (Roche, Germany). The total protein contents were separated on a 10% SDS-PAGE and STOP1-3HA proteins were analyzed by standard immunoblot using anti-HA antibody. Protein bands on the membrane were captured using the ChemiDoc Touch Imaging system (Bio-Rad, United States).



2.7. Determination of callose and NO

The roots excised from Arabidopsis plants grown under full P and low P conditions for 10 days were incubated for 2 h in 150 mM K2HPO4 and 0.01% aniline blue in the dark (Schenk and Schikora, 2015). Callose depositions were analyzed with an FV3000 confocal laser scanning microscope (Olympus, Japan) using a DAPI filter (excitation 370 nm and emission 509 nm).

For NO determination, the roots were treated with 10 μM DAF-FM DA (3-amino, 4-aminomethyl-2′, 7′-difluorescein diacetate) for 15 min, and samples were washed with HEPES buffer (pH 4.0) for 10 min (Lombardo and Lamattina, 2012). The fluorescence (excitation 495 nm and emission 515 nm) was observed using an FV3000 confocal laser scanning microscope (Olympus, Japan).



2.8. Analysis of insoluble phosphate-solubilizing activity of POT1

POT1 was cultured on Pikovskaya agar and NBRIP containing tricalcium phosphate (CaP), with a pH of 6.8–7.2. The colony diameter (D) and the diameter of the circular zone of solubilized phosphorus (d) were determined, and the d/D ratio was calculated to find the phosphate-solubilizing rate.

For determination of soluble P concentration in broth, POT1 was cultured on Prune agar medium (40 mL/L prune juice, 1 g/L yeast extract, 2.5 g/L lactose, 2.5 g/L sucrose, 20 g/L agar, and pH 6.5) for 2 days in the dark and 3 days in the light for sporulation. The conidial spore suspension (108 spores/mL) was inoculated into 100 mL of modified Pikovskaya broth containing 1 g/L of sparingly soluble inorganic phosphates such as tricalcium phosphate (pH 7.0), iron phosphate (pH 2.5), aluminum phosphate (pH 4.0), and hydroxyapatite (pH 7.0) and incubated at 25°C and 120 rpm for 14 days. Uninoculated media with different P sources were also kept as controls. The cultures were centrifuged at 5000 rpm for 15 min, and the supernatant was filtered with a 0.22 μm syringe filter. The soluble phosphorus content was determined using phosphomolybdenum spectrophotometry.



2.9. Analysis of organic acids secreted by POT1

Cultures of POT1, grown under full P and low P were filtered using 0.22 μm filter, and 10 μL of the samples were analyzed on a Liquid Chromatography-Q Exactive Orbitrap Mass Spectrometer system (Thermo Fisher Scientific, United States). The multi-sampler was set to a 4°C temperature, and LC-separation was carried out using an Accucore C18 column (2.1 mm × 30 mm, 2.6 μm) at 22°C under a flow rate of 300 μL/min. The mobile phases for the reversed-phase (RP)-LC were solution A, 0.2% v/v formic acid in water; and solution B, 0.2% formic acid in 100% methanol. The MS was run in the negative mode for parallel reaction monitoring (PRM) using the ions listed in Supplementary Table S3. Calibration stock solutions were prepared and stored at −80°C, and in each batch, six-point calibration curves were generated with freshly prepared dilutions.



2.10. Analysis of plant growth by POT1 under insoluble phosphate conditions

For the soil test, vermiculite was used as nutrient-free soil for studying plant growth under insoluble phosphate conditions. It was washed three times with deionized water to remove any soluble P and air-dried at room temperature. To test plant growth by P solubilizing activity, POT1 mycelia (0.5 g) resuspended in 50 mL of sterile distilled water was inoculated into the vermiculite for 7 days prior to the transfer of the seedlings. To test plant growth by P solubilizing activity, POT1 mycelia (0.5 g) were drenched in vermiculite for 7 days prior to the transfer of the seedlings. Seven-days-old seedlings of Arabidopsis and Bok Choy were transferred to vermiculite and subjected to different phosphate sources.

The plants were irrigated twice a week with Hoagland’s that contained full P (0.5 mM KH2PO4), low P (0.01 mM KH2PO4), -P (0 mM KH2PO4), tricalcium phosphate (0.5 mM CaP), aluminum phosphate (0.5 mM AlP), iron phosphate (0.5 mM FeP), and hydroxyapatite (0.5 mM HA) and were grown at 22°C (Arabidopsis) and 25°C (Bok Choy) under 75% relative humidity. Growth index parameters such as shoot fresh weight, leaf area index, number of leaves, and shoot P content were analyzed.

The anthocyanin content in leaves of Arabidopsis plants was determined following the protocol by Laby et al. (2000). Leaves of 14 days-old plants, both those co-cultivated with or without POT1, were divided into three distinct groups (leaves 1–4, 5–8, and 9–12). The leaves were extracted with 99:1 methanol: HCl (v/v) overnight at 4°C. The anthocyanin contents were determined by acquiring OD at 530 and 657 nm and were calculated using the formula: OD530-(0.25 × OD657) × extraction volume (mL) × 1/weight of the tissue.



2.11. Effect of POT1 under local soil conditions

The growth test of Bok Choy and Temasek Rice was conducted in soil collected from Lim Chu Kang, Singapore (N 1° 26′ 7.3284″, E 103° 42′ 48.456″). Before conducting the tests, a soil nutrient analysis was performed to determine the available nutrients in Lim Chu Kang soil and commercial soil used for the cultivation of Bok Choy and Rice. One kilogram of commercial and Lim Chu Kang soils was analyzed for nitrogen, phosphorus, potassium, calcium, magnesium, sodium, copper, manganese, zinc, and boron using Mehlich 3 extraction (Mehlich, 1984) followed by Agilent 720 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES; Agilent, United States) analysis. Ten grams of soil was mixed with 20 mL of sterile distilled water on a magnetic stirrer for 1 h, and the pH of the soil mixture was recorded using a pH meter.

For the growth test, POT1 mycelia (0.5 g per pot) and heat-killed POT1 were incorporated into Lim Chu Kang soil a week before transferring the Bok Choy and Rice seedlings. These plants were grown under greenhouse conditions, and the corresponding growth index parameters were subsequently examined.



2.12. Comparison of POT1 with other Penicillium species

The insoluble phosphate solubilizing activity of POT1 was analyzed with other Penicillium strains such as P. bilaiae (ATCC 20851), P. chrysogenum (NBRC 4626), P. janthinellum (NBRC 31133), and P. simplicissimum (NBRC 106922) in CaP-amended modified Pikovskaya broth. The phosphate solubilizing rate was determined using the following formula [(soluble phosphorus concentration of treatment-soluble phosphorus concentration of control)/inorganic phosphorus concentration of each experimental group × 100] described by Qiao et al. (2019). An in vitro growth test was carried out to compare the effect of POT1 with other Penicillium strains under -P conditions.

Additionally, vermiculite soil experiments were undertaken to further assess the ability of POT1 to solubilize CaP in comparison with other strains of Penicillium. Vermiculite was conditioned with 0.5 g of fungal mycelia for 7 days before transplanting Arabidopsis seedlings. The plants were then watered bi-weekly with a Hoagland’s solution in which tricalcium phosphate served as the exclusive phosphorus source. Cultivated at a temperature of 22°C, growth metrics were analyzed to evaluate the effectiveness of the different strains in phosphate solubilization.



2.13. Statistical analysis

Statistical analysis was performed using GraphPad Prism software version 9.5 for Windows (GraphPad Software, United States). The data from replicate observations were analyzed using student’s t-test, and significant differences among treatments were determined at p < 0.05 based on an unpaired two-tailed t-test.




3. Results


3.1. Identification and genotyping of POT1

The phylogenetic relationships between POT1 and the related fungal strains in maximum-likelihood trees were generated using five barcode markers such as ITS, TEF1α, SSU, LSU, and MCM7. The ITS sequence of POT1 clustered with two other strains of P. olsonii (bootstrap = 82) (Figure 1A; Supplementary Figure S1). The TEF1α sequences of POT1 clustered with five other strains of P. olsonii with a bootstrap value of 87 (Supplementary Figure S2). The SSU and LSU sequences of P. olsonii were also grouped with other strains of P. olsonii with bootstrap values of 97 and 99, respectively (Supplementary Figures S3, S4). The same or closely related Penicillium species were clustered as a clade on the resulting phylogenetic tree, while the out-group cluster of Aspergillus sp. formed non-similarity clusters. Except for MCM7 (Supplementary Figure S5), all the sequences of the DNA barcode markers of the POT1 strain grouped with P. olsonii sequences, and the strain was ascertained as P. olsonii.
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FIGURE 1
 Identification of the phosphate-solubilizing fungus Penicillium olsonii TLL1 (POT1) and growth promotion of Arabidopsis by POT1 under P-sufficient and P-limiting conditions. (A) Phylogenetic tree generated from maximum likelihood (ML) analysis of POT1 based on ITS sequence data. Bootstrap values on 1,000 replications are shown at the nodes of the tree. (B) Colony morphology of POT1 cultured on (left) PDA and (right) MEA for 7 days. The scale bar represents 1 cm. (C) Arabidopsis plants grown in full P conditions both with and without POT1. Four-days-old plants were transferred to full P media pre-cultured with and without POT1 under in vitro conditions for 10 days. The scale bar represents 1 cm. The bar diagrams show (D) primary root length, (E) shoot fresh weight, and (F) root fresh weight of Arabidopsis Col-0 plants co-cultivated with POT1 in full P conditions for 10 days. The combined data from three independent experiments (n = 3; unpaired two-tailed t-test, ***p < 0.001; **p < 0.01; *p < 0.05) is shown. (G) The phosphate content in the shoot of Arabidopsis, following a 4 weeks co-cultivation with or without POT1. (H) Arabidopsis plants grown in low P conditions both with and without POT1. Four-days-old plants were transferred to low P media that had been either pre-cultured with POT1 or not and maintained in vitro for 10 days. The scale bar represents 1 cm. The bar diagrams show (I) primary root length, (J) shoot fresh weight, and (K) root fresh weight of Arabidopsis WT plants co-cultivated with POT1 in low P conditions for 10 days. The combined data from three independent experiments is represented (n = 3; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05). (L) The shoot phosphate content of Arabidopsis plants after a four-week co-cultivation with or without POT1 under low P conditions in vitro (n = 3; unpaired two-tailed t-test, **p < 0.01).


The colony morphology of POT1 was recorded after 7 days of growth on MEA and PDA (Figure 1B). When we stained the Arabidopsis roots co-cultivated with POT1 using WGA-AF488 and PI, the POT1 fungal hyphae appeared green and the plant root cell walls appeared red (Supplementary Figure S6). The co-staining revealed that POT1 colonized the surface of the roots without any penetration into the root cortical cells.



3.2. Plant root growth promotion by POT1 under P-sufficient and deficient conditions

We conducted experiments to assess the growth promotion of Arabidopsis mediated by P. olsonii TLL1 (POT1) under both P-sufficient and P-deficient media conditions (Supplementary Figure S7). Under P-sufficient conditions, Arabidopsis plants inoculated with POT1 exhibited 1.2-fold longer primary roots (Figures 1C,D), but there was no significant increase in shoot fresh weight, root fresh weight, or shoot P content compared to uninoculated plants (Figures 1E–G). Under P-deficient conditions, POT1-inoculated plants showed 2-fold longer primary root length (Figures 1H,I), and their shoot and root fresh weights significantly increased by 1.5- and 2-fold (Figures 1J,K), respectively, compared with uninoculated plants (Supplementary Table S4). Additionally, we tested the growth of Arabidopsis by POT1 inoculation under no P condition (Supplementary Figure S8A). Despite the absence of a phosphate source in the medium, the co-cultivated plants with POT1 showed 2-fold longer primary roots and 2-fold increased root fresh weight, whereas there was no difference in shoot fresh weight between inoculated and non-inoculated plants (Supplementary Figures S8B–D and Supplementary Table S5). The shoot phosphate content in plants inoculated with POT1 under no P conditions increased 1.5-fold compared to uninoculated plants (Supplementary Figure S8E).



3.3. Altered ALMT1 expression by POT1

To identify the role of RAE1, STOP1, ALMT1, and MATE1 in promoting Arabidopsis growth by POT1, we quantified their relative expression in shoots and roots using qPCR (Figure 2 and Supplementary Table S6). Our results showed that the expression level of RAE1, STOP1, and MATE1 showed no significant changes in response to phosphate sufficiency or deficiency in either shoots or roots (Figures 2A,B,D–F,H). However, the expression of ALMT1 was increased under phosphate-deficient conditions in the root. Consistent with the root phenotype in Arabidopsis, ALMT1 expression was decreased upon POT1 inoculation (Figure 2C). Under the phosphate-sufficient condition, ALMT1 expression was significantly decreased in the shoots upon POT1 inoculation (Figure 2G).
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FIGURE 2
 Gene expression analysis. Relative expression of (A) RAE1, (B) STOP1, (C) ALMT1, and (D) MATE1 in roots of Arabidopsis when treated with and without Penicillium olsonii TLL1 (POT1) under full P and low P conditions. The relative expression of (E) RAE1, (F) STOP1, (G) ALMT1, and (H) MATE1 in shoots of Arabidopsis when treated with POT1 under full P and low P conditions. Expression levels are shown relative to the mean expression of actin and normalized to those of full P conditions. The bar diagrams show combined data from three independent experiments (n = 3; unpaired two-tailed t-test, **p < 0.01 and *p < 0.05).




3.4. STOP1 protein was unstable when co-cultivated with POT1

The interaction between POT1 and STOP1 protein under full P and low P conditions was demonstrated in the transgenic Arabidopsis plant. The STOP1 protein was found to be degraded by POT1 under both phosphate-sufficient and deficient conditions (Figure 3A). Under phosphate-deficient conditions, POT1 induced a greater decrease in STOP1 protein levels compared to phosphate-sufficient conditions.
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FIGURE 3
 Effects of Penicillium olsonii TLL1 (POT1) inoculation on STOP1 accumulation, callose deposition, and NO accumulation in Arabidopsis. (A) Transgenic Arabidopsis plants expressing 35S: STOP1-3HA were grown under full P and low P with and without POT1 inoculation. STOP1 protein levels were analyzed by western blots using anti-HA antibodies. Stained gel bands of a large subunit of Rubisco (RbcL) were used as controls. (B) Callose deposition in Arabidopsis roots under full P and low P conditions, with both inoculated and uninoculated conditions of POT1. Four-days-old plants were transferred to full P media pre-cultured with and without POT1 under in vitro conditions for 10 days, and callose accumulation was analyzed in 1.5 cm root tips using aniline blue staining. The white arrowhead denotes callose deposition in the stem cell niche under phosphate-limiting conditions. Three independent experiments were carried out, and one representative experiment is shown. The scale bar represents 100 μm. (C) Nitric oxide (NO) accumulation in Arabidopsis roots under full P and low P conditions, with inoculated and uninoculated conditions of POT1. Four-days-old plants were transferred to full P media pre-cultured with and without POT1 under in vitro conditions for 10 days. NO accumulation was analyzed in 1.5 cm root tips using DAF-FM DA staining. The scale bar represents 100 μm.




3.5. Inhibition of callose deposition and NO accumulation by POT1

To confirm that POT1 inhibits the negative components of root growth, we investigated its effect on callose deposition and nitric oxide (NO) accumulation under phosphate-sufficient and deficient conditions. Under phosphate deficiency, POT1-inoculated plants showed decreased callose deposition in the root apical meristem compared to the massive callose formation observed in uninoculated plants (Figure 3B). However, under phosphate-sufficient conditions, no difference in callose deposition was observed in plants with or without POT1. The capability of POT1 to inhibit endogenous NO accumulation in roots was tested using the fluorescent probe DAF-FM DA. Green fluorescence was clearly observed under phosphate-deficient conditions, indicating phosphate-dependent NO production. In contrast, after inoculating POT1, the NO level in the root decreased, suggesting the involvement of POT1 in root development under phosphate deficiency (Figure 3C).



3.6. Quantitative assay for phosphate-solubilizing activity of POT1

When POT1 was grown on PVK and NBRIP media amended with Ca3(PO4)2 for 7 days at 25°C, visible halo zones of dissolved phosphorus were observed, indicating recalcitrant phosphate solubilization (Figure 4A). When cultured on Pikovskaya and NBRIP media, POT1 showed a phosphate solubility index (d/D ratio) of 1.161 and 1.212, respectively (Figure 4B and Supplementary Table S7).
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FIGURE 4
 Insoluble phosphate solubilization activity of Penicillium olsonii TLL1 (POT1) under different recalcitrant P sources. (A) POT1 producing dissolved circular zones of phosphorus when cultured on Pikovskaya agar and NBRIP media amended with CaP for 7 days. (B) A bar diagram showing phosphate solubility indices of POT1 when cultured in Pikovskaya agar and NBRIP media amended with CaP for 7 days. (C) Phosphate-solubilizing potential of POT1 in various inorganic phosphorus compounds such as tricalcium phosphate (CaP), aluminum phosphate (AlP), iron phosphate (FeP), and hydroxyapatite (HA) after 14 days. Scale bar represents 1 cm. (D) Soluble P concentration produced by POT1 in different inorganic insoluble phosphates such as CaP, AlP, FeP, and HA. The POT1 spore suspension was inoculated in 100 mL-modified Pikovskaya media amended with CaP, AlP, FeP, and HA for 2 weeks and the soluble phosphate concentration was measured using phosphomolybdenum spectrophotometry. Three biological replicates of each treatment were analyzed (n = 3; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05). The error bars show the standard deviation.


POT1 was found to solubilize tricalcium phosphate [Ca3(PO4)2], hydroxyapatite [Ca10(PO4)6 (OH)2], aluminum phosphate (AlPO4), and iron phosphate (FePO4·4H2O) accompanied by a decline in the pH of the supernatants in modified PVK media (Supplementary Table S8). POT1 exhibited the highest phosphate-solubilizing activity in media containing Ca3(PO4)2, followed by hydroxyapatite, aluminum phosphate, and iron phosphate (Figure 4C). In CaP and hydroxyapatite, the soluble phosphorus concentrations were 2.95 mg/mL and 1.574 mg/mL, respectively. POT1 could also solubilize AlPO4 and FePO4, releasing soluble P at concentrations of 0.924 mg/mL and 0.436 mg/mL, respectively, after 14 DPI (Figure 4D). The phosphate-solubilizing rate was 57% for CaP, 31% for hydroxyapatite, 20% for AlP, and 3% for FeP (Supplementary Table S8).



3.7. Secretion of organic acids by POT1

The organic acids released by POT1 were measured under both full P and low P conditions. The secretion of gluconic acid (238 mg/L) was higher under low P conditions, whereas the secretion of citric acid (212 mg/L) was higher under full P conditions (Supplementary Figure S9). The malic acid concentration in low P (3 mg/L) was reduced 45-fold when compared to full P conditions (136 mg/L). Similarly, the amount of succinic acid secreted by POT1 into low P culture filtrate was reduced 25-fold.



3.8. Growth promotion in Arabidopsis and leafy vegetables by POT1 under insoluble phosphate conditions

To investigate the growth promotion and phosphate-solubilizing capability of POT1 on Arabidopsis growth under P-sufficient and deficient conditions including insoluble P sources, we co-cultivated Arabidopsis plants in vermiculite, which is a nutrient-free soil (Figure 5 and Supplementary Table S9). Arabidopsis plants grown in low P and insoluble P sources such as tricalcium phosphate (CaP), aluminum phosphate (AlP), iron phosphate (FeP), and hydroxyapatite (HA) conditions are stunted without POT1 inoculation (Figure 5A). Consistent with Arabidopsis growth condition, shoot fresh weight, leaf index, number of leaves, and shoot phosphate content were higher in POT1 inoculated plants compared to non-inoculated plants (Figures 5B–E; Supplementary Figure S10). The anthocyanin accumulation, a typical phenotype of plants grown under phosphate deficiency (Jiang et al., 2007), was lower in POT1-inoculated plants than in non-inoculated plants (Supplementary Figure S11 and Supplementary Table S10). Under no P condition in vermiculite soil, the shoot fresh weight, the number of leaves, leaf area index, and shoot P content of POT1-inoculated Arabidopsis plants were increased significantly, compared with non-inoculated plants (Supplementary Figure S12 and Supplementary Table S11). However, plants grown under no P condition still showed growth defects when compared with phosphate-sufficient plants.
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FIGURE 5
 Penicillium olsonii TLL1 (POT1) promotes the growth of Arabidopsis under insoluble phosphate and phosphate-limiting conditions. (A) A representative image of A. thaliana WT plants grown in full P, low P, CaP, AlP, FeP, and HA as the sole source of P with and without POT1. Ten-days-old plants were transferred to vermiculite soil pre-inoculated with and without POT1 and were harvested after 2 weeks. The scale bar represents 1 cm. The bar diagrams represent (B) shoot fresh weight, (C) leaf area Index, and (D) number of leaves of A. thaliana WT plants grown in full P, low P, CaP, AlP, FeP, and HA with and without POT1 in vermiculite for 2 weeks. The combined data from 15 independent experiments were analyzed (n = 15; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05). (E) Shoot phosphate content of Arabidopsis plants grown in full P, low P, CaP, AlP, FeP, and HA with and without POT1 after 4 weeks (n = 3; unpaired two-tailed t-test, **p < 0.01).


We also examined whether POT1 colonization could promote the growth of leafy vegetable Bok Choy (B. rapa subsp. chinensis) under different phosphate sources by growing it in vermiculite (Figure 6A and Supplementary Table S12). After 4 weeks, Bok Choy plants grown in low P, tricalcium phosphate (CaP), aluminum phosphate (AlP), iron phosphate (FeP), and hydroxyapatite (HA) conditions without POT1 exhibited stunted growth. In contrast, the biomass of POT1-inoculated plants increased as indicated by fresh shoot weight, number of leaves, and leaf area index (Figures 6B–D; Supplementary Figure S13). Moreover, the total phosphate content was higher in all the inoculated plants under insoluble phosphate and low phosphate conditions, compared with non-inoculated Bok Choy (Figure 6E). When no P condition was simulated in vermiculite soil, the shoot fresh weight, number of leaves, and leaf area index of plants increased in plants treated with POT1 compared to non-inoculated plants (Supplementary Figure S14). However, the biomass of the plants still decreased 7-fold compared to plants grown under full P conditions (Supplementary Table S13).
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FIGURE 6
 Penicillium olsonii TLL1 (POT1) promotes the growth of leafy vegetable Bok Choy under insoluble phosphate and phosphate-limiting conditions. (A) A representative image of Bok Choy plants grown in full P, low P, CaP, AlP, FeP, and HA as the sole source of P with and without POT1. Ten-days-old Bok Choy plants were transferred to nutrient-poor vermiculite soil pre-inoculated with and without POT1 and were harvested after 4 weeks. The scale bar represents 5 cm. The bar diagrams show (B) shoot fresh weight, (C) number of leaves, and (D) leaf area index of the 4th leaf of Bok Choy plants co-cultivated with POT1 in full P, low P, CaP, AlP, FeP, and HA conditions after 4 weeks. The combined data from nine independent experiments were analyzed (n = 9; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05). (E) Shoot phosphate content of Bok Choy plants co-cultivated with and without POT1 after 4 weeks (n = 3; unpaired two-tailed t-test, **p < 0.01).




3.9. Growth promotion by POT1 under local soil conditions

We investigated whether POT1 functions in the local soil at Lim Chu Kang in Singapore on Bok Choy and Rice growth. Firstly, we analyzed the pH and macro/micro-nutrient content of the local soil. Our results showed that the pH of Lim Chu Kang soil was 6.5 higher than the pH of the commercial soil (5.7) (Supplementary Figure S15A), which was in the range of highest phosphate availability (Havlin, 2020) (Supplementary Figure S15B). Additionally, the phosphate content of the commercial soil was 4-fold higher than that of Lim Chu Kang soil (Supplementary Figure S15C). However, the phosphate content in Lim Chu Kang soil (50 mg/kg) indicated that they were still sufficient for plant growth (Philip et al., 2021). We also analyzed other macro/micro-nutrients such as nitrogen, potassium, calcium, magnesium, iron, sodium, copper, manganese, zinc, and boron in the commercial and Lim Chu Kang soils (Supplementary Figures S16A,B). Notably, the content of copper, manganese, and zinc in Lim Chu Kang soil was higher than that of the commercial soil (Supplementary Table S14).

For 4 weeks, we grew Bok Choy plants in Lim Chu Kang soil with/without POT1 (Supplementary Figure S17). We found that POT1 improved the growth conditions of the plants, as indicated by the increase in shoot fresh weight, number of leaves, and leaf index in POT1 inoculated plants (Figures 7A–D and Supplementary Table S15). Moreover, the total phosphorus content in the leaves of POT1-inoculated plants was higher than that of non-inoculated plants (Figure 7E and Supplementary Table S15). We also confirmed that POT1 promoted the growth of Rice, a monocot plant, in Lim Chu Kang soil (Figure 8; Supplementary Figure S18). The co-cultivation of Rice plants with POT1 resulted in increased plant height (Figures 8A,B), number of tillers (Figure 8C), and shoot phosphate content (Figure 8D) compared with plants grown without POT1 inoculation. Furthermore, the increased tiller number was accompanied by an increase in seed number (Figure 8E), and seed dry weight (Figure 8F) was also increased by POT1 inoculation (Supplementary Table S16).
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FIGURE 7
 Penicillium olsonii TLL1 (POT1) promotes the plant growth index of leafy vegetables in Singapore’s local soil. (A) A representative image of Bok Choy plants grown in Lim Chu Kang soil with and without POT1. Ten-days-old Bok Choy plants were transferred to Lim Chu Kang soil pre-inoculated with and without POT1 and harvested after 4 weeks. The scale bar represents 5 cm. The bar diagrams show (B) shoot fresh weight, (C) the number of leaves, and (D) the leaf area index of the 3rd and 4th leaves of Bok Choy plants co-cultivated with POT1 after 4 weeks. The combined data from 12 independent experiments are represented (n = 12; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05). (E) Shoot phosphate content of Bok choy plants co-cultivated with and without POT1 after 4 weeks (n = 3; unpaired two-tailed t-test, **p < 0.01).
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FIGURE 8
 Penicillium olsonii TLL1 (POT1) promotes the plant growth index of rice in Singapore’s local soil. (A) A representative image of rice grown in Lim Chu Kang soil with and without POT1 after 6 weeks. The scale bar represents 10 cm. Fourteen-days-old Rice seedlings were transferred to LCK soil pre-inoculated with and without POT1 and were grown for 3 months. The bar diagrams show (B) plant height, (C) number of tillers, (D) shoot phosphorus content after 6 weeks, (E) seed number per plant, and (F) seed weight per plant co-cultivated with and without POT1 in LCK soil. The combined data from 12 independent experiments were analyzed (n = 12; unpaired two-tailed t-test, ***p < 0.001, **p < 0.01, and *p < 0.05).


In addition, we tested the effect of POT1 on plant growth under Lim Chu Kang soil conditions using heat-killed POT1 as a negative control. We found that shoot fresh weight, number of leaves, and leaf area index of Bok Choy were significantly higher in live POT1 inoculated plants compared to heat-killed POT1 and uninoculated plants (Supplementary Figure S19 and Supplementary Table S17). Similarly, in the Rice growth test, heat-killed POT1 was non-functional, as indicated by shorter plant height, lower tiller numbers, and reduced seed weight/number compared with live POT1 (Supplementary Figure S20 and Supplementary Table S18). These results suggest that the phosphate-solubilizing capability of POT1 helps plants absorb phosphate sources from soils containing insoluble phosphate, thereby increasing plant growth.



3.10. Comparison of five Penicillium strains on phosphate solubilizing activity and Arabidopsis growth

The capability of POT1 to solubilize tricalcium phosphate was evaluated against other Penicillium strains including P. bilaiae, P. chrysogenum, P. janthinellum, and P. simplicissimum (Supplementary Figure S21). In mediums containing CaP, the soluble phosphate concentrations for P. chrysogenum, P. janthinellum, and P. simplicissimum were measured at 1.69 mg/mL, 1.84 mg/mL, and 1.97 mg/mL, respectively. The highest solubilizing activity was shown in P. bilaiae (3.44 mg/mL), followed by POT1 (3.06 mg/mL) (Supplementary Table S19). Based on these results, growth promotion activity was also compared between POT1 and the aforementioned Penicillium strains under phosphate-deficient conditions (Supplementary Figure S22A). All strains showed longer primary root lengths compared to the control, which was without any fungal inoculation. Among the five Penicillium strains, plants inoculated with POT1 had the longest primary root length (Supplementary Figure S22B). Similarly, shoot fresh weight in plants treated with POT1 (a 2-fold increase) was the highest among all the strains (Supplementary Figure S22C). Unexpectedly, no difference in shoot fresh weight was found between plants treated with P. simplicissimum and control plants. Moreover, in the case of plants co-cultivated with P. janthinellum, a 2.56-fold decrease in shoot fresh weight was observed. Regarding root fresh weight, all inoculated plants exceeded the non-inoculated controls, with P. chrysogenum demonstrating the highest increase (Supplementary Figure S22D and Supplementary Table S20).

To investigate plant growth by the phosphate solubilizing activity of each fungus, we tested Arabidopsis growth in vermiculite using an insoluble phosphate source, which is calcium phosphate (CaP) (Supplementary Figure S23A). The shoot fresh weight of Arabidopsis inoculated with POT1 was higher than that of other strains under these conditions (Supplementary Figure S23B). Furthermore, we measured anthocyanin accumulation, which is a typical phosphate deficiency response in plants. The lowest anthocyanin content was observed in plants inoculated with POT1 and P. simplicissimum (Supplementary Figure S23C and Supplementary Table S21). Overall, these results indicate that POT1 demonstrated superior activity in comparison to the other Penicillium strains.




4. Discussion

In our study, we identified that the newly isolated fungal strain, P. olsonii TLL1 (POT1), has a high ability to solubilize phosphate and promote root elongation in Arabidopsis (Figure 1). Even if the phosphate source is completely omitted from the growth medium, the length of the primary root is longer with POT1 inoculation. Previously, several Penicillium spp. were isolated from the greenhouses of a botanical garden and P. olsonii was identified to be one of the predominant airborne fungal species (Rodolfi et al., 2003). Recently, the biocontrol activity and plant growth-promoting potential of P. olsonii strains isolated from different environments have also been revealed (Rojas et al., 2022; Tarroum et al., 2022). Here, we demonstrate the growth-promoting potential of POT1 especially under phosphate limiting conditions.

The STOP1 transcription factor is one of the crucial checkpoints in root development to phosphate deficiency stress in Arabidopsis. Our study shows that the STOP1 protein level is decreased by POT1 inoculation under full P and low P conditions, implying that the reduction of STOP1 protein leads to a low ALMT1 transcript level (Figures 2, 3A). STOP1 stability is reported to be post-translationally regulated by RAE1, an E3 ubiquitin ligase, thereby controlling primary root length and STOP1 mutants, and RAE1 overexpressed plants have a long primary root under phosphate deficiency (Sawaki et al., 2009; Balzergue et al., 2017; Zhang et al., 2019). A recent report demonstrated that in Arabidopsis, the premature leaf senescence induced by the soil-borne fungus Verticillium dahliae is influenced by the protein elicitor PevD1, which is secreted by V. dahliae. When PevD1 is overexpressed or transferred by V. dahliae, it not only accelerates leaf senescence but also targets and stabilizes the senescence-related NAC transcription factor ORE1. This happens by interfering with ORE1’s interaction with the RING-type ubiquitin E3 ligase NLA, leading to increased ethylene production and enhanced senescence (Zhang et al., 2021). Similarly, more research is needed to identify specific elicitors that affect the degradation of STOP1 by RAE1.

Moreover, we confirmed that POT1 inhibited callose and NO accumulation in root cells under phosphate deficiency (Figures 3B,C). As negative factors of primary root elongation inhibiting cell-to-cell communication, callose deposition and NO are accumulated in the root apical meristem and entire root cells, respectively.

Despite being grown under low phosphate conditions, Arabidopsis’ roots elongate normally due to the inhibition of callose and NO accumulation with root colonization of POT1. These metabolites can be degraded and scavenged by beta-1,3 glucanases and flavonoids, respectively (Wang et al., 2010; Burch-Smith and Zambryski, 2012; Duarte et al., 2014; Muller et al., 2015).

The secretion of β-1,3 glucanases by endophytic fungi is well documented as an antagonistic activity against invading fungal pathogens (Markovich and Kononova, 2003). Endophytic fungal communities with phosphate solubilizing activity associated with the rhizosphere of healthy maize and rice plants secrete β-1,3 glucanases, chitinases, and amylases (Potshangbam et al., 2017). Besides, Aspergillus nidulans and Aspergillus oryzae are reported to secrete flavonoids in cultures (Qiu et al., 2010). Taken together, we suggest that POT1 might control STOP1 protein stability and secrete beta-1,3 glucanases and flavonoids in low-phosphate environments. Thus, further studies are required to confirm the mechanism of post-translational regulation as well as the secretion of beta-1,3 glucanases and flavonoids by POT1 under phosphate-limiting conditions. Therefore, further study is required to determine whether POT1 can secrete and transfer a particular flavonoid and beta-1,3-glucanases to plant root cells using secondary metabolite and proteome analysis as well as investigate flavonoid content and beta-1,3-glucanase expression level induced by POT1 inoculation.

Organic acid secretion is the widely reported mechanism of phosphate solubilization, where PSFs break down insoluble phosphates by secreting organic acids onto soil surfaces (Rawat et al., 2021). Malic acid was most competent to solubilize CaP, followed by citric, formic, and succinic acids (Gaind, 2016). It has been reported that tartaric acid and citric acid were dominant in Penicillium oxalicum P4, while malic and citric acid dominated in A. niger P85 cultures when solubilizing tricalcium phosphate (Yin et al., 2015). The commercial strain, P. bilaiae, has been shown to produce oxalic and citric acids (Sanchez-Esteva et al., 2016). We have shown that in low P conditions, POT1 highly exudates gluconic acid while malic acid and citric acid are reduced.

The use of microbial inoculants has gained acceptance over chemical fertilizers as they are eco-friendly and help to improve soil health. The application of fungal species as biofertilizers to arable land to improve soil quality is emerging as an eco-friendly approach in modern agriculture (Kour et al., 2020). P. bilaiae was widely used as a biofertilizer, and several studies conducted in growth chambers and the field increased the biomass, phosphate uptake, and grain yield in wheat (Triticum aestivum L.) (Sanchez-Esteva et al., 2016), pea (Vessey and Heisinger, 2001), and lentil (Wakelin et al., 2007). Among the Penicillium genus, P. bilaji, P. italicum, P. albidum, P. frequentans, P. simplicissimum, P. rubrum, P. expansum, P. oxalicum, and P. citrinum have been commercially used as biofertilizers for the mobilization of P, Mn, Zn, Fe, Co, Cu, and Mo and biotic and abiotic stress tolerance (Odoh et al., 2020). P. bilaiae was reported to be effective in calcareous soil compared to moderately acidic soil (Sanchez-Esteva et al., 2016). In our study, we have confirmed that plant growth conditions in Arabidopsis, Bok Choy, and Rice in vermiculite and Singapore’s local soil, which has low phosphate availability, are improved due to the P-solubilizing activity of POT1 (Figures 5–8).

Phosphate fixation in soil depends on edaphic factors such as pH, organic matter content, the presence of exchangeable cations such as Fe, Al, Ca, and Mg, and clay content, which contribute to phosphate insolubility. The phosphate added as agro fertilizer to the soil reacts with cation ions such as Al, Ca, and Fe and becomes fixed in the soil, which is inaccessible for uptake by the plant roots (Penn and Camberato, 2019). Hence, phosphate-solubilizing fungi (PSF) could be widely employed as a potential solution to improve phosphate uptake and use efficiency.

Phosphate-solubilizing fungi thrive in the rhizosphere and establish symbiotic associations with the root systems of plants. Endophytic fungi such as Penicillium, Aspergillus, Trichoderma, Piriformospora, and Curvularia are among the active PSF species involved in phosphate cycling (Mehta et al., 2019). The P. guanacastense JP-NJ2 strain has a high ability to solubilize aluminum phosphate (Qiao et al., 2019). The solubilization of recalcitrant phosphate sources by Aspergillus spp. and Penicillium spp. generally decreased the liquid medium pH for the solubilization of insoluble phosphate (Acevedo et al., 2014). Here, we confirmed the phosphate-solubilizing activity of POT1 in insoluble phosphate complexes such as tricalcium phosphate, aluminum phosphate, iron phosphate, and hydroxyapatite (Figure 4). Among these, the highest solubilizing capability is observed in culture media containing tricalcium phosphate (Figure 4D). In addition, we showed that POT1 was remarkably effective on root growth promotion and phosphate solubilizing activity in the phosphate-deficient medium and insoluble phosphate-contained soil when compared to other Penicillium strains such as P. bilaiae, P. chrysogenum, P. janthinellum, and P. simplicissimum. Thus, we suggest that POT1, which showed better activity than other Penicillium strains, can be used as a high-potential biofertilizer for both monocot and dicot crop growth as well as the different types of soil conditions, which are upland and paddy soil. Furthermore, combinations of various beneficial fungal strains are required for the evaluation of plant growth and viability tests among fungal strains. Overall, this study provides useful information for developing more efficient biofertilizers than the existing ones.



5. Conclusion

The optimal usage of chemical fertilizers is necessary to maintain ecosystem function and develop sustainable agriculture. Thus, application, research, and methodology developments of biofertilizers need to be emphasized on improving effective, stable, and non-toxic microbiome strains for promoting plant growth. Using POT1, a potential biofertilizer, our study provides information on the combined action of both phosphate-solubilizing function and inhibitor removal of primary root elongation, especially under phosphate-limiting conditions. Therefore, these findings will support the development of biofertilizers for improved phosphate use efficiency and apply to different types of plants, such as monocot and dicot plants, increasing the yield even under low or no phosphate conditions as well as different conditions of soil, such as upland and paddy soils. Further study is required to investigate the functions and changes of diversification in the soil ecosystem due to biotic interactions between soil microbiomes and POT1. Specifically, research should explore combinations of POT1 with other beneficial fungi and bacteria to identify microbiome combinations that maximize growth promotion and yield in crops. Moreover, in our study, there is limited data on the effects of POT1 on plant growth in acidic conditions and different soil textures. Further research is needed to explore the functions of POT1 under various field conditions. Taken together, our research would contribute toward a better solution for sustainable agriculture with reduced fertilizer cost, especially phosphate, increasing its use efficiency and increasing crop yield.
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Network indices Organic Conventional

100 RNI 100 RNI
Average clustering coefficient 0.129 0.043 £ 0.006 0216 0.309 £ 0.011
Average path distance 6183 346740038 2791 254540027
Geodesic efficiency 0215 0.321 £ 0.003 0.456 0.435 +0.003
Harmonic geodesic distance 4.648 3.115+0.025 2191 2300 +£0.017
Centralization of degree 0073 0,073+ 0.000 0326 0326 £0.000
Centralization of betweenness. 0.122 0.074 £ 0.008 0.067 0.090 +0.010
Centralization of stress centrality 17.228 0.299 £0.028 2725 0.590 +0.055
Centralization of eigenvector centrality 0210 0.184 £ 0.015 0.175 0.173 £ 0.003
Density 0019 0.019 +0.000 0050 0.050 £ 0.000
Reciprocity 1.000 1.000  0.000 1.000 1.000 £ 0.000
“Transitivity 0.192 0.061 + 0.006 0.131 0.254 +0.005
Connectedness 001 0958+ 0,021 0471 0980 £0017
Efficiency 0.981 0.984 + 0.000 0.900 0.952 +0.001
Hierarchy 0.000 0.000 + 0.000 0.000 0.000 + 0.000
Lubeness 1000 1,000 0.000 1.000 1,000+ 0.000
Modularity 0676 0.406 £ 0.006 0210 0.166 £ 0.004

ENI, Empirical Network Indices; RNI, Random Network indices.
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Parameters Conventional

Farm T
pH (H,0) 705£0.15" 752£0.13 762206 768110
Moisture (%) 127402 106+0.12" 142504 139502
OM (%) 5894012 5374011 4984019 5134019
TOC 162021 2442002 2994048 168 0,11
EC (mS cm™) 044200 0.44:+0.0° 0.22:400° 070 200"
CEC (cmol [+]) kg ! 1168+ 021" 29294 1.62 8424 112 1024+ 142
NO, (mgl) 135825172 6334 153 3596352 125.96 439"
PO, (mgl™) 1052+ 044" 1103+ 1.25% 1045128 1419+ 182
NH, (mgl") 104 £0.0° 112£0.09" 1535010 4284044
50, (mgl™) 3554 % 132 70132217 15.37£217% 5379303
HCO. (mgl™) 15.25 £ 048" 2715 141 3661313 3661£394°
P (mgkg ) 4254327 143£173 7224325 4024234
K (mgl") 172097 19.55.£0.94" 16424 181° 5356 181°
Na (mgl") 1678 +0.68" 1678+ 0.87" 1028+ 1.56° 3081253
Ca (mgl™) 3286 £ 2.61" 3326+ 189" 13.63£356° 5174360
Mg (mgl") 1821102 1726089 624124 1754220
Cl(mgl™) 42194210 30.14 £3.00° 1276+ 26 99.623.76"
Fe (mgl™') 051002 0.0£0.00° 0.01£00% 003£00"
Cu (mgl) 0,03 0.00° 0.05£0.00° 019000 005000
Zn (mgl” 0.0£0.00° 0.0£0.00° 0.142000° 0.01£000"
Pb (mg/kg) 546£0.18° 53294091 91272024 825+0.10°
As (mg/kg) 268 £0.16° 3.69.£0.0b 1235061 347£00°
Hg (mg/kg) 00400 0.11£0.0° 2912018 005400"
Pd (mg/kg) 026002 037 £0.0° 0.17£00° 0.18+00°
Cd (mg/kg) 003007 0.085+0.0° 016200 002£00°
Particle size (>2mm) 38£078 2991243 524068 04£000'
Clay (%) 215075 2744256 12,6 0.86° 1794176
Sand (%) 654272 640391 763266 658443
Silt (%) 115086 86154 [IRESEZ 163518

Values are mean+ SD (1=4). EC, electrical conductivity; CEC, cation exchange capacity; OM, Organic matter; TOC, Total organic carbon. Values with different superscript letters for each
farm (across rows) are significantly different based on the non-parametric Kruskal-Wallis H test or the parametric analysis of variance (ANOVA) test.
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Parameters Organic Conventional

Farm J
Dehydrogenase 2494£7.09 156.28 £ 6.61° 17117 £ 2.1° 8939+ 0.78¢
f-glucosidase 140.98 + 2.41° 12453 047 108.09 £ 1.19° 83284022
Alkaline phosphatase 026001 052004 0524002 0.26:0.02"
Acid phosphatase 0514002 0524002 052000 026001
Urease 10,83 4048 4981+ 174" 217£006* 2599+0.24°

Values are mean D (n=4) followed by superscript letters across the rows. The superscripts are significant diferences based on the non-parametric Kruskal-Walli H test or parametric
independent sample ANOVA test across the farms. The nit of measurement for the enzyme are INF g g™ 2h (dehydrogenase), P-nitrophenol g &' h™' (f-glucosidase, acid and alkaline
phosphatase) and NH,-Npgg™ 2! (urease).
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condition metals
A. thiooxidans Pulp density: 0.25% (w/v), 23% 60% NA Co and Li dissolution were higher in two-step Biswal et al., 2018
(80191) pH: 2.4 bioleaching
A. ferrooxidans Solid-to-liquid ratio: 5 g/L, 65% 9.5% NA Higher solid/liquid ratios reduced leaching efficiency Mishra et al., 2008
(ATCC 19859) pH:2.5
A. ferrooxidans Pulp density: 100 g/L 94% 60.30% NA For optimum metal extraction, replenishment of Roy et al,, 2021b
(DSMZ, 1927) microbial culture was done every 24 h for 3 cycles
A. ferrooxidans Pulp density: 100 g/L 82% 89% Mn: 92%, Ni: |Leaching efficiency was increased with increase of Jegan-Roy et al.,
(DSMZ 1927) 90% sulphuric and ferric ion in the leaching medium as well 2021

as by replenishing the culture for three cycles

A. ferrooxidans Pulp density: 100 g/L 90.4% 89.9% Mn: 91.8%, [NMC (NMC;;; and NMCgp,) were regenerated from the Do etal.,, 2022
(DSMZ 1927) Ni: 85.5% |oxalate-based coprecipitated product. The

electrochemical stability of the regenerated NMC was

similar to the commercial NMC.

A. ferrooxidans Pulp density: 1% (s/v), 47.60% NA NA Enhancement of cobalt dissolution was observed at Lietal, 2013
(isolated) bacteria inoculation: 5% higher redox potential
(v/v), pH: 1.5
A. thiooxidans Pulp density: 30 g/L, pH: 2.0 60% 99% Mn: 20% | Bioleached spent LIB residue was safe to disposal as Naseri et al., 2019b
(PTCC 1717) meets the TCLP limit
A. thiooxidans Pulp density: 40 g/L, pH: 2.0 88% 100% Mn: 20% | The shrinking core model predicted that the diffusion of | Naseri et al., 2019a
(PTCC 1647) ferric ions plays a key role in metal leaching.
A. ferrooxidans Pulp density 1% (s/v) 99.90% NA NA Enhancement of cobalt dissolution was noticed with Zeng et al,, 2012
(isolated) addition of copper ions (0.75 g/L).
A. ferrooxidans Pulp density 1% (s/v) 98.40% NA NA Enhancement of cobalt dissolution was noticed with Zeng et al,, 2013
(isolated) addition of silver ions (0.02 g/L).
A. ferrooxidans Pulp density: 10 g/L 19.0% 67% Mn: 50%, Ni: |Ultrasonic treatment (203.5 W for 30 min) enhanced Nazerian et al., 2023
(PTCC 1647) 34% metal leaching efficiency.
A. ferrooxidans pH: 2.5, inoculum 57.8% NA NA Highest Co recovery was found at an inoculum Hariyadi et al., 2022b
(isolated) concentration: 20% (v/v) concentration of 20% (v/v) in 14 days of incubation time.
A. ferrooxidans Pulp density: 10 g/L, pH: 2-4,|  73.95% NA NA Bacterial strain isolated from the acid mine drainage has | Putra etal., 2022
(isolated) inoculum concentration: 20% the potential as oxidizing agent for recovery of metals
(v/v) (Co and Li) from spent LIBs.
L. ferriphilum Pulp density: 1% (w/v), pH: NA 49% NA Leaching tests were done using pyrite (FeS,, 16 g/L) as Xin et al,, 2016
(isolated) 1.0 the energy source and LFP as the cathode material.
A. thiooxidans Pulp density: 1% (w/v), pH: NA 98% NA Leaching tests were done using S° (16 g/L) as the energy Xin et al,, 2016
(isolated) 1.0 source and LFP as the cathode material.
A. thiooxidans Pulp density: 1% (w/v), pH: NA 97% Mn: 35%  |Leaching tests were done using S° (16 g/L) as the energy Xin et al,, 2016
(isolated) 1.0, source and LMO as the cathode material.
Mixed bacterial Pulp density: 2 g/L, pH: 7.0 NA 63.8% NA Adaptation of bacteria with LiCl solution (576 wM) Hartono et al,, 2017
culture (isolated) enhanced leaching efficiency of bacteria to Li.
Mixed culture of IOB|Pulp density 10 g/L, pH: 1.5 90.00% 80.0% NA Acidolysis was the main mechanism for Li dissolution, Xin et al., 2009
and SOB (isolated)  |(2.0 g/L sulfur + 2.0 g/L FeS;) whereas both acidolysis and redoxolysis contributed for
Co dissolution.
Mixed culture 1 Iron sulfate: 36.7 g/L; sulfur: 50.40% 99.20% Ni: 89.4% |Metal contents in spent LIB residue reduced to below the | Heydarian et al,
5.0g/L,pH: 1.5 regulatory standard (USEPA), thus the bioleached LIBs 2018
can be reused or disposed safely
Mixed culture 1 Pulp density: 1% (w/v), pH: 99.95% NA Ni: 99.95% | High metal extraction yield observed in short time Noruzi et al., 2022
2.0 (3 days) in two-step leaching with addition of silver ions
(0.02 g/L)
Mixed culture 1 Pulp density: 10% (w/v), pH: 53.20% 60.00% Ni: 48.7%, |Biogenic ferric ion-based critical metal leaching yield was| Boxall et al,, 2018
1.8 Mn: 81.8%, |further improved with addition 100 mM H,SOy4.
Cu: 74.4%
Mixed culture 2 Pulp density: 10 g/L, pH: 1.8 99.90% 84% NA Similar leaching results obtained by using iron scrap Ghassa et al., 2020
waste instead of chemical reagent (FeSO4.7H,O)
Mixed culture 1 Pulp density: 10 g/L, pH: 1.5 67% 80% NA Leaching efficiency was reduced to 35% Li and 10.5% Co | Marcintékova et al.,
in low nutrient medium 2016
Mixed culture 3 Pulp density: 5% (w/v), pH: 96.3% 98.1% NA Reactive oxygen species (ROS) regulation by the Liu et al., 2020
.25 exogenous addition of glutathione resulted higher metal
leaching yield.
Mixed culture 4 Pulp density: 1% (w/v), pH: 96.0% 92.0% Mn: 92%, Ni: | The experiments were conducted using mixed culture Xin etal,, 2016
.0 97% and mixed energy source (S° + FeS;) and NMC as
cathode material
Mixed culture 4 Pulp density: 1% (w/v), pH: NA > 95% Mn: > 95% | The experiments were conducted using mixed culture Xin etal,, 2016
.0 and mixed energy source (S° + FeS;) and LMO as
cathode material
Mixed culture 5 Pulp density: 2% (w/v), pH: 72.0% 89.0% NA Thermodynamics analysis shows bioleaching has much Niu etal., 2014
.0 greater potential to happen compared to chemical
leaching.
Mixed culture 6 Pulp density: 15 g/L, pH: 1.20|  99.3% 100% NA Extracellular polymeric substances (EPS) secreted by Wu W. etal, 2019

bacteria enhanced metal removal.

Mixed culture 1: A. ferrooxidans and A. thiooxidans. Mixed culture 2: A. caldus, L. ferriphilum, Sulfobacillus spp. and Ferroplasma spp. Mixed culture 3: L. ferriphilum and Sulfobacillus
thermosulfidooxidans. Mixed culture 4: A. thiooxidans and L. ferriphilum. Mixed culture 5: Alicyclobacillus spp. and Sulfobacillus spp. Mixed culture 6: L. ferriphilum spp. and
S. thermosulfidooxidans spp. A. thiooxidans, Acidithiobacillus thiooxidans; L. ferriphilum, Leptospirillum ferriphilum; NA, absence of data.
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Aspergillus niger Pulp density: 1% (w/v); pH: 45% 95% Cu: 100%, Mn: Spent medium exhibited highest metal extraction yield. Horeh et al., 2016
(PTCC 5210) 6.0 70%, Al: 65%, |Also, bioacids yielded higher metal extraction than
Ni: 38%  |synthetic chemical acids.
A. niger MM1/SG1 | Pulp density: 0.25% (w/v); 80-82% 00% NA Leaching efficiency was higher in cell-free spent medium. | Biswal et al, 2018
(isolated) carbon source: sucrose; pH: Also, bioacids yielded higher metal extraction than the
3i5 synthetic chemical acid (citric acid).
A. niger (PTCC Pulp density: 1-2% (w/v), 64% 00%  |Cu: 100%, Mn:|Co and Ni recovery were higher at 1% pulp density, while| Bahaloo-Horeh and
5210) carbon source: sucrose 77%, Al: 75%, |Li, Cu, Al and Mn recovery was higher at 2% pulp Mousavi, 2017
Ni: 54% | density.
A. niger (PTCC Pulp density: 1 % (w/v), 38% 00% Cu: 94%, Mn: |Adapted fungi showed higher metal leaching Bahaloo-Horeh
5210) carbon source: sucrose 72%, Al: 62%, |performance compared to unadopted fungi. etal, 2018
Ni: 45%
A. niger (PTCC Pulp density: 10% (w/v), NA 73.3% NA A. niger showed higher metal leaching performance than |Kazemian et al.,, 2020
5010) carbon source: glucose; pH: Penicillium chrysogenum.
4.5,
P. chrysogenum Pulp density: 10% (w/v), NA 54.6% NA A. niger showed higher metal leaching performance than |Kazemian et al.,, 2020
(PTCC 5037) carbon source: glucose; pH: P. chrysogenum.
4.5,
A. niger (isolated) | Carbon sources: glucose, 57% 72% NA Highest valuable metal recovery obtained in the one step | Hariyadi et al., 2022a
incubation time: 21 days process
Mixed culture 1 Pulp density: 1% (w/v), ~60% ~95% Mn: ~98%, |Spent medium leaching showed higher metal recovery Alavi et al., 2021
carbon source: sucrose, Ni: ~80%, Al: efficiency with vanasse as the carbon source
impure sucrose or vinasse ~82%

Mixed culture 1: A. niger and Aspergillus tubingensis. NA, absence of data.
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Aerobic metabolism: Oxidation and reduction reactions

Cell membrane
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Quantity of key metals in spent LIBs (%, w/w)

Method Li Cu Mn Fe Al i References
Chemical digestion 22.05 3.03 2.55 0.44 0.38 4.27 0.05 Roy et al,, 2021b
Chemical digestion 16.0 2.1 0.62 0.07 — - 0.04 Biswal et al., 2018
Chemical digestion 7.44 5.16 2.82 9.1 0.97 0.62 1596 Jegan-Roy et al., 2021
Chemical digestion 16.54 2.22 5.93 21.31 0.04 9.12 2.56 Horeh et al,, 2016
Chemical digestion 30.4 103 0.6 5.2 2.2 0.3 8.2 Heydarian et al., 2018
Chemical digestion 15.6 4.2 8.1 20.5 0.5 4.8 15 Xin etal., 2016
Chemical digestion - 4.5 5.4 26.5 2.3 52 - Xin et al., 2016
Chemical digestion = 5.0 7.6 = 25 4.4 = Xin etal., 2016
Chemical digestion - 2.76 - - - - - Badawy et al., 2013
Chemical digestion 31.18 7.04 0.22 5.02 0.93 0.61 9.07 Ghassa et al., 2021
Chemical digestion 46 2.0 - 0.85 — 1.5 2.7 Alavi et al., 2021
Chemical digestion 20.46 3.74 - 23.65 - 6.14 3.45 Nazerian et al., 2023
XRF 17.11 - 6.6 22 0.19 9.45 2.82 Horeh et al., 2016
XRF 48 - - 0.87 - 1.52 2.8 Alavi et al., 2021
XRF 53.82 - 0.20 1.67 - 0.12 2.99 Hariyadi et al., 2022b
EDX 48.5 3.37 - 239 0.14 - 24.1 Lietal, 2013
EDX 48.5 337 - 239 0.14 - - Zeng et al,, 2012
EDX 38.54 = - 1.03 = 2.08 = Hariyadi et al., 2022a
In chemical digestion method, metal analysis was done mainly using the inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. XRE, X-ray fluorescence spectroscopy;
EDX, energy-dispersive X-ray spectroscopy analysis.
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Advantages

Disadvantages

Direct recycling

Practically feasible to recover different components of spent LIBs

Active materials can be recovered with original chemical structures

Energy efficient

Recovered materials may not perform like virgin material

Mixing of cathode material could decrease the quality of the recycled
material

Regeneration process is not developed yet

Economically feasible

It is remains at laboratory-scale, not applied industrial-scale

Pyrometallurgy All types of spent LIBs with different chemistries can be recycled without |Loss of lithium in the recycling process (formation of slag)
sorting or treatment
Recovery of metals as alloys due to direct melting Not suitable to recover Fe, Aland Mn
Fast and high efficiency (high recovery of various metals including Co, Co |High energy demand (operation and maintenance)
and Ni)
Direct feeding into furnace allows practical large-scale operation Emission of dust and toxic gases (e.g., CO,)
No wastewater generation Purity of final product is expected to be low
Lower possessing steps compared to the hydrometallurgical method Not a flexible process
Hydrometallurgy Applicable to any LIBs chemistries Recycling involves complex and multi-steps operation
Process is flexible to recover a specific target metal Need pre-treatment of spent LIBs (e.g., discharging, shredding, sieving
and separation)
High process efficiency with high purity of the extracted metals Changes of cathode material structure due to acid treatment
High environmental sustainability due to less emission of hazardous gases |Formation of large volume of corrosive (acidic) wastewater
Cost-effective and less energy demand Need additional capital investment for treatment of wastewater
Biohydrometallurgy Environmentally friendly Slow process kinetics
(Bioleaching)

Low operation cost and energy requirement

Long processing time

Minimal use of chemical reagents

Not feasible in high toxic environment

Achieve high efficiency at low metal concentration

Low efficiency at higher pulp density

Less issue of toxic gas generation

Hard process control measures
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Cathode type Chemical Structure Energy Voltage | Capacity Power Safety/ Calendar Cycle Year Key application
formula type density (V) (mAh/g) density stability lifespan | lifespan | introduced
(Wh/kg) (W/kg)

Lithium cobalt oxide (LCO) LiCoO, Layered 203 440 274 20.3 Low Poor 500-1,000 1991 Portable electronics (e.g.,
mobile phone and laptop)

Lithium iron phosphate LiFePO, Olivine 1575 35 170 1575 High Good 2,000 1996 Electric vehicles, power tools,

(LFP) etc.

Lithium manganese oxide LiMn, 04 Spinel 144 4.1 148 144 Medium-high Poor 300-700 1996 Electric vehicles, medical

(LMO) devices, e-bikes/scooters,

power tools, etc.

Lithium nickel cobalt LiNi,Co, Al, O, Layered 200-260 3.60 200 - Medium Poor-good 500 1999 Electric vehicles, medical

aluminum oxide (NCA) devices, laptops, etc.

Lithium nickel manganese | LiCoxMnyNij_,—yO; Layered 155 4.6 200 255 Low-medium Good 1,000-2,000 2008 Electric vehicles, power tools,

cobalt (NMC) e-bikes, etc.
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Hy804 + M (s) — MSO4(aq) +2H* (M = Metals in spent LIBs)
(25)
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4LiCo0, + 3H2804 — Co304 (s) + 2LirSO4 (aq) + CoSO; (aq)

1
+3H,0+ 50, (26)
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2HOO — H,0,+ O, (20)
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CsH1206(Glucose) + 4.50;, — 3C,H,04(Oxalic acid) + 3H,0
(36)
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Fe +3H,0 — Fe(OH)} +3H" (31)
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C12Hy 011 (Sucrose) + HyO — CsHy206 (Glucose)
+ CeH206(Fructose) ~ (32)
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CsH1206(Glucose) + 1.50, — CsHsO7(Citric acid) +2H,0
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CsHsO; < (CsH707)™ + HT (34)
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I0B (eg., A. ferrooxidans)
e T e

4FSt 4 0 +4H™. 4Fet +2H,0 (28)





OPS/images/fmicb-14-1197081/fmicb-14-1197081-e028.jpg
Fe** + HyO — Fe(OH)* + H* (29)
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Fe +2H,0 — Fe(OH)} +2H" (30)
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Microbial
source

Microorganisms

Functions

Reference

Bacteria

Fungi

Yeast

Klebsiella variicola

Cedecea davisae

Rahnella aquatilis J2-GX1
Bacillus amyloliquefaciens SQRY
Proteus mirabilis BUFF14

Bacillus clausii

Streptomyces sp. (NCIM 5533)

Bacillus subtilis

Bacillus aryabhattai RS1
Burkholderia sp. AU4
Pseudomonas sp. strain PSB-2
Arthrobacter sp. strain PSB-5
Discosia sp. FIHB 571

Penicilluan spp. GP15-1

Aspergillus awamori
Aspergillus niger

Trichoderma sp.

Rhizopus arrhizus KB-2

Candida tropicalis HY

Saccharomyces cerevisiae NCIM 3662

Antioxidants Metabolites

Production of IAA, Ammonia, and phytase and solubilizati

inorganic zinc and phosphate
Promotes Seed Germination and Growth
IAA production

Enhanced seed germination

Produce lytic enzymes, Siderophores and solu

phosphate.

Production of IAA, Ammonia, and phytase and solubilization of
inorganic phosphate

Enhancement of the growth performance of Arabidapsis and

tobacco
TAA, ammonia, HCN; and siderophore production

Promotes root and shoot elongation in pea

Solubilizing tricalcium phosphate

Solubilizing tricalcium phosphate

Production of siderophores, and biosynthesis of IAA- like auxins

Stimulates growth and disease resistance

Growth and seed production
Solubilize the rock phosphate and make it available to plants

Shoot and root growth

Stimulate plant growth

Stimulate rice seedling growth by production of IAA and ACC

deaminase activity, deprote

zation potential

Hydrolyze phytate, probiotic and fortification properties

Kusale et al. (2021)

Mazumdar etal. (2020)

Lietal. (2021)
Shao et al. (2015)
Dhiman et al. (2019)

Oulebsir-Mohandkaci et al.
(2021)

Puppala etal. (2019)

Belgaroui et al. (2016)

Pal Roy etal. (2017)
Usha etal. (2015)
He and Wan (2022)
He and Wan (2022)
Rahi etal. (2009)

Hossain et al. (2014); Banerjee
and Dutta (2019)

Kour etal. (2019)
Din etal. (2019)

Kour etal. (2019); Cangussu
etal. (2018)

Evstatieva et al. (2020)

Puppala (2018)

Puppala (2018)
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Source of microorganism

A. niger

Aspergillus icuum
LBA4404 Agrobacterium
Escherichia coli

Aspergillus japonicas

A ficuum

B subtils phytase
E. coli

A. niger

B. subtilis

B subtils

Aspergillus niger

Gene
PhyA2

PhyAz
PBINphy
appA (mappA)
Phya

AfphyA
BsPhy
AppA
PhyA
168phyA
168phyA
PhyA

Maize

Brassica napus
Soybean

Wheat

Soybean
Cucumber
Potato

A. thaliana
A. thaliana
Tobacco

Trifolium subterraneum

Reference

Huetal. (2022); Geetha et al. (2019); Tan
etal. (2017)

Jiao etal. (2021)
Xuetal. (2020)
Zhao etal. (2019)

Akhtar et al. (2020); Cangussu et al.
(2018)

Lietal. (2009); Balaban etal. (2017)
Sapara etal. (2022)

Chen etal. (2020)

Valeeva et al. (2018); Balaban et al. (2017)
Valeeva etal. (2018); Lung et al. (2005)
Lung etal. (2005)

Giles etal. (2017)
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