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Abstract. Phosphate (P) nutrient plays a significant role in plant growth and yield. P is an essential
element that plays an important role in photosynthesis and root development. Phosphate nutrient
availability is deficient in some soil types due to retention, such as in Andisol soil types. High
phosphate retention in Andisol soil types causes P nutrients to be unavailable to plants and can
reduce crop yields. The availability of P in Andisol soils can be done, among others, by applying
phosphate solubilizing microbes. Phosphate solubilizing microorganisms are soil microorganisms
consisting of bacteria and fungi that can mineralize organic P, dissolve inorganic P minerals, and store
large amounts of P to make it available to plants. This literature review aims to determine the
mechanism of phosphate-solubilizing microbes in P dissolution in Andisol soil. The methods used in
this systematic review are collecting data through the internet and utilizing recognized sources such
as Science Direct, Research Gate, Google Scholar, and Web of Science. Content analysis was performed
on the collected data, and the results were organized into thematic categories. Furthermore, the
findings are presented descriptively with the help of tables to facilitate understanding. Since
phosphate-solubilizing microorganisms can dissolve P in the soil through chemical and biological
mechanisms, it can be concluded that phosphate-solubilizing microorganisms also have an important
role in the soil P cycle. The implications of this literature review are to understand the retention of P
nutrients in Andisols and how the dissolution mechanism works, as well as the use of microbes as a
solution to increase phosphate dissolution so that it is available to plants.
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Introduction

Phosphate (P) is important in plant growth and
development and is responsible for its metabolic
activities and functions (Ahmad et al., 2018).
Phosphate is also the second important element
after N, and it plays an important role in
photosynthesis and root development (Billah et
al., 2019). Conversely, a P deficit can result in
weak, sluggish, and stunted plant growth, as
Sharma et al. (2013) noted. According to the
statement, farmers frequently employ inorganic
phosphate fertilizers to get the highest possible
crop yield (Sharma et al., 2015). Although there
is a lot of element P in the soil, most of it is
insoluble, limiting its availability. Just 0.1% of
the total P in plants is available in the soil (Zhu
et al., 2018). Precipitation with cations in the soil,
immobilization, adsorption, and interconversion
to organic forms cause fixation reactions that
result in low availability of P despite the large
reserves in the soil (Kishore et al., 2015).

Crop productivity can be raised with
proper fertilization. of applying chemical,
organic, and biological fertilizers can increase
the availability of nutrients in the soil
Phosphate-solubilizing microorganisms are one
type of microorganism found in biofertilizers. As
Tian et al. (2021) stated, using microbes as
phosphate solvents is one of the best steps for
agricultural development. The production of
organic acids and acid phosphatase enzymes,
which are involved in mineralizing organic
phosphate in the soil, constitute the primary
mechanism of phosphate mineral dissolution
(Setiawati and Pranoto, 2015). In general,
practically all tropical soil types have the issue of
poor P availability; Andisol soil is one example.
The most reactive allophane clay minerals are
found in andisols (Farmer et al., 1991). Because
of their high P retention and subsequent P
adsorption, which renders P inaccessible to
plants, andisols have lower P availability
(Marpaung et al.,, 2021; Sukarman and Dariah,
2014).

This literature review aims to determine
the mechanism of phosphate-solubilizing
microbes in P dissolution in Andisol. This
literature review hypothesizes that phosphate-
solubilizing microbes can dissolve P through
organic and inorganic P dissolution in the
Andisol.

Methodology

This study describes a systematic literature
review conducted between November 2023 and
March 2024 in Medan, Indonesia. The study
used a contextual analysis approach to collect
data from various secondary sources. The
internet served as the primary platform for data
collection, utilizing reliable sources such as
Science Direct, Research Gate, Google Scholar,
and Web of Science. The collected data
underwent content analysis, and the results
were organized into thematic categories. The
findings were then presented descriptively, with
the help of tables to enhance understanding.

Result and Discussion

Andisol. Acidic parent materials (liparites) with
a high aluminum (Al) content are the source of
andisols. Amorphous minerals like allophane
dominate the volcanic ash material that forms
andisols. Indonesian andisol soils range in pH
from 3.4 to 6.7, with an average of 5.4. However,
the most common pH range is between 4.5 and
5.5, with the pH range between 5.5 and 6.5 being
the second most common. Andisol soils often
have low bulk densities, high water contents at
15 bars, moderate to low plant water availability,
and high water contents. One feature of soils
with amorphous minerals (>85%), such as
allophane minerals by 97.8%, is high P retention
(Sukarman and Dariah, 2014).

Andisols exhibit a range of chemical
properties that indicate the parent material's
impact and degree of weathering. Among the
chemical characteristics of Andisol soils, soil
organic matter, aluminum, iron, and active silica
are the most important components controlling
chemical reactions. Al-humus complex,
imogolite, ferihydrite, and allophane are the
primary forms of active Al and Fe. Alophanes
possess a huge specific surface area and several
active functional groups, making them the most
reactive clay minerals. Alofan can fix substantial
amounts of phosphate because it is amphoteric,
has a high variable charge, and has cation and
anion exchange capacities of 20 to 50 cmol (+)
kg-1 and 5 to 30 cmol (+) kg-1, respectively (Tan,
1991). Andisols also feature distinct strata
connected to the intermittent deposition of
volcanic material, mottling, a dark topsoil color,
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and a highly loose/weak and granular structure
(Anda dan Dahlgren 2020).

According to (Zhu et al., 2018), Andisol
soils are so effective at binding phosphate
nutrients because they are bound mainly by
non-crystalline clay minerals such as ferihydrite,
imogolite, and allophane. P can be retained by
allophane up to 97.8%. Consequently, even if
there is a lot of P in the soil overall, there is less
P available to plants—roughly 0.1% of the total
P. According to Uchida et al. (2022), the
ferrihydrite system does not precipitate Al-
phosphate, but the allophane and allophane-
ferrihydrite mixed systems precipitate Al-
phosphate. Compared with the iron affinity in
soil, volcanic ash soil shows a phosphate affinity
for Al between 61 - 92%.

Phosphate in Andisol. The chemical
characteristics of the parent material and the
growth of the plants it supports greatly
influence the biological activity of the soil, which
serves as both a medium for plants and an
ecological niche with ongoing biological activity.
The quantity of phosphorus in the environment
available for biosynthesis is influenced by both
its total amount and its solubility, which is
established by some chemical reactions and
biological interactions in the soil. Three broad
categories can be used to classify the various
forms of soil P: soil solution P, insoluble organic
P, and insoluble inorganic P (Weil and Brady
2019).

One of the important nutrients for plants is
phosphate (P) for optimal growth and yield.
Phosphate available in the soil can be absorbed
directly by plants. Organic phosphate is
available in soil in the form of inositol
phosphate, especially hesaphosphate, namely in
the form of orthophosphate ions H2POs and
HPO4?2, and inorganic phosphate includes Al-P,
Fe-P, and Ca-P (Billah et al., 2019; Zhu et al,,
2018). Cylandic Andisols appear to play an
important role in the adsorption of crystalline
iron species. On the other hand, Gonzalez-
Rodriguez and Fernandez-Marcos (2018) found
that the richness of cylandic Andisol in non-
crystalline iron and aluminum causes its high
absorption. The high content of allophane, active
aluminum, and free iron in other volcanic soils is
proportional to their phosphate uptake and
irreversibility. The dissolved form of P is easily
fixed and removed from the soil solution
through adsorption reactions.. This chemical
reaction mainly occurs on the surface of
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amorphous aluminum (Al) and iron (Fe)
hydroxides in highly weathered volcanic ash
soils and tropical soils (Osorno et al., 2018).

(Al) + H2PO4+ 2HO — 2H* + Al (OH) 2H2PO4
(in silicate crystals) (not dissolved)

(Fe) + HoPOs+ 2H2O — 2H* + Fe (OH) 2H2PO4
(in silicate crystals) (not dissolved)

Calcium phosphate is found in alkaline
soils, whereas aluminum and iron phosphate are
the primary forms of phosphorus in acidic soils
(Kumar and Shastri, 2017). According to Zhu et
al., (2018), phosphorus immobilization in soil is
significantly influenced by the pH of the soil.
One of the key elements that increase
phosphorus mobilization in paddy soil through
iron(Ill)-reducing bacteria is soluble organic
carbon, which provides microorganisms with
energy (Khan et al., 2019).

Phosphate-Solubilizing Microbes.
Phosphate-solubilizing microorganisms (PSMs)
are bioinoculants that show potential as
agrochemical alternatives (Table 1). They use a
variety of techniques to convert insoluble
phosphorus into soluble forms. As a result, they
can reduce the amount of phosphate fertilizer
applied to agricultural land (Hussain et al.,
2019). Phosphate-dissolving microorganisms
create chemicals, including organic acids,
mineral acids, and siderophores to dissolve
insoluble phosphate minerals and release ions
such as PO4s3, HPO4?, and H2POs, (Marpaung
and Susilowati, 2021; Sembiring et al., 2016).

Bacteria  belonging to the genera
Pseudomonas, Enterobacter, and Bacillus (Biswas et
al., 2018),  Rhizobium,  Arthrobacter, dan
Burkholderia, and Rahnella aquatilis HX2 (Liu et al.
2019; Zhang et al. 2022), and fungi Penicillium
brevicompactum and Aspergillus niger (Perea Rojas
et al. 2019), is a proper phosphate solubilizing
microbe.  Bacillus  amyloliquefaciens,  Bacillus
pseudomycoides, —and  Bacillus  cereus  are
phosphate-solubilizing bacteria found in the
potato rhizosphere, according to a study
conducted by Marpaung and Susilowati (2021)
on Andisol soil. Susilowati et al. (2020) identified
Penicillium singorense and Clonostachys sp. as
phosphate solubilizers from acid-sulfate soils in
South Kalimantan, Indonesia. Other Bacillus
species that are phosphate-solubilizing bacteria
include B. subtilis, B. amyloliquefaciens, B. pumilus
(Borriss, 2014), and B. mycoides (Setiawati and
Pranoto, 2015). These species have the potential
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to dissolve phosphate qualitatively (Ulfiyati and
Zulaika, 2015), which can improve soil nitrogen
and phosphate availability. Bacillus
amyloliquefaciens is another bacterium that boosts
N and P absorption in corn (Vinci et al., 2018).
Ulfiyati and Zulaika (2015) use of Bacillus species
to qualitatively dissolve phosphate supports
this. Phosphate-solubilizing bacteria up to 0.1-
0.5% of the entire microbial population, whereas
fungi, which are greater phosphate solubilizers,
make up about 1-50% (Kalayu, 2019).

A sustainable and eco-friendly method of
treating P deficit in agricultural soils is using
phosphate-solubilizing microorganisms (Sharma
et al., 2013; Kalayu, 2019). The production of
phosphatase enzymes and organic acids is the
basic mechanism by which phosphate minerals
in the soil dissolve (Setiawati and Pranoto, 2015).
By secreting organic acids such as citric, lactic,
glycolic, 2-ketogluconic, oxalic, glyconic, acetic,
malic, fumaric, succinic, tartaric, malonic,
glutaric, propionic, butyric, glyoxalic, and adipic
acids, phosphate-solubilizing microorganisms
increase the availability of phosphorus (Kalayu,
2019).

Mechanism of Phosphate Solubilization
by Microbes. Mechanism of phosphate
dissolution by phosphate-solubilizing microbes
in the soil consists of inorganic phosphate
dissolution and organic phosphate dissolution.
Dissolution by phosphate-solubilizing microbes
will produce phosphate available to plants and
utilized for growth (Figure 1).

Solubilization ~ of  Inorganic  Phosphate.
According to Alori et al,, (2017), the primary
processes by which phosphate-solubilizing
bacteria solubilize P include synthesizing
organic acids, the manufacture of phytase and
acid phosphatase, and reducing pH. Phosphorus
can be made available to plants by organic acids
like citric acid, oxalic acid, and succinic acid;
enzymes like phosphatase and phytase; and ion
chelators such siderophores (Tomer et al., 2016).

Organic Acid Production. Low molecular
weight organic acids are released, the widely
acknowledged method by which phosphate-
solubilizing microorganisms can solubilize
phosphate (Table 2). Pollutant detoxification,
heavy metal bioavailability, and even microbial
activity under soil conditions are all significantly
impacted by low molecular weight organic acids
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(Onireti et al., 2017). Billah et al. (2019) showed
that phosphate-solubilizing microbes release
gluconic acid, oxalic acid, tartaric acid, and lactic
acid, which help lower soil pH. This creates
practical  conditions under which the
monovalent (available) occurs. Lowering the pH
near plant roots by releasing citric acid has
several immediate benefits. First, it moves the
pH to a region where HPO-4 ions dominate and
facilitate absorption. Additionally, low pH
naturally increases phosphate release (Barrow et
al., 2018). These mechanisms include the
chelation of cations bound to phosphate, pH
lowering, complexation with metal ions bound
to phosphate, and challenging P for adsorption
sites (Kishore et al.,, 2015). However, different
phosphate-solubilizing bacteria produce
different dominating organic acids (Panhwar et
al., 2014). Higher concentrations of organic acids
are necessary for phosphate-solubilizing bacteria
to mobilize significant amounts of insoluble
phosphate and convert it to soluble form by
direct oxidation of phosphate on the cytoplasmic
membrane (Wei et al., 2017; Chen et al., 2014).

According to Herzberg and Elimelech
(2008), in Andisol, the relative surface charge of
cells will bind to the charge of soil clay minerals,
limiting the adsorption of clay minerals to
phosphate. Furthermore, phosphate-solubilizing
bacteria organic acid anions can obstruct soil
sorption sites (Borggaard et al., 2005).

The findings demonstrated that the
phosphate solubilizer Pseudomonas sp. AZ15
could generate soluble phosphorus up to 109.4
pg mL-, boosting yields in chickpeas, including
dry matter accumulation, grain yield, nodule
count, and nodule dry weight. According to
Zaheer et al. (2019), this strain produces the
organic acids oxalic acid, gluconic acid, acetic
acid, lactic acid, and citric acid. By creating
organic acids such as ascorbic acid, citric acid,
malic acid, gluconic acid, and phytic acid in
soybean, Trichoderma was also able to solubilize
phosphorus (AMS 34.39, AMS 31.15, and AMS
1.43) and boost plant growth by 41.4% in
comparison to control plants (Bononi et al.,
2020). According to Schneider et al. (2019),
oxidative respiration or fermentation in the
presence of organic carbon sources (sucrose and
glucose) are the mechanisms underlying organic
acid formation.
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Table 1. Types of phosphate-solubilizing microbes in soil.
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Phosphate-Solubilizing Microbes Reference
B. subtilis, B. amiloliquefaciens, B. pumilus (Borriss 2015)
B. mycoides (Setiawati and Pranoto, 2015)
Klebsiella variicola, Ochrobactrum pseudogrignonense (Nacoon et al., 2020)
Staphylococcus haemolyticus, Staphylococcus cohnii (Hii et al., 2020)
Pseudomonas putida, Leclercia adecarboxylata (Teng et al., 2019)

B. cereus, B. amyloliquefaciens, and B. Pseudomycoides

Rahnella aquatilis HX2, Burkholderia cenocepacia

Pseudomonas fulva, Enterobacter sp

Bacillus megaterium, Bacillus licheniformis, Rhizobium sp

Arthrobacter defluvii, Pseudomonas frederiksbergensis, Rhodanobacter
sp., Bacillus cepacia, Vibrio paradoxus

Acinetobacter, Aeromonas, Arthrobacter, Bacillus, Citrobacter,
Enterobacter, Halomonas, Microbacterium, Ochrobactrum, Pantoea,
Providencia, Pseudomonas, Sinomonas, dan Streptomyces

Rhizobium, Pseudomonas and Bacillus

Penicillum sp. PK112, Trichoderma harzianum OMGO08

Aspergillus aculeatus P93, Penicillium daleae, Aspergillus versicolor
Acremonium, Hymenella, Neosartorya

Penicillium brevicompactum, Aspergillus niger

Penicillium oxalicum

Cephalosporium, Arthrobotrys, Aspergillus, Achrothcium,
Cladosporium, Alternaria, Chaetomium, Phoma, Micromonospora,
Rhizoctonia, Penicillium, Fusarium, Mortierella

(Marpaung and Susilowati, 2021)
(Liu et al., 2019; Zhang et al., 2019)
(Munir et al., 2019)

(Biswas et al., 2018; Li et al., 2018)
(Zheng et al., 2019)

(Susilowati et al., 2015; Chen et al.,
2006)

(Sharma et al., 2013)

(Mercl et al., 2020)
(Adhikari and Pandey 2019)
(Ichriani et al., 2018)

(Perea Rojas et al., 2019)

(Li et al., 2016)

(Fatima et al., 2022)

Table 2. Organic acid-producing phosphate-solubilizing microbes.

Phosphate-Solubilizing Microbes

Organic acid

Reference

Pantoea agglomerans NCTC 9381, Pantoea
vagans LMG 24199, Pseudomonas
azotoformans NBRC 12693, Enterobacter
ludwigii EN-119, Serratia quinivorans 4364
Bacillus cereus, Bacillus subtilis, Paenibacillus
sp.

Pseudomonas, Burkholderia, Klebsiella,
Achromobacter, Sphingobacterium
Trichoderma sp.

Citrate, fumarate, acetate,
succinate, gluconate, oxalate

Oxalate, malate, formate,
acetate, tartarate, gluconate
Gluconate, oxalate, lactate,
acetate, malate, tartarate
Citrate, lactate, malate,

(Rfaki et al., 2020)

(Chawngthu et al,
2020)

(Nacoon et al., 2020)

(Bononi et al., 2020)

fumarate, ascorbate, isocytic,

phytate
Leclercia adecarboxylata B3

Citrate, formate, gluconate,

(Teng et al., 2019)

malonate, acetate, succinate

Bacillus megaterium, Bacillus subtilis, Bacillus
licheniformis
Penicillium oxalicum, Aspergillus niger

lactate

Citrate, acetate, propionate,

Citrate, oxalate, formate,

(do Carmo et al., 2019)

(Li et al., 2016)

tartarate, malate, acetate

Pseudomonas, Burkholderia, Klebsiella,
Achromobacter, Sphingobacterium

Citrate, gluconate, oxalate

(Mendes et al., 2014)
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Figure 2. Schematic of phosphate solubilization mechanism by phosphate-solubilizing microbes.

Streptomyces spp. also generate phospholipase,
phytase phosphodiesterase and

phosphoesterase (Kalayu, 2019). Phosphatases

Siderophore Production. Siderophores are a
chemically diverse group of secondary
metabolites with a high affinity for iron (Gu et
al., 2020). Recently, it has been shown that they
can be wused in wvarious fields, such as
bioremediation of heavy metals, stopping
phytopathogens, and promoting plant growth.
Some microbes that produce siderophores from
phosphate solvents are Beauveria brongniartii
(Toscano-Verduzco et al., 2020), Bacillus sp. STJP
(Prakash and Arora, 2019), Pseuomonas sp. P34
(Liu et al., 2019), Streptomyces laurentii (Kour et
al., 2020), Bacillus megaterium, Bacillus subtilis,
Rhizobium radiobacter, and Pantoea allii are a few
phosphate-solubilizing microbes that produce
siderophores and can help organisms survive in
harsh environments (Ferreira et al., 2019).

Organic Phosphate Dissolution. In soil, 20-
30% of the total phosphorus comprises organic
phosphate. Enzymes use the process of
mineralization to dissolve organic phosphate
(Kumar and Shastri, 2017). Bi et al. (2018) found
that soil microbes can activate the soil P cycle by
promoting extracellular hydrolysis of Po
compounds and facilitating the turnover of
bioavailable phosphate sources such as H>O-Pi,
NaHCOs-Pi, and NaOH-Pi. This biogeochemical
process is controlled by the activity of
phosphatase enzymes in the soil and phosphate-
solubilizing microbes (Sun et al, 2020).

| 1. 1. 1 S £ 2
UCJ:JI lUDt)l o1 )/ jreyuseiny Ul Ul 6(11 c
molecules' phosphoester or phosphoanhydride
bonds. The findings indicate that bacteria secrete
basic and acidic phosphatases (Sharma et al.,
2013). Zea mays L. roots and stems had
percentages of phosphorus content that were
increased by 2.35 and 1.76 times, respectively, by
Bacillus licheniformis MTCC 2312 (Singh and
Banik, 2019). When the phosphate-solubilizing
fungus Talaromyces helices L7B and the
arbuscular mycorrhizal fungus Rhizophagus were
co-injected into soil, the results showed an
irregular increase in soil alkaline phosphatase
activity (459.38 EU) relative to uninoculated soil
(47.86 EU) and a 50% increase in soil soluble
phosphorus (Della et al., 2020).

The primary source of inositol and
phosphorus reserves in seeds and pollen is
compound phytate, or rich organic phosphorus
in the soil, which is catalyzed by the enzyme
phytase to remove phosphorus (Sharma et al.,
2013). Cereal crops injected with phytase-
producing bacteria absorbed more phosphate
without fertilizers (Martinez et al., 2015).
Phytase (133 IU) and phosphatase (170 IU) at
their maximal levels were produced by the
phosphate-solubilizing fungus Aspergillus niger
in 48 hours of solid-state fermentation, together
with soluble phosphorus up to 835 ppm.
According to Ben Zineb et al., (2020), strains of
Pseudomonas  corrugata  SP77 and  Serratia

1.1 41
LCll,Cll)’ T U
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liquefaciens LR88 were found to be able to
produce phytase, and they both demonstrated
phytase activity up to 23.02 and 24.84 U mL-1,
respectively. They also showed increased
phosphorus solubilization efficiency of 714.96
and 306.74 pg mL-1, respectively.

Conclusion

In Andisol, the relative surface charge of cells
will bind to the charge of soil clay minerals,
limiting the adsorption of clay minerals to
phosphate. Phosphate solubilizing microbes can

dissolve insoluble phosphate minerals in
Andisol through organic and inorganic
phosphate  dissolution = mechanisms by

producing organic acids and siderophores,
biosynthesis of acid phosphatase and phytase,
and lowering the pH so that they can release
ions such as HPOs?2, and H2POs which can be
absorbed by plants. Phosphate solubilizing
bacteria organic acid anions can obstruct soil
sorption sites. Using phosphate-dissolving
microbes as a phosphate solvent is one of the
best environmentally friendly alternatives for
sustainable agriculture.
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