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ABSTRACT: Phosphorus is one among the chief macronutrients that take part in the
various biological processes of plants, and it cannot be replaced by other elements. We
examined the arbuscular mycorrhizal fungi (AMF) colonization and phosphate solubiliz-
ing potential of fungi from seagrass 7" hemprichii (Ehrenb.) Asch., which belongs to the
family Hydrocharitaceae collected from the Gulf of Mannar, India. For the first time, we
reported the occurrence of AMF spores and phosphate-solubilizing potential of fungal
species from the seagrass rhizosphere soil. A total of six mineral phosphates solubilizing
fungi were isolated from rhizosphere of seagrass 7halassia hemprichii—five of them belong
to the genus Aspergillus and one is from Fusarium. The concentration of soluble-P in the
fluid medium ranged between 12.93+0.39 and 42.69+0.22 pg P ml™!, with the lowest by
Aspergillus japonicas and the highest by Aspergillus niger. The AMF spores isolated from

the rhizosphere belong to genus Glomus, whereas no colonization was found in the roots.

GRAPHICAL ABSTRACT

Occurrence of Mycorrhizal Spores and Phosphate-Solubilizing Fungi
in the Rhlzosphere of Seagrass Thalassia hempnchu (Ehrenb.) Asch.

_._.

Rhizosphere
soil collection
1

* First report of AMF s
phosphate
from seagr:
/' AMF spores belong to genus
Glomus
Vv No colonization observed
o

Fungal
isolation
|

(Seagrass)

\;

‘/\‘

seagrass roots

Soluble P
(ugPmL?)
12.93-42.69
Lowest:

A. japonicus
Highest:
A.niger

« Phosphate-solubilizing fungi, especially Aspergillus niger,
exhibit high Pl-solubilizing potential.

« These fungi may contribute to phosphorus mobilization
and nutrient cycling in Thalassia hemprichii ecosystems.
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1. INTRODUCTION

Seagrasses are a challenging, rapidly vanishing, limited group
of vascular plants that are rarely found, capable of finishing their
life cycles submerged completely in seawater. They tend to flour-
ish in estuaries, salt--marshes, and shallow coastal marine regions
(Reynolds et al., 2016) and also serve as the habitat for many
marine species and are an ecotone between a mangrove forest
and coral reefs (Fortes, 2013; Jumawan et al., 2015). According
to several studies (Brodersen et al., 2017; Fraser et al., 2018;
Redondo et al., 2017; Ugarelli et al., 2017;Vinson et al., 2016),
seagrass ecosystems are among the most valuable ecosystems in
the marine environment because they provide a range of ecolog-
ical benefits, such as stabilizing coastlines, sequestering carbon,
and circulating nutrients in coastal habitats.

Among the main macronutrients, phosphorus is involved
in several biological processes in plants, including growth
and reproduction, nucleic acids (DNA and RNA) and mem-
brane (phosphoproteins and phospholipids) synthesis, oxida-
tion, respiration (ATP synthesis), cell division, and enzyme
regulation (Khan et al., 2009) as well as linked with disease
resistance in plants (Bargaz et al., 2018; Kaur et al., 2019).
Individual ecosystems, such as soil, streams, forests, and
marine environments, all comprise the P cycle, which is
directly associated with significant environmental and human
security issues (Lu et al., 2017; Liu et al., 2020; McMahon
and Read, 2013; Onodera et al., 2020). Phosphorus content
in soil ranged between 0.02 and 0.5%, and it exists in both
organic and inorganic forms. Phosphate concentration in
water depends upon different parameters, of which sediments
occupy an important role (Pomeroy et al., 1965; Promod and
Dhevendaran, 1987) where they exist in insoluble organic
and inorganic forms. In natural environments, solubiliza-
tion and mobilization of mineral phosphates are carried out
by many soil-borne microorganisms such as bacteria, fungi,
and actinomycetes through enzymatically or by acid hydro-
lysis (Chung et al., 2005; Silva and Vidor, 2001; Zaidi and
Khan, 2005). This may enhance the availability of insoluble
phosphates to the plants from the rhizosphere (Richardson
etal., 2001; Rodriguez et al., 2000).

Seagrasses take up phosphate through their leaves and
roots/thizomes. They mobilize phosphorus in tropical car-
bonate-rich sediments by dissolving carbonates, acidifying
their rhizosphere, and promoting microbial metabolism
that liberates phosphate from organic matter and iron com-
pounds (Brodersen et al., 2017; Fraser et al., 2018; Long
et al., 2008). Sediment-bound phosphate is further released
by organic acid exudation from roots, allowing for absorption
(Brodersen et al., 2017; Long et al., 2008). By decomposing
organic phosphorus, microbial communities in seagrass sedi-
ments also increase phosphate availability, particularly in high
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salinity and low phosphate environments (Fraser et al., 2018).
According to Brodersen et al. (2017), tropical seagrasses need
between 60 and 175 pmol P m™ d-'. Furthermore, due to
their thick root systems and adaptation to the marine envi-
ronment, seagrasses can facilitate the transformation and dis-
charge of both organic and inorganic phosphorus from the
substrate (Yuan et al., 2015). Recent studies by Ghosh et al.
(2012), Zhao et al. (2020), and Saranya et al. (2022) mainly
focused on isolation and characterization of phosphate solu-
bilizing bacteria from the seagrass environment.

The symbiotic relationship of soil fungi and root of higher
plants is known as mycorrhiza. These kinds of symbioses have
been essential for the evolution and terrestrialization of plants
for more than 400 million years (Genre et al., 2020; Kalamulla
et al., 2022; Strullu-Derrien et al., 2018). Mycorrhizae pro-
mote the absorption of water and nutrients (phosphorus and
nitrogen) by plants and provide resistance against biotic and
abiotic stresses. They govern hormone signaling, plant defense,
and growth. Mycorrhizae also enhance soil structure, pro-
mote sequestration of carbon, and support beneficial micro-
bial communities (Ahmed et al., 2025; Begum et al., 2019;
Das et al., 2022; Diagne et al., 2020; Khaliq et al., 2022;
Kuyper and Jansa, 2023; Martin and Van Der Heijden, 2024;
Nanjundappa et al., 2019; Shi et al., 2022; Shukla et al., 2025;
Umer et al., 2025; Wahab et al., 2023; Zhang et al., 2023).

Our literature survey could ascertain that there are no
reports on the presence of arbuscular mycorrhizal fungi (AMF)
and very meager reports on phosphate-solubilizing fungi from
seagrasses. Therefore, the present investigation was carried out
and we here report the presence of mycorrhizal spores and
phosphate-solubilizing potential of fungi from the sediments of
seagrass 1. hemprechii (Ehrenb.) Asch. collected from the Gulf
of Mannar, India. Further this is the first finding reporting the
occurrence of AMF spores from seagrass sediments.

2. MATERIALS AND METHODS

2.1. Sample collection

The roots and sediments of 7 hemprechii (Ehrenb.) Asch.
were collected from the Gulf of Mannar (latitude 8°35'—
9°25'N; 78°08’=79°30'E), Tamil Nadu, India. Sediment
nutrients were analyzed at the Sugarcane Breeding Research
Institute, Cuddalore, Tamil Nadu, India.

2.2. AMF spore isolation and root clearing

Roots were excised and stored separately in FAA (formalin—
acetic acid—alcohol-10% formalin, 5% glacial acetic acid,
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50% ethanol (95%), and 35% distilled water) until examined
for AMF colonization. One hundred root segments of 1 cm
length were randomly selected for microscopic observation to
assess AMF colonization. The clearing and staining of root
segments were carried out following Phillips and Hayman
(1970) and Brundrett et al. (1984). Temporary mounts
of root segments were prepared and were observed for the
occurrence of fungal structures (e.g., vesicles, arbuscules, and
hyphae) under stereomicroscope at 100—400x magnification.
Spores were recovered from soil samples by the wet sieving
and decanting method (Gerdemann and Nicolson, 1963).

2.3. Determination of phosphate-solubilizing potential in vitro

For isolation and determination of phosphate-solubiliz-
ing potential of fungi under in vitro condition, the method
prescribed by Subba Rao (1988) was followed. Pikovskaya’s
agar medium was used to study the phosphate solubilization
of fungi, and Potassium di-hydrogen phosphate was used as
standard. Plating was done in triplicate and incubated at 30 +
5°C for 48-96 h. The phosphate solubilization ability of fungi
was shown by the development of a clear zone around the
fungal colonies. Individual colonies possessing clear solubili-
zation zones were picked up and plated on to fresh medium
and incubated at 30 + 5°C. A medium with no microbial
inoculation served as the control.

3. RESULTS AND DISCUSSION
3.1. Soil quality parameters

The sediment samples had sand as the major component
followed by silt and clay. The soil had low levels of P (0.39%)
compared to N (2.14%), K (2.46%), and organic matter
(8.47%). The pH of the soil was near neutral (6.68) and electri-
cal conductivity (EC) was 170 dS m™ (Table 1). According to
Islam et al. (2019) and Adeleke et al. (2017), tricalcium phos-
phate (Ca,PO,), is formed in alkaline or high pH soils, which
ultimately reduces the soil phosphorous availability to plants,
while iron and aluminum react with phosphorous in low pH
or acidic soil, resulting in a reduction of soil phosphorus.

3.2. AMF spore isolation and root clearing

The seagrass roots were screened for AMF association and
no clear AMF colonization was found in roots examined, but
some vesicle-like structures were found in the roots of 7. hem-
prichii. According to Fusconi and Mucciarelli (2018), Marins
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Table 1

Soil quality parameters.

Parameters Value
OM (%) 8.47
N (%) 2.14
P (%) 0.39

K (%) 2.46
pH 6.68

EC (dSm™) 170

Sand (%) 96.05
Silt (%) 2.39

Clay (%) 1.56

and Carrenho (2017), and Yu et al. (2020), hydrology, oxygen
availability, and soil chemistry are crucial factors controlling
AMF colonization in aquatic habitats. Recent genomic stud-
ies, showed that some aquatic plant lineages may be less able
to form AMF associations because they have lost or diverged
important symbiosis genes, while others still have genes for
alternative fungal symbioses (Ettinger et al., 2025). In the
present study, mycorrhizal spore-like structures were isolated
from the sediment but not identified at the species level. All
the isolated spores in the sediment may belong to the genus
Glomus (Figure 1). In support of the present result, molecular
studies have identified various AMF taxa in aquatic environ-
ments, with genera like Glomus and Acaulospora being com-
mon (Kohout et al., 2012; Xu et al., 2021). Aliasgharzadeh
et al. (2001) recorded fairly high spore numbers (mean of
100 g soil) in the high saline soils (EC~ 162 dS m™) in the
Tabris Plain. Conversely, Barrow et al. (1997), Hirrel et al.
(1978), and Kim and Weber (1985) reported low or even
no spore populations where EC is higher than 45 dS m-'.
In the present study, the EC was determined as 170 dS m™.
Several studies report a negative correlation between AMF
spore density and soil EC, demonstrating that higher salinity
or ion concentration tends to reduce spore numbers in vari-
ous ecosystems, including sugarcane fields, semi-arid regions,
and saline coastal soils (Sivakumar, 2013; Zhang et al. 2020).
It has been documented that mycorrhiza requires oxygen to
survive and thus the hypoxic conditions and high salinity in
the sediment of seagrasses may prevent their establishment in
the roots of seagrasses (Nielsen et al. 1999). However, Miller
and Bever (1999) acknowledged two possible mechanisms
by which AMF could survive in hypoxic conditions. One,
the fungi may avoid oxygen stress by concentrating on the
well-oxygenated part of the root system. Second, there may
be some degree of fungal tolerance to conditions imposed by
flooding, which is species specific (Brown and Bledsoe, 1996).
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Figure 1. AMF spores found in rhizosphere of 7. hemprichii.

According to Le Tacon et al. (1983), Glomus mosseae spores
fail to germinate under the anaerobic condition, but the con-
dition was reversed when they were exposed to air. During the
sample collection, we found that seagrass meadows were com-
pletely exposed to air during low tides. Several investigations
documented fungal establishment to salt and flood conditions
(Carvalho et al. 2004; Landwehr et al. 2002). In support of
our results, Hirrel (1981) reported that salt—stress conditions
encouraged the sporulation of AME Khan and Belik (1995)
and van Duin et al. (1990) recognized lower AMF coloni-
zation in halophytic salt marsh plants found, respectively,
in anoxia waterlogged soils and plants growing closer to the
water edge where salt water flooding is more frequent. As sug-
gested by Bowen (1987), salinity induced by sodium chloride
may be different from natural salinity, due to the presence of
different salts in the sea water logging soil beds. In the present
study, this may be one of the possible reasons for the non-
establishment of mycorrhizal colonization in seagrasses.
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3.3. Isolation of phosphate-solubilizing fungi

Phosphorus is the second most essential element needed
for plant growth along with nitrogen and potassium, and it
cannot be replaced by other nutrients (Glaser and Lehr, 2019;
Li et al., 2015; Ram et al., 2015). Phosphate-solubilizing
microbes are important to the soil phosphorus cycle because
they mineralize organic phosphorus, solubilize inorganic
phosphorus minerals, and store significant amounts of phos-
phorus in biomass (Gross et al., 2020; Liang et al., 2020).
Numerous bacteria and fungi are known to be capable of sol-
ubilizing elemental phosphorus; in addition, fungi are known
to have persistent genetic features and a more pronounced
ability to dissolve insoluble phosphorus compounds than bac-
teria (Joseph and Jisha 2009). In the present study, phosphate
solubilization was specified by the development of clear halo
zone surrounding the fungal colonies on Pikovskaya’s agar
medium. Individual colonies showing clear solubilization
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zones were isolated and plated on a fresh Pikovskaya’s agar
medium, and incubated at 30 + 5°C. Colonies exhibit-
ing 6-15 mm halo solubilization zone on the medium after
7 days of incubation were elected for quantitative estima-
tions of P-solubilization. Totally, six different fungal colonies
such as Aspergilus flavus, Aspergilus terreus, Aspergilus japon-
icas, Aspergilus fumigatus, A. niger, and Fusarium sp. were
identified as potential P solubulizers from the sediments of
1. hemprechii. The maximum zone was recorded for A. niger
and minimum for A. japonicus (Table 2). Phosphate solubili-
zation by Aspergillus was reported very commonly (Gaur and
Sachar, 1980; Narsian and Patel, 1997; Reddy et al., 2002).
Gupta et al. (2010) reported 14 P solubilizing fungi, which
include 10 Aspergillus sp., 3 Penicillium sp., and 1 Alternaria
sp. from phyllosphere of Bhitarkanika mangrove. Thirteen
phosphate-solubilizing bacterial strains and one fungal
(A. niger) were isolated from rhizosphere of mangroves in a
semiarid coastal lagoon (Vazquez et al., 2000). According
to Singh (2011), filamentous nonmycorrhizal fungi such as
Aspergillus spp. and Penicillium spp. have potential phosphate
solubilization capacity. For instance, A. niger (Wang et al,,
2018) have been reported as a potential fungal phosphate sol-
ubilizer. It is also evident from the present study that among
the six fungal isolates, the genus Aspergillus is dominant and
A. niger has more potential to solubilize inorganic phosphate
compared to other fungal isolates.

3.4. Determination of phosphate-solubilizing potential in vitro

Marine and coastal environments, such as seagrass mead-
ows, and phosphate-solubilizing fungi (PSF) are essential for
increasing the availability of phosphorus. In nutrient-limited
sediments typical of seagrass habitats, these fungi support
plant growth by converting insoluble forms of phosphate
into bioavailable forms. The phosphate-solubilizing poten-
tial of six isolated fungi species are presented in Table 2. In
the present study, the concentration of soluble-P in the fluid
medium ranged between 9.93+0.39 and 42.69:+0.22 pg
P ml", and no soluble-P was noticed in the blank. The highest
P solubilization was found in A. niger (42.69+0.22 pg P ml!)
followed by A. fumigatus with phosphate-solubilizing ability
of 37.25+0.23 pg P ml", and A. japonicas had the minimum
soluble-P concentration (12.93+0.39 pg P ml™) in the culture
medium. According to recent research, fungi, especially those
belonging to the phylum Ascomycota, have a greater impact
on the forms and cycling of phosphorus in seagrass meadow
sediments than bacteria. P-cycling fungi, such as Aspergillus,
Tricobderma, and Penicillum, are significantly more prevalent
than bacteria, and their activity is strongly correlated with the
presence of different P compounds in sediments (Zhao et al.,
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Table 2
P-solubilization with respect to zone of solubilization, in vitro
activity, and pH decline.

Isolates P-solubilization zone (mm) pg P ml! pH
Aspergilus flavus 8 24.27+0.40 4

Aspergilus terreus 12 25.72+1.16 4.1
Aspergilus japonicus 6 12.93+0.39 5

Aspergilus fumigatus 12 37.25+0.23 3.8
Aspergilus niger 15 42.69+0.22 3.4
Fusarium sp. 11 23.15+0.27 4.1

2020). These fungi secreting organic acids (such as oxalic, cit-
ric, and gluconic acids) acidify their environment and che-
late metal ions to release phosphate from mineral complexes.
Because fungi (Aspergillus and Penicillium) produce more acid
and can adapt to acidic environments, they are extremely
effective in P-solubilization and outperform bacteria (Li et al.,
2016; Mendes et al., 2014; Zhang et al., 2018; Zhao et al,,
2020).

In other instances, P solubilization is also performed by the
action of an enzyme called alkaline phosphatase. Phosphate-
solubilizing microorganisms can dissolve soil P into soluble
and plant-available orthophosphate forms (mostly PO},
HPO;-, and H2PO;) by releasing phosphatase enzymes
and organic acids, lowering soil pH, and increasing chela-
tion activities with additional P adsorption sites (Billah et al.,
2019). Many microbes are known to secrete acidic metabo-
lites that change the pH by chelation of metal ions and lib-
erate fixed or insoluble phosphorus into bioavailable form to
plants (Yadav and Dadarwal, 1997). The pH in the present
investigation ranged from 3.4 to 5, and it declined from the
starting pH 7. The pH was relatively higher (5) in A. japoni-
cus where soluble-P concentration is very low and lower pH
(3.4) was recorded in A. niger where soluble-P concentration
was higher (Table 2). According to Narsian and Patel (1997),
the inoculated fungi secrete acidic metabolites which in turn
decrease the pH of the medium (Narsian and Patel, 1997).
Gupta et al. (2010) found that pH reduced up to 3.92 and
4.03 from the initial pH by Aspergillus sp. from phyllosphere
of Bhitarkanika mangrove which is in line with the result of
present study.

4. CONCLUSIONS

In conclusion, though reports on AMF colonization and
phosphate solubilizers from the marine angiospermic plant
seagrass are meager, the present study reports for the first
time on the occurrence of AMF spores and PSF from the
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sediments of seagrass 7. hemprichii. Mycorrhizal spores iso-
lated from the sediments may belong to the genus Glomus,
and phosphate-solubilizing fungi belong to the genus
Aspergillus. Phosphorus cycling in seagrass and marine sed-
iments is largely dependent on fungi, and their capacity to
increase phosphorus availability enhances seagrass productiv-
ity and offers long-term solutions for managing nutrients in
coastal ecosystems.
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