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Abstract
Ectomycorrhizal inoculum has emerged as a critical tool for forest restoration, especially under
challenging climate change conditions. The inoculation of selective ectomycorrhizal fungi can enhance
seedling survival and subsequent growth in the field. Entrapment of vegetative inocula within alginate
beads has proven to be the most suitable method for seedling application in nurseries and plantations.
This study optimized the liquid media for mycelial growth of Astraeus odoratus strain K1 and the sodium
alginate solution composition for enhanced mycelial viability after entrapment. Using Modified Melin-
Norkrans as the optimal media for mycelial cultivation and 2% sodium alginate supplemented with
Czapek medium, 0.25% activated charcoal, 5% sucrose, and 5% sorbitol in the alginate solution yielded
the highest viability of A. odoratus mycelia. Preservation in distilled water and 10% glycerol at 25°C for
60 days proved to be the most effective storage condition for the alginate beads. Both fresh and
preserved alginate beads were tested for colonizing on Hopea odorata Roxb. seedlings, showing
successful colonization and ectomycorrhizal root formation, with over 49% colonization. This study fills a
crucial gap in biotechnology and ectomycorrhizal inoculum, paving the way for more effective and
sustainable forest restoration practices.

Introduction
Astraeus is a member of the Diplocystidiaceae family (Boletales, Agaricomycetes, Basidiomycota) and
mainly occurs in sandy soils in forests across Asia, Africa, North and South America and Europe
(Cunningham 1944; Nouhra and Toledo 1998; Phosri et al. 2004; Fangfuk et al. 2010; Pavithra et al. 2015;
Ahmadzai et al. 2023). The Astraeus species are ectomycorrhizal (ECM) fungi and can establish
symbiotic relationships with a broad range of forest tree species, including the trees in dipterocarp
forests (Wilson et al. 2012; Phosri et al. 2013; Karun and Sridhar 2014; Pavithra et al. 2015). Tender
basidiomata of Astraeus spp. are widely recognized as a highly prized edible mushroom in several parts
of Asia (Mortimer et al. 2012), and are harvested in the wild and marketed in many countries such as
India, Japan, Laos, and Thailand (Sanmee et al. 2003; Phosri et al. 2004, 2007; Dell et al. 2005;
Butkrachang et al. 2007; Karun and Sridhar 2014; Ahmadzai et al. 2023). In Thailand, A. odoratus is found
in dry dipterocarp forests, particularly in the northern and northeastern regions (Phosri et al. 2004, 2007).

Climate change is a well-established reality that results in extreme weather events impacting our daily
lives (IPCC 2023; Nunes et al. 2020). Forests play a critical role in mitigating climate change by
absorbing CO2 and storing carbon in their biomass and soils (Waring et al. 2020; Sterck et al. 2021).

While forest trees absorb CO2 molecules, they do not do this solely by themselves. Ectomycorrhizal
(ECM) fungi can help the trees absorb CO2 more rapidly, and it is estimated that sixty percent of trees on
earth have symbiotic relationships with ECM fungi. Furthermore, ECM fungi possess the capacity to
obstruct the organic decomposition process, which is responsible for the release of carbon from forest
soils into the atmosphere (Averill et al. 2018; Rudawska and Leski 2019). Increased CO2 concentrations,
rising temperatures, reduced rainfall and other climate change-related conditions are exogenous key
factors in the association between ECM fungi and their plant companions. Previous researches have
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indicated that when water is limited and photosynthesis is consequently reduced, the production of
ectomycorrhizal biomass, specifically external mycelium also declines (Hagenbo et al. 2021; Sapes et al.
2021), resulting in reducing the ability of mycelium to form connections between trees (Rudawska and
Leski 2019; Fernandez et al. 2023). In addition, soil moisture decrease caused by climate change affects
the growth and survival of ectomycorrhizal fungi (Coleman et al. 1989; Widden and Parkinson 2011).
Ectomycorrhiza refers to a mutualistic relationship between ECM fungi and the roots of higher plants.
The fungi support the host plants by providing water and nutrients, while the host plants reciprocate by
supplying carbon to the fungi through their root system (Smith and Read 2008). ECM fungi are crucial for
forest ecosystems as they contribute to the nutrient cycle and enhance the growth of host plants by
increasing water and mineral uptake through an expanded root surface area (Futai et al. 2008; Itoo and
Reshi 2013). In the soil food webs, ECM fungi also play a vital role as entry points for carbon. Carbon
from their host plants allocates to the persistence of ECM fungi throughout forests, which are
characterized by their extensive mycelial networks, often referred to as the “wood wide web”. As a result,
these fungi contribute to the modulation of the global climate through their influence on terrestrial soils
(Castro-Delgado et al. 2020; Hawkins et al. 2023). Additionally, ECM fungi protect plant roots from soil
pathogens and improve their growth, especially in stressed soil conditions (Lehto and Zwiazek 2011;
Hachani et al. 2020; Yu et al. 2020).

Dry deciduous dipterocarp forests (DDF) represents an important natural resource of Asia, covering
tropical to subtropical regions in Southeast Asia (SE Asia). These areas are characterized by extreme
temperatures as well as unique seasonal precipitation patterns. DDF is a distinct form of forest
ecosystem that supports a wide range of rare and endangered species. Several tree species in DDF
require ECM association for a successful establishment (Lee et al. 2008; Brearley 2011; Helbert et al.
2019; Suwannasai et al. 2020). Climate change and human activities have caused DDF to undergo
degradation and transformation for centuries (Sodhi et al. 2010; Koh et al. 2013). Ironically, A. odoratus,
an ECM fungus themselves, has become a significant contributor to anthropogenic fires in Thailand’s
DDF due to the popular belief that fire enhances mushroom production. The fact that Astraeus fruit
bodies were found in both burned and unburned areas indicates that fire was not the factor that
stimulated the formation of sporocarps (Kennedy et al. 2012). Excessive burning is harmful to the
environment because it destroys primary forests, increases grassy ground plants, changes the ground
flora species and decreases soil nutrients, all of these effects contributed to the loss of biodiversity
within the area (Kafle 2006). To restore the disturbed DDF forest ecosystems, ECM inocula are needed to
promote host plants and reestablish soil fertility. ECM inoculation has become a routine practice in
nurseries; thus, the establishment of methods for inoculum production at an industrial scale is
necessary (Brundrett et al. 2005; Rossi et al. 2007). Various inoculum types and formulations have been
developed for the application (Repáč 2011). The ideal ECM inoculum must contain sufficient numbers of
active propagules, retain viability throughout storage and transportation, and preserve their infectivity for
several months after production. Additionally, the inoculum should be user-friendly, free of
contamination, and the production process should be economically efficient (Rossi et al. 2007; Charya
and Garg 2019).
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Due to their numerous benefits, ECM fungal inoculation has been widely used in forest restoration,
including reforestation and afforestation, particularly in soils lacking native ECM fungi or having low
species diversity (Marx et al. 2002; Bois et al. 2005; Pineiro et al. 2013; Onwuchekwa et al., 2014;
Karlsen-Ayala et al., 2022). Seedlings inoculated with specific ECM fungi not only improve their survival
upon transplantation but also enhance their subsequent growth in the field, even under harsh
environmental conditions (Pineiro et al. 2013; Sebastiana et al. 2013). Furthermore, ECM inoculation in
both seedlings and the field contributes to the regeneration of healthy soil structure by increasing soil
aggregates and microbial diversity (Miller and Jastrow 1992; Sousa et al. 2014).

Mycelium inoculum has been considered the most suitable inoculation method due to the availability of
previously selected isolates with high efficiency in promoting plant growth (Rossi et al. 2007). Pure
cultures of ECM fungi are grown in suitable solid substrates, such as a mixture of peat and vermiculite,
supplemented with a nutritive solution. Another way to prepare the inocula is through submerged
cultivation, followed by mycelia entrapped within calcium alginate beads or other types of polymeric gels
(Repáč 2011; Charya and Garg 2019). Among a variety of biopolymers, alginate is the most widely used
due to its biodegradability and suitability for all types of microorganisms. Moreover, several additives are
incorporated into the polymer to impart appropriate properties, such as improving the structure of the
beads and enhancing encapsulation efficiency. The most used fillers include minerals, organic materials,
and osmoprotectants (Szopa et al. 2022). This method provides a microenvironment that supports
mycelial viability and offers more advantages than other types of inocula due to the high biomass
loading capacity of the beads, protection of mycelia from adverse environmental conditions, high
efficiency in storage and transportation, and a high survival rate of fungi (Kuek et al. 1992; Friel and
McLoughlin 1999; Szopa et al. 2022). According to nursery studies, ECM inoculum immobilized within
alginate beads was proved to be more efficient than solid-state fermentation in the formation of ECM
roots and the growth of seedlings (Tacon et al. 1985; Mortier et al. 1990). However, the low growth rates
of ECM fungi in culture and the lack of information on physiology and kinetics of growth remain
limitations for their application and mass production on an industrial scale (Oliveira et al. 2006; Rossi et
al. 2007). In addition, the conditions to maintain the viability of mycelia entrapped within a calcium
alginate bead need to be investigated for each ECM fungal species (Rodrigues et al. 1999).

Numerous experiments demonstrated that the presence of ECM fungi on the roots of dipterocarp
seedlings enhances seedling growth, though primarily in nursery conditions. In reforestation programs, it
has been suggested that seedlings ought to be inoculated before being released into the natural
environment (Walker 1999; Menkis et al. 2007; Martínez et al. 2012; Bauman et al. 2013). Recent and
continuous ECM inoculation strategies focus mainly on the Scleroderma, Pisolithus, and Tomentella
genera (Turjaman et al. 2005, 2006; Ogawa 2006; Lee et al. 2008). A. odoratus has been used for
producing ECM inoculum; spore or hyphal suspension, due to its abundance of spores and availability for
vegetative cultivation, and not only for enhancing the establishment of dipterocarp seedlings in
reforestation programs but also for establishing dipterocarp plantations for mushroom production
(Kaewgrajang et al. 2013; Kaewgrajang et al. 2019). Despite being a popular delicacy in northern
Thailand, attempts at the artificial cultivation of A. odoratus have proven unsuccessful due to the
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limitations of the seasonal blooming of sporocarp and the limited functions of some types of culture
media, such as the low shelf life and high sensitivity of contamination in the storage of mycelium on
solid culture media (Brundrett et al. 2005; Repác 2011). Moreover, the application of A. odoratus
inoculum with calcium alginate bead has never been examined so given the potential of A. odoratus as
an inoculum, this study aimed to optimize the conditions for producing mycelial inoculum from A.
odoratus entrapped with calcium alginate and determine its storage conditions. Additionally, the study
also investigated the effect of al ginate-entrapped mycelial inoculum on the root colonization of
dipterocarp seedlings. Acknowledging the importance of ECM fungi inoculum such as optimizing
production methods, and comprehension of ecological factors influencing inoculum success needs to
be the focus for fostering sustainability.

Materials and methods

Fungal strain
The ECM fungus A. odoratus Phosri, Watling, Martín and Whalley, strain K1, was used in this study. This
fungus was isolated from a basidiocarp collected from a dipterocarp forest in Srisawat District,
Kanchanaburi Province. The culture of this fungal strain was kept in a fungal culture collection at the
Mycology Laboratory, Department of Botany, Faculty of Science, Chulalongkorn University, Bangkok,
Thailand. The strain was maintained on Modified Melin-Norkrans (MMN) agar medium at room
temperature (30 ± 2°C) and subcultured onto fresh medium every month.

Effect of media on mycelial growth of A. odoratus strain K1

Four different kinds of culture broth media were tested: Pridham-Gottlieb medium (PG) modified by Kuek
(Kuek, 1996), MMN (Marx 1969), Biotin-Aneurin-Folic Acid medium (BAF) as described by Águeda et al.
(2008), and Potato Dextrose Broth (PDB) for mycelial growth of the fungus strain K1. All culture broth
media were supplemented with 0.25% activated charcoal and adjusted to pH 5.5. A piece of 7 mm
diameter mycelial disk from 20-day old culture on MMN agar was transferred aseptically to a 250 mL
Erlenmeyer flask containing 100 mL of liquid medium. The flasks were incubated statically for 30 days at
room temperature in the dark with three replicates per treatment. The dry weight of the mycelia was
measured every five days. The mycelial growth was determined in term of the dry weight. The best
growth medium was selected for further study.

Optimization of conditions for preparing A. odoratus alginate bead inoculum

Alginate solution
The fungal mycelia were encapsulated in calcium alginate beads in a manner similar to that described by
Mauperin et al. (1987). MMN medium, Czapek medium (Visagie et al. 2014), and sterile distilled water,
were used for preparing sodium alginate solution. Mycelium (approximately 10 g fresh weight) was
mixed in 100 mL of sodium alginate solution containing 2% sodium alginate (Glentham Life Sciences
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Ltd., United Kingdom) and 0.25% activated charcoal and then fragmented by hand blender for 10
seconds. The mixture was dropped into a 0.1 M CaCl2 solution to entrap the mycelium particles into
polymerized alginate beads. After 30 minutes of curing in the CaCl2 solution, the beads were washed
with sterile distilled water three times. The viability of mycelia entrapped in calcium alginate beads was
assessed directly after the encapsulation process by placing 100 beads onto PDA in Petri dishes in the
dark at room temperature, and mycelial development was checked every 5 days for a period of 20 days.
Each treatment had ten replications. The beads mycelial growth corresponded to germination and,
therefore, viability. The percentage of viable beads was recorded. The treatment showing the highest
percentage of viability was selected and used for subsequent experiments.

Sodium alginate concentration
The mycelium of A. odoratus strain K1 was entrapped in calcium alginate as described above with
different sodium alginate concentrations: 1.5%, 2%, 2.5%, and 3%. The concentration yielding the highest
percentage of viable beads was selected for next experiments.

Protectant additives
The alginate solution was supplemented with different sugars ࣧ glucose (G), sucrose (S), and trehalose
(T) ࣧ at the concentrations of 1% and 5% and different protectant additives: 5% sorbitol (s) and 5%
polyethylene glycol 8000 (p). The alginate solution without supplemented sugar and protectant was used
a control. The alginate beads were preserved in sterile distilled water at 25°C for 15 days. Fresh and
preserved beads were evaluated for their efficacy by percentage of viable beads as described above. The
treatment with the highest percentage of viability was used in further studies.

Preservation solution and temperature
The alginate beads were prepared in the optimal conditions according to previous experiments. They
were preserved in various sterile solutions: distilled water, 5% and 10% glycerol, 5% and 10% dimethyl
sulfoxide (DMSO) and 0.07 M CaCl2. All treatments were kept at 4°C and 25°C for up to 2 months. Every
15 days, the alginate beads were placed on a PDA plate and incubated at room temperature to check
their viability. The survival rate was measured as following the formula below modified from Oberoi et al.
(2021):

Effectiveness of alginate beads on A. odoratus colonization

The viability of mycelia inoculum and its infectivity on the roots of seedlings are important properties for
application. Thus, alginate beads with different storage time under selected preservation condition were
applied to H. odorata seedlings, in order to determine the efficacy of A. odoratus colonization in terms of
root formation and colonization rate.

Survival rate (%)= ×100
Number of germinated alginate beads after preservation

Number of germinated alginate beads before preservation
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Effectiveness of alginate beads on the formation of ECM
roots
Seed wings of H. odorata were removed, and then the seeds were surface-sterilized with 5% sodium
hypochlorite for 10 minutes before being thoroughly rinsed with sterile water three times consecutively.
The sterile seeds were incubated in a zip-lock bag at room temperature for 5 days. Each individual
seedling with a 3–4 cm root length was transplanted into a rhizobox, which was filled with sterile perlite
and then wrapped with aluminum foil. A rhizobox was constructed with a plastic box (16 cm × 32 cm × 2
cm), and one of the short edges was removed to facilitate plant growth. After that, the rhizoboxes with
seedlings were inclined by 60 degrees to encourage the roots to grow along the lid of the box and were
daily watered with distilled water.

Six-month-old, uniformly healthy, non-mycorrhizal seedlings were selected for fungal inoculation under
the following regimes: In treatments 1–3, seedlings were inoculated with 50 fresh alginate beads of A.
odoratus strain K1, equivalent to 5 grams, alginate beads preserved for 1 and 2 months, respectively.
Additionally, seedlings were inoculated with 5 grams of K1 mycelial disc cut from the actively growing
margin of A. odoratus colonies on the PDA for a positive control, and non-inoculated seedlings were
used for a negative control. Three replications were prepared for each fungal inoculation treatment. ECM
colonization in each treatment was observed every 10 days for 2 months. The development of ECM roots
was examined based on morphology and recorded as stages 1–4 (Table 1), which is modified from Péret
et al. (2009). Then, few representative ECM root tips were collected and identified using molecular
techniques, as shown in the next experiment, to prove that A. odoratus was the cause of the infection.

Table 1
Developmental stages of the ECM root of A. odoratus

(adapted from Péret et al. (2009))
Stage Description

1 Mycelia of A. odoratus germinated from alginate beads

2 Attachment of mycelia to the root surface and presence of swelling roots

3 Presence of a dense mantle and extraradical mycelia

4 Presence of sclerotia

Effectiveness of calcium alginate beads on colonization
rate
Seeds of H. odorata were surface sterilized and incubated using the same methods as in the previous
experiment. Each germinating seedling was individually transplanted into a polyethylene bag (5 cm × 15
cm) filled with autoclaved commercial potting soil. After 3 months, each non-mycorrhizal seedling was
transplanted into a new polyethylene bag (10 cm × 20 cm) filled with autoclaved commercial potting soil
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and inoculated with mycelia of A. odoratus, following the same treatments as in the previous
experiment. Each fungal inoculation treatment had ten replications, resulting in 50 seedlings in total. All
seedlings were watered daily and maintained in the nursery for 45 days.

After the inoculation period, seedlings were removed, and their root systems were gently washed over a
0.85 mm mesh sieve with tap water. Then, 200 root tips of each seedling were randomly selected and
investigated under a stereomicroscope (SZ2-ST Olympus, Tokyo, Japan). ECM roots of A. odoratus were
sorted based on their surface color, texture, and branching pattern, as described by Kaewgrajang et al.
(2019). The colonization rate was measured as the percentage of the number of root tips colonized by A.
odoratus divided by the total number of root tips (Brundett et al. 1996).

Moreover, to confirm the infection of A. odoratus, few representative tips of ECM roots and mycelia of A.
odoratus were performed DNA extraction using cetyltrimethylammonium bromide (CTAB) with a
protocol from Zhou et al. (1999). Molecular identification was operated by PCR-sequencing of the
Internal Transcribed Spacer (ITS) region using the fungus-specific primer pairs ITS1F (Gardes and Bruns
1996) and ITS4 (White et al. 1990). The PCR reactions were performed as described in Pachit et al.
(2020). The PCR products were purified and sequenced at Celemics, Inc., Korea, using the Barcode-
Tagged Sequencing method, Platform illumina pair-end read. The acquired sequences were manually
edited in MEGA version 11 (Tamura et al. 2021) and were subsequently compared with reference ITS
sequences using the BLASTn algorithm against the GenBank and the UNITE databases. DNA sequences
that were at least 97% similar to reference sequences in the database (Kaewgrajang et al. 2019; Nilsson
et al. 2019) were confirmed to belong to the A. odoratus species. The nucleotide sequences of ECM root
tips and mycelia were submitted under NCBI accession numbers OQ916937-OQ916939.

Statistical analysis
The experiment was conducted using the completely randomized design (CRD). All data obtained from
the experiments were subjected to one-way ANOVA, means ± SE showing statistical significance
followed by Duncan’s New Multiple Range Test (DMRT) at P < 0.05 using IBM SPSS Statistics 16
program.

Results
Effect of media on mycelial growth of A. odoratus strain K1

The result of growing A. odoratus strain K1 mycelium for 30 days in four liquid media (PG, MMN, BAF
and PDB) showed the highest dry weight of mycelium growth in MMN medium with 0.345 g/100 ml
(Fig. 1), which was significantly higher (P < 0.05) than the mycelial dry weight in other liquid cultural
media. The mycelial growth of A. odoratus in all tested media increased continuously until the end of the
experiment with a significant mycelium dry weight difference in MMN cultural medium starting at Day
20. There was no significant difference among the four kinds of cultural media at the beginning (Day 5).
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MMN medium supplemented with activated charcoal was the most suitable for mycelial growth of strain
K1.

Optimization of mycelial entrapment with calcium alginate
Effect of different alginate solutions on the viability of mycelia entrapped in alginate beads was
evaluated. The viability of mycelia entrapped in alginate beads composed of Czapek and MMN media,
and distilled water was 100%, 93% and 67%, respectively (Fig. 2a). The viability was not significant
difference between Czapek and MMN medium. Mycelia entrapped in beads composed of Czapek and
MMN alginate solutions germinated within 5 days of placing on the PDA plate, while mycelium entrapped
in distilled water alginate beads required 10 days. The mycelia that grew from the beads made of Czapek
medium produced dense aerial mycelia growing on both the surface of the beads and the PDA, whereas
the aerial mycelia that germinated from the beads made of MMN medium were compact on the beads
but loose and fluffy on the surface of the PDA. The mycelia slightly germinated from the beads made of
distilled water alginate solution and formed appressed mycelia on the PDA. Mycelia also produced a
yellowish to dark brown pigment that diffused through the PDA, especially from beads made of MMN
and distilled water alginate solution (Fig. 2b). According to this result, the most optimal alginate solution
for mycelial entrapment was Czapek medium.

The viability of strain K1 mycelia was tested with four different concentrations of sodium alginate: 1.5%,
2%, 2.5%, and 3%. The viability was highest at 1.5% concentration (96%), then at 2% sodium alginate
(94%). There was no significant difference between the two concentrations. The lowest viability was
found in 3% sodium alginate with only 49% (Fig. 3a).

The shape and texture of the alginate beads at each sodium alginate concentration varied. The alginate
beads of 1.5% concentration were soft and not spherical. After placing on the PDA for several days, the
beads shrank due to water loss. However, they exhibited the fastest germination only on Day 3 after
placing on PDA medium, and the germinated aerial mycelia grew well. For the 2% concentration, the
alginate beads were spherical and germinated on Day 5 after placing on the PDA with well-developed
aerial mycelia. For the 3% sodium alginate beads, the morphology was round and quite rigid; the beads
were too solid for mycelia to germinate, and mycelia germinated after 12 days on PDA medium (Fig. 3b).
Therefore, considering the aesthetics and productivity of the alginate beads, a concentration of 2% was
selected for the following experiment.

The viability of A. odoratus K1 mycelia entrapped in fresh alginate beads ranged from 40 to 97.5%, with
the highest percentage from the fresh alginate beads adding 1% sucrose and 5% sorbitol (1Ss). However,
the highest viability was not significantly different from the control condition. The viability of mycelia
entrapped in fresh beads adding 5% sucrose and 5% sorbitol (5Ss) was 96.25% (Fig. 4), growing very fine
on the PDA. The lowest germination rate of 40% was the testing result of 5% trehalose and polyethylene
glycol (5Tp) alginate bead formula, and the mycelia cultured on solid medium were thin and not aerial
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(Online Resource 1). Moreover, A. odoratus mycelia that germinated from alginate beads composed of
different additives produced different pigments, such as reddish, yellowish, or dark brown.

After storing the fresh alginate beads in distilled water at 25°C for 15 days, the viability of mycelia in
most treatments significantly decreased range from 27.5 to 88.75%, except for the mycelia entrapped in
the bead containing 1% sucrose and 5% polyethylene glycol (1Sp) (Fig. 4). However, the mycelia
entrapped in alginate beads containing 1% sucrose and 5% sorbitol (1Ss) still had the highest viability
(88.75%), with no significant difference from the mycelia entrapped in alginate beads containing 5%
sucrose and 5% sorbitol (5Ss) (86.25%). Both treatments showed significantly higher viability than the
control condition. The mycelial cultures on PDA medium in both treatments formed dense aerial mycelia
and grew well. The lowest viability (27.5%) was also from the alginate beads containing trehalose and
polyethylene glycol. Both 1Ss and 5Ss alginate beads were selected for the next step of the experiment.

Different regular letters showed significant differences (P < 0.05) in the viability of mycelia entrapped in
fresh alginate beads, and different italic letters showed significant differences (P < 0.05) in the viability
after preservation for 15 days (Error bar: SE)

The survival rate of A. odoratus K1 mycelia entrapped in 1Ss and 5Ss alginate beads was evaluated
under various preservation conditions by periodically examining the beads on the PDA medium every 15
days. After 15 days of preservation at 4°C, the viability of all treatments decreased significantly (Fig. 5a,
b). The 5Ss treatment preserved in 0.7 M CaCl2 had the maximum survival rate (13%) after 60 days of
storage. It was significantly higher than the other treatments. The second-best treatment was the 5Ss
alginate beads stored in distilled water with 10% survival rate (Fig. 5a, b, Online

Resource 2). There was no germination in the remaining treatments. At 25°C in preservation conditions,
the maximum survival rate was found in 5Ss alginate beads stored in distilled water and 5% glycerol,
with 86% and 85% survival rates, respectively. The treatment of 1Ss alginate beads preserved in distilled
water and 5% glycerol was the highest, with survival rates of 70% and 64%, respectively (Fig. 5c, d). In
addition, the 60-day survival rate decreased significantly in all treatments.

Comparing the survival rate of the optimal solution for preservation, which was distilled water and 5%
glycerol. The 5Ss were able to maintain a survival rate of 86% and 85% in distilled water and 5% glycerol,
respectively, which was significantly higher than the survival of the 1Ss when stored at 25°C for 60 days,
as shown in Fig. 5c, d, and Online Resource 2.

The optimal conditions for mycelia entrapment in calcium alginate beads of A. odoratus were 2% sodium
alginate supplemented with amended Czapek medium, 5% sucrose, and 5% sorbitol.

Effectiveness of alginate beads on A. odoratus colonization

The A. odoratus K1 mycelia germinated from mycelial discs and alginate beads to contact the root
surface of H. odorata seedlings within 20 and 30 days after inoculation, respectively (Table 2). The
mycelia completely covered the roots and formed ECM roots with extraradical mycelia within Day 40 in
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both treatments. The observed ECM roots had a brown to dark brown color, a smooth surface, and
monopodial-pinnate branching. (Fig. 6a, b). Young to mature dark brown sclerotia (Fig. 6c, d) were also
found in the root system of H. odorata within 40 and 50 days after inoculation with mycelial discs and
fresh alginate beads, respectively. Additionally, delayed processes in root colonization of A. odoratus
mycelia were demonstrated in H. odorata seedlings inoculated with 1- and 2-month-old alginate beads
preserved in distilled water at 25°C. The treatment with 1-month-old preserved beads showed mycelial
germination and subsequent attachment to the root surface at Day 50 and 60 after inoculation,
respectively. However, only mycelial germination was observed in the treatment with 2-month-old
preserved alginate beads within the 60-day follow-up period. No ECM colonization was observed in the
negative control treatment (non-inoculation).

Table 2
The effectiveness of alginate beads preserved for different durations on A. odoratus colonization in H.

odorata seedlings in terms of ECM root development (Experiment I) and colonization rate (Experiment II)
Treatment Experiment I: ECM root development Experiment II:

colonization rate
(%)

at Day 45
Day
10

Day20 Day
30

Day 40 Day 50 Day 60

non-inoculation nd nd nd nd nd nd 0 ± 0 d

mycelial disc nd stage
I

stage
II

stage
III, IV

stage
III, IV

stage
III, IV

70.20 ± 2.19 a

fresh alginate
bead

nd nd stage
I

stage
II, III

stage
III, IV

stage
III, IV

59.35 ± 1.11 b

1-month-
preserved
alginate bead

nd nd nd nd stage I stage II 56.66 ± 1.89 b

2-month-
preserved
alginate bead

nd nd nd nd nd stage I 49.37 ± 2.15 c

Note Abbreviations: "nd" indicates no differentiation, and different letters indicate significant
differences (P < 0.05) in the percentage of colonization

Based on molecular identification, the ECM root sequence alignment (accession number OQ916937)
showed a 100% match with the ITS sequence of the strain K1 submitted in the GenBank databases
(accession number OQ916939).

The colonization rate of A. odoratus entrapped in alginate beads under different durations of
preservation on the roots of H. odorata seedlings is presented in Table 2. The mycelial disc inoculum as
the positive control exhibited the significantly highest average colonization rate, at 70.20%. Subsequently,
the treatment with fresh alginate beads and 1-month-old preserved beads demonstrated average
colonization rates of 59.35% and 56.66%, respectively, with no significant difference between them. In
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contrast, the seedlings inoculated with 2-month-old preserved alginate beads displayed the lowest
colonization rate at 49.37%. Notably, the non-inoculation treatment showed no ECM root colonization.

Furthermore, the sequence of the ECM root (accession number OQ916938) exhibited a 100% identity
match with the K1 mycelial ITS sequences (accession number OQ916939).

Discussion
The production of ECM fungal inoculants necessitates the undertaking of studies to investigate the
optimal culture conditions of these ECM fungi for the mass production of mycelia. Culture medium is an
important factor that needs to be studied in order to determine the optimal growth required for achieving
such production. Regarding the kind of liquid media tested for the mycelial growth of A. odoratus strain
K1 in this study, we found that the mycelial growth of A. odoratus strain K1 was varied in different culture
media (Fig. 1). This result was corroborated by the findings of several previous studies indicating that
changes in the culture medium significantly affect the mycelial growth of ECM fungi in pure cultures
(Brundrett et al. 1996; Xu et al. 2008; Kumla et al. 2011; Rossi and Oliveira 2011; Suwannasai et al. 2020).
The MMN medium significantly yielded the highest mycelial dry weight, indicating a suitable growth
medium for this fungal strain similar to those reported by Coleman et al. (1989), Torres and Honrubia
(1991), and Curguz et al. (2010), who observed the highest growth for various species of Suillus in MMN
medium. Vuorinen et al. (2015) also found that the majority (65%) of the twenty tested ECM fungal
strains that typically colonize Norway spruce seedlings grew best on modified MMN medium with
reduced sugar content (½ MMN). Furthermore, Rossi et al. (2017) studied the growth of ECM fungi
including Scleroderma, Rhizopogon, Pisolithus, Chondrogaster, and Scleroderma spp., in MMN liquid
medium to acquire a large quantity of mycelia for use in large scale inoculant production. MMN medium
is probably recognized as one of the most commonly employed media broadly for experimental
procedures (e.g. Kibar and Peksen 2011; Murata et al. 2012; Ramos and Tad-awan 2018; Wang et al.
2019; Kumar and Satyanarayana 2020). Suwannasai et al. (2020) found that the pure culture of Astraeus
sirindhorniae grew best on MNC medium; similarly, Astraeus hygrometricus was cultivated in MNC
medium prior to testing for ECM synthesis in Pinus densiflora seedlings (Fangfuk et al. 2010). According
to the previously mentioned, the most suitable culture medium for the mycelial growth of
ectomycorrhizal fungi was therefore dependent not only on the fungal species but also on the strain of
that species.

Another crucial consideration is the fact that many fungi have the capacity to create secondary
metabolites. We noticed significant color changes in the growing media during cultivation of A. odoratus
strain K1. These changes are evidence of variations in metabolite production. However, pigmentation
could be a sign of the limitations of growing conditions (Rossi and Oliveira 2011). Therefore, methods for
mitigating the effects of these compounds are essential. Activated charcoal has proven very helpful for
removal of several toxic compounds produced by fungus itself (Mussatto and Roberto 2004; Chandel et
al. 2007). The fragmentation of several fungi before immobilization with sodium alginate resulted in a
loss of viability, possibly due to the release of residues that created a toxic environment in the mycelial
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suspension (Rossi et al. 2017). Rossi and colleagues (2017) demonstrated that mycelial suspensions of
various fungal isolates without activated charcoal lost their viability within 24 hours. Activated charcoal
should also provide suitable conditions in culture media for the preservation and evaluation of several
characteristics of the microorganism in culture (Oliveira et al. 2006; Rossi et al. 2017).

Based on the results, the most effective formulation of alginate solution for the entrapment of A.
odoratus strain K1 mycelia was 2% sodium alginate supplemented with Czapek medium, 0.25% activated
charcoal, 5% sucrose, and 5% sorbitol. The addition of various components to the alginate solution
aimed to improve mycelial viability, affecting aspects such as nutrition and protection (Szopa et al.
2022). This advantage of the alginate bead procedure provides tremendous application flexibility
(Lalaymia et al. 2014).

In this study, the addition of MMN and Czapek media filled with alginate solution significantly improved
the viability of A. odoratus mycelia compared to the control treatment without additives. These results
suggest that the additional cultural media as a nutritional source enhanced the viability of mycelia after
alginate entrapment. Despite the lack of reports about using media as additives for alginate beads in
ECM fungal inocula. Culture media were applied for alginate entrapment as artificial spawn in mushroom
production (Friel et al. 1999). The mycelial growth of Pleurotus ostreatus and Agaricus bisporus from
alginate beads with culture media was significantly greater than on beads without media after incubation
on the PDA medium. Moreover, the suitable nutrient formulation in beads might vary with different fungal
species and required evaluation for each species (Ortiz et al. 2017).

Czapek medium is the optimal solution for alginate encapsulation of A. odoratus strain K1 mycelia
because it promotes more vigorous mycelial germination and results in less production of dark brown
secondary metabolites than MMN medium-formed alginate beads. Czapek is a synthetic medium that
consists of low nutrient content with sole carbon and nitrogen sources (Basu et al. 2015; Jian et al.
2019). Some endophytic fungi also exhibited a slow growth rate and low production of secondary
metabolites when cultured in Czapek (Vandermolen et al. 2013). Furthermore, half-strength MMN, which
is widely used to culture several ectomycorrhizal fungi (Erland et al. 1990; Plett et al. 2020; Stuart et al.
2023), was also of interest to test its efficacy in preserving the viability of mycelia entrapped in calcium-
alginate beads.

The concentration of the main component, sodium alginate, is crucial to the immobilization method.
According to a systematic review by Szopa and colleagues (2022), concentrations below 1% of sodium
alginate inhibited crosslinking and necessitated the presence of an additional component, such as
bentonite. On the other hand, concentrations above 3% resulted in significant viscosity, preventing the
solution from forming beads properly. The most commonly used concentration is 2%, as observed in
other studies involving the entrapment of ECM mycelia (Rodrigues et al. 1999; Oliveira et al. 2006; Repáč
2007; Rossi et al. 2017; Costa et al. 2019). In this study, 2% sodium alginate was the optimal
concentration, providing the highest viability of A. odoratus mycelia and proper bead formation.
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The optimal types and concentrations of sugar and protectants depended on fungal species and the
water potential (Magan and Lynch 1986). The addition of sugar and protectants to the sodium alginate
solution created a hypertonic environment where the external solution had a higher concentration than
the cell solution. As a result, water moved out of the cell through osmosis until equilibrium was reached
(Lefa 2015). While sucrose served as an osmoprotectant, it also sustained the viability of the mycelia
entrapped in the alginate beads by providing a carbon source. Moreover, sucrose can inhibit pigment
production (Tseng et al. 2000). This pigment is a secondary metabolite produced by A. odoratus
mycelium and has negative effect on mycelium cell growth. According to Lin and Demain (1991), the
effect of carbon type on growth was found to differ depending on the fungal species; for example,
sucrose gave maximum mycelial growth of golden chanterelle (Cantharellus cibarius) (Deshaware et al.
2021). This study demonstrated that 5% sucrose and 5% sorbitol were the most suitable additives for A.
odoratus. Furthermore, the sodium alginate solution supplemented with 1% sucrose and 5% polyethylene
glycol effectively maintained the viability of mycelia after storage for 15 days, despite slightly lower
viability in fresh beads.

Additionally, a salt solution with a concentration of 0.85–0.9% was found to have the appropriate
osmotic pressure to protect fungi and bacteria (Rossi et al. 2017; Cesari et al. 2020) and according to
Deshaware (2021), increasing sucrose concentration up to 5% leads to a decrease in mycelial growth.
Similarly, Yuan et al. (2012) and Itoo and Reshi (2013) documented a mycelial growth decrease as the
concentration of the carbon source increases. So, the combination of these two protectants and their
suitable concentrations was intriguing and should be examined in further studies.

After the mycelia of A. odoratus strain K1 were entrapped in alginate beads, the storage condition was
considered important. Preserving the original properties of the fungi, including their colonization
capability, required storing the fungal strains under conditions that slow down their metabolism
(Lalaymia et al. 2014). Adequate consideration should be given to temperature and humidity during the
storage of alginate beads (Rodrigues et al. 1999) as the suitable preservation conditions may vary
among ECM fungal species. The viability of Paxillus involutus mycelia was nearly 100% when the
alginate beads were kept in sterile water, 0.7 M CaCl2, and on filter paper at 25°C for 60 days. The
suitable condition for the preservation of Pisolithus tinctorius immobilized in alginate beads was CaCl2
solution at 25°C as well (Rodrigues et al. 1999). Alginate beads of Rhizopogon nigrescens, preserved in
0.85% saline solution at 8°C, exhibited 100% viability even after 12 months (Oliveira et al. 2006), similar
to beads of Rhizopogon vulgaris and Pisolithus microcarpus stored in distilled water at the same
temperature (Rossi et al. 2017). Mycobeads of Laccaria laccata and Hebeloma westralinese, stored in
deionized water at 4°C, still maintained over 90% viability (Kuek 1992). According to our results, the
optimal condition for preservation of A. odoratus strain K1 mycelia entrapped in alginate beads was
storage in distilled water and glycerol at 25°C, which presented an over 80% survival rate after 60 days.
The proper temperature for preservation may correspond to the habitat of this tropical ECM fungus, such
as the deciduous dipterocarp forest, where the underground temperature ranges from 19°C to 32°C
(Intanil et al. 2018). The cultivation of A. sirindhorniae mycelia at different temperatures revealed that
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30°C and room temperature were the optimal conditions, providing the highest mycelial biomass
(Suwannasai et al. 2020).

Verifying the effectiveness of ECM mycelial immobilization requires investigating ECM colonization on
plants. In this study, we examined the efficacy of A. odoratus colonization in terms of ECM root
development and colonization rate. The experiment, conducted in the rhizobox of H. odorata seedlings,
showed that mycelia germinated from fresh alginate beads within 30 days. A similar result was also
demonstrated in Eucalyptus dunnii inoculated with Pisolithus microcarpus entrapped in alginate beads
supplemented with activated charcoal (Rossi et al. 2017). However, the colonization and ECM root
formation of mycelia germinated from fresh alginate beads were slightly delayed when compared with
the colonization of mycelia germinated from discs. The initial step of ECM root colonization involves the
recognition of signal molecules released by both host plants and ECM fungi. Various root exudates
induced spore germination and enhance the mycelial growth of ECM fungi (Garcia et al. 2015).
Nevertheless, the hydrogel structure of alginate beads forms a temporary barrier between the inside
organism and the external environment (Szopa et al. 2022), which may require time for degradation and
the reach of root exudate to the ECM mycelia entrapped in the beads. The slow development of A.
odoratus mycelia was also distinctly observed in preserved alginate beads, emphasizing the effect of
preservation conditions on the efficiency of ECM root development.

In our study, the colonization rate of A. odoratus in H. odorata seedlings showed high efficacy compared
to other studies using alginate bead inocula of ECM fungi. The ECM colonization rates in Picea abies
(Repáč 2007) and Pinus taeda (Oliveira et al. 2006) seedlings inoculated with alginate beads were 36%
and 39%, respectively. Additionally, Kaewgrajang (2019) reported colonization rates of A. odoratus in the
form of spores and mycelial suspension in two other dipterocarp species, Dipterocarpus tuberculatus
and Shorea roxburghii, within the range of 32–60%. However, within 45 days, A. odoratus colonized the
roots by more than 49%, even though the percentage of colonization decreased when the mycelia were
entrapped in alginate beads and preserved for 2 months. This result indicates the efficiency and
applicability of A. odoratus alginate beads as a high-performance inoculum with the potential for large-
scale production.

Conclusion
Ectomycorrhizae are a crucial factor in forest productivity. The establishment and growth of the most
important plant species utilized in reforestation programs and forest plantation are dependent on ECM
fungi. The development of production technology for ECM inoculants is an important achievement in
advancing the widespread utilization of ECM fungi in forest nurseries. In this study, the mycelia of the
ECM fungus A. odoratus strain K1 were successfully entrapped in calcium alginate beads with a high
viability. This study clearly highlights the potential of alginate gel as an efficient formulation. These
alginate beads used as inoculum presented a high survival rate and a significant infectivity in relation to
H. odorata seedlings after 2 months of storage. This indicates a high potential for commercial
application of the inoculum in large scale dipterocarp seedling production. The findings of this study
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open new perspectives for enriching plantation forest research where ectomycorrhizal associations can
flourish to protect the decline of ECM mushroom and dipterocarp forests in Thailand due to severe
climate change effects. However, a future study should also focus on optimizing alginate matrix
composition in terms of the highest survival rate of this fungus, and additional research involving the
scale-up of the encapsulation process is also being developed.
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Figure 1

Dry weights of the strainK1 mycelium growing in different liquid cultural media for different timepoints
up to 30 days. Cultures were harvested independently for each timepoint. Different letters showed
significant differences (P < 0.05) in the dry weight of the same mycelial age. Abbreviations: PG (Pridham-
Gottlieb medium), MMN (Modified Melin-Norkrans), BAF (Biotin-Aneurin-Folic Acid), and PDB (Potato
Dextrose Broth)
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Figure 2

The effect of different alginate solutions on the viability of mycelia entrapped in alginate beads. (a) The
percentage of viability of mycelia entrapped in alginate beads with different alginate solutions for 20
days. Different letters showed significant differences (P< 0.05) in the percentage of viability. (b) Features
of mycelia of A. odoratus germinated from alginate beads made of different alginate solutions: MMN
medium (left), Czapek medium (middle), and distilled water (right)
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Figure 3

The effect of different concentrations of sodium alginate on the viability of mycelia entrapped in alginate
beads. (a) Line graphs showing the percentage of viability of A. odoratus K1 mycelia entrapped in
different concentrations of sodium alginate for 20 days. Different letters showed significant differences
(P < 0.05) in the percentage of viability (error bar: SE). (b) Features of alginate beads and mycelial
germination of A. odoratus entrapped in different sodium alginate concentrations
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Figure 4

The effect of different sugar and protectant additives on the viability of mycelia entrapped in alginate
beads. Bar plot showing the viability of mycelia entrapped in fresh alginate beads and after 15-day
preservation at 25 °C. The alginate beads contained different sugar: glucose (G), sucrose (S), trehalose
(T), with different concentrations: 1% (1), 5% (5), and added protectant additives: 5% sorbitol (s), 5%
polyethylene glycol (p).

Different regular letters showed significant differences (P < 0.05) in the viability of mycelia entrapped in
fresh alginate beads, and different italic letters showed significant differences (P < 0.05) in the viability
after preservation for 15 days (Error bar: SE)
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Figure 5

The effect of different preservation solutions and temperature on the survival rate of mycelia entrapped
in alginate beads. Line graphs showing survival rate of A. odoratus strain K1 mycelia entrapped in
selected alginate beads following preserved in different solutions and temperature: (a) alginate beads
containing 1% sucrose and 5% sorbitol preserved at 4 °C, (b) alginate beads containing 5% sucrose and
5% sorbitol preserved at 4 °C, (c) alginate beads containing 1% sucrose and 5% sorbitol preserved at 25
°C, (d) alginate beads containing 5% sucrose and 5% sorbitol preserved at 25 °C
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Figure 6

The development of H. odorata root colonized with A. odoratus, forming the mantle, extraradical mycelia
(arrow), and sclerotium (asterisk) after inoculation with fresh beads for (a, c) 50 days and (b, d) 60 days.
Scale bar = 1 mm
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