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Abstract
Arbuscular mycorrhizal (AM) symbiosis is an important biological breakthrough which assisted plant 
land colonization over 400 million years ago. This widespread mutualistic interaction between fungi 
and plants enhances nutrient exchange, ecological sustainability, plant stress resistance, and host plant 
development. AM symbiosis improves plant nutrition by deriving nutrients through both mycorrhizal 
pathways and the Plant's own pathways. AMF influence nutrient availability by altering soil properties, 
microbial populations, and nutrient cycling. Understanding the life cycle of AMF, spore germination, 
sporulation, colonization, and symbiosis formation are critical for large-scale agricultural applications. 
Root organ culture (ROC) techniques offer intriguing possibilities to mass producing AMF under in vitro. 
This review surveys the literature on these topics, focusing on methods for enhancing sporulation in 
in vitro. Enhancing in vitro sporulation can be achieved by supplementing growth media with phenolic 
compounds, fatty acids, and phytohormones, and optimizing the media and related factors. These 
compounds regulate fungal growth and development, leading to increased sporulation and improved 
AMF inoculant efficacy. Further research is needed to provide quality inoculum and develop crop-
specific formulations and delivery methods to harness the potential of AMF in diverse agroecosystems.
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INTRODUCTION

 Arbuscular mycorrhizal fungi form 
distinctive symbiotic partnerships with plants, 
with about seventy to ninety percent of plant 
species engaged in these mycorrhizal symbioses.1 
For almost 400 million years, vascular plants and 
arbuscular mycorrhizal (AM) endophytes have 
coevolved to form close partnerships.2,3 Since they 
promote plant development and survival, these 
microorganisms are crucial to the ecology of the 
majority of vascular plants. Plants can contribute 
4-20% of their photosynthate to support AM 
fungi, which translates to the consumption of 
approximately five billion tonnes of carbon per 
year by AM fungi.1,4 Host plants support the 
viability and effectiveness of mutualistic arbuscular 
mycorrhizal (AM) fungal partners by limiting sugar 
export while ensuring a supply of lipids to fungi. 
This strategy reduces the carbon costs linked to 
parasitism while still benefiting from the nutrient 
uptake facilitated by AM fungi.5 Therefore, it is 
likely that specific molecules, such as fatty acids, 
rather than the total carbon flow, influence the 
carbon-for-phosphorus exchange between AM 
fungus and the host plant.
 Mutualistic relationships between plants 
and fungi result in colonizing the root cortex, 
allowing for the exchange of minerals, especially 
phosphorus, and carbon between the fungus 
and the plant. For a long time, the large-scale 
production of contaminant-free AM fungi has 
presented an obstacle to their application in 
agriculture.
 Owing to the biotrophic nature of AM 
fungi, the challenges connected with inoculum 
production have severely limited their utilization 
in agriculture. The most common method for 
AM production involves growing host plants with 
AM inoculation and in turn chopping mycorrhizal 
roots and mixing them with a growing medium 
that contains hyphae and spores. Lesser spore 
production and contaminants are the major quality 
issues associated with this type of inoculum. 
Additional techniques have been developed in an 
effort to improve quality and dependability, such 
as aeroponic culture6,7 and alginate encapsulation 
of root pieces.8 The most promising method 
for producing bulk quantities of pathogen-free, 
high-quality AM inoculum, which is desired for 

application in various crop cultivation is still 
propagule generation under aseptic conditions.
 However, the monoxenic cultivation 
approach has evolved into an effective technique 
for generating contaminant-free AM fungi, 
facil itating large-scale production under 
rigorously controlled conditions, starting from 
the initial research of Mosse and Hepper9 and later 
advancements by Strullu and Romand,10,11 as well 
as Becard and Fortin.12 Innovative fundamental 
research has been carried out with various AM 
fungal species that have been effectively cultured 
from root organs.13 With respect to inoculum 
production, monoxenic cultivation offers a number 
of advantages over conventional cultivation 
methods. This method provides contaminant-free, 
clean, sterile, bulk propagules that were previously 
impractical for production through conventional/ 
hydroponic/aeroponic methods. Furthermore, 
this technology facilitates the production of many 
spores within a shorter period of time with less 
space. Although various methods are being used 
for inoculum production the common issue is 
spore production. Spores are considered essential 
for developing subsequent generations and follow 
various events for the process of sporulation. Many 
options exist to increase the potential for AM 
fungal sporulation and propagule development via 
both methods of production. This review provides 
a literature survey and concise details regarding 
AM fungi life cycle, in vitro production methods, 
constraints and suggestions to overcome and 
approaches for enhancing sporulation and 
propagule development, which are essential for 
large scale AM production. 

Arbuscular mycorrhizal fungal life cycle and 
symbiosis establishment
 AM fungi have a multistep life cycle that 
depends on plants and requires fungus-host root 
recognition, signalling, and communication with 
one another. 
 Figure 1 depicts the processes of 
root colonization by AM fungus. The life cycle 
of AM fungus begins with the spontaneous 
germination of fungal spores in soil under 
favourable environmental circumstances, in 
the absence of a host plant.14,15 Fungal colonies 
grow several centimetres and develop distinct 
growth structures.16 This asymbiotic phase 
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transforms into a presymbiotic phase, which is 
characterised by considerable hyphal branching 
caused by the presence of the host plant.17 During 
the presymbiotic phase, strigolactone, a plant 
hormone secreted from roots,18 attracts AM 
fungus. Strigolactones activate the metabolism 
of AMF and stimulate spore germination and 
hyphal branching to facilitate root colonization.19 
In response to plant signals, AMF produce LCOs 
and COs, called Myc factors. When AM fungal 
mycelia directly touch the root cortex’s cell 
surface and form an appressorium, presymbiosis 
occurs.20 Appressorium formation signifies 
the start beginning of the fungus-host plant 
symbiotic relationship. The creation of internal 
arbuscules creates a large surface area for nutrient 
exchange between fungal-acquired soil nutrients 
and the host, which is required to initiate the 
interaction.21 When the hyphae penetrate the 
cell walls and develop into tree-like structures 
known as arbuscules within the cortical cells 
by recurrent dichotomous branching, the plant 
plasma membrane converts into the peri-
arbuscular membrane, which serves as the site of 
nutrition exchange.22 The hyphae multiply in the 
soil, develop extraradical mycelia, and complete 
their life cycle by producing new asexual spores 

in extraradical mycelia.23 Extraradical mycelia 
extend and generate additional spores for later 
germination by responding to exudate signals and 
completing their life cycle.

AM fungal inoculum production
 AM fungi are increasingly being used 
in horticulture, agriculture, and forestry, as well 
as to remediate the environment, improve crop 
health and productivity, and reduce pesticide 
use.24,25 Nonetheless, the development of large-
scale production strategies to acquire high-quality 
AM fungal inoculum has been limited by the 
mandatory biotrophic nature of this fungus, which 
also limits its commercial use. 
 Over the last few decades, numerous 
technologies and products have been produced, 
each with its own set of advantages and 
disadvantages in terms of design and application. 
AM fungus are produced in huge quantities using 
three well-known techniques: (1) Substrate-based 
production systems are common and principally 
offer an economical way of manufacturing AM 
fungal inoculum in substantial quantities for use 
in large-scale applications. (2) Substrate-free 
production technology designed to generate a 
relatively contaminant-free (sheared) AM fungal 

Figure 1. Life cycle of arbuscular mycorrhizal fungus. The graphic depicts critical processes such as spore germination, 
hyphal development, root colonization, and the emergence of arbuscules and vesicles inside plant roots. The 
symbiotic interaction between AMF and plant roots improves nutrient uptake and plant resistance. Both the fungus 
and the host benefit from the plants’ symbiotic relationship with arbuscular mycorrhiza. Carbon is exchanged by 
the plant for nutrients and water
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inoculum. This can be accomplished through 
aeroponic or hydroponic methods. However, the 
higher costs of these manufacturing processes 
have generally restricted their employment to 
research and small-scale applications. (3) In vitro 
production strategies rely on either excised roots or 
root organ cultures. Although these technologies 
are expensive, they ensure the production of more 
infective units and contaminant-free AM fungal 
inoculum.26 Figure 2 depicts the various ways for 
bulk production of AM fungus.

Conventional methods of AM production
 Conventional ways for mass multiplying 
AM fungal inoculum include substrate-based 
production systems (nursery beds, pots, concrete 
tanks, etc.) and substrate-free production systems 
(aeroponics).27

Substrate based production method
 Conventional substrate-based inoculum 
production is the most popular traditional 
technique for large-scale production of AM 
fungus. Commonly used substrates for production 
include vermiculite, perlite and zeolite. However, 

these methods have serious issues with cross-
contamination during the process; therefore, 
producing high-quality inoculum continues to be 
a challenging endeavour.28

 The most prevalent approach for 
producing AM fungal inoculum is substrate-
based production of AM fungi in beds, bags, or 
pots which requires minimal technical support 
and uses affordable consumables.29 The media 
that are homogeneous in composition, aid in 
aeration and retain enough water for plant 
growth are vermiculite, calcinated clay, perlite 
and expanded clay which are considered for AM 
inoculum production. Even with stringent control 
measures in place, substrate-based growing 
systems are rarely able to guarantee the absence 
of contaminants. Furthermore, these methods 
usually demand considerable space and pest 
management.26 
 A single species or a group of identified 
AM fungal species in clay or plastic pots, or scaled 
up to medium-size bags and containers, and 
large raised or grounded beds, are typically used 
to begin mass production in sand/soil or other 
substrate-based production methods.30,31 On-farm 

Figure 2. Techniques for the mass production of AM fungi. It includes growing host plants in sterilized soil (pot 
cultures), using root organ culture systems in controlled lab conditions (in vitro cultures), and cultivating plants in 
air/mist environments (aeroponic systems) to enhance root colonization. Additionally, scalable production can be 
achieved through bioreactors utilizing liquid culture systems or solid-state fermentation. Specialized soil conditions 
are also maintained in field or greenhouse systems for effective mass production of AM fungi
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production is sometimes started using species 
that are native to the application site and are not 
always identified to the species level. With regard 
to soil aeration, drainage, oxygen delivery, and root 
growth, Gaur and Adholeya produced the most 
AMF inoculum in sand,32 which may have allowed 
for superior soil aeration. The low maintenance 
cost of growing on sand is another advantage.33 
This kind of technology allows for the appropriate 
monitoring and control of the nutrient delivery 
to AM fungi and plants. Though there may be a 
chance of excessive contaminants, this method 
might offer regulated culture conditions.28

Substrate free production
 A few techniques, such as the nutrient 
flow technique, hydroponics, and aeroponics 
systems, are known to produce AM inoculum 
without the use of substrates. Regarding how 
the nutritional solution is applied and how it 
is aerated, all of these methods may vary from 
one another. The roots of the host plant are 
submerged in a solution of water and nutrients 
when growing hydroponically. To keep the roots 
from experiencing a shortage of oxygen, an 
aeration pump oxygenates the nutritional solution 
in this static type of system. To reduce the flow 
of nutritional solutions and the buildup of air 
bubbles, which could harm the development of 
fragile extraradical hyphae, the pumps must be 
turned on sometimes.26,34 Mosse and Thompson 
introduced the nutrient flow approach,35 which 
Lee and George later reviewed.36 By covering the 
roots with a thin layer of nutritional solution, 
this method provides an alternate strategy that 
increases the surface area available for gas 
exchange and solves problems associated with 
insufficient aeration in the sloped channels where 
arbuscular mycorrhizal (AM) fungus and plant 
roots develop. 
 Aeroponic cultivation is a technique for 
growing plants without the use of soil, where 
the roots hang in the air and are nourished by a 
nutrient-rich mist. This differs from hydroponics, 
which involves submerging plant roots in a 
solution of water and nutrients. Zobel et al. first 
used aeroponic culture to study the relationship 
between rhizobia and legumes,37 and subsequently 
for Sylvia and Hubbell’s research on VAM fungi.7 To 
culture VAM fungi in an aeroponic environment, 

seedlings that have already been inoculated and 
colonized are moved to the aeroponic setup 
to promote fungal colonization, extensive root 
growth, and sporulation. In this method, plants 
are grown via a fine spray of nutrient solution that 
helps maintain moisture in the roots, promoting 
colonization. Compared with conventional 
hydroponics, this system offers a more oxygen-
rich environment compared to conventional 
hydroponics and has been shown to effectively 
produce VAM inoculum without the need for a 
physical substrate.6

In vitro culture methods for AM production and 
enhanced sporulation
Root organ culture of AMF
 Root organ culture refers to a technique 
for cultivating sterile, complete plant roots, 
excluding shoots, in nutrient-rich media. This 
technique is valuable for investigating AM fungal 
colonization and growth characteristics. The 
association between an endogone species and a 
plant was originally reported by Mosse, not long 
after the first attempts to culture AM fungus in 
vitro,38 which began in the late 1950s.39 Arbuscular 
mycorrhizal (AM) fungi were effectively grown 
from excised tomato (Lycopersicum esculentum 
Mill) roots on gelled media by Mosse and Hepper 
in the middle of the 1970s.9 By using Ri T-DNA-
transformed carrot roots as hosts, Mugnier and 
Mosse and, Becard and Fortin introduced “ROC 
systems” ten years later, increasing the spore 
production of AM fungi.12,40

 When the soil bacteria A. rhizogenes 
infects plant tissues, it can cause a neoplastic 
disease or adventitious roots, sometimes known 
as hairy roots. The hairy root phenotype is caused 
by infection in plants when the T-DNA region from 
the root-inducing (Ri) plasmid of A. rhizogenes is 
inserted into the DNA of the plant. The T-DNA 
portion of the Ri-plasmid is integrated into the 
nuclear genomes of hairy roots.41 These hairy 
roots exhibit distinct characteristics, including 
frequent branching, a high density of capillary 
roots, substantial biomass production capacity, 
and rapid growth. Their susceptibility to infection 
by A. tumefaciens, A. rhizogenes, and other 
bacteria that can transfer genes to plants varies 
significantly throughout plant species.42 Roots 
from Convolvulus sepium and Daucus carota that 
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Table 1. AM fungi cultured in the monoxenic system with different host plants and AM fungi

Host plant Fungal inoculum used Ref.

Tomato (Lycopersicum esculentum Mill.)  Glomus mosseae (Nicolson & Gerdemann) 9
Red clover (Trifolium pratense L.) NT 
Carrot (Daucus carota L.)  Glomus mosseae 40
Bindweed (Convolvulus sepium L.) T
Solanum lycipersicum L. NTDaucus carota L. T Glomus versiforme (Karsten) Berch 44,45
Solanum lycopersicum L. NTDaucus carota L. T Glomus intraradices (Schenck & Smith) 11,46
Daucus carota L. T Glomus macrocarpum (Tulasne & Tulasne) 45
Daucus carota L. T Glomus etunicatum (Becker & Gerd) 47
Sugarcane (Saccharum officinarum) T Glomus mosseae (Nicolson & Gerdemann) 48
Sorghum (Sorghum vulgare) T
Daucus carota L. T Glomus intraradices 49
Carrot (Daucus carotaL.) T Glomus irregulare (DAOM-197198G. cerebriforme 50
 (DAOM-227022), G. aggregatum (strain 2101-sp) 
 and G. diaphanum (DAOM-229456) from the 
 Glomeromycota In vitro Collection (GINCO).
Cassava (Manihot esculenta Crantz) T Rhizophagus irregularis 51
Carrot (Daucus carota L.) T Glomus intraradices 52
Tomato (Solanum lycopersicum L.) T Gigaspora gigantea (T.H. Nicolson & Gerd) 53
Chicory (Cichorium intybus L.) T Strain INCAM 11, DAOM 711363 Rhizophagus 54
 irregularis from (INCA)
Carrot (Daucus carota L.) T Rhizophagus species (SSDP005). 55
Tomato (Solanum lycopersicum L.) T Rhizophagus irregularis (00101SP, MUCL43194)  56
 from SYMPLANTA (Germany)
Daucus carota L. T Rhizophagus irregularis (DAOM 197198) 57
Daucus carota L. T R. irregularis Schenk and Smith (DAOM, 197198;  58
 Biosystematics Research Center, Ottawa, Canada)
Daucus carota L. T Rhizophagus clarus, Rhizophagus irregularis 59
 Rhizophagus aggregatus MUCL49408,
 Rhizophagus intraradices MUCL 49410 and
 Glomus hoi (Berch and Trappe) MUCL 45686 
 were provided by the Glomeromycota in vitro 
 collection (GINCO, Belgium) 
Alkanna tinctoria  Rhizophagus irregularis MUCL 41833 and  60
 MUCL 43194 (GINCO)

were transformed by Tepfer and Tempe using Ri-T 
DNA have been used for AM culture.43

 The ROC of AM isolates solve the 
problem of producing large amounts of inoculum. 
It provides a pure, viable, and contamination-
free inoculum while taking up less space, giving 
it an advantage over conventional pot-culture 
multiplication techniques. Using various host 
plants and AM fungal inoculants, Table 1 shows 
how AM fungi can be grown in a monoxenic 
environment.

 Crucial ly,  the absence of normal 
photosynthetic components and normal hormonal 
interactions results in a genetically modified root 
structure that replaces the natural plant host. It’s 
possible that genetically altered root structures 
won’t survive the long number of subcultures 
required for continuous production. Sucrose is 
added to the culture medium to make up for the 
absence of photosynthates, which may change the 
way the plant and fungal interact biochemically.13 
The generation of hairy roots and AM colonisation 
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Table 2. Distinctions between in vivo and in vitro AM inoculum production in terms of their environments, 
dependencies, controllability, scale, and applications

Aspects In vivo spore production In vitro spore production

Definition Spore production occurs naturally within  Spore production is induced and controlled 
 the host plant’s rhizosphere, typically in in laboratory conditions outside of the host
 soil as well as with the use of substrate plant.
Environment Takes place within the natural soil Occurs in controlled laboratory conditions, 
 environment surrounding the host plant.  often on artificial growth media.
Host plant Dependent on the presence and health Spore production can be initiated without the
dependency of the host plant. presence of a host plant or with a limited host
  association.
Regulation and Less controllable and subject to More controllable and can be manipulated
manipulation environmental factors. through nutrient levels, pH and other growth 
  conditions.
Scale Scale is limited to the natural conditions Production can be scaled up or down based 
 of the plant’s environment.  on laboratory capacity and requirements.
Applications Commonly used for largescale production  Utilized in laboratory research, biotechnology, 
  and commercial production of AM fungi.

are directly impacted by the sugar concentration, 
making it essential. These sugar concentrations 
may have an impact on the development of 
arbuscules, vesicles, and spore germination in in 
vitro converted carrot roots.
 An efficient method for producing 
different AMF isolates on a wide scale under 
ROC circumstances is coculturing and it leads to 
the generation of substantial inoculum. When 
implemented in the rhizosphere of plants, it 
can offer multiple advantages due to its more 
diverse mycorrhizal population, which is typically 
found at relatively low densities in tropical soils. 
The possibility of large-scale production is made 
possible by the first successful cocultivation of 
the two genera, Glomus intraradices (Smith and 
Schenck) and Gigaspora margarita (Becker and 
Hall), within carrot roots.61 The main differences 
between AM spore production in vivo and in 
vitro are outlined in Table 2, with respect to their 
respective habitats, dependencies, controllability, 
scale, and applications.

Factors influencing AM development under ROC
Host root selection
 Both spore generation and fungal 
colonization depend heavily on host explants. 
Variable hosts both within and between 
genera have a major impact on mycorrhization 
occurrences. The influence of the host on 
mycorrhizal colonization has been widely studied 

under in vivo conditions for inoculum production. 
The choice of suitable Ri T-DNA transformed host 
roots enhances the mass production technique for 
monoxenic culture. Very few studies have been 
conducted under in vitro conditions.
 Tiwari and Adholeya investigated the 
symbiotic interactions of AM fungi in the presence 
of hosts and analysed the nutritional dynamics of 
AM-host pairings under in vitro conditions. This 
study utilized four distinct carrot cultivars and 
clover (Trifolium subterraneum) transformed root 
cultures, along with the inoculation of Glomus 
intraradices. The findings revealed differences in 
mycorrhizal characteristics, such as sporulation, 
vesicle production, and both intraradical and 
extramatrical spread of the fungus, highlighting 
the influence of the host on the varying expression 
of G. intraradices, which accounts for the selective 
specificity of AM fungi toward hosts in vitro. 
Differences in the mechanisms of mycorrhizal 
spread and sporulation were noted even among 
various cultivars of the same host.62

 Root systems exhibiting dense colonization 
and supporting extensive extramatrical mycorrhizal 
networks could be considered optimal candidates 
for large-scale inoculum production. These studies 
may play crucial roles in creating industrial-
scale AM inocula for field use, utilizing suitable 
combinations of AM and host species. The 
identity of the host significantly influences the 
performance of various AM fungi.63,64 For example, 
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the composition of nucleotypes in spores from 
heterogeneous R. irregularis strains varies on the 
basis of the host.65 The symbiotic relationship can 
lead to differing transcriptional responses from 
each partner, influenced by the genotypes of both 
the host and fungus.66 Moreover, the introduction 
of a different bacterial strain into the same host 
cultivar can alter its susceptibility to mycorrhizae.67 
Given the close relationship between host identity 
and fungal performance, the successful culture 
of AM species in a monoxenic system requires 
an evaluation of how increased diversity of AM 
species impacts root variation in hosts.
 Root systems exhibiting dense colonization 
and supporting extensive extramatrical mycorrhizal 
networks could be considered optimal candidates 
for large-scale inoculum production. These studies 
may play crucial roles in creating industrial-
scale AM inocula for field use, utilizing suitable 
combinations of AM and host species. The 
identity of the host significantly influences the 
performance of various AM fungi.63,64 For example, 
the composition of nucleotypes in spores from 
heterogeneous R. irregularis strains varies on the 
basis of the host.65 The symbiotic relationship can 
lead to differing transcriptional responses from 
each partner, influenced by the genotypes of both 
the host and fungus.66 Moreover, the introduction 
of a different bacterial strain into the same host 
cultivar can alter its susceptibility to mycorrhizae.67 
Given the close relationship between host identity 
and fungal performance, the successful culture 
of AM species in a monoxenic system requires 
an evaluation of how increased diversity of AM 
species impacts root variation in hosts.

Type of growth media
 The type of growth medium utilized has a 
crucial effect on the production of AM propagules 
in vitro. The induction and growth of adventitious 
root cultures are impacted differently by different 
culture media.68 In mass production systems that 
aim for high propagule recovery, the growth 
medium becomes even more critical. Adjusting the 
medium can greatly increase the output of in vitro 
systems69; however, before pursuing commercial 
production, it is crucial to take the system's 
feasibility and cost-effectiveness into account.
 Minimal (M) medium has been extensively 
utilized for in vitro studies of AM fungi; however, it 

seems inadequate for cultivating all species of AM 
fungi.70 Adjusting the composition and pH of the 
medium for specific fungal isolates could enhance 
our understanding of the intricate biology involved 
in this symbiotic relationship. 
 The modified White’s medium (M 
medium)12 and the modified Strullu and Romand 
medium (MSR medium)71 are regarded as the 
two most effective and commonly used media 
for in vitro mycorrhizal root cultures.72 The M 
medium was initially created for tomato root organ 
cultures and represents a modification of White’s 
medium.73 Compared with Murashige and Skoog 
media (MS) and B5 media, White’s media feature a 
considerably lower microelement composition and 
are often employed for in vitro plant development.74 
The M medium was developed based on a bioassay 
that evaluated the effects of different element 
concentrations on mycorrhiza synthesis, even 
though this diluted medium is sufficient for root 
development.12 A modified version of the MSR 
medium was developed to promote the growth 
of the fungus’s intraradical stage in in vitro.45 In 
terms of macroelement composition, the MSR and 
M media are similar. However, the concentrations 
of oligo elements and vitamins vary between the 
two: the MSR medium does not contain iodine, 
myo-inositol, or glycine, whereas the M medium 
lacks pantothenate, biotin, and cyanocobalamin. 
Since the absence of these components in either 
medium does not visibly affect AM symbiosis, their 
presence may not be strictly essential.75 
 The type of media utilized, as well as the 
concentration of carbon sources, influences root 
growth in root organ culture. Under laboratory 
conditions aimed at increasing plant photosynthesis 
for carbon synthesis, several carbon sources are 
added to root organ cultures, with sucrose being 
demonstrated to strongly stimulate the growth of 
adventitious root biomass.76 MSR media without 
sugar increased the in vitro germination rates for 
R. irregularis.77 Furthermore, In vitro AM spores 
have already been produced in bioreactors using 
liquid M media,78 and in vitro growth processes 
require adequate aeration of the liquid medium. 
The semisolid media exhibited the highest rates of 
AM root colonization and root development, with 
the porous and liquid media coming in second and 
third. In S. lycopersicum roots grown in in vitro, 
Ellatif et al. found that the number of arbuscules 
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and the rate of mycorrhizal colonization were 
higher on solid media than on liquid media.53

pH of the growth media
 Numerous organic buffers have been 
added to nutrient solutions in media for monoxenic 
cultures because of the significance of pH in 
the development of mycorrhizal symbioses.79 
According to Vilarino et al. buffers promote the 
growth of arbuscular mycorrhizal fungus (AMF) 
external hyphae, which promotes sporulation.80 
Douds modified the buffer’s pH and the medium’s 
phosphorus levels to enhance the mycorrhizae’s 
successful development using carrot plants and 
Funiliformis mosseae in in vitro. They observed 
that, despite the hyphae spreading throughout 
the Petri dishes, cultures kept for more than 
17-24 weeks did not generate new spores.70 
Additionally, Pawlowska et al. observed that F. 
mosseae did not sporulate during dual cultures. 
According to one study, the ideal pH range for 
AM fungal sporulation is between 6.0 and 7.0.47 
In particular, AM fungus consistently generates 
spores most efficiently at pH 6.0, although 
sporulation is reduced at both lower and higher 
pH values.81 AM fungi thrive in conditions with 
pH values ranging from slightly acidic to neutral. 
According to research, the optimal pH range for the 
formation of AM fungal structures is between 5.5 
and 7.0. The transformed root cultures (TRCs) used 
to propagate AM fungi, like Glomus intraradices 
and Gigaspora margarita, exhibit notable hyphal 
development and sporulation within this pH range. 
This highlights the importance of maintaining an 
optimal pH to maximize the effectiveness of AM 
fungal proliferation in vitro.61 

Incubation conditions
 In the root organ culture of AM fungus, 
light and dark incubation are also important. 
Differential light effects on AM-associated 
root colonization have been reported. Glomus 
claroideum colonized in vitro roots more when 
the environment was dark than when it was light, 
according to a study by Sahoo and Kullu.82 In 
contrast, the rate and percentage of AM infection 
in Allium cepa induced by Gigaspora calospora 
were lower at high light intensities (15-20 Klux) 
than at low light intensities (5-10 Klux).83 Similarly, 
it has been reported that larger AM arbuscules are 

produced at high light intensities than at low light 
intensities and that higher levels of photosynthetic 
photons are involved in the stimulation of root 
colonization by Glomus intraradices in Solanum 
tuberosum plantlets cultivated in an in vitro 
tripartite system.84 Although different reports 
exist, most of the studies used dark incubation 

Dual culturing in bicompartments
 It is possible to cultivate R. irregularis 
on dual-compartment plates in order to generate 
plant-free spores in in vitro.85 The fungal 
compartment (Fc) of a Petri plate can yield up 
to 34,000 spores using this culture method. 
Additionally, the interaction between the host 
and AMF determines the sporulation pattern 
in the hyphal compartment.86 Bicompartments 
allow for the exchange of signalling molecules 
and some nutrients, but they limit the spread 
of roots and mycelia between compartments. 
Exudates, such as sugars, amino acids, and other 
signalling chemicals, are released by the roots 
and diffuse into the fungal compartment via 
the barrier. These exudates are essential for the 
growth and development of AM fungus because 
they provide appropriate chemical signals and 
nutrients. In response to root exudates, fungal 
hyphae multiply and spread towards the source 
of the exudates (the root compartment), while 
remaining physically limited to their allocated 
compartment.44

 A design was developed to enhance R. 
irregularis spore output in a dual-compartment 
culture system free from microbial and plant 
material contamination and to enable rapid 
production without requiring root snipping. The 
PVDF and cellophane culture techniques yielded a 
maximum of 61,395 and 49,155 spores per plate, 
respectively. Furthermore, these two culture 
methods can produce a greater number of spores 
than the usual culture system can produce, at a 
lower material cost and with much less labour. 
Low expenses and labour minimization are critical 
characteristics for an efficient cultural system. In 
the short-term, the cellophane culture method 
has emerged as the most inexpensive option.87 
Alternative modifications to the traditional culture 
systems have been suggested, potentially leading 
to an average yield of 65,000 spores per plate. 
However, this method requires manual root 
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trimming, a cultivation period of nine months, and, 
at times, complete media exchange in the fungal 
compartment every two months. In contrast, 
the two modified culture systems we examined 
produced nearly half the average number of spores 
per plate in just half the time.69 These spores can 
be utilized for developing inocula.

Breaking spore dormancy
 For the production of spore inoculum, 
a limitation that arises with certain arbuscular 
mycorrhizal (AM) spore types is their dormancy. 
Dormancy in AM spores can lead to unsuccessful 
germination and hinder the development of fungal 
structures. Dormant spores do not germinate even 
when subjected to both physical and chemical 
conditions, which typically encourage germination 
and hyphal growth. Researchers have addressed 
the issue of spore dormancy in various studies. 
They applied cold stratification to break dormancy 
in AM spores during in vitro multiplication. Two 
primary factors contributing to this phenomenon 
were identified: the consistent age of the spores 
and the intrinsic dormancy present in newly 
produced spores. While the importance of cold 
stratification for overcoming natural dormancy is 
widely recognized, as noted by Mosse, applying 
cold treatment for over 14 days resulted in 
full germination with strong apical growth and 
minimal branching.88 Cold treatment of spores at 
4 °C for 30 days increased germination rates to 
56.5% and 90% in Glomus caledonium and Glomus 
intraradices, respectively.89 After establishing the 
symbiotic cultures, the extraradical fungal biomass 
began to develop and sporulate simultaneously. 
Notably, species that produce larger spores in 
the root exudate such as Glomus caledonium,79,90 
Acaulospora rehmii,91 and Gigaspora margarita44,61 
require a longer duration for spore initiation 
compared to species with smaller spores such as G. 
intraradices,90 G. versiforme,92 or G. proliferum.93

 Root organ culture for the production 
of arbuscular mycorrhizal (AM) fungi provides an 
approach for generating a significant quantity of 
spores and propagules, but standardization for 
mass production is still needed. Various factors 
affecting large-scale AMF production through 
root organ culture have been researched and 
documented. In this study, the researchers 
achieved a significant increase in the yield of 

viable propagules by optimizing parameters 
such as gelling agent (gellan gum at 0.23% w/v), 
cultivation medium (M medium at pH 5.5), starter 
inoculum (0.13 g DW/l), humidity conditions (RH at 
50%), incubation period (85-88 days), and drying 
temperature (25 °C). The established standardized 
methods proposed in this research are expected 
to greatly influence the manufacturing of AMF 
on a commercial scale. These refined techniques 
are anticipated to aid in the production of AMF in 
larger quantities.55

In vitro multiplication of hairy roots in liquid 
culture
 The cultivation of hairy roots in liquid 
culture medium, such as submerged culture 
systems, has been the subject of numerous 
investigations.94,95 Large amounts of liquid medium 
must be used in mist conditions (involving sprayed 
liquid medium), and these volumes must be 
regularly refilled. A rotating drum containing 
root organs in liquid culture media that was 
oxygenated by vibration or spinning stir was used 
in investigations by Kondo et al. However, none 
of these methods have been used to produce 
AMF because the stress caused by vibration and 
whirling stir prevents AMF from developing.96 
 Carrot roots (Daucus carota) have been 
used to grow AMF (Rhizophagus irregularis, 
formerly known as “Glomus intraradices”) in a 
liquid culture media using an airlift bioreactor.78 
However, there are several difficulties because of 
the system’s intricacy and the need for a steady 
flow of sterile air. Furthermore, it is difficult to 
harvest, sample, and subculture AMF-colonized 
root sections using this method, which makes 
continuous cultivation challenging. Furthermore, 
just 20,000 spores per litre of medium is the 
comparatively poor spore yield obtained using this 
method. The equivalent liquid culture Petri plate 
method yields 30,000 spores per litre, which is 
more than this amount.97 As a result, both methods 
are nearly ten times less effective than the 
standard ROC in split plates, which can generate 
over 500,000 spores per litre after four months;85 
the entire yield is reduced when compared to the 
split plate’s total medium.
 The mycorrhization rate, which ranged 
from 25% to 75%, did not exceed that of the 
same liquid culture medium in Petri plate culture 
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or normal ROCs, and the spore germination rate, 
which was only 58% in the airlift bioreactor, 
was comparatively low. Furthermore, the spore 
density, hyphae distribution, and degree of root 
colonization varied significantly among the root 
material colonized by AMF. Both the liquid media 
and the AMF-colonized roots turned brown after 
69 and 93 days, and neither the AMF nor the 
roots continued to develop after this point.97 This 
method of AMF culture has a lower probability of 
being used in large-scale production.

Approaches for enhancing AM fungal sporulation 
under in vitro conditions through the ROC 
technique
Effects of the addition of phenolic compounds on 
the production of AM fungal propagules
 Plants include a large class of secondary 
metabolites called phenolic compounds. They 
have a variety of structures, ranging from simple 
ones like phenolic acids to polyphenols, which are 
flavonoids with multiple groups, and polymeric 
compounds, which depend on these different 
classes.98 These compounds include phenolic acids, 
lignans, quinones, coumarins, tannins, stilbenes, 
flavonoids, and curcuminoids.99 These substances 
frequently serve as AMF colonization signalling 
molecules.100 
 The phenylpropanoid family, which 
includes a diverse array of secondary metabolites, 
encompasses a large group of compounds 
known as flavonoids. These substances serve 
a variety of biological purposes in plants and 
serve as signalling molecules in the rhizosphere’s 
beneficial plant-microbe interactions.101 To date, 
more than ten thousand unique flavonoids have 
been discovered. The chemical structures of 
these compounds permit their subclassification 
into essential categories, including chalcones, 
anthocyanins, flavones, isoflavonoids, flavanonols, 
and flavanones.102 
 Certain essential signalling elements 
are common to both the presymbiotic and 
symbiotic stages of Rhizobium-legume and 
arbuscular mycorrhizal (AM) symbiosis.103,104 
Initially, these components were considered to 
have little significance for establishing AM.105 
But later studies by Akiyama et al. Scervino et 
al. and Steinkellner et al. showed that certain 

flavonoids contribute to either root colonization 
or spore germination. Additional research has 
also demonstrated that flavonoids have a role in 
AM symbiosis as signalling chemicals. It has been 
shown that these flavonoids enhance hyphal 
development, leading to a rise in secondary spore 
generation, hyphal growth, branching, and spore 
germination. Notably, it has been demonstrated 
that some flavonoid compounds enhance AM 
colonization in roots. Communication between 
fungi and plants depends on these flavonoid 
molecules.106-108

 In Glomus etunicatum, the addition of 
quercetin, which is a flavonoid and antioxidant, 
led to improvements in hyphal elongation, hyphal 
branching, and spore germination. Moreover, both 
4',7-dihydroxyflavone and 4',7-dihydroxyflavanone 
were found to enhance spore germination.109 
In addition to promoting spore germination, 
flavan-3-ol facilitated the AM root colonization, 
mycelia development, and ramification of several 
AM fungi. When exposed to flavonols such as 
morin, luteolin, and chrysin, Gigaspora and 
Glomus showed further improvements in their 
presymbiotic hyphal development.110 
 The flavonoid catechin anhydrous was 
found to have the greatest effect on arbuscule 
quantity and the mycorrhizal root colonization 
rate. This conclusion is reinforced by findings that 
some flavonoids can improve spore germination, 
mycelial expansion, and AMF colonization of 
roots.111 Similarly, in Gigaspora margarita, the 
flavonoids apigenin, hesperetin, and naringenin 
promote root colonization, hyphal growth, and 
spore germination.112

 The impacts of various phenolic 
compounds, including coumarin, esculetin, 
ferulic acid, protocatechuic acid, cinnamic acid, 
catechin anhydrous, tannic acid, and catechol, 
on the production of AM fungal propagules have 
been investigated. In terms of fungal propagule 
generation, phenolic chemicals respond differently 
when combined with media pH. Two pH values (5.7 
and 6.5) were used in this study, which was carried 
out in both liquid and solid media. Depending 
on the phenolic compounds used, mycorrhizal 
frequency (F%) varied significantly, ranging from 
53.33% to 100.00%. The most significant results 
were obtained with protocatechuic acid and 
catechol.53
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 Certain flavonoids have been shown 
in numerous investigations to prevent spore 
germination. The hyphal growth from Gi. margarita 
spores that germinated over a 10-42-day period 
were improved by quercetin (10 µM). There 
were 13 auxiliary cells on average per spore and 
more than 500 mm of hyphal growth. Quercetin 
also helped the growth of Glomus etunicatum. 
Quercetin’s glycosides, including quercitrin 
and rutin, lacked stimulatory properties. The 
axenic growth of Gi. margarita under well-
regulated conditions is the largest vesicular-
arbuscular mycorrhizal fungal growth ever 
recorded.113 Another study, however, found that 
the frequency of entry points and root colonization 
of R. irregularis, Funneliformis mosseae, and Gi. 
margarita was stimulated during this period.107 
Since these variables are crucial when using 
signalling substances, the results seem to differ 
depending on the fungal genotype, experimental 
setup, and probably the amounts used. In vitro 
tests showed that at different dosages, flavonoids 
like medicarpin, quercetin chrysin, genistein, and 
rutin improved spore germination and hyphal 
growth in the AM fungus R. irregularis. The fact 
that chrysin only had a stimulating impact at low 
(‘physiological’, nanomolar range) doses suggests 
that it might serve as a signalling molecule 
produced from plants during the development of 
AM symbioses.114

 Studies conducted in vitro on several 
flavonols, most notably quercetin, showed that 
they stimulated the hyphal development and spore 
germination of the AM fungus Gi. margarita.113,115 
Other AM fungi, such as Gi. rosea115 and Gi. 
gigantea,116 as well as F. mosseae,117 Claroideo 
glomus etunicatum,109,113 G. macrocarpum,109 and 
R. irregularis, have been known to benefit from 
quercetin’s ability to promote spore germination 
and hyphal growth.113,118 At high concentrations, 
these effects were consistently seen.100 But Lidoy 
et al. showed that even at low doses, chrysin, 
quercetin (0.01 and 0.1 µM), and rutin (0.01 
µM) might promote fungal growth. Rutin led 
to a 2.5-fold increase in spore germination at a 
concentration of 0.01 µM, whereas quercetin 
exhibited a comparable effect at 0.1 µM.114 Few 
studies have noted the absence of an effect of rutin 
on fungal development, which may be attributed 
to the use of high concentrations of the compound 

in those experiments.46,107,113 These results suggest 
that flavonoids have a favourable effect on hyphal 
development and spore germination; however, 
the concentration-dependent effect emphasises 
how crucial flavonoid levels are for mycorrhizal 
characteristics.114 In the presymbiotic phase of 
AM symbiosis, these flavonoids may function 
as signalling chemicals. This may facilitate the 
development of hyphal growth, spore germination, 
and symbiosis. As a result, the addition of 
flavonoids improves plant-AM interactions in vitro 
and may improve commercial AM fungal-based 
inoculants.

Addition of fatty acids stimulates the AM 
propagule development
 Acquiring carbon sources from their 
host is crucial for AM fungal energy production 
and the formation of fungal cell components. 
Recent studies have revealed that AM fungi 
are capable of absorbing lipids from their host 
through arbuscles119,120; nevertheless, less has 
been determined about the precise mechanisms 
by which these fungi use these lipids as nutrition. 
The inability of AM fungi to produce long-chain 
fatty acids on their own is suggested by the 
absence of genes for cytosolic fatty acid synthases 
in their genomes, which are required for the de 
novo synthesis of fatty acids.121,122 On the other 
hand, during AM symbiosis, plants produce 
more fatty acids and use arbuscles to transfer 
lipids to AM fungus, potentially in the form of 
b-monoacylglycerol (b-MAG).119,120 These results 
demonstrate that the development of AM fungus 
depends on exogenous fatty acids. Numerous 
chemicals have already been found to be hyphal 
branching triggers during the presymbiotic 
stage, including palmitoleic acid, strigolactones, 
2-hydroxy fatty acids, and branched fatty acids.
 A study used a variety of fatty acids to 
examine the growth and spore production of 
AM fungus in non-symbiotic environments. Only 
myristate, one of the eight fatty acids that were 
assessed, clearly promoted widespread hyphal 
growth and the generation of secondary spores 
that are compatible with infection in an asymbiotic 
environment. Myristate also provided R. irregularis 
with carbon and energy for hyphal development. 
Using fatty acids, this study showed that AM 
fungal biomass increased in a pure culture setting. 
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Furthermore, myristate promoted the growth 
of R. clarus and Gi. margarita and facilitates 
the asymbiotic growth of a wider variety of AM 
fungal species.123 The development of AM fungal 
host-free cultures was made easier by the use of 
palmitoleic acid.124 The size of the spores produced 
under myristate treatment is smaller than those 
produced symbiotically, even though myristate 
encourages AM fungal growth and sporulation. 
Similar results were observed for palmitoleic 
acid-induced spores. A compelling future issue for 
growing AM fungus in pure systems is attaining 
spore maturation without a host, as these smaller 
spores have reduced germination rates and 
infectivity. These spores can serve as both inocula 
that establish symbiotic relationships with plants 
and propagules for future generations.123 

Effects of the addition of phytohormones on AM 
fungal propagule development
 The interactions between arbuscular 
mycorrhizal (AM) fungus and their host plants 
are enhanced by specific phytohormones. 
Signalling molecules called “branching factors” 
(BFs) are released by the roots of host plants. 
These molecules were first discovered in the root 
exudates of Lotus japonicus and were found to 
be strigolactone (5-deoxy-strigol).125 Previously 
identified as stimulants for seed germination in 
the root-parasitic weeds Striga and Orobanche, 
strigolactones (SLs) are a class of sesquiterpene 
lactones.126 AM fungus need their host plants’ 
signalling chemicals in addition to nutrition to 
develop and proliferate.127-129

 Apart from their function as rhizosphere 
signalling molecules, strigolactones are a kind 
of plant hormone that affects various facets of 
flowering plant growth and development.130,131 
strigolactones are distinct from other plant 
hormones due to their dual function in the 
rhizosphere as hormones and signalling molecules. 
Strigolactones (SLs) act as precolonization signals 
from the host that prompt hyphal branching 
and enhance energy metabolism in AM fungi, 
facilitating their shift from an asymbiotic to a 
presymbiotic growth stage.132 Strigolactones 
support AM symbiosis through potential secreted 
proteins.133

 Numerous physiological effects of 
strigolactones and arbuscular mycorrhizal fungi 

(AMF) have been documented. The presence of 
strigolactones stimulated spore germination in 
both Glomus intraradices and Glomus claroideum, 
whereas in G. rosea, alterations in mitochondrial 
shape and movement occured, resulting in 
increased density within the fungal cells.19 
Strigolactones play a dual role, acting as key 
signals for AMF hyphal branching and directing 
their development towards plant roots. These 
chemicals can promote hyphal branching in 
AM fungi at remarkably low concentrations, 
demonstrating that AM fungi have a sensitive 
detection mechanism for strigolactones.134

 During the colonization of roots by AM 
fungi, the levels of methyl jasmonate (MeJA) 
increase, along with the activation of genes 
responsible for jasmonic acid biosynthesis in the 
cortical cells of plants containing highly branched 
arbuscules that facilitate nutrient exchange.19 
This observation has inspired research into the 
potential use of jasmonic acid to increase both 
colonization and sporulation under symbiotic 
conditions.
 The production of asymbiotic spores 
(AS) in R. clarus was increased through the 
combination of two phytohormones, strigolactone 
and jasmonate, when myristate and organic 
nitrogen peptone were also present. Myristate and 
peptone were shown to promote hyphal branching 
and elongation in R. clarus, with peptone being 
particularly critical for facilitating sporulation. The 
use of GR24, a strigolactone analogue, alongside 
jasmonates has been shown to act synergistically, 
increasing both the quantity and size of secondary 
spores. Although asymbiotic spores can be carried 
over to future generations and can serve as inocula 
for establishing a symbiotic relationship with 
plants, they are still smaller in size than symbiotic 
spores are.135 

Coculture with bacteria improves AM propagule 
development
 AM fungi are thought to be incapable of 
being cultivated without a host. However, research 
has shown that AM fungi may fulfil their life cycle 
without host plants when cocultivated with the 
mycorrhiza-helper bacteria Paenibacillus validus 
and the AM fungus Rhizophagus irregularis.136 This 
cocultivation encourages the development and 
branching of hyphae, leading to the production of 
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secondary infectious spores that do not depend on 
host plants. It has been proposed that diffusible 
substances produced by bacteria may induce 
hyphal differentiation. The branching of hyphae 
in R. irregularis is also enhanced when a cell-free 
extract from P. validus is used.124 The compound 
12-methyl tetradecanoic acid 4,5, a branched-
chain fatty acid sourced from bacterial cultures, 
fosters both the branching of hyphae from mother 
spores and the generation of secondary spores 
in an axenic culture of Rhizophagus irregularis. 
Raffinose, a trisaccharide present in bacterial 
cultures, promotes hyphal development in AM 
fungi but does not encourage branching or 
sporulation.136 These findings also provide insights 
into the cultivation of AM fungi without living 
hosts.

Autotrophic system for the production of AM 
fungi using superabsorbent polymer
 AM fungi can be grown in a clear, sterile 
environment using an autotrophic culture system, 
which combines the advantages of in vitro and 
in vivo methods. During this procedure, the AM 
fungus infects the roots of micropropagated 
plantlets as the shoots emerge. Broad root 
colonization, a vast extraradical mycelium, and 
thousands of spores can all be produced by the 
system. Under the same circumstances, the spores 
were able to colonize additional plantlets. These 
results validate the autotrophic culture system’s 
capacity to sustainably cultivate arbuscular 
mycorrhizal fungus and could be a valuable 
instrument for examining numerous aspects of 
symbiosis that require a source-sink relationship 
and photosynthetically active tissues.137

 The rhizosphere is where arbuscular 
mycorrhizal (AM) fungi reproduce and are 
permanently connected to plant roots, making 
them challenging to deal with and study. It is 
common practice to cultivate AM fungus in vitro 
on Petri dishes with Ri Transfer-DNA altered roots 
(heterotrophic hosts) or in vivo in pot cultures with 
an autotrophic host. Furthermore, pot cultures of 
AM fungus are cultivated in nonsterile, opaque 
conditions. In vitro cultivation, on the other hand, 
entails growing AM fungus in a transparent, sterile 
environment. Recent research has shown that 
the superabsorbent polymer-based autotrophic 
system (SAP-AS) combines the benefits of 

both strategies while avoiding their respective 
drawbacks (sterility, heterotrophic host, and 
opacity).138

 The ability of a SAP-based autotrophic 
culture to multiply AMF in symbiosis with a 
whole plant was investigated. Because SAP-based 
autotrophic cultures are nutrient-deficient, a 
fertilization solution is required to encourage 
host growth. Thus, two modified minimum (M) 
solutions and reverse osmosis-filtered water were 
used to hydrate the SAP grains. These solutions’ 
effects on spore germination were assessed. Seven 
AMF species were grown on two-compartment 
Petri dishes using Plantago lanceolata as the host 
to illustrate the advantages of using the SAP-based 
autotrophic system to initiate and maintain AMF 
single-spore cultures.139

 Current in vitro and in vivo culture 
techniques can be replaced with SAP-based 
autotrophic culture. The two-compartment Petri 
dishes used in this approach make it simple to 
start single-spore cultures and track the spread 
of fungi. Seven AM fungal species (Gigaspora 
rosea, Diversispora varaderana, Sclerocystis sp., 
Funneliformis geosporus, Rhizophagus irregularis, 
Racocetra fulgida, and R. intraradices) from six 
genera and three families were grown as single-
spore cultures in the SAP-based autotrophic 
system. The cultures were kept in nonsterile 
conditions for several months. In addition to 
avoiding cross-contamination, the Petri dishes 
can be stacked to maximize available area. The 
SAP grains that had colonized with fresh spores 
were utilized as inocula to start new cultures in 
the SAP-based system. The SAP-based autotrophic 
culture method is a low-cost and low-tech 
approach, which makes the study of AMF much 
more accessible.139

 Using strawberry plants as the host, 
a polymeric hydrogel was used to produce the 
Glomus intraradix inoculum in plastic boxes.140 
Five to seven weeks following inoculation, a large 
amount of sporulation was seen in the hydrogel 
matrix. Hydrogels are superabsorbent polymers 
(SAPs) derived from acrylamide monomers.141 The 
use of SAPs and the development of autotrophic 
cultivation systems are highly useful for AM fungal 
studies. However, further research is needed for 
optimization.
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 Arbuscular mycorrhizal fungi which 
interact with plants and the soil microbiome, 
are important for agricultural sustainability and 
ecological health. This review highlights various 
AM production methods, including substrate-
based and substrate-free production methods, 
such as aeroponics, hydroponics, and nutrient film 
technologies. Sporulation and the generation of 
viable propagules are the most important factors 
determining AMF inoculum production, which 
can be performed in in vitro or in vivo. Substrate 
selection, host fungal preference, ambient factor 
management, and hygienic conditions must all be 
considered when producing through substrates. 
In aeroponic and hydroponic systems, essential 
issues to consider include the composition 
of the nutrient solution, pH and EC, sanitary 
conditions, contamination management, algal 
growth, and the use of appropriate nozzles. In 
the case of ROC-based production, effective 
practices such as host plant selection for 
explants, media selection, concentration of the 
carbon source, type and concentration of gelling 
agent, suitable fungal partner, maintenance 
of appropriate environmental conditions, and 
incorporation of certain signalling agents such as 
phenolics, fatty acids, and phytohormones that 
can increase sporulation and play a significant 
role in determining the quality of AMF inoculum 
and economic viability are addressed in this 
work. Recently developed unique methods of 
production in superabsorbent autotrophic systems 
are also discussed. When high-quality inoculum 
is produced, all of these impacting elements 
must be considered to increase the production of 
AMF spores and propagules. Leveraging AMF life 
cycle dynamics and interactions in the field might 
increase agricultural resilience and productivity, 
increasing global food security and ecosystem 
health.

Constraints and suggestions for in vivo and in vitro 
AM production methods
 In vivo production is the process of 
culturing AM fungi with host plants in substrate-
based or soil-based systems. This technique 
is susceptible to contamination by other soil 
microbes, which may hinder or compete with AM 
fungi for growth. The soil, pots, and ongoing care 
of plants and their growing conditions are among 

the many resources and space requirements. 
On a large scale, this makes it expensive and 
labor intensive. Variations in host plant health, 
soil characteristics, and the environment can 
affect fungal inoculum quality and quantity.53 
Under in vitro methods, AM fungi are grown on 
transformed roots (e.g., hairy roots generated by 
Agrobacterium rhizogenes) via the ROC technique. 
To avoid contamination, this highly intricate 
procedure requires sterile settings. Long-term in 
vitro propagation may result in domestication, a 
process in which fungi may change genetically 
and functionally, perhaps decreasing their efficacy 
upon reintroduction into agricultural or natural 
environments. High initial setup costs result from 
the need for specialized facilities and equipment 
to establish in vitro cultures. In addition, the 
most important aspect is the need for technical 
expertise as well as continuous monitoring like 
nurturing a child. The labour-intensive aspect of 
maintaining sterile cultures and the requirement 
for exact control over growing conditions make 
scaling up in vitro production to suit large-scale 
demands difficult.81

 Despite the advantages and disadvantages 
of both production methods, one should follow 
the process of maximising production and 
choose production methods on the basis of 
the resources available. Thus, only the ultimate 
objective of producing high-quality inoculum been 
accomplished. From this perspective, the present 
review sheds light on the production of quality 
inocula in a sustainable manner. 
 Improved cultivation techniques and 
cutting-edge technology can be used in tandem to 
overcome the limitations in the mass production 
of arbuscular mycorrhizal fungi. In in vivo 
production, symbiotic efficiency can be improved 
and environmental variability can be decreased 
by using controlled environment agriculture and 
optimizing host plant selection. While automated 
harvesting and modular growth methods might 
increase scalability and decrease labour intensity, 
sterilized substrates and routine monitoring 
can reduce the danger of infection. Improved 
medium formulations and genetic optimization 
can increase fungal growth and lessen the impacts 
of domestication in in vitro production. Cost-
effective materials and bioreactor technology can 
be used to increase production while lowering 
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expenses. The use of a variety of fungal strains and 
gradual acclimatization can improve adaptability 
and functional diversity, while strict sterile 
procedures and regular screening can guarantee 
culture integrity. Together, these tactics solve 
the biological, economic, and technical obstacles 
to AM fungal mass production, increasing its 
sustainability and efficiency.

CONCLUSION AND FUTURE PERSPECTIVES

 AM fungi (AMF) are known for their 
obligatory nature which requires root colonization 
for the completion of their life cycle, which 
includes the formation of propagules, which are 
asexual spores. Improving nutrient absorption 
(especially phosphorus) and plant health plays an 
important role in sustainable agriculture. However, 
issues in production, such as contamination, 
confined sporulation, and dependence on host 
plants impede large-scale use. All the parameters 
discussed in this review strengthen the quality of 
AM inoculum while also increasing production, 
allowing the inoculum to be used without any 
hindrance. 
 While undertaking substrate-based 
production, dual or tripartite culturing of the 
inoculum with beneficial bacteria would improve 
the quality of AMF as well as the incorporation 
of bacterial inoculants, resulting in improved 
colonization upon application. The production 
of high-quality inoculum with the inclusion of 
signalling molecules may also be considered to 
improve production under in vitro conditions 
as well as efficiency and interaction with host 
plants during field application. Understanding 
and applying AMF-plant signalling networks 
will also enable more targeted manipulation to 
further increase crop productivity and nutrient 
uptake. Another constraint observed under in 
vitro production is the development of small 
spores compared with substrate-based as well 
as field-grown spores. Smaller spores exhibit 
less infectivity and germination, which reduces 
further development and multiplication of AM 
spores. Reduced infectivity and colonization may 
also affect the potential benefits of AM fungal 
application to crop plants. Studies are needed 
to compare the germination, infection potential, 
proliferation and efficacy of AM spores in vitro and 

in vivo as well as in the field. Additionally, ways to 
increase the size and infectivity of spores produced 
via in vitro culture methods need to be explored. 
In addition to production, formulation and delivery 
have a greater influence on crop productivity. 
Formulating suitable products unique to the 
system benefits crop productivity more than using 
a single formulation for all applications. These 
elements require further research to develop crop 
and system-specific formulations and delivery 
methods, which will increase the benefits of AMF 
in all spheres of agriculture. 
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