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SUMMARY

Microbial inoculants containing arbuscular mycorrhizal (AM) fungi are potential
tools in increasing the sustainability of our foodproduction systems.Given thede-
mand for sustainable agriculture, the production of such inoculants has potential
economic value and has resulted in a variety of commercial inoculants currently
being advertised. However, their use is limited by inconsistent product efficacy
and lack of consumer confidence. Here, we propose a framework that can be
used to assess the quality and reliability of AM inoculants. First,we set out a range
ofbasicquality criteriawhich are required toachieve reliable inoculants. This is fol-
lowed by a standardized bioassaywhich can be used to test inoculum viability and
efficacy under controlled conditions. Implementation of these measurements
would contribute to the adoption of AM inoculants by producers with the poten-
tial to increase sustainability in food production systems.
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Université catholique de
Louvain, Croix du Sud 3, 1348
Louvain-la-Neuve, Belgium

Continued
INTRODUCTION

One of the major challenges of the 21st century is the sustainable production of food for an ever-growing

population, which is expected to reach 9.7 billion people by 2050 (United Nations, 2019). Increases in yields

of food production systems over the last two centuries have been heavily reliant on chemical pesticides and

mineral fertilizers (Liu et al., 2015). However, these products are part of the world’s most energy-intensive

production processes and are often dependent on finite resources such as phosphorus (P) fertilizers

(Woods et al., 2010). Many crops have a low P fertilizer use efficiency, resulting in low recovery of applied

fertilizer in plants (Baligar et al., 2001). The extensive use of fertilizers in food production systems is a major

factor contributing to agricultural global greenhouse gas emissions (Vermeulen et al., 2012), and can have

severe adverse effects on biodiversity and environmental sustainability (Steffen et al., 2015). Furthermore,

there is evidence that agrochemical-based food production systems have reached a plateau in productivity

(Lobell et al., 2011). Projections show that current yield trends will not meet the food demand for future de-

cades without changes in diet or reductions of food waste (Cassidy et al., 2013; Ray et al., 2013). Other

pressing issues include the development of pesticide resistance (Gould et al., 2018), the emergence of

new crop pathogens (Fones et al., 2020), and increasing consumer demand for pesticide-free food (Rana

and Paul, 2017). There is rapidly emerging interest to reduce our agricultural footprint and reliance on ag-

rochemicals through the use of biostimulants, including microbial inoculants (Abbott et al., 2018). Com-

mercial microbial inoculants include the highly successful rhizobia products (Howieson and Dilworth,

2016) and other selected generalist organisms, such as Bacillus sp. or Trichoderma sp., that seek to improve

plant vigor and have significant potential to reduce the demand of agrochemicals (Berruti et al., 2016;

Owen et al., 2015). These microbial products have the potential to increase farm productivity and yield re-

silience for sustainable food production (Singh et al., 2020); their use underpins various global challenges

and sustainable development goals, such as food safety, food security, and climate change mitigation

(D’Hondt et al., 2021).

One group of well-studied symbionts is arbuscular mycorrhizal fungi (AMF) which colonize roots and pro-

vide nutrients in exchange for photosynthates. AMF have been shown to improve the uptake of essential
iScience 25, 104636, July 15, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104636&domain=pdf
http://creativecommons.org/licenses/by/4.0/


ll
OPEN ACCESS

iScience
Perspective
plant nutrients, such as P, zinc, and nitrogen (Smith and Read, 2008; van der Heijden et al., 2015). At the

same time, they may increase plant resistance toward pathogens (Jung et al., 2012) and other abiotic

stresses, such as drought or salinity (Plouznikoff et al., 2016) (see Table 1). AMF follow a cosmopolitan dis-

tribution and can be found in almost all ecosystems (Öpik et al., 2006). However, their natural abundance

can be diminished by common agricultural practices, including the application of fertilizers (Cheng et al.,

2013), soil disturbance (van der Heyde et al., 2017), or selection of cultivars that associate less with AMF

(Zhang et al., 2019). Conversely, AMF populations can also be bolstered using management practices

such as cover crops (Bowles et al., 2017) and principles of organic farming (Verbruggen et al., 2010). Where

these practices are not applicable, the in situ use of AMF inoculum has been shown to increase arbuscular

mycorrhizal root colonization and yield resilience (Giovannini et al., 2020; Hijri, 2016).
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With the global economic value for microbial inoculants expected to reach $11.45 billion USD by 2026

(Stratistics Market Research Consulting, 2018), an increasing number of commercial AMF inoculants

have been released onto the market in the last few decades (Benami et al., 2020; Vosátka et al.,

2008). Retail markets in most countries offer a variety of commercial AMF inoculants which are available

for amateur and professional applications alike (Bitterlich et al., 2020; von Alten et al., 2002). One meta-

analysis of 28 AMF manufacturers showed that over 90% of the 68 AMF products are currently provided

in a solid-state and 10% as liquid formulation. All analyzed products used species within the Glomera-

ceae, of which Rhizophagus irregularis (39%), Funneliformis mosseae (21%), and Claroideoglomus etuni-

catum (16%) are most frequently used. Two third of the products used a conglomerate of AMF species

rather than a single species. About 20% of the products include other beneficial microorganisms (Basiru

et al., 2020).

However, for many years, the global market for agricultural microbial inoculants has been lagging behind

the expectations that followed from scientific findings in laboratory or controlled environments. One of the

reasons for this is the inconsistent results of microbial inoculants, including AMF, when applied under

various field conditions (Bender et al., 2019; Singh and Trivedi, 2017). For AMF, this could be caused by

environmental factors, such as incompatible symbionts that are not adapted to soil and climate conditions,

but also technical reasons, such as poor product quality. For most consumers, it is impossible to verify the

quality of AMF inoculants due to the need for laboratory facilities and expertise. In addition, many commer-

cial inoculants incorporate a variety of (non-AMF) plant-growth-promoting microorganisms, biological ad-

ditives, and/or plant nutrients. Often, these additives are not clearly disclosed, and positive plant growth

effects may be falsely attributed to AM colonization (Salomon et al., 2022). In addition, the commonly used

in vivo production method for AMF inoculum can introduce unwanted contaminants such as nematodes,

weeds, algae, or saprophytes when quality control systems are not in place (Hart et al., 2017; von Alten

et al., 2002). Another concern relates to the supply chain, which is prone to unfavorable or prolonged stor-

age conditions, impacting the viability of inoculants.

Mandatory quality control of commercial AMF inoculants is sparse or non-existent in most countries, which

makes it voluntary for producers to undertake such measurements. Previous studies from multiple coun-

tries showed consistently that ineffective AMF inoculants are common rather than an exception (Faye

et al., 2013; Tarbell and Koske, 2007). In a recent study by Salomon et al. (2022), 25 AMF products from

Australia and Europe were tested under greenhouse conditions. Over 80% of the commercial AMF inocu-

lants failed to induce arbuscular mycorrhizal root colonization in sterilized soils under AMF-favorable

conditions.

Quality control mechanisms that seek to regulate AMF inoculants were established in Japan by the Soil Produc-

tivity Improvement Act in 1996 (Saito and Marumoto, 2002). This legislation was implemented as a reaction to-

ward Japan’s first wave of agricultural microbiology in the 1990s, during which several agrochemical companies

released AMF inoculants. The Japanese Government approved AMF inoculants alongside official criteria for

overseeing the quality of such products. A standard bioassay protocol was introduced which governedmanda-

tory testing and labeling guidelines (see supplemental information). Ongoing research confirmed the reliability

of domestic AMFproducers (e.g. Niwa et al. (2018)), indicating that the introducedmeasurementswere efficient.

A more recent legislative quality management of AMF products is the amendment of the EU fertilizer regu-

lation 2019/1009, which took effect in April 2019. To date, the European standardization committee CEN
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Table 1. Overview of potential mycorrhizal benefits toward plant growth and ecosystems

Benefits Reference

Plant

Improved uptake of minerals, especially phosphorus, copper, and zinc. Watts-Williams et al., 2013

Increased plant biomass and yields. Rocha et al., 2019a, 2019b; Zhang et al., 2019

Improved water uptake, osmotic regulation, and drought resistance. Augé, 2001

Improved resistance against soil salinity. Evelin et al., 2019; Fileccia et al., 2017

Increased plant metabolite production. Zeng et al., 2013

Protective effects toward soil contamination and adverse soil physiochemical characteristics. Gamalero et al., 2009; Lenoir et al., 2016

Induction of systemic pathogen resistance. Pieterse et al., 2014

Protective effects against nematodes and root diseases. Harrier and Watson, 2004

Increased nitrogen fixation in legumes. Kafle et al., 2019; Püschel et al., 2017

Ecosystem services

Soil aggregation, improved soil structure, and carbon sequestration. Rillig and Mummey, 2006; Wilson et al., 2009

Reduced nutrient leaching. Cavagnaro et al., 2015

Interaction and driving force of microbial activities. Barea et al., 2002

Reduced greenhouse gas (N2O) emissions from soils. Bender et al., 2014

Common mycorrhizal network between plants for allocation of nutrients,

seedling establishment, and plant-to-plant interactions.

Van der Heijden and Horton, 2009
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TC 455 00plant biostimulants" is establishing standard methods for the product certification of AMF inocu-

lants. These standards will be tested and verified in Europe-wide ring tests, performed by independent lab-

oratories. The focus of thesemethods is on the quantification of viablemicroorganisms in the products, and

the validation of claimed benefits through standardized tests (e.g. increased nutrient uptake, abiotic stress

resistance, and plant growth promotion).

Various methods are available to assess AMF spore viability. Common methods involve spore viability

staining (Meier and Charvat, 1993), in vitro germination (Maia and Yano-Melo, 2001), or the most prob-

able number (MPN) method (Porter, 1979). Spore viability staining is a relatively fast approach, in which

AMF spores are extracted and treated with dehydrogenase-activated stain. Metabolic active spores

show a color response and can be separated from inactive spores, which are considered non-viable.

However, this method has been shown to produce inconsistent results and spore viability might differ

from actual root colonization under realistic conditions (Meier and Charvat, 1993). In vitro spore germi-

nation tests are another relatively fast approach to assess spore viability. Extracted spores are surface-

sterilized and placed in Petri dishes for visual confirmation of successful germination. Like the spore

viability staining, results of in vitro germination tests might not correlate with root colonization under

in situ conditions. Different germination rates are found with different in vitro media (Maia and Yano-

Melo, 2001). Furthermore, this method requires knowledge about the use of aseptic techniques, and

the surface sterilization of AMF spores is a delicate balance between de-activating contaminants and

preserving spore viability (Declerck et al., 2005). The MPN method involves spore counting of the orig-

inal AMF inoculum, which is then diluted into aliquots. Plants are grown in all aliquots and the MPN is

determined based on the original spore count and the presence of root colonization in the aliquots

(Porter, 1979). This method is labor intensive as all aliquots require repetitions to reduce variability.

Furthermore, all of the presented methods require spore extraction from the inoculum. This can be

problematic in carrier materials with porous spaces, such as expanded clay or perlite, and can under-

estimate the actual number of AMF spores (Louis Mercy, INOQ, personal communication). Also, the

results may be inaccurate if the inoculum consists of high numbers of root fragments or hyphae, which

are not considered by these methods.

NEW PROPOSED FRAMEWORK

Building on the efforts in Japan and the EU, the authors propose the development of a general quality

management framework for commercial AMF inoculants. This framework takes into account both eco-

nomic requirements and validity of results under applied scenarios. We identified essential quality
iScience 25, 104636, July 15, 2022 3



Figure 1. Quality criteria for microbial inoculants containing arbuscular mycorrhizal fungi.
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criteria that need to be met by producers to ensure working AMF inoculants (see Figure 1 and Table 2).

As a first step, we focus solely on the most basic quality criteria for AMF inoculants which can be sum-

marized as:

� Occurrence of viable propagules (spores, hyphae, and AMF-colonized root pieces) that result in ar-

buscular mycorrhizal root colonization under controlled conditions

� Absence of plant pathogens and other contamination

� Product formulation for facilitated inoculum application (e.g. pure AMF blends, carrier materials, or

solutions)

� Detailed description of AMF species, additives, storage criteria, and application procedures.

These criteria are to be validated using a standardized in vivo bioassay which provides data about mycor-

rhizal effects on plant biomass and colonized root length (see supplement S2). This plant growth

bioassay is a low-cost method for validating propagule viability in a plant substrate. It provides addi-

tional information regarding the mycorrhizal growth effect (MGR) under controlled conditions and poten-

tial contamination with plant pathogens, be it through visual symptoms, reduced plant growth, or plant

mortality.

The proposed framework could be adapted by regulatory agencies for product evaluation. Certification

labels could be introduced for compliance by commercial AMFmanufacturers. Such control measurements

will lead to increased consumer confidence, thereby supporting the adoption of AMF inoculants by primary

producers.
4 iScience 25, 104636, July 15, 2022



Table 2. Proposed quality criteria and quality control for AMF inoculants that need to be met by producers

Quality criteria

Inoculum composition and viability � Inclusion of a generalist AMF species

� Exemption applies for specialized inoculum for specific host plants

� Free of plant pathogens, weeds, and other contaminants

� Fast distribution channels to end-consumer, e.g., via selected retailers or direct selling.

Carrier material � Facilitates application of inoculum

� Only suitable additives that do not interfere with the mycorrhizal development

Package label � Propagule composition (AMF isolates)

� Carrier material and other additives

� Plant-available nutrients (NPK)

� Batch number

� Production and expiration date

� Instructions on storage and application

� Documented evidence of root colonization (including picture) and plant growth
stimulation on the producer’s website

Quality control

� Confirmed root colonization in standardized bioassay

� Confirmed plant growth stimulation in standardized bioassay

� Visual confirmation of the absence of unwanted contaminants, such as weeds or
plant pathogens
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BASIC QUALITY CRITERIA

Inoculum composition and viability

The selection of AMF species should be appropriate for the desired application scenario. If the AMF inoc-

ulant is intended for general use, it should contain at least one generalist species that is able to colonize a

broad range of host plant species. Generalist AMF species that are widely used for commercial and scien-

tific purposes are Rhizophagus sp. and Glomus sp. (Öpik et al., 2006). More selective application scenarios

often require specialized AMF species, such as the use of Acaulospora sp. for acidic soils (Aguilera et al.,

2015). Transparency is required about the source location, identification, and selection of the used AMF

strain and should be documented accordingly, for example on the product or the producer’s website.

Ideally, the selected AMF isolates are deposited in recognized collections under ‘‘safe deposit’’, meaning

that they cannot be released without the producer’s consent. This would ascertain correct identification of

the isolates and their safe keeping in specialized facilities for future purposes.

The inoculant should contain enough viable propagules to achieve AM root colonization. High concentra-

tions of viable propagules are particularly important to account for the declining germination rate of AMF

propagules after longer product storage periods (Ruiz-Lozano and Azcon, 1996). Consequently, dosage

recommendations should account for decreased propagule viability over time and contain defined mar-

gins. Inoculum viability is highly variable between AMF isolates (Smith and Read, 2008) and the host plant

used for inoculum production (Dietrich et al., 2020). Producers need to verify the expiration date for their

specific AMF isolates and production method. This can be done using the proposed standardized bioassay

as outlined in Section 5.

AMF inoculants should be free of plant pathogens and other harmful contaminations. To this date, most

inoculants are produced in vivo on host plants such as sorghum or maize (Berruti et al., 2016). In this

case, host plants are grown in sterilized substrates and inoculated with the desired AMF species. These

production systems naturally include a range of microorganisms associated with the AMF propagules.

However, none of those microorganisms should be pathogenic to the host plant or its environment. A va-

riety of molecular tests are available to confirm the absence of plant pathogens (Ophel-Keller et al., 2008).

Such testing would not be required for in vitro produced propagules, where AMF are propagated under
iScience 25, 104636, July 15, 2022 5



Table 3. Specification for the standardized in vivo bioassay

Host plants Maize (Zea mays) or Sorghum (Sorghum bicolor) Leek (Allium porrum)

Growth period (Starting from seedling

emergence or transplanting of seedlings)

6 weeks 10 weeks

Minimum pot size 2 liters 1 liter

Plants per pot 1 1

Minimum replicates per treatment 6

Soil: sand/vermiculite dilution (using fine

sand or vermiculite and agricultural soil

that is typical for the region where the

inoculant is tested)

1:9

Substrate sterilization Autoclavation for 60 min at 121�C or steaming for

60 min at 80�C or gamma sterilization

Phosphorus addition 20 mg P kg�1 substrate, in form of 88.4 mg

CaH2PO4 kg
�1 substrate

Nutrient solution (Long Ashton -P)

(lacking phosphorus)

Weekly, 20 mL per L�1 substrate Every second week, 20 mL per L�1

substrate

Watering

Reverse Osmosis or distilled H2O

Every second day to field capacity

Temperature 18�C (night) to 30�C (day)

Daylight average light intensity >600 mmol m�2 s�1
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monoxenic conditions in a laboratory environment. Various initiatives have been reported which may facil-

itate the large-scale production of monoxenic AMF inoculants in the nearer future (Gargouri et al., 2021;

Ijdo et al., 2011; Sugiura et al., 2020). To date, only a few AMF species can be produced in vitro and on

a large scale, making in vivo methods the preferred choice for many companies. This, however, might

change in the near future due to technical advancements.

Selected AMF isolates are used in a standardized bioassay to evaluate their MGR. The bioassay uses model

mycorrhiza-responsive crops such as sorghum (Sorghum bicolor), maize (Zea mays), or leek (Allium porrum)

which are grown under standardized conditions (see section 5) (Tran et al., 2019). The plant substrate for

this bioassay is predominantly made from inert materials (sand or vermiculite) to provide a certain level

of homogeneity. It contains relatively low concentrations of P, to facilitate mycorrhizal root colonization.

This bioassay also serves to uncover the potential presence of plant pathogens which would negatively

affect the MGR. However, the main purpose of this bioassay is the validation of propagule viability and suc-

cessful root colonization. The resulting MGR and the used host plant is documented and reported on the

package label (see 4.3). This bioassay should be performed on a subset of the finished inoculum and then

annually thereafter.
Carrier materials

Dispersal of AMF propagules in a carrier material should facilitate the application of the inoculant

without negatively affecting its viability. Various carrier material technologies are available for agricultural

applications or environmental restoration, such as algal or polymeric beads (Vassilev et al., 2005), liquid

solutions (Malusá and Vassilev, 2014), biochars (Sashidhar et al., 2020), or seed coatings (Rocha et al.,

2019a; 2019b). Propagules can be dispersed in coarse material, such as calcinated clay to facilitate

handling (Vassilev et al., 2005). The material should be homogenous so that AMF propagules can be

dispersed evenly.

If biological or chemical additives are incorporated into the inocula, they need to work synergistically, or at

least not reduce AMF colonization. Compounds that have been successfully tested in combination with

AMF include various plant-growth-promoting microorganisms (Wu et al., 2005) and biological compounds,

such as chitin or humic acids (Gryndler et al., 2003). Additives such as mineral fertilizers should not suppress

the AM root colonization and need to be labeled appropriately.
6 iScience 25, 104636, July 15, 2022
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Package and labeling

AMF inoculants should be stored in a water- and light-proof container for improved propagule viability.

Care must be taken during packaging to ensure that the propagules are undamaged and inoculum viability

is maintained. Distribution channels between producers and consumers must avoid unfavorable conditions

which could damage the propagules, such as prolonged storage times or extreme temperatures below 4�C
and above 28�C (de Santana et al., 2014). Certain AMF strains can also germinate at cooler temperatures,

which is an important consideration when developing a commercial inoculant (Carvalho et al., 2015). The

viability and germination response of the selected strain needs to meet the available distribution channels

and contain high viability after arriving at the consumer.

Where the product label does not provide sufficient space, information can be provided via additional

product sheets or online. The package labeling must include all necessary information about the inoculum

content (propagule composition and concentration), production method (in vivo or in vitro), additives,

plant-available nutrients, batch number, production and expiration date, instructions on storage and appli-

cation, and information about quality measures.

AMF inoculant producers should provide the data from the latest standardized in vivo bioassays

(see section 5 and supplement S2) and any further conducted quality control measurements. This report

should contain: 1) visual proof of root colonization by AMF under defined conditions, 2) the calculated

MGR after inoculation compared to the non-inoculated control, 3) information about the used host

plant, and 4) disclaimer text that results are context-dependent and may vary. Such information is

provided on the company’s website, and regularly updated. It should also provide a transparent docu-

mentation about the used AMF strains and their original location, as well as identification and selection

processes.
QUALITY CONTROL: BIOASSAY

Mycorrhizal inoculants should be tested in a standardized bioassay under controlled conditions (see supple-

ment S2). Rather than focusing on the broader ecological and plant physiological advantages of AMF, the pro-

posed bioassay is designed to control the minimum requirements for commercial AMF inoculants. The aim of

this bioassay is to assess whether inoculants contain viable propagules and colonize selected host plants in

sterilized substrates under controlled conditions. This bioassay provides additional information regarding po-

tential contamination with plant pathogens, which are reflected in theMGR or which can be visually identified.

The inoculants are tested under AMF-favorable conditions that include mycorrhizal-responsive host plants

(maize, sorghum, or leek) which are grown under low concentrations of plant-available P (see Table 3). The

desired outcome at the end of the bioassay is a positive growth response and a significant AM root coloniza-

tion of at least 20% colonized root length, according to the proposed methodology in supplement S2. This

measurement is only used as an indicator for inoculum viability and should not be advertised otherwise.
CONCLUSION AND FUTURE PERSPECTIVE

Microbial inoculants are an essential building block for resilient and sustainable food production systems.

However, the current market requires intervention to break the cycle of unreliable products and skeptical

consumers. The framework proposed here is intended as a starting point; it addresses necessary quality

criteria and quality control measurements that can be used to improve the adoption of AMF inoculants.

At present, the framework focuses on minimum requirements with the potential for modifications or inten-

sification in the future. This intensification could be guided by scientific research focusing on the applica-

tion of AMF inoculants under commercial conditions and any ecological consequences. More research and

actions are required to address the following issues:

� Developing AMF application models to predict inoculation success and yield responses relative to

environmental and farming conditions. This allows farmers to decide if the application of commercial

AMF inoculants is economic and ecological viable.

� Understanding the establishment of introduced AMF under field conditions and its effects on indig-

enous AMF communities (Hart et al., 2017). This includes the molecular validation that introduced

AMF are colonizing host plant roots or enhance AMF root colonization.

� Continuous efforts in evaluating the potential hazards of widespread AMF inoculant use.
iScience 25, 104636, July 15, 2022 7
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� Providing services to analyze roots for arbuscular mycorrhizal colonization after the application of

commercial inoculants to verify its establishment.

� Development of advanced production methods to achieve highly concentrated and contaminant-

free inoculants (Gargouri et al., 2021; Tanaka et al., 2022).

� Evaluation of any new production methods regarding their effects on AMF functioning and genetic

stability (Kokkoris and Hart, 2019).

To balance economic requirements, the proposed framework could be modified to be performed only

every few years, with faster methods of quality control in between (e.g., spore staining). This, and further

modifications, are subject to the cooperation between regulatory agencies and producers.

The framework proposed here is a first step toward the regulatory-backed improvement of AMF inoculants

by ensuring basic quality criteria. It could be adapted via various pathways, such as an open partnership

between companies, regulatory agencies, and primary producers. Major AMF producers need to be

included during the implementation process to ensure its practicality and widespread adoption. Important

discussion points for the legal adaptation include more specific mechanisms of certification, such as

method standardization. Another important topic is the role of testing organization and the cost distribu-

tion between producers and regulatory agencies. Companies which adhere to the proposed requirements

and provide transparent information about their production process would gain credibility with potentials

for certification by an appropriate regulatory body. In return, primary producers could provide feedback for

review by the companies during future product development. If the proposed minimum requirements for

commercial AMF inoculants aremet in a systematic way, we believe the growth of this industry will be signif-

icantly increased with the potential to increase sustainability in food production systems. We also high-

lighted that ongoing research and development is required to further improve the quality and efficiency

of commercial AMF inoculants. It is important that safety assessments precede the inoculum production

to avoid ecological damage and to guarantee that the widespread use of AMF inoculants yields in

improved ecosystem functioning and plant growth.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104636.

ACKNOWLEDGMENTS

We thank Dr. James Cowley for providing significant contributions toward Figure 1. We also thank Dr. Louis

Mercy for providing practical insights into the production of AMF inoculum and its quality control.

AUTHOR CONTRIBUTIONS

Conceptualization: M.J.S., M.G.A.v.d.H., and T.R.C.; Writing – Original Draft: M.J.S., S.J.W-W., M.J.M.,

H.B., B.K.S., I.H., C.S., F.M., M.V., LD G., T.E., M.S., S.D., YG Z., T.B., L.K.A., F.A.S., T.R.C., andM.G.A.v.d.H.;

Writing – Reviewing and Editing: S.J.W-W., M.J.M., H.B., B.K.S., I.H., C.S., F.M., M.V., LDG., T.E., M.S., S.D.,

YG Z., T.B., L.K.A., F.A.S., T.R.C., and M.G.A.v.d.H.; Supervision: M.G.A.v.d.H. and T.R.C.

DECLARATION OF INTERESTS

The authors declare no competing interests.
REFERENCES

Abbott, L.K., Macdonald, L.M., Wong, M.T.F.,
Webb, M.J., Jenkins, S.N., and Farrell, M. (2018).
Potential roles of biological amendments for
profitable grain production – a review. Agric.
Ecosyst. Environ. 256, 34–50. https://doi.org/10.
1016/j.agee.2017.12.021.

Aguilera, P., Cumming, J., Oehl, F., Cornejo, P.,
and Borie, F. (2015). Diversity of arbuscular
mycorrhizal fungi in acidic soils and their
contribution to aluminum phytotoxicity
alleviation. In Aluminum Stress Adaptation in
Plants, Signaling and Communication in Plants,
8 iScience 25, 104636, July 15, 2022
S.K. Panda and F. Balu�ska, eds. (Springer
International Publishing), pp. 203–228.
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(2008). The international market development
for mycorrhizal technology. In Mycorrhiza:

https://doi.org/10.1002/j.1537-2197.1993.tb15327.x
https://doi.org/10.1002/j.1537-2197.1993.tb15327.x
https://doi.org/10.1038/s41598-018-25701-4
https://doi.org/10.1071/ap08029
https://doi.org/10.1111/j.1365-2745.2006.01136.x
https://doi.org/10.1111/j.1365-2745.2006.01136.x
https://doi.org/10.1016/j.apsoil.2014.09.012
https://doi.org/10.1016/j.apsoil.2014.09.012
https://doi.org/10.1146/annurev-phyto-082712-102340
https://doi.org/10.1146/annurev-phyto-082712-102340
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref49
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref49
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref49
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref49
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref49
https://doi.org/10.1071/sr9790515
https://doi.org/10.1071/sr9790515
https://doi.org/10.3389/fpls.2017.00390
https://doi.org/10.3389/fpls.2017.00390
https://doi.org/10.1016/j.jretconser.2017.06.004
https://doi.org/10.1016/j.jretconser.2017.06.004
https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1371/journal.pone.0066428
https://doi.org/10.1111/j.1469-8137.2006.01750.x
https://doi.org/10.1111/j.1469-8137.2006.01750.x
https://doi.org/10.3390/agronomy9080471
https://doi.org/10.3390/agronomy9080471
https://doi.org/10.1080/03650340.2018.1479061
https://doi.org/10.1080/03650340.2018.1479061
https://doi.org/10.1016/0929-1393(95)00076-3
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref58
https://doi.org/10.1016/j.apsoil.2021.104225
https://doi.org/10.1016/j.apsoil.2021.104225
https://doi.org/10.1016/j.scitotenv.2019.134892
https://doi.org/10.1016/j.scitotenv.2019.134892
https://doi.org/10.1111/1751-7915.12592
https://doi.org/10.1111/1751-7915.12592
https://doi.org/10.1038/s41579-020-00446-y
https://doi.org/10.1038/s41579-020-00446-y
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref63
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref63
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
https://www.premiummarketinsights.com/reports-smrc/agricultural-microbials-global-market-outlook-2017-2026
https://www.premiummarketinsights.com/reports-smrc/agricultural-microbials-global-market-outlook-2017-2026
https://www.premiummarketinsights.com/reports-smrc/agricultural-microbials-global-market-outlook-2017-2026
https://doi.org/10.1073/pnas.2006948117
https://doi.org/10.1073/pnas.2006948117
https://doi.org/10.1038/s42003-021-02967-5
https://doi.org/10.1007/s00572-007-0152-3
https://doi.org/10.1007/s00572-007-0152-3
https://doi.org/10.1071/FP18327
https://doi.org/10.1071/FP18327
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref70
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref70
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1111/nph.13288
https://doi.org/10.1111/nph.13288
https://doi.org/10.1007/s00572-016-0759-3
https://doi.org/10.1007/s00572-016-0759-3
https://doi.org/10.1007/s11157-005-2098-2
https://doi.org/10.1007/s11157-005-2098-2
https://doi.org/10.1111/j.1469-8137.2010.03230.<?show $132#?>x
https://doi.org/10.1111/j.1469-8137.2010.03230.<?show $132#?>x
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1146/annurev-environ-020411-130608
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref77
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78


ll
OPEN ACCESS

iScience
Perspective
State of the Art, Genetics and Molecular
Biology, Eco-Function, Biotechnology, Eco-
Physiology, Structure and Systematics, A.
Varma, ed. (Springer Berlin Heidelberg),
pp. 419–438.

Watts-Williams, S.J., Patti, A.F., and
Cavagnaro, T.R. (2013). Arbuscular mycorrhizas
are beneficial under both deficient and toxic
soil zinc conditions. Plant Soil 371, 299–312.
https://doi.org/10.1007/s11104-013-1670-8.

Wilson, G.W.T., Rice, C.W., Rillig, M.C., Springer,
A., and Hartnett, D.C. (2009). Soil aggregation
and carbon sequestration are tightly correlated
with the abundance of arbuscular mycorrhizal
fungi: results from long-term field experiments.
Ecol. Lett. 12, 452–461. https://doi.org/10.1111/j.
1461-0248.2009.01303.x.

Woods, J., Williams, A., Hughes, J.K., Black, M.,
and Murphy, R. (2010). Energy and the
food system. Philos. Trans. R. Soc. Lond. 365,
2991–3006. https://doi.org/10.1098/rstb.2010.
0172.

Wu, S., Cao, Z., Li, Z., Cheung, K., and Wong,
M.H. (2005). Effects of biofertilizer containing
N-fixer, P and K solubilizers and AM fungi on
maize growth: a greenhouse trial. Geoderma 125,
155–166. https://doi.org/10.1016/j.geoderma.
2004.07.003.

Zeng, Y., Guo, L.P., Chen, B.D., Hao, Z.P., Wang,
J.Y., Huang, L.Q., Yang,G., Cui, X.M., Yang, L.,Wu,
Z.X., et al. (2013). Arbuscularmycorrhizal symbiosis
and active ingredients of medicinal plants: current
research status and prospectives. Mycorrhiza 23,
253–265. https://doi.org/10.1007/s00572-013-
0484-0.

Zhang, S., Lehmann, A., Zheng, W., You, Z., and
Rillig, M.C. (2019). Arbuscular mycorrhizal fungi
increase grain yields: a meta-analysis. New Phytol.
222, 543–555. https://doi.org/10.1111/nph.15570.
iScience 25, 104636, July 15, 2022 11

http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
http://refhub.elsevier.com/S2589-0042(22)00908-7/sref78
https://doi.org/10.1007/s11104-013-1670-8
https://doi.org/10.1111/j.1461-0248.2009.01303.x
https://doi.org/10.1111/j.1461-0248.2009.01303.x
https://doi.org/10.1098/rstb.2010.0172
https://doi.org/10.1098/rstb.2010.0172
https://doi.org/10.1016/j.geoderma.2004.07.003
https://doi.org/10.1016/j.geoderma.2004.07.003
https://doi.org/10.1007/s00572-013-0484-0
https://doi.org/10.1007/s00572-013-0484-0
https://doi.org/10.1111/nph.15570

	Establishing a quality management framework for commercial inoculants containing arbuscular mycorrhizal fungi
	Introduction
	Status quo
	New proposed framework
	Basic quality criteria
	Inoculum composition and viability
	Carrier materials
	Package and labeling

	Quality control: bioassay
	Conclusion and future perspective
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References




