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Abstract In this paper, studies on photoautotrophic

micropropagation (PM) and inoculant cultivation of

arbuscular mycorrhizal fungi (AMF) were reviewed.

The existing issues, which include the lack of a bio-

method for improving the environmental stress

resistance of plantlets in vitro or ex vitro and the

mass production of AMF inoculants in commercial-

ization for PM and inoculants cultivation, were

discussed. Based on current knowledge and our

analysis, we suggested that the integration of PM

system and mycorrhization in vitro (here called

mycorrhization-PM cultivation system) is highly

feasible. Furthermore, combining mycorrhization

with PM system in vitro was shown to be an efficient

method for alleviating the injuries of plantlets in vitro

and ex vitro caused by environmental stresses and for

mass producing AMF inoculants through applying

different cultivation strategies. Cultivation strategies

for the mass production of mycorrhizal plants and

AMF inoculants using mycorrhization-PM cultiva-

tion system were discussed.
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Abbreviations

AMF Arbuscular mycorrhizal fungi

C Carbon

CO2 Carbon dioxide

PM Photoautotrophic micropropagation

PPFD Photosynthetic photon flux density

Introduction

With the growing world population and the deteriora-

tion of the environment, more and more high-quality

seedlings will be needed worldwide for agriculture,

forestry, horticulture, and eco-restoration. It was esti-

mated that about 20–40 billion plants are required per

year for re-afforestation alone (Kozai and Kubota

2001). Micropropagation has established its role as a

way to produce large quantities of uniform high-value

horticultural crops such as ornaments, fruits, vegetables,

plantation crops and spices (Vestberg and Estaún 1994;

Vestberg et al. 2002). It has been reported that about

50% of flori-horticultural plants were produced by the

micropropagation technique (Sahay and Varma 2000).

Conventionally, micropropagated plantlets in vitro are

photoheterotrophic or photomixotrophic since sugar is
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added to the growth media as a source of carbon

(Murashige and Skoog 1962). Explants have to be

cultured in small containers (triangular flask, test tube,

etc.) with little gas exchange to avoid contamination,

which results in inner stress microenvironments with

high relative humidity, low photosynthetic photon flux

density (PPFD), harmful gases accumulation (e.g.,

ethylene) and depletion of CO2 concentration. Thus,

some physiological disorders occur in the plantlets, and

the photosynthetic organs are not able to function

properly. In addition, plantlets grow heterotrophically

and develop with high water content, which implies a

great risk of desiccation at acclimatization (Kubota and

Kozai 1992) for abnormal anatomical features (e.g.,

somatic function). In some commercial micropropaga-

tion systems of flowers and other ornamental plants,

losses during the acclimatization stage were up to 10–

40% or higher (Varma and Schūepp 1995).

In the late 1980s, Kozai and co-workers created a

novel micropropagation method called sugar-free

micropropagation or photoautotrophic micropropaga-

tion (PM) (Kozai and Iwanami 1988; Kozai et al. 1988;

Fujiwara et al. 1988). PM is characterized by a

controllable culture microenvironment in which plant-

lets are grown photoautotrophically with enriched CO2

concentration, the optimal amount of air exchange and

PPFD. Furthermore, plantlets could be cultured in

large containers on porous and solid supporting

materials (perlite, vermiculite, etc.) without sugar. In

a PM system, the physiological status of plantlets (e.g.,

photosynthetic capacity) was substantially strength-

ened. Many advantages of PM have been well studied

and documented in previous studies with respect to its

biological and engineering aspects (Kozai and Kubota

2005), including (1) promotion of growth and photo-

synthesis, (2) high survival percentage/smooth

transition to ex vitro environment, (3) elimination of

morphological and physiological disorders, (4) infre-

quent loss of plantlets due to contamination, (5)

flexibility in the design of the vessels and control

systems, and (6) simplification of the micropropaga-

tion procedure (the acclimatization stage necessary in

conventional micropropagation can often be elimi-

nated or shortened). Because of these advantages, PM

is believed to be a commercial alternative to conven-

tional propagation for high quality transplants (Kozai

1991b; Xiao et al. 2000; Kozai and Kubota 2001; Xiao

and Kozai 2004; Kozai and Kubota 2005; Kozai et al.

2006).

Arbuscular mycorrhizal fungi (AMF) are multi-

functional microorganisms with high biodiversity that

can form symbioses with more than 90% of plant

species by colonizing root tissues and soil (Newsham

et al. 1995; Smith and Read 1997). They promote

plant fitness by improving physiological parameters,

the uptake of water and nutrients, disease resistance,

etc. In ecosystems, AMF play an important role in

determining plant biodiversity, ecosystem variability

and productivity (van der Heijden et al. 1998a, b),

and soil ecological stability. Lovato et al. (1996)

regarded the various functions performed by AMF as

biofertilizers, bioprotectors, and bioregulators. AMF

exist in almost all kinds of soil ecosystems. There-

fore, it is believed that there are efficient isolates at

specific geographic sites for local mycorrhizal plant

species with positive inoculation efficiency. AMF are

thus regarded as the most promising beneficial

microorganisms that can be produced and applied

commercially in the practice of plant production.

However, few case studies with a large input quantity

of inoculants have been conducted in the field, with

the exception of some specific cases, e.g., mine

restoration (Saito and Marumoto 2002). Taking into

consideration the economy and operability, most

previous studies focused on developing methods for

AMF application in transplant systems due to the

advantages of low inoculant dosage and early sym-

biosis formation ahead of field growth, features that

are helpful for the post-transplantation establishment

of plantlets. Mycorrhization treatment of plantlets is

currently considered an effective method for enhanc-

ing post-transplantation establishment.

Plantlets are first grown in vitro under aseptic

conditions devoid of AMF and other rhizosphere

microorganisms; manufactured substrates also often

lack AMF at the acclimatization stage. Therefore,

there is almost no chance for arbuscular mycorrhi-

zal formation prior to transplantation without

artificial introduction. Thus, it has been suggested

that plantlets could be better protected against the

biotic and abiotic stresses that occur in greenhouses

or in the field by associating the plantlets with

AMF at early stage (Vestberg et al. 2004).

Furthermore, by introducing AMF, it would be

possible to reduce fertilizer and pesticide use and to

grow the plants in a more sustainable way (Cordier

et al. 2000). However, commercial application of

AMF in transplant systems has not been used
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extensively due to an inadequate supply of AMF

inoculants resulting from a lack of efficient culti-

vation methods. In addition, the lagging AMF

introduction time at the transplantation stage in

conventional micropropagation often lead to a

reduced symbiotic efficiency caused by C compe-

tition between the symbionts.

Many researchers have suggested that mycorrh-

ization is beneficial for the establishment and health

of propagated plantlets post-transplantation (Nowak

1998; Sahay and Varma 2000; Rai 2001; Nowak and

Shulaev 2003). In addition, numerous data have

indicated that the PM system is well developed by in

vitro environmental control techniques (Aitken-

Christie et al. 1995; Kozai et al. 1997; Zobayed

et al. 2001; Xiao and Kozai 2004). However, no

study has been published dealing with the integration

of PM and mycorrhization for micropropagation in

vitro. Compared with AMF inoculation at transplan-

tation, there are more benefits for micropropagated

plantlets when AMF is introduced in vitro into PM

systems for overcoming stresses in vitro and ex vitro.

For example, C competition between the symbionts

will occur at the rooting stage, not the transplanta-

tion stage. Therefore, the increased photosynthetic

capacity of plantlets in PM systems will compensate

for C deficiency caused by C competition between

the host plant and AMF. In addition, the integration

of PM and mycorrhization in vitro will avoid

coincidental C competition and transplantation

shock. In short, mycorrhization in vitro does mark-

edly enhance the growth and development of

plantlets more than conventional inoculation with

the aid of appropriate environmental controls. The-

oretically, the combination of PM systems and

mycorrhization (referred to as a mycorrhization-PM

cultivation system) provides a pathway both for mass

producing AMF inoculants with the aid of proper

environmental controls and for promoting survival

and health of the mycorrhizal plantlets by staving off

injuries caused by biotic and abiotic stresses. This

paper mainly summarizes how research has pro-

gressed and the existing problems in the commercial

application in PM systems and AMF inoculants

cultivation; it also highlights the feasibility and

cultivation strategies of the mycorrhization-PM cul-

tivation system, with two objectives in mind: AMF

inoculants cultivation and mycorrhizal transplants

production on a large scale.

PM systems: a commercialized method

for transplant production

Environmental control is essential for promoting the

photosynthetic growth and development of in vitro

plantlets (Kozai et al. 1997). The establishment and

optimization of the culture microenvironment in vitro

is needed for commercial application of PM systems.

Researchers in several countries, particularly Japan,

have been working on PM systems. Today, PM

systems have shifted from experimental study to

commercial application after successful developments

in culture systems and control devices. Currently, three

kinds of commercialized PM systems (integrated

chamber, large culture vessel and cleanliness room)

and associated control devices have been developed.

Generally, inner irradiance, relative humidity and CO2

concentration are controlled in all the above-men-

tioned PM systems, either automatically or manually.

The earliest PM system was the large culture vessel,

which used forced ventilation to import pure CO2 or air-

enriched CO2. Culture vessels range in volume from

about several liters to 180 l (Kozai 1991a; Xiao and

Kozai 2004; Liu et al. 2006; Guan 2007). Two practical

models of culture vessels, with holes sealed with filters

(Kozai 1991a) or with a top-seal film (Tanaka et al.

1988a, b), were developed as experimental tools used

for in vitro culture in large culture vessels. Previous data

had shown that these culture vessels enhanced the in

vitro growth of many plant species, including coffee

(Nguyen et al. 1999), anthurium, syngonium, agapan-

thus (Tanaka et al. 1996), cymbidium (Tanaka et al.

1999), spathiphyllum (Teixeira da Silva et al. 2006) and

eucalyptus (Nhut et al. 2002) under photoautrophic

conditions. A cleanliness room is another kind of PM

system, with a high cleanliness classification in addition

to general environmental controls. It uses an enlarged

culture vessel that allows more plantlets to be grown in

open or air-permeable small vessels with the assistance

of physical and chemical pasteurization. Cleanliness

technology was introduced into the PM system to

guarantee a reduced incidence of bio-contamination

(Liu and Yang 2006). The cleanliness control system

reported by Liu and Yang (2006) performed at up to

ISO7 grade cleanliness classification, according to ISO

14644-1:1999 (E), which made it possible to culture

plantlets’ exposure to inner air with a low incidence of

contamination caused by microbes brought inside by

mixed air and operators. Before the cleanliness room
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technique was introduced, Kozai and Kubota (2001)

developed a scale-up micropropagation system using an

aseptic culture room. In this system, no one is permitted

to enter the culture room to handle the trays with plants.

Thus, both tray transportation and environmental con-

trol in the culture room must be automated. Compared to

this culture system, the cleanliness room is a more

feasible system in developing countries because of the

low cost. The integrated chamber, a movable and more

complicated product, is a kind of newly developed

culture chamber in China that combines culture systems

with environmental control devices.

Control precision of CO2 concentration in the

above-mentioned PM systems reaches 50 lmol -

mol-1. CO2 enrichment for the integrated chamber

and the large culture vessel can be achieved by

releasing pure or air-enriched CO2 gas using a forced

ventilation system. However, for the large culture

vessels, inner CO2 enrichment can also be achieved

by releasing pure or air-enriched CO2 gas into a

culture room using forced ventilation. The inner CO2

concentration of the vessel is then balanced through

permeable filters sealed on the vents in the vessel. In

addition, relative humidity in the culture system

(vessel, room and chamber) can be controlled auto-

matically using a water-absorbent device and

humidifier. In order to decrease the frequency of

renewing the absorbent materials in the water-absor-

bent device, a membrane-cover technique was

developed to keep water in the substratum (Guan

2007). The higher quality of plantlets and the

economic advantages of commercial applications of

PM systems over conventional methods have been

demonstrated for calla lily (Zantedeschia elliottiana)

and China fir (Cunninghamia lanceolata) plantlet

production, using the large culture vessels (120 l)

(Xiao and Kozai 2004). PM systems are currently

gradually being applied commercially in China for

the production of high value plants.

Inoculants mass production: a limitation

of commercial application of AMF

Although it is well known that AMF have great

application potential in agriculture, horticulture and

eco-environmental protection, insufficient inoculants

are cultured by the methods currently available. In the

past, a few cultural methods, such as pot culture,

hydroponic culture, and aeroponic culture, as well as in

vitro culture systems, were developed as research tools

with little consideration for large quantity inoculant

production. No commercial method for AMF inocu-

lant production has been developed because it is

difficult to meet the strict symbiotic conditions and

aseptic environment maintenance required for AMF

cultivation due to their obligatory biotrophic nature.

Pot culture is the most common method for

experimental study and inoculant production, but it is

difficult to avoid bio-contamination and to implement

efficient environmental regulations during culture.

Only by modifying the physical and chemical proper-

ties of culture substrates can regulate the host-AMF

relationship. Methods of hydroponic and aeroponic

culture are difficult to master for common producers,

and the quality of AMF products is hard to control.

Some other methods, such as in vitro aseptic culture

and organ culture, need complex technology with little

or no commercial inoculant output. In the mid-

nineties, two kinds of in vitro culture systems, tripartite

(strawberry plant–mycorrhizal carrot root) (Elmeska-

oui et al. 1995) and bipartite (strawberry-AMF)

(Cassells et al. 1996), were developed for mycorrh-

ization of micropropagated plantlets. For these

systems, studies were performed on water uptake and

stomatal conductance (Hernández-Sebastià et al. 1999,

2000), the effects of light and CO2 on the growth and

photosynthesis of mycorrhizal plants (Louche-Tessan-

dier et al. 1999), and the use of mycorrhizal vitroplants

in the micropropagation industry (Mark et al. 1997). In

particular, Voets et al. (2005) recently developed an

autotrophic culture system for the in vitro mycorrh-

ization of potato plantlets with shoots grown exposed

to air conditions. In summary, AMF have been

successfully inoculated to several crops, even in vitro

(Pons et al. 1983; Cassells et al. 1996; Duffy et al.

1999; Voets et al. 2005), but these methods are not

suitable for practical use for AMF inoculant mass

production. A practicable method for AMF introduc-

tion in vitro is urgently needed.

Mycorrhization-PM cultivation systems

for mycorrhizal plantlets and inoculants

production: feasibility analysis and verification

Based on current knowledge, the key issues that need

to be solved for AMF commercial production are (1)
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well-kept axenic condition and (2) optimal environ-

ment control. In the 1980s and 1990s, numerous

experiments showed that mycorrhizal micropropagat-

ed plantlets had better growth, physiological

parameters and survival rates than their non-mycor-

rhizal counterparts (Salamanca et al. 1992; Azcón-

Aguilar et al. 1996; Azcón-Aguilar and Barea 1997;

Subhan et al. 1998). More involved references were

given by Rai (2001). However, most studies on

mycorrhization were conducted ex vitro due to the

lack of feasible in vitro culture systems. PM

successfully ensures that the physiological functions

of plantlet organs (e.g., leaves and roots) develop

normally before transplantation. However, the biotic

and abiotic stresses to which the plant is exposed

after transplantation still cause some problems with

plantlet survival ex vitro. In addition, water and

nutrient depletion may occur during the rooting stage

of PM cultivation. Transplants have difficulty over-

coming post-transplantation stresses since they are

devoid of natural allies such as AMF. There is great

potential for introducing AMF into PM systems for

the purpose of protecting transplants against in vitro

and ex vitro stresses. Mycorrhization of conventional

propagation is not possible in vitro for agar media

with a high concentration of salt (particularly P) and

sugar. Mycorrhization in vitro of micropropagated

plantlets became feasible when the PM system was

developed based on four aspects. First, PM systems

provide suitable conditions for AMF introduction and

colonization, e.g., a largely aseptic growth space,

compatible host plant, and low mineral nutrients

(especially P). Second, controllable environmental

conditions (lighting, CO2 concentration, air current

rate, temperature, etc.) make it possible to mediate

interactions between AMF and host plantlets. Third,

no complicated operations were added because AMF

can be inoculated in combination with rooting stage

operation, and rapid rooting can ensure formation of

mycorrhizal roots. PM systems have been commer-

cially applied in transplant production. Based on the

above-mentioned feasibility analysis, arbuscular

mycorrhizas can be well established in PM systems

with plantlets at the rooting stage. The main advan-

tages of the mycorrhization-PM cultivation system

are as follows. First, AMF introduction is conducted

earlier than previous methods, at the rooting stage.

Thus, the critical carbon-competition between AMF

and host plantlets will not occur at the transplant

stage (and thus will not coincide with transplant

shock). Second, new emergent roots are more suitable

for AMF colonization than old ones, which means

that the symbiotic relationship can be easily

established.

The mycorrhization-PM cultivation system can

improve the fitness of plantlets in vitro and ex vitro

through two pathways. First, PM improves the

growth and development of plantlets by shoot

regulation, i.e., increasing photosynthetic capacity,

leaf expansion and photosynthate utilization, while

mycorrhizal fungi will enhance the growth and

development of plantlets by modifying root morphol-

ogy and strengthening their uptake function.

Mycorrhization in vitro can mediate photosynthetic

physiology and CO2 utilization by increasing the

carbon sink strength in order to form intraradical and

extraradical fungal tissue. Most importantly, symbi-

otic formation in vitro can take advantage of the

interaction benefits between AMF and controllable

environmental factors to improve the growth and

development of plantlets synergistically. Guan (2007)

first demonstrated mycorrhization in vitro with pre-

rooting plantlets of the Chinese flowering crabapple

(Malus pruniolia var ringo) in a PM system (a 180 l

large vessel with a control device and forced air

ventilation importing controllably pure CO2) with

1500 ± 50 lmol mol-1 CO2 concentration. The

results showed that mycorrhizal symbiosis was well

established, and the growth and photosynthetic

parameters of the plantlets, such as stomatal resis-

tances, stomatal conductance, chlorophyll content

and CO2 fixation, and photosynthesis rate, were

promoted by mycorrhizal colonization.

The mycorrhization-PM cultivation system pro-

vides a novel method to produce AMF inoculants.

Our recent studies with sweet potato plantlets indi-

cated that 40–60% of root colonization was observed,

and considerable spores in substrate (vermiculite)

could be obtained after 4 months cultivation in the

mycorrhization-PM cultivation system with

1500 ± 50 lmol mol-1 CO2 concentration (unpub-

lished data). The mycorrhization-PM cultivation

system can be established in vitro as early as the

rooting stage only because arbuscular mycorrhizas

fail to establish without root organs due to their

obligatory biotrophic nature. Taking the biological

properties of mycorrhizal fungi into consideration,

optimal environmental factors are important for the
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growth, development and functions of AMF. There-

fore, the advantages of PM with controllable

environmental conditions (lighting, temperature and

substrate properties, etc.) can be collectively utilized

to regulate the growth and development of AMF,

which is indispensable for AMF commercial

cultivation.

Mycorrhization-PM cultivation systems

for mycorrhizal plantlets and inoculants

production: cultivation strategies

Taking the biological properties of AMF and plantlets

into consideration, there are three kinds of factors

(biological, environmental and management) that

directly influence the performance of mycorrhiza-

tion-PM cultivation systems (Table 1). Therefore,

optimal culture strategies should be developed for

mycorrhizal plantlet production and AMF inoculant

cultivation, respectively. Through proper culture

strategies, the maximal biological benefits of integra-

tion between PM and mycorrhization will be

achieved at a low cost. In the case of plantlet

production, the optimal culture strategy is to facilitate

the formation of mutualistic symbiosis, which will

assist the fitness of plantlets in vitro and ex vitro. For

AMF inoculant cultivation, the optimal culture strat-

egy is to increase the growth and development of

fungal partners for more fungal propagules. To

summarize, cultivation strategies for mycorrhiza-

tion-PM cultivation systems are necessarily

developed to purposely regulate mycorrhizal status

for more products, i.e., high-quality plantlets and

inoculants, separately. It is well documented that

environmental factors can determine the symbiotic

status of arbuscular mycorrhizas, leading to shifts in

parasitism, mutualism and commensalism (Johnson

et al. 1997). The physiological status of mycorrhizal

plantlets in turn affects the carbon distribution

between plantlets and fungi, which directly deter-

mines the number of fungal propagules. In short,

mutual symbiosis is needed to promote the quality of

plantlets, while parasitic symbiosis may improve

AMF inoculants production. Proper cultivation strat-

egies are important for the two symbionts to function

well in mycorrhization-PM cultivation system in

order to obtain the desired products.

Among environmental conditions, lighting, CO2

concentration, temperature, and substrate conditions

are the main environmental factors previously studied

for AMF cultivation. The mechanism of action was to

mediate the C distribution between the two partners of

AMF and host plants. In addition, there are important

interactions between most factors (e.g., lighting and

CO2 concentration). Lighting, CO2 concentration and

substrate conditions are also key factors in PM

systems, and they have been studied extensively.

However, no optimal environmental parameters have

been determined with respect to mycorrhization-PM

cultivation systems. For lighting and CO2 concentra-

tion, previous studies concentrated mainly on the

effect of interactions between lighting and CO2

concentration on AMF function and development, as

well as on the growth of plantlets in in vitro tripartite

systems (Elmeskaoui et al. 1995; Louche-Tessandier

et al. 1999; Gavito et al. 2002). For substrate

conditions, pH (Clark and Zeto 1996; van Aarle

et al. 2002), temperature (Addy et al. 1994, 1998;

Wang et al. 2002; Gavito et al. 2003), and the

interaction effects of atmospheric CO2 concentration

and soil temperature on P uptake by AMF were

Table 1 Pertinent in vitro

biological, environmental

and management factors in

mycorrhization-PM

cultivation system

Factors Remarks section

Biological factor

Plant Plant species, cultivars, planting density and growth rate, etc.

AMF Species, ecotypes, inoculants quality, dosage,

compatibility with host plantlets, etc.

Environmental factor

Substrate Temperature, water content, physic and chemical properties

Aerial factor Temperature, relatively humidity, CO2 concentration, irradiance, etc.

Cultivation container Large cultural vessel, cleanliness room, integrated chamber, etc.

Management factor Keep degree of aseptic condition, proficiency of workers, etc.
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examined (Gavito et al. 2003). In addition, it is well

known that high P levels inhibit the root colonization

and function of AMF (Abbott et al. 1984), and the

porosity of the substratum has an impact on AMF

growth and the function of extraradical hyphae, as

previous data have shown that compacted soil

prevents hyphae passing through to the far site to

absorb nutrients (Li et al. 1997). As far as mycorrh-

ization-PM cultivation systems are concerned, there

are few data about interactions among environmental

factors, plantlets and AMF; numerous investigations

are needed to implement to enrich the results previ-

ously obtained under field conditions or for in vitro

systems.

Concluding remarks

In practice, the production of high-quality tissue

culture-derived plants on a large scale is the initial

target of PM. However, as an in vitro system, the

originated plants are free of any beneficial microor-

ganisms. Introducing beneficial microorganisms

before transplantation into the field has been highly

recommended for alleviating stress injuries under

field conditions (Nowak 1998; Rai 2001). Combined

with mycorrhization, PM becomes a multi-functional

technique (called the mycorrhization-PM cultivation

system) pursuing two objectives: (1) the enhancement

of the fitness of plantlets in vitro and ex vitro and (2)

the mass production of AMF inoculants. Through

feasibility analysis, it is concluded that mycorrhiza-

tion-PM cultivation systems are feasible for the mass

production of high quality transplants and inoculants

of AMF through applying different cultivation strat-

egies (Fig. 1). Two issues in mycorrhization-PM

cultivation systems should be addressed in order to

achieve those functions: the selection of suitable

plant species and AMF species or isolates, and the

development of optimal cultivation strategies (all

relevant environmental parameters), i.e., optimization

of the whole plant–substrate-microorganism system.

It is believed that, when the above issues are solved,

mycorrhization-PM cultivation systems will perform

better in the mass production of transplants and AMF

inoculants with regard to both quality and quantity.
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