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Introduction

Arbuscular mycorrhizal (AM ) fungi from  the phylum 
G lo m erom yco ta  are  u b iq u ito u s soil bo rn e  m ic ro b ia l 
symbionts form ing m utualistic associations with a majority 
of terrestrial plants. They facilitate  uptake of nutrients 
(mostly imm obile P) through their extra-radical mycelial 
network and provide o ther benefits to  their host plants. 
These b e n e fits  can  b e  p h y sio lo g ic a l, n u tritio n a l and 
ecological and therefore exploiting and managing AM fungi 
has important consequences for both agricultural and natural 
ecosystems. Now adays, they are increasingly considered 
in agriculture, horticulture, and forestry program s, as well 
as for environm ental reclam ation, to increase crop yield and 
health and to lim it the ap p lica tio n  o f ag ro ch em ica ls  
(Gianinazzi et a!., 2002; Johansson et a i ,  2004). However, 
the obligate biotrophic nature o f AM fungi has com plicated 
the developm ent o f cost-efficient large-scale production 
methods to obtain high-quality AM fungal inoculum. This 
is one of the reasons why their com m ercial exploitation is 
still in its infancy (Ijdo e ta l., 2011 ).

The inoculum  production systems for AM fungi are 
classified into viz.. the classical sand/soil or m ore advanced 
su b stra te-b ased  p ro d u c tio n  sy s tem s and the in v itro  
cultivation systems, which are based either on excised roots 
i.e. root organ cultures (R O C ) or on whole autotrophic plants 
( Ijdo e tal., 2011).

Am Fungal Inoculum Production and Multiplication:

2.1: Inoculum Production

AM fungal inoculum  has been utilized in agriculture, 
horticulture, landscape restoration, and site rem ediation for 
almost two decades (Ham el, 1996). In the early 1990s, 
researchers described multiple ways in which AM species 
nanagem em  w ould  be useful fo r susta inab le  system s, 
deluding agro-system s and restoration (Bethlenfalvay and 

inderman, 1992; Pfieger and Linderm an. 1994). In a long- 
rm study com paring organic and conventional agriculture, 
laeder et ai. (2002) found that AM were stim ulated in 
■ganic treatm ents, w hich  w as corre la ted  to enhanced 
> stem health (faunal diversity, soil stability, and microbial 
-ttvity) and to increased crop efficiency.

2.2: Sources of AM inoculum

AM  fungi are obligate sym bionts, grow ing only in 
association with a host plant. Current production systems 
therefore rely on soil-based systems (plots or pots), which 
are not sterile and are often contam inated with other AM  
sp e c ie s , an d  o th e r  m ic ro b e s , in c lu d in g  p a th o g e n s  
(Gianninazzi and Bosatka, 2004). Non-soil based approaches 
include in vitro systems involving the use o f Ri T-DNA 
transform ed plant root organs (genetically m odified with 
A grobacterium  rhiz.ogens) to grow on m edia under sterile 
conditions. These are m uch cleaner, but have a lim ited 
production capacity (Declerk et a i ,  2005).

2.2.1: Soil based systems or pot cultures

Soil from  the root zone o f a plant hosting AM  can be 
used as inoculum . Such inoculum  is com posed of dried root 
frag m en ts  o r co lo n iz ed  ro o t f rag m en ts , A M  sp o re s, 
sporocarps. and fragm ents o f hyphae. Soil m ay not be a 
reliable inoculum unless one has some idea of the abundance, 
diversity, and activity o f the indigenous AM  species. Spores 
can be extracted from the soil and used as in-oculum  but 
such spores tend to have very low viability or may be dead 
or parasitized. In such a case, soil sample can be taken to 
set up a 'trap culture' using a suitable host plant to boost 
the num ber of viable spore propagules for isolation, further 
m ultiplication and also to produce pure or m onospecific 
cultures.

Pure cultures or monospecific cultures are obtained 
after a known isolate o f AM and a suitable host are grown 
together in a  m e-dium  (sterilized soil/sand) optim ized for 
developm ent o f AM association and spore for-m ation. It 
consists o f spores, co lonized  root fragm ents, and AM 
hyphae.

2.2.2: Host plant species

The plant grown to host AM  fungi in the inocu-lum  
production medium  should be carefully selected. It should 
grow fast, be adapted to  the prevailing grow-ing conditions, 
be readily colonized by AM . and pro-duce a large quantity 
o f roots within a relatively short tim e (45-60  days). It should 
be resistant to any pests and diseases comm on in the inocula 
production environm ent.
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Gilmore (1968) recommended strawberry (Fragaria sp.) 
for open pot culture propagation of AM fungi. The range of 
plant species used since then are too numerous to list. Some 
comm on temperate host plants included Zea mays (com). 
A llium  cepa  (onion), and A rachis hypogaea  (peanut). 
W idely-used tropical hosts included Stylosanthes spp., 
P a sp a lu m  n o ta tu m  (b a h ia  g ra ss) and P u eraria  
pha seo lo id es  (kudzu) (h ttp ://invam .w vu.edu/m ethods/ 
cultures/host-plant-choices ).

The host plant should also be fertilized by periodic 
additions o f a nutrient solution such as Hoagland's solution 
(especially -P) so as to manage the chemical composition ot 
the medium and to regulate the formation of AM association. 
To ensure that most o f the spores in the inoculum are mature, 
it is essential to grow the host plant for 12-14 weeks. The 
m edium  is then allowed to dry slowly by reducing the 
frequency of watering over a week and then withdraw-ing 
w 'ater com plete ly . The inoculum  can then be further 
multiplied.

2.2.3: Advantages and disadvantages

Soil-based systems for cultivation of AM fungi (pots, 
bags, or beds) are the most widely adopted technique for 
A M  fungal inoculum production. Soil-based production 
systems are the least artificial and support the production 
of a large set o f AM fungal species (single or monospecific 
cultures). In general, they are considered as a convenient 
system  for large-sealc production that is able to reach 
inoculum  densities set for m ass production o f 80-100  
propagules per cubic centimeter (Feldmann and Grotkass, 
2002). In so il-based  production  system s, the nutrient 
supplies to the AM fungus and plant can be monitored and 
regulated (Lee and George, 2005 ). More controlled culture 
conditions are an advantage as this can lead to insights on 
factors to optimize propagule production (Ijdo era!., 2011 ).

A disadvantage of soil-based cultivations systems is 
that, in most cases, they cannot guarantee the absence of 
unwanted contaminants. Besides, these systems are often 
space consuming. The AM fungal propagules are isolated 
through wet sieving and decanting technique, which can 
be followed by sucrose density centrifugation. In addition 
to soil or sand as a substrate, technical adaptations such as 
the addition of glass beads, river sand, or vermiculite have 
been developed facilitating harvest o f relatively clean AM 
fungal spores and colonized roots that can be chopped into 
pieces. The presence of a substrate, however, provides an 
inoculum  w hich is not directly suitable for mechanical 
application, as is the case for soil-free production methods 
(Mohammad et a!.. 2004).

2.3.1: In vitro systems or root organ cultures

Ri-plasmid transformed root cultures were pioneered 
by M u g n ie r and  M o sse  (1 9 8 7 ). A n a tu ra l g en etic  
transformation of plants by the ubiquitous soil bacterium 
A grobacterium  rhizogenes C onn. (R iker et al., 1930) 
produces a condition known as hairy roots. This stable 
tran s fo rm a tio n  (T epfer, 1989) p ro d u c e s  Ri T -D N A  
transform ed plant tissues that are m o rp h o g en e tica lly  
programmed to develop as roots. Their m odified hormonal 
balance makes them particularly vigorous and allows profuse 
growth on artificial m edia (Tepfer 1989). D aucus carota L. 
(carrot) and Convolvulus sepiuru L. (bindweed) were among 
the earliest species to be transform ed using A. rhizogenes 
Conn. (Tepfer andTem pé. 1981). For in vitro culture o f AM 
fungi using Ri T-DNA roots, the disinfected AM fungal 
propagules (spores and colonized root fragm ents) are plated 
on to Modified Struilu Romand (MSR) media for germination 
after which the germinated propagules are associated with 
ac tiv e ly  g ro w in g  Ri T -D N A  tra n s fo rm e d  ro o ts  fo r 
establishment o f AM symbiosis (Bécard and Fortin, 1988).

2.3.2: Advantages and disadvantages

The most obvious advantage o f  in vitro cultivation 
system s is the absence of undesirable contam inants or 
microorganisms, which makes them more suitable for large- 
scale production of high-quality AM fungal inoculum. While 
cross-contam inations by other AM fungi are evidently  
excluded (if the starter inoculum  is m onospecific), the 
con tam ination  by o ther m icroorgan ism s (endophytes. 
bacteria) m ay occur e ither at the estab lishm en t o f  the 
cultivation process or at later stages o f culture. Therefore, it 
may be useful to control the cultures visually, by standard 
plate-counting techniques and by m olecular techniques. The 
cultures may be placed in a growth chamber requiring minimal 
space for incubation with no light required. The possibility 
to follow sporulation dynam ics during cultivation  also 
provides a means to control the level o f spore production 
and to determine the optimal harvesting time. Factors that 
influence optimal production (e.g., nutrient availability, 
presence of contaminants) can be more easily detected and 
controlled in (liquid) in vitro cultures. As a disadvantage, 
the diversity (in terms o f genera) o f AM fungi that have 
been grown in vitro is low er than under pot cultivation 
systems. A nother disadvantage of in vitro production is 
the costs associated with the production systems, requiring 
skilled technicians and laboratory equipm ents such as sterile 
work flows, controlled incubators for ROC, and growth 
chambers for plant systems. Other advantages o f the ROC 
systems are the low requirements in the follow-up of the 
cultures. Once successfully initiated, the cultures may be 
maintained for periods exceeding 6 to 12 m onths without 
intervention (Ijdo eta!., 2011 ). For harvesting o f the in vitro 
produced AM fungal propagules, solubilization of the culture
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nedium is earned  out using citrate buffer. The application 
;f sterile produced inoculum  can be of great value for in 
■itro propagation of high-value crops and ornamental plants 
Kapoor et a i ,  2008). In addition, in vitro propagation in 
ssociation with AM  fungi could reduce m ortality rates and 
he transplantation shock of reintroduced endangered plant 
pecies. It could also be used to enhance the production of 
econdary m etabolites used in the pharmaceutical industry 
Kapoor et a i ,  2008). Although in vitro cultivation m ethods 

are currently still costly, it seems likely that the criteria for 
quality control o f  AM  fungal inoculum  will result in the 
u tiliz a tio n  o f  te c h n iq u e s  th a t  a re  a b le  to  red u ce  
contamination risks. Cultivation by in vitro  m ethods may 
then become an important method to m eet future quality 
standards for commercial mass production (Ijdo et al.. 2 0 1 1 ).

Conclusion

Large-scale production o f  AM fungal bio-inoculum  is 
not possible in the absence of a suitable host due to their 
obligate biotrophic nature, and it is not possible to  identify 
AM species in their active live stages (growing mycelium). 
As a consequence, quality control is often a problem, and 
tracing the organism s into the field to strictly relate positive 
effects to the inoculated AM fungus is nearly impossible. 
In addition, no clear criteria have been set for the quality 
control o f com m erc ia l inoculum , but m ost likely, the 
legisla tion  dea lin g  w ith  the ap p lica tio n  o f benefic ia l 
microorganisms will become more drastic in the coming 
decades ( Ijdo et a l., 2011). The production of AM fungi on 
plants under in vitro conditions has been recently proposed 
(Voets et a i .  2005) and extended to hydroponic systems 
( Declerck et a i .  2009, W O/2009/090220). Following the pre
inoculation of a suitable autotrophic host plant in the system 
of Voets et a i  {2009). a culture is transferred in a hydroponic 
cu ltiv atio n  sy s tem  fav o rin g  the p ro d u c tio n  o f  large  
quantities o f propagules. O ther in vitro m ethods might come 
up. which could involve spore production on callus or 
spo ru la tion  in s te rile  a lg in a te  beads o r fu lly  c lo sed  
hydroponic plant cultivation suitable for the production of 
AM fungi ( up-scaling the system  o f Dupré de Boulois et a i  
2006). However, other relatively clean m ethods (e.g.. in 
aeroponics) also have a strong developm ental potential and 
could be further developed in the future. Bierm ann and 
Underm an (1983) already discussed that techniques such 
as sonication and gradient flotation as well as enzym atic 
methods could be developed to separate intra-radical spores 
and vesicles from roots. With an AM  fungus as the only 
sndophyte. such intra-radical propagules can serve as a 
high-quality inoculum.

The search for and the utilization of beneficial microbes 
lor sustainable agro-ecosystems has created a potential for 
the exploitation o f AM fungi and as such there is a necessity

to a c c e le ra te  th e ir  in co rp o ra tio n  as b io fe r ti liz e rs  in 
agricultura l p roduction  system s. T herefore, continuous 
d evelopm ent o f  h igh -quality  and low -cost AM fungal 
inoculum  production methods is expected, which could lead 
to establishm ent o f more advanced m ethods for large-scale 
production o f AM  bio-inoculum.
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