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Abstract – The effect of the combined inoculation of the arbuscular mycorrhizal fungus Glomus manihotis and a rhizobacteria consortium of
Bacillus spp. on micropropagated banana plantlets, during the acclimatization phase under routine nursery conditions was investigated.
Micropropagated banana plantlets from the ‘Grande Naine’ cultivar were inoculated with G. manihotis at the beginning of the nursery phase.
Twenty days after fungal inoculation, a Bacillus consortium containing approximately 108 CFU (colonies former units) mL–1 was applied.
Plants were harvested 4 ½ months after bacterial inoculation. Combined application of mycorrhizal fungus and rhizobacteria significantly
increased plant growth and nutrition. Combined inoculated plants showed growth parameters, i.e. total fresh weight, aerial dry weight, shoot
length and leaf area, significantly higher than non-treated control bananas. Leaf mineral content, i.e. N, P and K, was also significantly increased
following combined application of both microorganisms. No adverse effect on mycorrhizal colonization due to Bacillus spp. inoculation could
be detected. Our results demonstrate that the combined application of arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria
highly benefits banana plants and therefore could be considered during the acclimatization stage of micropropagated banana.
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1. INTRODUCTION

Micropropagation is nowadays a successful technique used
to establish mass-production of plants for commercial and
research purposes (Nowak, 1998). Among the plants currently
propagated in vitro, bananas are increasingly replacing conven-
tional planting material for the establishment of new or replace-
ment of existing plantations. The reasons for using such mate-
rial may be summarized by the rapid multiplication and
production of high quality, disease-free, uniform plants. Nev-
ertheless, micropropagated plants present some inconven-
iences such as more probability of somaclonal variations
(reviewed by Damasco et al., 1998), poor physiology (George,
1996) and the lack of soil microbiota. It is well accepted that
for most micropropagated crops, acclimatization, i.e. the wean-
ing phase, is the most critical period in the micropropagation
process (Vestberg et al., 2002). Symbiotic organisms such as
arbuscular mycorrhizal fungi (AMF) and plant growth-promot-
ing rhizobacteria (PGPR) are known to play a fundamental role
in sustainable agroecosystems, improving plant performance
under environmental stress conditions (Smith and Read, 1997;
Nowak, 1998) and may facilitate plant adaptation to the nursery
(reviewed by Rai, 2001).

Arbuscular mycorrhiza fungi (AMF) are obligate symbionts
that colonize the roots of most cultivated plant species. Myc-
orrhizal symbiosis are found in nearly all types of ecological

situations and most plant species are able to form this symbiosis
naturally (Smith and Read, 1997). This association, which nor-
mally occurs naturally when plantlets are transplanted into the
field, favors plant establishment, enhancement of nutrient
uptake and protection against cultural and environmental
stresses (Barea et al., 1997). 

Plant growth-promoting rhizobacteria (PGPR) are able to
colonize the root surface, survive and multiply in microhabitats
associated with the root surface and promote plant growth
(Kloepper, 1996). Their positive effects on plant development
or establishment of seedlings have been described for different
herbaceous and woody crop species (Polonenko et al., 1987;
Caesar and Burr, 1987). Other important contributions such as
protection against soilborne plant pathogens or nutrient cycling
have been attributed to plant growth-promoting rhizobacteria
(reviewed by Barea et al., 2002). Authors have frequently
described some strains belonging to Bacillus, Pseudomonas,
Azospirillum, Azotobacter, Enterobacter and Serratia (Kloepper,
1992) as plant growth-promoting rhizobacteria.

Arbuscular mycorrhizal fungi and plant growth-promoting
rhizobacteria have been shown to interact during their proc-
esses of root colonization. Soil microorganisms, particularly
plant growth-promoting rhizobacteria, can influence arbuscu-
lar mycorrhizal formation and function and consequently, myc-
orrhizas can affect plant growth-promoting rhizobacteria pop-
ulations in the rhizosphere (reviewed by Barea et al., 2002).
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Relationships between both types of microbes are under high
specificity rules (Azcón, 1989; Kloepper, 1996).

Work on the application of either arbuscular mycorrhizal
fungi or plant growth-promoting rhizobacteria on microprop-
agated banana has demonstrated benefits in terms of plant
development and nutrient uptake (Jaizme-Vega et al., 2003;
Jaizme-Vega et al., 2004). Despite these results, no references
report the combined use of both types of microorganisms on
banana. According to previous results with other crops (Dhillion,
1992; Singh and Kapoor, 1998), this microbial interaction
could be beneficial to bananas with the objective of developing
sustainable banana agrosystems. The aim of the present study
was to determine whether the combined inoculation of the fun-
gus Glomus manihotis and a Bacillus spp. consortium based on
three strains, previously described as plant growth-promoting
rhizobacteria in other crops, was able to increase development
and nutrient uptake of micropropagated banana plantlets during
the nursery phase. 

2. MATERIALS AND METHODS

2.1. Biological material

Micropropagated banana Musa acuminata Colla AAA, cv.
‘Grande Naine’ was provided by CULTESA (Cultivos
Vegetales in vitro de Tenerife S.A.). Plantlets, measuring
approximately 8±1 cm height with 3 fully developed leaves,
were received in nutrient agar (Murashige and Skoog, 1962)
and subsequently transplanted to 24-L seed trays (20 plantlets/
tray), filled with a water steam-sterilized substrate mixture
(1:1:1=soil:volcanic ash:peat TKS1-Instant Sphagnum-Torf
Klasmann Deilmann GmbH, Germany).

A Glomus manihotis strain (a collection isolate from
Colombia) was cultured on tomato (Lycopersicon esculentum
Mill.) plants. AMF inoculum consisted of rhizospheric soil
containing pieces of mycorrhizal roots (74% root colonization),
hyphae and spores. 2 Kg/seed tray of inoculum were applied. 

A Bacillus consortium containing strains INR7, T4 and IN
937b isolated and identified by Dr. Kloepper (Alabama, USA)
and kept in TSB (Tryptone Soy Broth) with 20% glycerol was
maintained  at the Institut de Recerca i Tecnologia Agroali-
mentàries, IRTA (Spain). The bacterial inoculum was prepared
after culturing the strains on Petri dishes with TSA (Tryptone
Soy Agar), for two weeks. For each culture session, plates were
incubated for 48 h at 25 °C. The bacterial inoculum consisted
of a sterilized NaCl (0.85%) suspension containing approxi-
mately an equal amount of the three Bacillus strains. The inoc-
ulum concentration was approximately 108 CFU (colonies
former units) mL–1 and was determined by using a viable versus
absorbance at 600 nm curve for each Bacillus strain. 

2.2. Inoculation process and experimental design

AMF was applied in the seed trays at the beginning of the
experiment when plants were transferred from the in vitro
flasks. Bacterial inoculation was carried out twice during the
trial. A first dose (5 mL/plant) was applied 20 days after trans-
planting the in vitro plants to seed trays (i.e. 20 days after AMF

inoculation).  A second dose (20 mL/plant) took place 10 days
after transplanting to individual pots. 

The nursery phase lasted for 60 days (40 after the first dose
of bacterial suspension) in which the plantlets were under an
acclimatization tunnel with an ambient temperature of  25 °C
and a relative humidity of 90%. Plantlets were irrigated with
distilled water, 50–75 mL according to water requirements.
Then, plants were transplanted to individual 4-L pots filled with
a water steam-sterilized substrate mixture (1:1:1=soil:volcanic
ash: peat TKS1-Instant Sphagnum-Torf Klasmann Deilmann
GmbH, Germany). The substrate surface was then covered by
a volcanic ash layer in order to keep the substrate humid. As
was mentioned before, the second bacterial application (20 mL/
plant) was carried out 10 days after transplanting bananas to
individual pots. 

An experiment with 4 treatments lasting 135 days (after bac-
terial inoculation) was established: control, G. manihotis,
Bacillus spp, and G. manihotis + Bacillus spp. Eight replicates
were considered per treatment (32 plants) and plants were dis-
posed in the greenhouse in a completely randomized design. 

During this period, plants were grown under greenhouse
conditions with an ambient temperature of  27–32 °C and a rel-
ative humidity of 70–80% and were irrigated with distilled
water according to water requirements. Plants were fertilized
according to the commercial standard fertilizer programmes.
Once a month, plants were fertilized with Wuxal-Ca® (Argos
Shering, Agrevo, S.A., Valencia) by using a dose of product of
3% (foliar application).

2.3. Assessment of variables

At harvest (135 days after bacterial inoculation), physical
and nutritional parameters were assessed. The following phys-
ical parameters were measured: total fresh weight (g) (aerial
and root), aerial dry weight (g), shoot length (cm) and leaf area
(cm2). Leaf area was determined by using the surface measurer
Li-COR, Inc., Lincoln, Nebraska, USA. Mod. Li-3100. 

Macroelements, i.e. nitrogen, phosphorus and potassium,
were determined on the shoots. The pseudostem and leaves of
the banana plants were thoroughly washed in mild detergent,
rinsed three times in distilled water, avoiding senescent or
necrotic tissue, and prepared for foliar analysis. Samples were
then dehydrated in a temperature-controlled fan-ventilated
oven at 60 °C for 24 hours, ground in a ball mill and digested
in wet acid (Jones et al.,1991), using nitric and perchloric acid.
Analysis for all elements except nitrogen was carried out with
a F586-587 Varian Liberty 220 inductively coupled plasma
(ICP) emission spectrometer. Two readings were made per
sample. Nitrogen content was determined according to the
Kjeldahl procedure (Rund, 1984). 

To assess mycorrhizal infection, a small root sample (5% in
fresh weight) of the whole root system was used to estimate the
percentage of AM root infection. Samples were stained with
0.05% trypan blue in lactic acid (Phillips and Hayman, 1970)
modified by the procedure described by Koske and Gemma
(1989). The percentage of root colonization was determined on
twenty 1-cm sections of stained root, mounted on slides and
examined with a light microscope as described by Brundett
et al. (1985).
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2.4. Statistical analysis

All data were analyzed by ANOVA. Means were compared
by Tukey’s multiple range test (P ≤ 0.050). The analysis was
performed by using Systat® 7.0.1. (SPSS. Inc© 1997).

3. RESULTS AND DISCUSSION

3.1. Plant development

Single application of either of the two microbes, or the com-
bined inoculation of both of them, induced benefits in terms of
banana development and nutrient uptake. However, plants
treated with both microorganisms showed the highest signifi-
cant increases. Dual inoculation of Glomus manihotis and
Bacillus spp. significantly increased banana growth parame-
ters. Values registered for all growth parameters were signifi-
cantly higher for G. manihotis + Bacillus treatment as com-
pared with the controls but did not differ from Bacillus spp.
single treatment (Tab. I). Bacillus spp. inoculation resulted in
a significant total fresh weight increase while no significant
benefits were observed with the G. manihotis treatment,
although all the growth parameters were higher than the con-
trols. Total fresh weight in dual inoculated plants was almost
double (1.7 times higher), compared with the controls. Aerial
dry weight was also significantly increased by 1.5 times com-
pared with the control treatment. Concerning shoot length and
leaf area, plants inoculated with the arbuscular mycorrhizal
fungus and Bacillus spp. showed significant increases
(1.4 times higher), as compared with the controls.

3.2. Nutrition

Leaf mineral content was significantly increased by the com-
bined application of the arbuscular mycorrhizal fungus and
plant growth-promoting rhizobacteria (Fig. 1).  Studying care-
fully each macroelement, it can be observed that N rates were
70% higher after combined inoculation compared with the con-
trols. P and K levels were also significantly increased although
differences were lower (64% and 47% higher than the controls,
respectively). Concerning microbial single treatments, either
arbuscular mycorrhizal fungus or Bacillus were able in general

to increase mineral uptake. Data registered in the Bacillus treat-
ment showed significant increases compared with the controls
in P and K. In both parameters, these results did not differ from
the Glomus-Bacillus treatment. On the other hand, increases
detected in mycorrhizal plants were moderate (N and P). In any
case, mycorrhizal bananas did not differ from the controls. 

3.3. Mycorrhizal colonization

Mycorrhizal colonization levels between 40 and 50% were
detected at the end of the experiment (Fig. 2). Although bananas
treated with bacteria showed a lower mycorrhizal colonization
percentage, no significant differences could be observed
between the two mycorrhizal treatments. 

The interaction between Glomus manihotis and Bacillus
spp. improved plant growth and mineral uptake of microprop-
agated banana plantlets. Benefits due to single inoculation of
either arbuscular mycorrhizal fungi or plant growth-promoting
rhizobacteria during the nursery phase have already been

Table I. Effect of the combined inoculation of G. manihotis and
Bacillus spp. on micropropagated banana plantlets’ development
135 days after bacterial inoculation.

Treatment
Total fresh 

weight
(g)

Aerial dry 
weight 

(g)

Shoot 
length (cm)

Leaf area 
(cm2)

Control 120.19 c* 7.81 b 50.4 b 975.43 b

Bacillus spp. 172.10 ab 11.19 ab 54.2 ab 1174.54 ab

G. manihotis 140.54 bc 8.67 ab 51.4 b 1041.07 b

G. manihotis + 
Bacillus spp.

206.75 a 12.82 a 71.8 a 1365.16 a

Means of 8 replicates. * Within the same column, data followed by the
same letter are statistically identical according to Tukey’s Test  (P ≤
0.050).

Figure 1. Effect of the combined inoculation of G. manihotis and
Bacillus spp. on micropropagated banana plantlets’ nutrition 135 days
after bacterial inoculation.

Figure 2. Mycorrhizal colonization root percentage at the end of the
trial, 135 days after bacterial inoculation
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reported for this banana cultivar (Declerck et al., 2002; Jaizme-
Vega et al., 2003, 2004). In these experiments, significant
increases in plant development and mineral nutrition were
detected after inoculation with any of these microorganisms. In
the present work, although data from the arbuscular mycor-
rhizal fungus single treatment showed a marked improvement
versus the controls, no statistical differences were observed.
This is in contrast with the previous studies mentioned above,
where the Glomus strain used and type of inoculum were dif-
ferent (Declerck et al., 2002; Jaizme-Vega et al., 2003). How-
ever, Declerck et al. (1995), working with several banana cul-
tivars and arbuscular mycorrhizal fungi,  observed different
growth promotional effects depending on the banana cultivar
and the Glomus strain. These authors detected a low promo-
tional effect on ‘Grande Naine’ bananas inoculated  with
G. mosseae. On the other hand, Bacillus single inoculation sig-
nificantly increased the total fresh weight and K content in
shoots, which is in agreement with Jaizme-Vega et al. (2004).

Focusing on the combined effect of arbuscular mycorrhizal
fungi and Bacillus spp., a significant increase was observed in
all the growth parameters as compared with the controls (i.e.
total fresh weight, aerial dry weight, shoot length and leaf area).
Identically, leaf mineral content, i.e. N, P and K, was also sig-
nificantly higher as compared with the controls. Due to the
absence of data available about this microbial interaction on
banana, we compared our results with those obtained with other
crops. Some authors have reported the synergistic beneficial
effect in plant development promoted by the fungi-rhizobacte-
ria association (Dhillion, 1992; Singh and Kapoor, 1998). Dual
inoculation with both soil microorganisms also induced higher
biomass and yield (Dhillion, 1992; Singh and Kapoor, 1998),
and even higher nutrient uptake (Singh and Kapoor, 1998).
However, diversity in the response depending on the microbial
combination has also been described (Ravnskov and Jakobsen,
1999). This diversity in response can be explained according
to the high specificity involved in the rhizosphere microbial
interactions (Azcón, 1989; Kloepper, 1996).

In this experiment, no negative effect of plant growth-pro-
moting rhizobacteria on the mycorrhizal symbiosis establish-
ment was detected, since the colonization percentage in roots
was statistically identical both with Bacillus spp. and without
them. No adverse effect of plant growth-promoting rhizobac-
teria on mycorrhizal symbiosis has been previously reported
(Attia, 1999). Also, under some conditions, plant growth-pro-
moting rhizobacteria are able to promote fungal spore germi-
nation and germinative tube elongation (Andreucci et al., 1999)
or even enhance mycorrhizal hyphae density (Ravnskov and
Jakobsen, 1999). Nevertheless, the opposite situation has also
been described (Germida and Walley, 1997). The reasons for
this phenomenon must be observed again under the high spe-
cificity of microbial interactions (Azcón, 1989; Kloepper,
1996). 

4. CONCLUSION

In conclusion, our results confirm the suitability of the com-
bined application of arbuscular mycorrhizal fungi and plant
growth-promoting rhizobacteria to improve banana growth and
nutrition during the nursery phase. The suitable management

of these symbionts represents a feasible strategy for the micro-
propagation process in the banana-producing regions: micro-
propagated plants would be carried to the field with an estab-
lished microbial rhizosphere which would contribute to an
easier adaptation to field conditions. However, due to the high
specificity in terms of functional compatibility involved in
these types of interactions, a previous screening to select the
best microbe-host plant combination should be done in order
to optimize the results. The absence of references about this
microbial interaction in banana allows us to propose for the first
time this method for the improvement of sustainability of
banana cropping systems.
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