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ABSTRACT 
 
Banana, an important fruit crop, requires high amounts of chemical fertilizers for commercial cultivation, which is costly and 
can be hazardous to the environment, when used excessively. Plant growth promoting rhizobacteria (PGPR) could be used for 
growth promotion, nutrient uptake and some time as an alternative source of N-fertilizer of non-leguminous crops. Recently, 
research on PGPR for crop improvements are gaining prominence and thousands of research works have been published so 
far. However, use of this noble technique in banana production system is limited. Nevertheless, reports from various 
experimental findings suggested that PGPR strains could successfully formed colonies on the root surface of bananas, where 
more bacterial cells were found in the root hair proliferation zone. Application of PGPR alone could not produce significant 
benefits that require minimal or reduced levels of fertilizer-N consequently could produce a synergistic effect on root growth 
and development. The inoculation also increased the N yield and fixed N2 in association with banana roots subsequently 
increased the yield, improved the physical attributes of fruit quality and initiated early flowering. The summarized review 
suggested that PGPR are effective as a bioenhancer and biofertilizer for banana cultivation. For consistent and precise results 
extensive field experiments of bananas inoculated with PGPR strains should be continued. © 2010 Friends Science Publishers 
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INTRODUCTION 
 

Banana is always referred to as a gross feeder and 
requires large amounts of nitrogen and potassium followed 
by phosphorus, calcium and magnesium to maintain high 
yields (Robinson, 1996; Abdullah et al., 1999). The 
physiological limitation in N-storage capacity is also a 
constraint for commercial cultivation of this crop, the 
deficiency symptoms quickly develop and extra N must be 
frequently applied even on fertile soil (Robinson, 1996). To 
fulfill the plant demand for nutritional attributes it is 
essential to apply those elements in the soil, which mostly 
comes from inorganic chemical sources. The increased use 
of chemical fertilizer is undesirable, however because (1) its 
production is an energetically costly process and most of the 
energy is provided by the consumption of non-renewable 
fossil fuels and (2) considerable pollution is caused through 
both the production and use of mineral N-fertilizers and this 
is exacerbated by the relatively low efficiency of their 
uptake by the plants due to nonextensive root system (Ladha 
& Reddy, 1995; Ladha et al., 1997). 

Banana roots are adventitious and proliferate 
horizontally in the topsoil and they can not acquire nutrients 

and water from the deeper soil profile like other fruit crops. 
This undeveloped root system limits the large-scale 
production of bananas under adverse tropical soil 
conditions, where the root systems are crucial for plant 
support, nutrient and water acquisition and production of 
plant growth regulators by rhizobacteria (de Langhe et al., 
1983; Stover & Simmonds, 1987; Kapulnik, 1991; Price, 
1995). 

Biofertilizers, microbial inoculants that can promote 
plant growth and productivity is internationally accepted as 
an alternative source of N-fertilizer. It is environmental 
friendly and can be used to ensure a sustainable banana 
production. In this biofertilizer technology new systems are 
being developed to increase the biological N2 fixation 
(BNF) with cereals and other non-legumes by establishing 
N2-fixing bacteria within the roots (Cocking, 2000). 
Nitrogen fixation and plant growth promotion by plant 
growth promoting bacteria are important criteria for an 
effective biofertilizer. Inoculation of associative and free-
living N2-fixing bacteria have been shown to produce 
beneficial effects on plant growth, thus they are termed plant 
growth promoting rhizobacteria (PGPR) (Kloepper et al., 
1980; Bashan & Holguin, 1998). Significant increases in 
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crop yields following application of PGPR have been 
documented under diverse field conditions (Bashan, 1998). 
They have been widely reported to fix atmospheric nitrogen 
with grasses and cereals (Dobereiner, 1997) and enhance 
nutrient uptake (Lin et al., 1983; Murty & Ladha, 1988; 
Sarig et al., 1988; Kapulnik, 1991; Bashan & Holguin, 
1997). Responses of PGPR to different fruit crops are not 
quite similar to those found in gramineous crops. 

Recently, PGPR strain UPMB 10 (Bacillus 
sphaericus), isolated from oil palm, observed to produce 
beneficial effects on plantation crops namely oil palm 
(Amir, 2001), coconut and banana (Shamsuddin et al., 
2000; Mia et al., 2005, 2007 & 2009). 

In the past 40 years, greenhouse and field inoculation 
studies with PGPR have shown that these rhizobacteria are 
able to promote yield of agriculturally important crops 
grown under different soil and climatic conditions (Okon & 
Labandera-Gonzales, 1994). However, information gathered 
on the inoculation of PGPR on bananas biofertilizer and 
bioenhancer activities have been summarized here and 
explored the possibilities for commercial cultivation. 
Enhanced root growth by PGPR inoculation: The 
interest in soil microorganisms has rapidly increased, 
because of a greater realization of their importance in the 
maintenance of soil fertility. Some of the associative and 
free-living rhizosphere bacteria exert beneficial effects and 
enhance growth of many crop plants; hence they are called 
plant growth promoting rhizobacteria (PGPR) (Kloepper et 
al., 1980; Bashan & Holguin, 1998). Plant growth may be 
stimulated by bacterially produced phytohormones (Tien et 
al., 1979; Okon & Labandra-Gonzalez, 1994; Yanni et al., 
2001), vitamin-related products (Phillips et al., 1999) or 
pathogen suppression activities (Haque & Gaffer, 1993; 
Bashan & de Bashan, 2002). The most likely candidate for 
PGPR is Acetobacter diazotrophicus, Herbaspirillum spp. 
for sugar cane (Boddy et al., 1995; Dobereiner, 1995; 
Baldani, et al., 1997), Azoarcus spp. in kallar grass 
(Reinhold & Hurek, 1998) and species of Acinetobacter, 
Agrobacterium, Arthrobacter, Alcaligenes, Azospirillum, 
Bacillus, Enterobacter, Herbarspirillum, Klebsiella, 
Pseudomonas, Rhizobium, Bradyrhizobium, Burkholderia, 
Cellulomonas, Frankia, Pantoea, Pseudomonas, Serratia, 
Streptomyces and Thiobacillus for different legumes and 
non-legumes (Patriquin et al., 1983; Boddey et al., 1995; 
Triplett, 1996; Malik et al., 1997; Stoltzfus et al., 1997; 
Yanni et al., 1997; James, 1999). Mia (2002) found 
enhanced root formation in bananas, when inoculated with 
PGPR strain Sp 7 and UPMB10 (Plate 1). The plant growth 
promoting effects of PGPR are mainly derived from 
morphological and physiological changes in roots of 
inoculated plant (Okon et al., 1988; Sarig et al., 1988). The 
inoculation process could stimulate the root growth and 
development (Mia et al., 1998), which occurred almost in 
all dimensions namely production of primary and secondary 
roots, longer roots and greater volume and mass (43%). 
Colonization of PGPR on roots of crop plants: Root 

colonization is always considered a major factor in 
successful inoculation of plants by beneficial bacteria 
(Suslow, 1982), which is known to involve four stages. The 
initial stage of root colonization is the movement of 
microbes to the plant root surface. Bacterial movement can 
be passive, via soil water fluxes, or active, via specific 
induction of flagellar activity by plant-released compounds 
(chemotaxis). The second step in colonization is adsorption 
to the root surface. Following adsorption and anchoring, 
specific and/or complex interaction between the bacterium 
and the host plant may ensue, which lead to induction of 
bacterial gene expression (Brimecombe et al., 2001). PGPR 
could colonize the roots externally and to a lesser extent 
internally (Del Gallo & Fendrik, 1994; Mia et al., 1999). 
Bacterial motility could contribute to survival in soil and the 
initial phase of colonization, where attachment and movement 
to the root surface are important (Turnbull et al., 2001). 

The secure attachment of PGPR is essential for a long-
term association with the host plant roots for three reasons: 
(i) if the bacteria are not attached to root epidermal cells, 
substances excreted by the bacteria will diffuse into the 
rhizosphere and are consumed by nutritionally versatile 
microorganisms before reaching the plant, (ii) without a 
secure attachment, water may wash the bacteria away from 
the rhizosphere to perish in the surrounding, nutrient-
deficient soil, (iii) association sites on roots with no attached 
PGPR are vulnerable to other aggressive, and possibly non-
beneficial, colonizers (Bashan & Holguin, 1997). 

PGPR strains showed variable patterns of root 
colonizations namely specific and non-specific the later can 
colonize a wide range of plant species (Bashan & Holguin, 
1997). Azospirillum are known as good colonizers of cereals 
(Baldani et al., 1986; Gafni et al., 1986; Bashan et al., 1986 
& 1987; Murty & Ladha, 1987), vegetables (Hadas & Okon, 
1987; Bashan et al., 1989), oil palm (Amir, 2001) and 
mangrove plants (Puente et al., 1999). However, root 
colonization pattern vary greatly among Azospirillum strains 
(Bashan et al., 1990). A high level of bacterial colonization 
is found in the middle lamellae, an area of longitudinal 
contact between epidermal cells of the roots (Bowen & 
Rovira, 1976). In general, root caps of many plants are not 
colonized by bacteria (Foster & Bowen, 1982). 

Bashan and Levanony (1990) reported that the 
preferred sites for colonization in most plant species studied 
are the elongation and root hair zones, where the bacteria 
form an aggregate type of colonization supported by 
massive fibrilar material. The colonization sites in some 
grasses correspond to the areas, where root mucigel is 
present. The area around the point of emergence of lateral 
roots usually shows high colonization (Bilal et al., 1993). 
Different strains of PGPR show different patterns of 
colonization. Assmus et al. (1995) suggested that A. 
brasilense Sp7 was restricted to the root hair zone, while A. 
brasilense Sp-245 was found repeatedly at high density in 
the interior of root hair cells. A. halopraeferens was a better 
root surface colonizer than A brasilense, which colonized 
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the entire root of black mangrove seedlings (Puente et al., 
1999). Bashan et al. (1993) reported that there are at least 
two different types of anchoring in Azospirilla: a weak 
attachment to a non-biological surface and a stronger 
attachment to roots. The polar flagellum of A. brasilense, 
which is primarily used for swimming, is involved in the 
attachment process of the bacteria to roots. Inoculation of 
Azospirillum sp. strain Sp7 and Bacillus sp. Electron 
micrographs from the root colonization study in banana 
tissue cultured plantlets, conducted by Mia (2002), clearly 
demonstrated that PGPR stains A. brasilense (Sp7) and 
Bacillus sphaericus (UPMB10) strains could successfully 
form colonies on the banana roots (Plate 2). Bacterial 
colonization by Sp7 and UPMB10 occurred mainly on the 
root surface and more cells were found in the root hair 
proliferation zone, while the root hair per se is devoid of 
bacteria. Strain Sp7 preferentially colonized the root hair 
proliferation zone with a few cells found on the root 
elongation and root cap zone. Occurrence of more cells of 
Sp7 in the root hair zone was due to the presence of fibrillar 
matrix, which aided in the attachment of bacterial cells on 
the root surface. But strain UPMB 10 was capable of 
efficiently colonizing all the three root sections (cap, 
elongation & hair proliferation zone). The presence of more 
UPMB10 cells throughout the whole roots indicated that 
this strain was able to utilize exudates produced by the three 
zones. Similar findings of root colonization pattern have 
been shown by several investigators (Assmus et al., 1995; 
Bashan & Holguin, 1997), who concluded that colonization 
of PGPR corresponded to the areas, where root mucigel was 
present. A. brasilense strain Sp7 preferred to colonize the 
root hair zone of wheat seedlings (Levanony et al., 1989). 
Saubidet and Barneix (1998) have shown that inoculation 
with different strains of A. brasilense to young wheat plants 
produced successful colonization of both the rhizoplane and 
endorhizosphere and stimulated the root and shoot growth. 

Recently, endophytic N2-fixing bacteria have been 
introduced. These diazotrophs colonize roots, stems and 
leaves of cereals endophytically, where they probably suffer 
less competition from other microorganisms for carbon 
substrates than rhizosphere bacteria and possibly excrete 
part of their fixed N2 directly into the plants (Baldani et al., 
2000). Lower and higher plants have endophytes that can be 
found intercellularly, Cyanobacterium flavescens and 
Bacillus pumilus could colonize intercellularly in rice 
seedlings, where they influence the growth and 
development of host plants (Bacilico-Jimenz, 2001). PGPR 
colonizes plant roots externally and internally (Patriquin et 
al., 1983; Okon, 1985). 
Plant growth and development: Bacteria that can increase 
plant growth and productivity have been known for over a 
century (Brown, 1974). Host plants are benefited by 
improved root development and sub-sequent increase in 
rates of water and mineral nutrient uptake (Okon & 
Kapulnik, 1986). Azospirillum inoculation in wheat has 
been shown to result in enhanced cell division in the root 

tips (Levanony & Bashan, 1989), while in maize it 
increased diameter and length of lateral roots (Hartmann et 
al., 1983) and promoted root hair development and 
branching, which caused alteration in arrangement of root 
cortex cells (Kapulnik & Okon, 1983). The PGPR 
inoculation also increased the root hair number, length and 
density. Similar inoculation on wheat caused fork-like 
deformation of root hairs and stimulated the formation of 
adventitious roots (Fallik et al., 1994). 

PGPR exhibits a strain specific effect on root hair 
deformation in wheat similar to the strain-specific effect of 
Rhizobium on root hair deformation for nodule formation in 
legumes (Patriquin et al., 1983). However, inoculation of 
PGPR enhanced the appearance of root hairs and increased 
the root length in tomato seedlings (Hadas & Okon, 1987). 
Lin et al. (1983) and Kapulnik et al. (1985b) found changes 
in the external layers of root cortex in maize and wheat 
seedlings. They also caused asymmetric growth of the root 
tip and stimulated root hair formation (Morgenstern & 
Okon, 1987). Moreover, it has been proposed that PGPR 
affects root branching and development in inoculated pearl 
millet and increases the number of lateral roots and root 
hairs without changing the root dry weight, probably by 
producing phytohormones such as cytokinins, gibberellins 
and auxin (Tien et al., 1979). 

Growth-promoting effects of PGPR inoculation are 
mainly derived from morphological and physiological 
changes and enhancement of water and mineral nutrient 
uptake as observed in inoculated sorghum plant roots (Sarig 
et al., 1988). Murty and Ladha (1988) found that inoculation 
of A. lipoferum to rice roots reduced root length 
significantly and caused significant increases in shoot fresh 
and dry weights, but had no effect on root surface area. 
Azospirillum inoculation increased dry matter by 40% in 
Zea mays and in Triticum aestivum (Bashan, 1998). 
Similarly, nitrite, added directly or excreted by Azospirillum 
in nitrate respiration, causes a sharp increase in the lateral 
root formation in wheat (Bothe et al., 1992). Beneficial 
effects of host plants by PGPR inoculation may be due to 
increased uptake of combined N from the soil (Kapulnik et 
al., 1985b). Such an effect has been observed for NO3

- in 
Azospirillum-inoculated maize root segments (Lin et al., 
1983) in wheat grown under hydroponics system (Kapulnik 
et al., 1985a) and in sorghum grown under field condition 
(Sarig et al., 1984). These results showed that graminaceous 
plants are potentially capable of establishing an association 
with diazotrophic bacteria in which the ammonium-excreting 
bacteria provide the host plants with a source of nitrogen. 

Inoculation of oilseed (Salicornia bigelovii Torr.) with 
PGPR has been reported to increase plant biomass, palmitic 
acid, total N and protein content. The PGPR inoculation 
also increased P content through P solubilization (Bashan et 
al., 2000). 

Inoculation of rhizobacteria viz. Pseudomonas 
fluorescens, Azotobacter cryoococcum and A. brasilense 
alone and in combination with root symbionts, Rhizobium 
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sp. and Glomus mossae improved plant growth and reduced 
gall formation on chick pea (Cicer arietinum) (Siddique & 
Mahmood, 2001). The effect of the combined inoculation of 
the arbuscular mycorrhizal fungus Glomus manihotis and a 
rhizobacteria consortium of Bacillus spp. on micro-
propagated banana plantlets, during the acclimatization 
phase under routine nursery conditions was investigated by 
Rodríguez-Romero (2005). Micropropagated banana 
plantlets from the 'Grande Naine' cultivar were inoculated 
with mycorrhiza and rhizobacteria either alone or combined 
and the results showed that 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. The plant growth promoting effects of 
PGPR are mainly derived from morphological and 
physiological changes in roots of inoculated plant (Okon et 
al., 1988; Sarig et al., 1988). The inoculation process could 
stimulate the root growth and development in bananas as 
reported by Mia (2002). The results showed that increased 
root growth in bananas occurred almost in all dimensions 
namely production of primary (10) and secondary (20) roots, 
longer roots (42%) and greater volume (48%) and mass 
(43%). Inoculation stimulated the reproductive growth as 
shown by early flowering (3 weeks) and increased bunch 
yield (51%) (Fig. 1, Plate 3).The earliness of flowering is 
attributed to early development of plants with efficient 
nutrient and water uptake. The study reflected an additional 
3 weeks saving in the maturation period of bananas. This 
indicated that PGPR stimulated plants for early reproductive 
development through enhanced nutrient uptake. Similar 
results have been also demonstrated by Tiwary et al. (1998), 
who found that inoculation of banana sucker with 
Azospirillum twice (sucker + soil inoculation) resulted in 
maximum plant height and leaf size in plants receiving 50% 
of the recommended dose of nitrogen. However, inoculation 
of Azospirillum had no significant response in reducing the 
time required for shooting from planting. Azospirillum 
inoculated plants produced higher number of hands/bunch, 
compensated 50% of the recommended dose of nitrogen and 
the number of hands/bunch obtained was at par with double 
inoculation. Inoculation with Azospirillum produced 
maximum yield of banana (69.15 t ha-1). A fairly high T.S.S. 
and reduced sugar content were recorded with Azotobacter 
inoculated plants. However, they did not find any consistent 
results on total sugar and acidity content of fruit. 
Nitrogen fixation and utilization: Nitrogen fixation was 
the first mechanism proposed to explain improved plant 
growth following inoculation with PGPR. This was mainly 
because of an increase in number of nitrogenous compound 
and nitrogenase activity in inoculated plants (Bashan & 
Holguin, 1997). Furthermore, research using N-balance, 15N 
isotope dilution and 15N natural abundance studies have 

provided strong evidence that some tropical grasses, 
especially sugar cane (Saccharum spp.), wetland rice (Oryza 
sativa) and kallar grass (Leptochloa fusca) can obtain at 
least part of their N-needs from biological nitrogen (N2) 
fixation (BNF) (James, 2000). PGPR inoculation in bananas 
showed a significant amount of nitrogen fixation (Mia et al., 
2007) and N2-fixing bacteria were isolated from banana 
(Musa spp.) and pineapple [Ananas comosus (L.) Merril]. 
They were characterized by amplified 16S ribosomal DNA 
restriction analysis and 16S rRNA sequence analysis. 
Herbaspirillum seropedicae, H. rubrisubalbicans, 
Burkholderia brasilensis and B. tropicalis were identified. 
Eight other types were placed in close proximity to these 
genera and other alpha and beta Proteobacteria (Cruz, 
2001) and constituted a minor portion of banana endophytic 
bacteria (Martinez et al., 2003). Nitrogen fixation associated 
with roots of grasses has been recognized as an important 
component of the nitrogen cycle in a range of ecosystems 
(Chalk, 1991). James and Olivares (1998) reviewed and 
indicated that endophytic diazotrophs may also fix N2 in 
plant and transfer the fixed-N products to their hosts. PGPR 
can contribute about 31% and 86% of the total N 
requirement through BNF in maize and oil palm seedlings, 
respectively, under in vitro condition (Shamsuddin, 1994 & 
El Kommy et al., 1998). 

The effect of some PGPR strains on plants is not 
solely via N2 fixation rather due to increase in nitrate 
assimilation. Azospirillum stimulate nitrate reduction in 
roots and thus decrease nitrate translocation to the leaves, 
while inoculation with NR- mutant cause direct translocation 
and reduction of nitrate in the plant foliage. It is impossible 
to say with certainty that the observed effects (if any) of 
such inoculation are due to plant-associated N2 fixation and 
not to other factors, such as hormonal effects, enhanced 
scavenging of N from the soil due to bacterial-induced 
increase in root growth and/or bacterial nitrate reductase 
(Michiels et al., 1989; Bashan & Levanony, 1990; Sumner, 
1990). However, by evaluating world-wide data accumulated 

over the past 40 years on greenhouse and field inoculation 
experiments with PGPR it can be concluded that these are 
capable of promoting the yield of agriculturally important 
crops in different soils and climatic regions. The data from 
field experiments indicate 60 to 70% occurrence of success 
with statistically significant yield increase in the order of 5 
to 30% (Okon & Labandera-Gonzales, 1994). However, a 
study on N2 fixation by 15N isotopic dilution technique with 
45 days old banana seedlings conclusively indicated that 
rhizobacterial inoculation with 33% fertilizer-N (50 ppm) 
could fix 8.85 to 9.69 mg N plant-1 (5.0-5.3% Ndfa) (Fig.2). 
This rate of N2 fixation was further increased (10.26-10.85 
mg plant-1; 12.4-12.5% Ndfa) with lesser inorganic-N 
supply, 13% fertilizer-N (20 ppm) due to a synergistic effect 
between the rhizobacteria and fertilizer-N (Mia et al., 2007). 
Nutrient uptake: Enhanced mineral uptake in inoculated 
cereal plant was proposed as a possible mechanism of plant 
growth enhancement by PGPR. The major element involved 
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was suggested to be N in the form of nitrate in wheat, 
sorghum and corn plants (Lin et al., 1983; Kapulnik et al., 
1985 a; Ferreira et al., 1987; Boddey & Dobereiner, 1988; 
Kucey, 1988) or ammonium in rice plants (Murty & Ladha, 
1988). Other elements such as P and K were also suggested 
to play a key role in this plant-bacterium interaction. 
Shamsuddin et al. (2000) found increased amounts of P and 
K uptake in banana plants inoculated with PGPR. Combined 
inoculation of A. brasilense and the phosphate-solubilizing 
bacteria Pseudomonas strica or Bacillus polymyxa on field-
grown sorghum significantly increased grain and dry matter 
yields and N and P uptake as compared with single inoculation 

of individual organisms (Alagawadi & Gaur, 1992). 
Combined application of Azospirillum, Azotobacter and 
inorganic nitrogen fertilizer resulted in taller plants, number 
of leaves and girth, but could not show yield improvement 
and root development in bananas compared to un-inoculated 
control (Wange & Patil, 1994). Inoculation of A. brasilense 
increased the dry weight, plant height, P absorption and 
lipid content in oil seed (Bashan et al., 2000). 

Improved root growth and function were proposed in 
the late 1970s as a possible mechanism by which PGPR 
affects plant growth (Fallik et al., 1994). The presence of 
root hairs has been shown to increase the surface area of a 

root system 5-18 times (Dittmer, 1937); consequently, plant 
scientists have assumed that root hairs aid in ion uptake by 
roots. Bray (1954) has indicated that although the entire soil 
volume of the rooting zone could be involved in supplying 
mobile nitrates, only a limited soil volume at the soil-root 
interface will be involved in supplying relatively immobile 
and highly adsorbed ions such as P. Inoculation of A. 
brasilense on sorghum (Sorghum bicolor), wheat and corn 
has resulted in a significant enhancement of NO3

-, K+, P 
uptake by the host plant. Rai and Hunt (1993) observed the 
occurrence of associative N2-fixation and higher mineral 
nutrient uptake (P, K, Ca, Mg) and growth in maize, when 
inoculated with Azospirillum spp. in both sterilized and non-
sterilized saline calcarious soils. Mixed inoculation of Vicia 
faba L. with four different PGPR strains changed the total 
accumulation, concentration and/or distribution of the 
macro-and micronutrients (Rodelas et al., 1999). 

The increase of nutrients observed in this system 
seemed to be due to a general increase in root area and not 
to a specific uptake rate. A. brasilense may improve the 
efficiency of applied mineral nutrients by helping the plant 
scavenge limiting nutrients, a role similar to that of 
mycorrhiza in the phosphate recovery. The PGPR 
inoculation changes many root and shoot parameters. These 
changes are directly attributed to positive bacterial effects 
on mineral uptake by the plant. Enhancement in uptake of 
NO3

−, NH4
+, HPO4

2-, K+, Rb+ and Fe2+ by Azospirillum (Lin 

Fig. 1. Effect of PGPR strains Sp7 and UPMB10 
inoculation on bunch yield and days to flowering of 
bananas 
 

 
 
Fig. 2. Percentage of N2 fixed by PGPR strains Sp7 and 
UPMB10 in association with banana roots 
 

Plate 1. Roots of banana plantlets 7 days after 
inoculation with PGPR strains Sp7 and UPMB10 
grown under hydroponics condition 
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et al., 1983; Jain & Patriquin, 1984; Kapulnik et al., 1985a; 
Barton et al., 1986; Morgenstern & Okon, 1987; Murty & 
Ladha, 1988; Sarig et al.,1988) was proposed to cause an 
increase in foliar dry matter and accumulation of minerals in 
stems and leaves. Soil and rhizosphere bacteria can affect 
the mineral nutrition of plants by changing root-uptake 
characteristics of different crop plants. However, other 
researchers have shown that enhanced growth of wheat and 
soybean was not necessarily because of a general 
enhancement in mineral uptake (Bashan et al., 1990). 

Many workers suggested that root hairs improve the P 
uptake capacity of a plant (Lauchil, 1967; Drew & Nye, 
1969), some doubt this. Bole (1973) found that P uptake 
was enhanced not as a consequence of root hair 
proliferation, but through increasing the ion selectivity. 
However, PGPR inoculation has been shown to successfully 
enhance the P uptake in oilseed and banana (Bashan et al., 
2000; Shamsuddin et al., 2000). 

PGPR inoculation has been shown to improve mineral 
uptake in several cereal species (Lin et al., 1983; Kapulnik 
et al., 1985a; Morgenstern & Okon, 1987; Murty & Ladha, 
1988; Sarig et al., 1988; Bashan et al., 1990) and to enhance 
proton efflux from roots of wheat seedlings. Proton efflux, 
the excretion of H+ from the roots is one of the important 

mechanisms of ion uptake. This enhancement lasted for 
several days and in-oculation partially reverses proton efflux 
inhibited by ATP-ase inhibitor (Bashan et al., 1989). It is 
not clear how bacterial colonization of roots affects cell 
membranes. This is of importance since mineral uptake is 
usually closely related to membrane activity. The capacity 
of an intact plant to lower the pH of its rhizosphere is 
exhibited by several species. PGPR strain A. brasilense Cd 
inoculation can affect membrane activity and proton efflux 
of wheat root, which requires high metabolic activity of 
both participants in the plant-bacteria association and may 
be involved in increasing mineral uptake of Azospirillum-
inoculated plants (Bashan, 1990). Inoculation of soybean 
seedlings with A. brasilense Cd has been shown to 
significantly reduce the membrane potential in every root 
part and this reduction was greatest in the root elongation 
zone (Bashan, 1991b; Bashan & Levanony, 1991). 
Inoculation of soybean and cowpea with A. brasilense Cd 
increased proton efflux from their roots and changed the 
phospholipid content in cowpea plant membranes (Bashan 
et al., 1992). 
Enhancement of physiological properties: PGPR 
inoculation increased the physiological properties of the 
host plants namely, photosynthetic (Mia et al., 2000) rate 
and stomatal conductance, but reduces proline accumulation. 
A. brasilense inoculated sorghum plants has been shown to 
improve leaf water potential under field condition (Fallik et 
al., 1994). The water regime of sorghum plants was 
improved by inoculation as observed by their higher leaf 
water potential, lower canopy temperature and greater 
stomatal conductance and transpiration (Sarig et al., 1988). 

PGPR inoculation increased the stomatal conductance 
and lowered the proline concentration in leaves of banana 
seedling grown under submerged condition. It also alleviated 
plant stress due to submergence, while leaf growth and 
chlorophyll content and new root formation were lowered 
under submerged condition (Shamsuddin et al., 1999). 

Photosynthetic capacity of N2-fixing bacteria was 
higher compared to N user, since the former needed more 
photosynthate to meet the higher demand by diazotrophs 
during the N2-fixing process (Quilici & Medina, 1998). 
Strong sink strength of inoculated roots has been shown to 
induce an increase in source leaf photosynthesis of soybean 
plants (De Veau et al., 1990). Azospirillum and 
rhizobacterial inculation increased the photosynthetic rate of 
oil palm seedlings (Amir et al., 2001). 
Biocontrol: Plant-growth-promoting rhizobacteria have 
recently been shown to induce systemic resistance against 
fungi, bacteria and viruses, as well as to enhance plant 
growth. Combined application of arbuscular mycorrhizal 
fungi and PGPR highly benefits banana plants and 
therefore, could be considered during the acclimatization 
stage of micropropagated banana (Rodríguez-Romero, 
2005). The inoculation in banana nursery showed better 
growth and seedling health and consequently increased the 
seedling survival rates (Jaizme-Vega et al., 2005). Plant 

Plate 2. Banana root surface colonization of PGPR 
strain Bacillus sphaericus (strain UPMB10) isolated 
from oil palm roots 
 

 
 

Plate 3. Hands and fingers of banana plants inoculated 
with PGPR strains Sp7 and UPMB10 and 33% 
fertilizer-N compared to uninoculated control 
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tissues produce ethylene under the environmental stress, 
including stress caused by drought and high salt. An 
increased concentration of ethylene in plants can cause 
inhibition of plant growth. The ACC (1-aminocyclopropnae-
1-carboxlyic acid) deaminase produced by PGPR can 
reduce the plant`s ethylene concentration by cleaving the 
ethylene precursor ACC, resulting stimulated plant growth 
by reducing environmental salt and drought stress (Lim & 
Kim, 2009). 
 
CONCLUSION 
 

This review has been summarized the current 
information on PGPR, its application on bananas, as well as 
different crop plants and indicates the potential of PGPR as a 
bioenhancer and biofertilizer for banana cultivation. Nitrogen 
fixation, plant growth promotion and improved nutrient 
absorption are important criteria for achieving a sustainable 
banana production system. During the last four decades, 
PGPR research has brought together scientists from multiple 
disciplines endeavoring a wide range of topics including: 
discovery of novel PGPR strains and traits; performance in 
greenhouse and field trials; production, formulation and 

delivery of inoculum; mechanisms of growth promotion and 
biocontrol and their molecular and biochemical basis; root 
colonization and rhizosphere competence traits; role of 
PGPR in suppressive soils; plant, pathogen and rhizosphere 
community responses to PGPR and recombinant PGPR and 
risk assessment. Now a new chapter in PGPR research has 
began with the genome sequencing of several well-studied 
strains (Weller et al., 2009). 

However, there are some limitations of using PGPR in 
banana production system of inconsistent results in the field. 
Despite the recent advances, commercialization of this 
technology demands extensive optimization and 
comprehensive study of the aftereffects of the application. 
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