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Abstract

Recently, there has been much interest on the application of PGPR-rhizobia multi-strain biofertilizer to enhance growth and yield
of agricultural crops. A glasshouse experiment on rice plants was conducted to quantify the uptake of N derived from N, fixation
by multi-strain inocula consisting of a locally isolated PGPR, UPMB19 (Lysinibacillus xylanilyticus), and an indigenous
rhizobia, UPMR30 (Bradyrhizobium japonicum). **N isotope dilution technique was used to elucidate the N,-fixing and plant
growth-promoting efficiency of the inocula through single and mixed applications. The mixed inocula significantly promoted
plant and root growth, tiller numbers, plant dry weight, nutrient accumulations and produced a lower N enrichment than
uninoculated control that received similar N-fertilizer (33% N). The lower N enrichment indicates the occurrence of biological
N, fixation. The proportion of N uptake from atmosphere was estimated at 22%. The single inoculation of UPMB19, UPMR30
and the mixed inocula could fix N up to an extrapolated 43, 56, 63 kg ha, respectively, within the 65-day period. The combined
inocula consistently performed better than single inoculum (15-30% higher root average diameter, 15% more tillers, 9-13%
higher P in tissue, 9-16% higher Ca in tissue, 2-4% higher Mg in soil), on the rice plants, thus providing evidence that this
treatment stimulated synergistic activities which enhanced the combined performance and cumulative beneficial effects of the
respective strains. These beneficial effects were achieved with a minimal usage of N-fertilizer application. The study revealed a
possible new and beneficial biofertilizer formulation to promote growth and yield of rice plants at reduced chemical N-fertilizer
input in a sustainable and environmental-friendly agricultural system.

Keywords: Biological N, fixation; multi-strain biofertilizer; N isotope dilution; Oryza sativa cv. MR219; PGPR; rhizobia.
Abbreviations: PGPR_Plant growth-promoting bacteria; BNF_Biological nitrogen fixation; ARA_Acetylene reduction assay;
CRD_Completely randomized design; a.e._Atom excess; DAP_Days after planting; PBS_Phosphate buffer saline; OD_Optical
density; CFU_Colony forming unit; length/volume_length per volume; ANOVA_Analysis of variance; LSD_Least significant
difference; SPAD_Special products analysis division.

Introduction

Plant growth-promoting rhizobacteria (PGPR) have been
widely known to benefit plants through several direct and
indirect mechanisms namely biological nitrogen fixation,
phosphate and potassium solubilization, production of plant
growth regulators, siderophore, hydrolyzing enzymes and
many more (Alexander and Zuberer, 1991; Boddey et al.,
1995; Reinhold-Hurek and Hurek, 1998; Vessey, 2003; Chen
et al., 2006; Sangeeth et al, 2012). These beneficial
microorganisms also act as biocontrol agents against pests
and diseases by inducing plant systemic resistance
(Ramamoorthy et al., 2001). Despite the vast positive
outcomes, there are inconsistent issues when it comes to
application of PGPR on rice plants. The most important
beneficial effect is derived from biological nitrogen fixation
(BNF), which can reduce chemical or inorganic N-fertilizer
usage, a significant contribution since rice -cultivation
requires high amount of N-fertilizer. It is estimated that rice
crops remove 19.4 kg N for each tonne of rice grain yield
(Sahrawat, 2000). Furthermore, urea as the commonly used
N-fertilizer, has low plant uptake efficiency, often at only 30-
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40% (Choudhury and Khanif, 2001) despite the energy-
intensive production processes which involve natural gas, a
non-renewable resource (Wichaar, 2012).

The most extensive studies of N,-fixing plant-microorganism
interaction have been on legume-rhizobia symbiosis, in
which the bacteria fix atmospheric nitrogen as
endosymbionts inside root nodules in a nutrient-rich and
oxygen-controlled micro-environment. This symbiosis is a
host-specific interaction whereby the rhizobia only nodulate
one host specie and very few cross-inoculations. Recently,
researchers started to venture into the possibility of
inoculating rhizobia on non-legumes such as rice and there
have been scattered reports of success, namely through
enhancement of rice seedling growth and grain yield (Yanni
et al.,, 1997; Biswas et al., 2000a; Biswas et al., 2000b).
However, the mechanisms remain unclear, and it was not
through formation of root nodules as in the rhizobia-legume
symbiosis. The workers have postulated that it may be due to
the rhizobia acting and performing like PGPR in imparting
the beneficial effects such as phytohormone production,



phosphate solubilization and improvement in soil N
assimilation (Choudhury and Kennedy, 2004). Chaintreuil et
al. (2000) isolated photosynthetic Bradyrhizobium sp. strain
as natural endophyte in African wild rice (Oryza
breviligulata) and through acetylene reduction assay (ARA)
and greenhouse studies showed that this strain produced a
significant level of N, fixing activity with 20% increases in
shoot and grain yields. In contrast, several other researchers
who used ARA and N dilution techniques in their studies
concluded that the beneficial effects of rhizobial inculation
on rice was not primarily through BNF but through
physiological changes in rice growth and root morphology
(Yanni et al., 1997; Biswas et al., 2000a; Biswas et al.,
2000b).

Recently, there has been great interest in the application of
PGPR and rhizobial strains as multi-strain inocula for crops
to benefit from their different beneficial characteristics. BNF
by some diazotrophic bacteria like Azotobacter, Clostridium,
Azospirillum, Herbaspirillum and Bukholderia can substitute
a considerable amount of N-fertilizer, while Rhizobium can
promote physiological growth or improve root morphology
of rice plants (Choudhury and Kennedy, 2004). It is
hypothesized that this multi-strain biofertilizer inoculum can
help promote plant growth and rice grain yield possibly
through BNF along with several other known beneficial
effects of PGPR and rhizobia (as mentioned above). This will
benefit the rice plants through improved growth and yield
while minimizing the usage of chemical N-fertilizer. Thus, a
reduction in production costs and environmental issues and a
promotion of a green and sustainable agriculture will happen.
The present study was undertaken to determine the
effectiveness of locally isolated PGPR and indigenous
rhizobia multi-strain biofertilizer on growth and nitrogen
fixation activities of rice plants.

Results
Plant and root growth parameters

The combined inocula of UPMB19 and UPMR30 stimulated
plant growth and greenness compared to the uninoculated
control plants with the same level of N-fertilizer (33% N),
which showed nitrogen deficiency symptoms at 64 DAP. The
combined-inocula treatment also performed better than other
treatments which consisted of single inoculum either
UPMB19 or UPMR30. The Special Products Analysis
Division (SPAD) value readings, which correlate with actual
chlorophyll content and greenness of leaf, were also
consistent with these findings in which all inoculated
treatments showed significantly higher SPAD values at 30
DAP compared to the uninoculated control with same level
of N-fertilizer (Fig. 1). The highest SPAD value was obtained
from plant inoculated with combined inocula of UPMB19
and UPMR30, at 37.38, which was also significantly higher
than the control with full N-fertilizer. Similar trend was
observed at 45 and 64 DAP, with SPAD values of 39.26 and
39.40, respectively.

Roots of rice plants were extracted carefully and washed
thoroughly using running tap water before being analyzed
with the WinRhizo root scanner. Both single and combined
inoculation of PGPR and rhizobial strains initiated more
roots compared to the control treatment. Combined
inoculations significantly increased the root surface area, root
average diameter and root volume, with increment of 19-
28%, 22-75% and 65-76%, respectively, over control with
same level of N-fertilizer (Table 1). However, PGPR and
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rhizobial inoculations did not significantly increase the root
length of the rice plants.

Single inoculation of rhizobial strain (UPMR30) and
combined inoculation of UPMB19 with UPMR30 stimulated
the tiller formation compared to the control treatment at 45
DAP with a tiller number increment of 29 and 31%,
respectively (Table 2). However, single inoculation of PGPR
(UPMB19) did not significantly increase the tiller numbers.
At 64 DAP, no significant differences were observed
between treatments (except UPMB19) as the plants were at
the same maximum tillering stage, although inoculated plants
had slightly more tiller numbers.

The effect of combined inocula of PGPR with rhizobial
strain resulted in a higher plant top (shoot) dry weight
compared to the other treatments (increment between 7.7 -
8.4%) with a significant increment of 22.4% over the
uninoculated control with the same level of N-fertilizer,
indicative of a synergistic effect (Fig. 2).

Nutrient accumulations in soil and plant

Nitrogen contents in the soil and plant tissues were
significantly increased with all bacterial inoculations (Table
3). The highest value of N was obtained from combined
inocula treatment with increment of 29 and 36%,
respectively, for soil and plant tissue, over uninoculated
control with same level of N-fertilizer (33% N). Meanwhile,
phosphorus content in soil increased with all bacterial
inoculations, although the differences were not statistically
significant. Similar trends were observed for potassium in
plant tissues (except with UPMB19 inoculation) and calcium
in soil and plant tissues (except with UPMR30 inoculation).
Among the treatments, the combined inocula produced
significantly higher P and K content in plant tissue and soil,
respectively. Treatments with UPMR30 and combined
inocula produced significantly higher magnesium content in
the soil, while the latter treatment also enhanced Mg content
in the plant tissue, although it was not statistically significant.

Uptake of N labelled nitrogen and nitrogen fixation rate

The % N atom excess value for the reference rice plant
(uninoculated+33%N) is 0.2115 at.%'°N, which was
significantly higher than 0.1703 and 0.1648 at.%"N,
obtained by inoculation of UPMR30 and combined inocula
of UPMB19 and UPMR30, respectively. The reduction
percentage of atomic excess reading with single inoculation
of PGPR (UPMB19), rhizobia (UPMR30) and combined
inocula (UPMB19&UPMR30) were 13.8, 24.2 and 28.3%,
respectively, indicating that substantial N, fixation occurred
through isotopic dilution (Fig. 3). Inoculation of these strains
produced 12.17, 19.50 and 22.10% Ndfa, respectively, which
is equivalent to 0.0404, 0.0670 and 0.0761g of N, fixed per
plant, respectively (Table 4).

The amount of N, fixed per plant by bacterial inoculations
showed similar trend with Ndfa whereby combined inocula
showed the highest value followed by single inoculations
with UPMR30 and UPMB19 (Table 4). Upon extrapolation
(1 ha=2.5 mil. kg soil), the results indicate that these bacterial
inoculations could save approximately 34, 56 and 63 kg N ha
! respectively in the 65 days of plant growth.

Discussions

5N isotope dilution is considered as an accurate technique to
quantify biological N, fixation by plants under greenhouse,



Table 1. Root growth of rice plants inoculated with single and combined PGPR (UPMB19) and rhizobia (UPMR30) grown under
glasshouse conditions for 65 days. Values followed by the same letter are not significantly different (LSD) at P<0.05.

Treatments Root length Root surface area Root Root volume (cm®)
(cm) (cm?) diameter (mm)
Uninoculated control + 33%N 239ab 426¢ 8.6d 75b
Uninoculated control + 100%N 164b 466bc 11.4bc 133a
UPMB19 + 33%N 198ab 508ab 10.4c 124ab
UPMR30 + 33%N 272a 532ab 12.6b 130ab
(UPMB19+UPMR30) + 33%N 241ab 544a 14.9a 132a
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Fig 1. Special Products Analysis Division (SPAD) values of leaves with respective treatments at 30, 45 and 64 DAP. Means with the
same letter within each DAP group are not significantly different (LSD) at P<0.05.

nursery and field conditions (Zakry et al., 2012) compared to
acetylene reduction assay (ARA) method which may present
a number of problems that can render quantitative
extrapolations questionable (Roger and Ladha, 1992). In the
present study, the combination of PGPR and rhizobial strain
successfully promoted plant top and root growth, plant dry
weight, nutrient accumulations in plant tissues, N, fixation
rate of the plant and tiller numbers within 65 DAP. The N,
fixation data indicate a synergistic activity in which both
inocula played a beneficial role by supplying nitrogen
through BNF, while, the PGPR in addition increased root
proliferation and vegetative growth through production of
phytohormone (IAA). This is supported by the higher SPAD
values, a direct reflection of the leaf chlorophyll content, in
the combined inocula and single inoculation of rhizobial
strain treatments as compared to the single inoculation with
the PGPR isolate. Previous data also showed that both strains
have considerably high rates of nitrogen fixation, based on
the acetylene reduction assay (ARA) (Table 5). The findings
are similar to those of Yanni et al. (1997) who managed to
demonstrate successful colonization of interior rice roots by a
rhizobial strain (R. leguminosarum bv. trifolii) with a
significant increase in shoot and root growth under growth
chamber conditions, and increased fertilizer N-use efficiency
and grain yield under field conditions.

In this study, the observed root growth stimulation was
believed to be mainly caused by the ability of the bacteria to
produce phytohormone, as also reported in findings by earlier
researchers (Patten and Glick, 2002; Kim et al., 2007). The
PGPR (UPMB19) and rhizobial strain (UPMR30) treatments
produced considerably high phytohormone at 23.68 and
13.23 ug ml™, respectively (Table 5). Vessey (2003) showed
that IAA-producing PGPR could increase root growth and
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root length which resulted in greater root surface area and
enabled the plant to access more nutrients from soil, thereby
causing increased plant growth and greenness compared to
the uninoculated control. However, in this study, there was an
increase in root average diameter, volume and surface area
but without a significant increase in the root length. Biswas et
al. (2000a) showed evidence of phytohormone (IAA)
accumulation in the external root environment of rice plants
when grown gnotobiotically with rhizobial inocula. In the
current study, the ability of the combined treatment with
PGPR and rhizobial strain to solubilize adsorbed soil
phosphorus and increase P content in the plant tissues
(0.473%) is also crucial since this particular nutrient is vital
for root development and metabolic activities (Panhwar et al.,
2012). The bacterial strain used in this study have similarly
high phosphate solubilization abilities at approximately 30 ug
mL? of solubilized phosphate after 12 days of incubation
(Table 5). This is in agreement with the findings by Rana et
al. (2011) which demonstrated growth enhancement in
PGPR-inoculated wheat plants. These PGPR have diverse
beneficial traits which included increased root colonization
rates, survival under varying rhizosphere conditions,
production of 1AA, siderophore, ammonia and HCN for plant
growth promotion, and P solubilization, acetylene reduction,
ACC deaminase and antifungal activities. The accumulation
of N in the soil and plant tissues were significantly increased
in inoculated plants. These were in parallel with the
respective increase in % Ndfa values as compared to the
uninoculated control plants. The contributions of single
inoculation with PGPR and rhizobia as well as the combined
inocula similarly increased the other soil and plant nutrient
contents (P, K, Ca and Mg). This could be partly due to the
abilities of these strains to solubilize P and K in the soil. The



Table 2. Tiller numbers of respective treatments at 45 and 64 DAP. Values followed by the same letter are not significantly different

(LSD) at P<0.05.
Treatments Tiller numbers at Tiller numbers at
45 DAP 64 DAP
Uninoculated control + 0%N 3.5b 5.8b
Uninoculated control + 33%N 3.5b 7.1a
Uninoculated control + 100%N 4.6a 7.1a
UPMB19 + 33%N 4.0ab 6.3b
UPMR30 + 33%N 4.5a 7.4a
(UPMB19+UPMR30)+33%N 4.6a 7.4a
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Fig 2. Shoot dry weight at 65 DAP. Means with the same letter are not significantly different (LSD) at P<0.05.

inoculated plants which showed higher vegetative growth and
root development also had more surface area for other
nutrient and water absorption, thus causing the enhancement
of Ca and Mg uptake in the plant tissues (Vessey, 2003).

The promotion of tiller numbers (4 — 31%) and plant dry
weight (13 — 22%) by the PGPR and rhizobial strains is a
good indicator of rice plant fertility status and correlates
positively to grain yield. This phenomenon is believed to be
due to the cumulative effects of the bacterial inoculations on
early plant growth, greenness and root development as plants
with greater root growth will have more surface area for
absorption and uptake of water and nutrients, thus
contributing to improved overall growth and higher plant dry
weight. A synergistic effect was observed in the plant dry
weight data in which the combined treatments successfully
increased the dry weight as compared to the single
inoculation of the respective strain (Fig. 2). The PGPR
(UPMB19) and rhizobial strain (UPMR30) used in this study
have been shown in the earlier glasshouse study to increase
the rice spikelet weight at terminal harvest with increments of
21 and 15%, respectively (Shamsuddin et al., 2013). Similar
findings have been reported by Nayak et al. (1986) who
found that Azospirillum lipoferum inoculation increased rice
tiller numbers and subsequently stimulated rice grain yield. A
study by Biswas et al. (2000b) also revealed a similar trend in
which several rhizobia (Rhizobium leguminosarum bv. trifolii
E11l and Rhizobium sp. IRBG74) increased rice straw and
grain yield by 4 - 19% and 8 - 22%, respectively, at different
N-fertilizer rates.

The N study was undertaken to measure the biological
nitrogen fixation of the bacterial strains in the rice plant
system. Similar N study involving rhizobia on rice in a
potted glasshouse study at International Rice Research
Institute (IRRI) has shown negative results except with
Bradyrhizobium sp. IRBG271 which produced a low Ndfa
value at only 3.16% (Biswas et al., 2000b). This Ndfa value
is much less than in rhizobia-legume symbiosis such as in the
reported N, fixing root and stem nodulating Sesbania
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rostrata with high Ndfa (70-95%) after 45-55 days of growth
(Pareek et al., 1990). This proves that the rhizobial strain is
more effective for BNF in the original host legume (soybean)
as compared to the considerably new ecosystem in the non-
leguminous rice plant. It is hypothesized that the 22% Ndfa
value obtained in this study reflects the N, fixing activities by
the rhizospheric bacteria, not from endophytes. According to
Laranjo et al. (2014), bacteria are able to promote plant
growth through many different mechanisms and they can do
so endophytically, in symbiosis or as free-living cells. This is
supported by earlier findings which clearly demonstrated that
the rhizobial strain (UPMR30) showed no ability to produce
hydrolyzing enzymes (cellulase or pectinase) while the PGPR
(UPMB19) could only produce low amounts of cellulase
(Tan et al., 2014). The Ndfa value obtained was also
relatively low since only washed bacterial cells were used in
the inoculation, with no carrier media and using sterilized
soil, thus providing a true estimate of the BNF rate while
eliminating any possible contamination from indigenous soil
microorganisms. This study, however, has conclusively
showed that BNF is one of the possible mechanisms directly
involved in the beneficial bacteria-rice plant interaction, with
a synergistic effect involving the locally isolated PGPR and
indigenous rhizobial strain. In this study, the combined
inocula consistently outperformed the respective single
inoculum applications as observed in the various parameters
(chlorophyll content, dry weight, root analyses, nutrient
accumulations, N, fixation rate and tiller numbers) thus
providing evidence that this combined inocula treatment
stimulates synergistic activities which enhanced the
combined performance and overall beneficial characteristics,
a summation of the respective performance of the strains on
the rice plant. This is in agreement with findings by Cong et
al. (2011) whereby a multi-strain PGPR biofertilizer which
consisted of a Pseudomonad, two Bacilli and a soil yeast
applied to a non-legume had significantly increased the rice
grain and straw yield along with total N and P accumulation
in a field experiment at southern Vietnam. Suneja et al.



Table 3. Nutrients in soil and plant tissues of rice after 65 days of growth. Values followed by the same letter are not significantly

different (LSD) at P<0.05.
%
Treatments N P K Ca Mg
Soil Tissue Soil Tissue Soil Tissue Soil Tissue Soil Tissue
(%) (9
CON? 0.39b 0.22b 0.078a 0.408b 0.220bc 3.18a 0.23a 0.263ab 0.283c 0.43b
C33NP 0.42b 0.25b 0.075a 0.415b 0.215b 3.21a 0.22a 0.260ab 0.285c 0.46ab
C100N° 0.52a 0.35a 0.080a 0.395b 0.220bc 3.16a 0.24a 0.263ab 0.288c 0.48a
TA33N¢ 0.53a 0.33a 0.080a 0.410b 0.225ab 3.21a 0.23a 0.278ab 0.290bc 0.44ab
TB33N°¢ 0.50a 0.34a 0.085a 0.430ab 0.228ab 3.29a 0.25a 0.255b 0.298ab 0.45ab
TC33N' 0.54a 0.34a 0.098a 0.473a 0.233a 3.38a 0.27a 0.305a 0.303a 0.47ab
@ Uninoculated control + 0%N, ® Uninoculated control + 33%N, ¢ Uninoculated control + 100%N, ¢ UPMB19 + 33%N, ¢ UPMR30 + 33%N, f
combined UPMB19&UPMR30 + 33%N
0.25
0.2115a
T
0.2 0.18575ab 0.170255
. 0.16475b
z T
Soi1s
1
£
g 01
&

0.05

Uninoculated control + 33%N

UPMB19 + 33% N

UPMR30 + 33%N

Combined
UPMB19&UPMR30 + 33% N

Fig 3. N atom excess for whole plant tissues under respective treatments at 65 DAP. Values followed by the same letter are not
significantly different (LSD) at P<0.05.

Table 4. % Ndfa and amount of N, fixed per plant by bacterial inoculations after 65 days of growth.

Treatments Percent of nitrogen Amount of N, fixed per Amount of N, fixed by
derived from atmosphere plant by bacterial bacterial inoculation (kg
(% Ndfa) inoculation (g) hat)?
UPMB19 + 33% N 12.17 0.0404 34
UPMR30 +33% N 19.50 0.0670 56
(UPMB19&UPMR30) + 33% N 22.10 0.0761 63
a extrapolated values with assumption of 1ha = 2,500,000 kg soil in the case of rice cultivation
Table 5. Biochemical properties of the bacterial strains.
. . . Phosphate Potassium Phytohormone
. . Blologlca_l nltbrogen solubilizar:ion rate © solubilization rate pggduction ¢
Strain Host ISOIat.'OH . Ba}c_terlgl a fixation (12 days after (5 days after (Indole-3 Acetic
plant location identification Nmol . . - - -
(CoHa mI™hY) |ncubat|2n) mcubatlgn) aC|d)_1
(kg ml™) (ug ml™) (ug ml™)
UPMB19 Rice Tunjung, Lysinibacillus 19.95 30.33 12.67 23.68
(Oryza  Kelantan xylanilyticus
sativa)
UPMR30  Soybean UPM Bradyrhizobium 18.47 33.50 11.07 13.23
(Glycine  Serdang, japonicum
max) Selangor

2165 rDNA PCR method. The sequence data were aligned and analyzed to identify the bacterium and its closest neighbors by using BLAST (NCBI, USA).
® Acetylene reduction assay method (Hardy et al., 1968; Somasegaran and Hoben, 1985)

¢ Vanadomolybdophosphoric acid method (Kumar et al., 2009; Ribeiro and Cardoso, 2012)
4 Aleksandrov medium method (Hu et al., 2006)

¢ Colorimetric method (Gordon and Weber, 1951)

1261



Table 6. Treatment design and description of the glasshouse study.

Descriptions

Treatments Inoculum
Uninoculated-N;+*N; -
Uninoculated+33%N;+°N; -
Uninoculated+100%N+*°N; -
Inoculated+33%N;+N; UPMB19
Inoculated+33%N;+*°N; UPMR30
Inoculated+33%N;+°N; UPMB19+UPMR30

No inorganic-N fertilization, with no inoculation, supplemented with
10.18 atom % °N excess of inorganic-N-labelled fertilizer

Inorganic normal N fertilizer (unlabelled urea) applied at 33%
standard rate, with no inoculation, supplemented with 10.18 atom %
5N excess of inorganic-N-labelled fertilizer

Inorganic normal N fertilizer (unlabelled urea) applied at 100%
standard rate, with no inoculation, supplemented with 10.18 atom %
5N excess of inorganic-N-labelled fertilizer

Inorganic normal N fertilizer (unlabelled urea) applied at 33%
standard rate, with UPMB19 inoculation, supplemented with 10.18
atom % "N excess of inorganic-N-labelled fertilizer

Inorganic normal N fertilizer (unlabelled urea) applied at 33%
standard rate, with UPMR30 inoculation, supplemented with 10.18
atom % "N excess of inorganic-N-labelled fertilizer

Inorganic normal N fertilizer (unlabelled urea) applied at 33%
standard rate, with combined UPMB19+UPMR30 inoculation,
supplemented with 10.18 atom % *°N excess of inorganic-N-labelled
fertilizer

N (number of plants) = 4 plants per pot

(2007) demonstrated the beneficial effects of a multiple co-
inoculant which consisted of Azotobacter, Bacillus,
Pseudomonas and Rhizobium on legume growth through
enhancement of the nodule biomass, total soil N and plant
biomass of pigeonpea and mungbean. A synergy analysis by
Slininger et al. (2010) also suggested that co-culturing of
three bacterial strains stimulated inter-strain activities to
boost biocontrol efficacy on potato as compared to the
respective strains cultured and applied separately. The
findings in this current study are also in line with the
hypothesis by Boddey et al. (1987) that to secure compelling
evidence of BNF, it should include both higher N yield and
lower >N enrichment of the inoculated plant compared to the
uninoculated plant. The single and combined inocula used in
this study successfully promoted plant and root growth with
reduced N-fertilizer inputs, thus it is hypothesized that the
beneficial plant-microbe interaction will result in a
significant increase in the grain yield. Similar trend has been
observed by Nguyen et al. (2003) with a multi-strain
biofertilizer originated from rice rhizosphere in several field
trials in Vietnam.

Materials and Methods
Plant materials

The rice cultivar (Oryza sativa) used in this study was
MR219.

Experimental design

The experiment was undertaken in a glasshouse at Field 2,
Universiti Putra Malaysia, Serdang, Selangor, Malaysia. The
experiment was laid out in a Completely Randomized Design
(CRD) with four replications.

Soil collection and preparation

The paddy soil was collected from a rice farm at Kuala
Selangor, Malaysia. The soil was classified as Beriah Series
according to the soil series map provided by the Department
of Agriculture station, Kuala Selangor, Selangor, Malaysia
with pHkc 125 Of 3.58. Total N content in the soil was
0.58%, while available P, K, Ca and Mg were estimated at
0.09, 0.26, 0.27 and 0.31%, respectively.

About 3 kg of air-dried and sieved soil was transferred into
polyethylene bags and sealed. The soil was then sent to
MINTec-SINAGAMA Irradiation Plant, Malaysian Nuclear
Agency (Nuclear Malaysia), Bangi, Malaysia, for
sterilization using gamma irradiation at 25 kGy. The gamma
sterilised soil (3 kg) was then transferred into each pot and
covered with aluminium foil until planting time.

Seed selection, germination and surface sterilization

Rice seeds were soaked in 20% NaCl solution. The floating
seeds were discarded and the remaining submerged were
surface sterilized using a modified method by Miche and
Balandreau (2001) by soaking into 95% ethanol for 10 s. The
ethanol was discarded and seeds were agitated in 3% sodium
hypochlorite (Chlorox™) for 1 min, and rinsed 6 times with
sterile distilled water. The seeds were then soaked in sterile
distilled water for 24 h and decanted and left to germinate for
another 24 h. A total of 20 surface sterilized seeds were
grown in a Petri dish lined with 3 layers of moistened sterile
filter papers. The filter papers were kept moist by using
sterile distilled water and the germinated seeds were allowed
to grow for seven days.

15N-labelled urea application

The soil was labelled with **N—-urea of 10.18% atom excess
(a.e.) at the rate of 0.01 g N kg™ prior to the sterilization
process.

Transplanting of rice seedlings
Five uniform seven-day old seedlings were transplanted into
each pot filled with 3 kg soil.

Inorganic fertilizer application

Fertilizer applications were done according to the
recommended dose as practised by Department of
Agriculture station, Kuala Selangor, Selangor, Malaysia for
the respective soil (Beriah Series). Nitrogen, phosphate and
potassium fertilizers were applied in four split applications
(3, 15, 35 and 55 days after planting, DAP) in the form of
urea (46% N), sodium phosphate monobasic monohydrate
(26% P) and potassium chloride (52% K), respectively. The
equivalent rates were 114 kg ha'* for full nitrogen treatment
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and 38 kg ha* for one-third nitrogen treatment, and 28 kg ha
! and 49 kg ha, for phosphate and potassium fertilizers,
respectively.

Preparation and application of bacterial inocula

Locally isolated PGPR from rice roots (UPMB19,
Lysinibacillus xylanilyticus) and indigenous rhizobial strain
from soybean nodule (UPMR30, Bradyrhizobium japonicum)
were used in this study. Some biochemical properties of these
bacterial strains are presented in Table 5. The strains were
grown in tryptic soy broth and yeast manitol broth,
respectively, for 24 h. The bacterial cells were harvested by
centrifugation at 9000 rpm for 10 min in 50 ml Eppendorf
tube and washed with 0.85% sterilized phosphate buffer
saline (PBS). After washing, the bacterial cells were
immediately suspended in PBS solution. Optical density
(ODgoy) of washed cells were checked and adjusted
accordingly. The mixed inocula were prepared by growing
them separately and mixed after centrifugation and washed
with PBS. Approximately 2 ml of the respective bacterial
inoculum was inoculated to each rice seed/plant with
approximately 10® to 10° cfu ml* live bacterial cells
according to the respective treatments as shown in Table 6.
Inoculations were done three times, at 0 DAP, 25 DAP and
50 DAP. Control pots were inoculated with 2 ml of 0.85%
sterile phosphate buffer saline without the bacterial cells.

Measurement of rice growth and nitrogen fixation rates

Rice growth parameters namely chlorophyll content was
recorded at 30 and 45 DAP. Yield-contributing parameters
namely the tiller numbers were recorded at 45 DAP. The
terminal harvest was done at 65 DAP, which involved
recording of the parameters: chlorophyll content, tiller
numbers, rhizospheric and endophytic bacterial populations,
root analysis (length, volume, surface area, average diameter,
length/volume), plant and soil analyses (N, P, K, Ca, Mg) and
N analyses in the plant tissues.

The root analysis was performed using Root Scanner Image
Analyzer WinMagRhizo (Flatbed Scanner Epson Expression
1680) after thoroughly washing off the soil particles which
adhered to the roots.

Plant and soil analyses were performed using standard

procedures. Plant samples were oven-dried for 3 days at 70°C
until constant weight was achieved. Samples were then
ground using standard 2 mm plant grinder. Soil samples were
air-dried for 7 days and ground using mortar and pestle. The
samples were then sieved through a 2 mm sieve.
Standard semi-micro Kjeldahl analysis was used to determine
the total nitrogen content in the plant tissue. Dried soil and
plant samples were also used to determine nutrient contents
(P, K, Ca, Mg). The samples were wet digested with a
mixture of HCIO,-HNO3, P was measured colorimetrically
by auto-analyzer, K was measured by flame photometry and
Ca and Mg were measured using atomic absorption
spectrophotometry (1ITA, 1982).

Measurement of **N and biological nitrogen fixation rates

The natural abundance of *N was determined by using an
emission spectrometer (NOI-6PC) at Malaysian Nuclear
Agency, Bangi, Selangor, Malaysia. The N abundance
found in the plant tissue was corrected for the atom %N
excess present in the atmosphere (0.3663% at.%'°N,).
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N, fixation and % of N derived from atmospheric N (%
Ndfa) in the whole plant was then calculated as follows:

% Ndfa =

[1

— [(percent a.e.in inoculated plant)

+ (percent a.e.in uninoculated plant)]] X 100

Statistical analysis

Data were subjected to analysis of variance (ANOVA) using
SAS software. Means were compared by Least Significant
Difference (LSD) Test, at a probability level 0.05.

Conclusion

The present study indicated that multi-strain biofertilizer with
a locally isolated PGPR (UPMB19, Lysinibacillus
xylanilyticus) and an indigenous rhizobia (UPMR30,
Bradyrhizobium japonicum) promoted rice shoot (6 - 20%)
and root growth (19 - 76%), tiller numbers (4 - 32%), plant
dry weight (13 - 22%), nutrient accumulations (0.2 - 30%)
and substantially increased the BNF of the plant. The
combined PGPR and rhizobia inocula reduced the plant
dependence on chemical N-fertilizer through their synergistic
BNF activities and contributed up to 22% of N, fixed from
the atmosphere. This was achieved with a reduction in N-
fertilizer application. The single inoculation of UPMB19,
UPMR30 and the mixed inocula could fix N up to an
extrapolated 43, 56, 63 kg ha™, respectively, within the 65-
day period. It is proposed that a plot trial should be
undertaken to elucidate the biofertilizer efficiency in the
field, which will reflect the actual benefits to farmers,
particularly in promoting growth and yield of rice plant with
minimal N-fertilizer input and to identify the specific
contribution of the combined inoculum which will be the
possible topics for future research.
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