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a  b  s  t  r  a  c  t

Rice  is  the  third  largest  global  food  crop.  Traditional  practice  to  achieve  maximum  yields  of  rice  is
associated  with  the  availability  of  mineral  nitrogen  and  fertilization.  This  can  lead  to pollution  of
waterways.  This  can be particularly  important  in  paddy  rice  production  in north-eastern  Argentina.  Bio-
fertilization  or  inoculation  with  plant  growth-promoting  bacteria  (PGPB)  is  a sustainable  alternative  for
agro-ecosystems.  Inoculation  of  wheat,  maize,  and  soybean  is  a widespread  agricultural  practice  that  has
proved  to be  efficient  in  increasing  production  and  promoting  nutrition  of  these  crops.  This work  mea-
sures  the  response  of  three  rice  cultivars  to  PGPB  inoculation  under  field  conditions  with  a  commercial
formulation  containing  strains  of  Pseudomonas  fluorescens  and  Azospirillum  brasilense.  The experiment
was  performed  in  a  farm  plot  located  near  Villa  Clara,  Entre  Ríos.  A  factorial  complete  block  design  with
four replicates  was  applied.  Samples  were  taken  at tillering  and  physiological  maturity.  Aerial  biomass,
grain  yield,  and  its components  were  determined.  Culturable  microorganisms  were  analyzed  in rhizo-
sphere samples.  Counts  of most  probable  number  of  microaerophilic,  nitrogen-fixing  microorganisms
and  community-level  physiological  profiles  of carbon-source  utilization  were  evaluated  at  physiological
maturity.  Also,  DNA  extraction,  nifH  gene  amplification,  and  terminal  restriction  fragment  length  poly-
morphism  (T-RFLP)  analysis  were  performed  to  analyze  molecular  diversity  of  diazotrophic  communities
associated  with  rice  roots.  Data  showed  differences  between  rice  genotypes.  Inoculation  with  PGPB did
not have  significant  impact  on  culturable  microbial  communities  and  patterns  of  T-RFLP.  Some  fragments
obtained  by  restriction  with  enzymes  HaeIII  and  HhaI  differentiated  between  inoculation  treatments  and
rice genotypes.  PGPB  inoculation  increased  aerial  biomass  production,  harvest  index,  and  grain  yield  of

the  Supremo  13  cultivar  by 4.7%,  16%,  and  20.2%,  respectively.  Inoculation  of  the Yeruá  cultivar  increased
aerial  biomass  by  1.9%  and  grain  yield  by  11%.  On  the  other  hand,  control  plants  of  the  Cambá  INTA  cul-
tivar  produced  8.7%  and  7.3%  more  aerial  biomass  and  grain  yield  than  inoculated  plants,  respectively.
Inoculation  reduced  the  percentage  of  chaffy  grains  of the  three  rice  cultivars.  The  results  indicate  that
the combined  inoculation  with  P.  fluorescens  and  A.  brasilense  has  significant  potential  when  applied  to
rice.

© 2012 Elsevier B.V. All rights reserved.
. Introduction
Rice, wheat and maize provide two thirds of the energy in
uman diets. At current population growth rates, worldwide
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production will have to increase by 40% by 2020 (Vallejo et al.,
2008). As a result of intensifying agricultural production, including
fertilizers, pesticides, irrigation, genetic improvements, and dou-
ble cropping, yields per surface unit and time has increased in the
past two decades. However, future possibilities of increasing pro-
duction are restricted by the limited additional suitable cropland.
Thus, the increase of productivity is probably the only way to fulfill

food demands. Increasing production without harming the envi-
ronment is a challenge that requires improvement of soil quality
and precise handling of all agricultural practices (Cassman, 1999;
Naiman et al., 2009).
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Fig. 1. Monthly precipitation, mean monthly maximum and minimum temperature,
and relative differences in solar radiation during the rice crop cycle. Percentages for
each month indicate relative differences in solar radiation with respect to average
I.E. García de Salamone et al. / Ap

Rice exhibits wide adaptability to different environments, which
akes it the most widespread crop in the world. Breeding rice by

electing specific characteristics can adapt the crop to different
reas with dissimilar levels of environmental stress. It can grow
nder drought conditions, shallow flooding, and water up to 50 cm
f water (Catling, 1992). It is cultivated in a wide range of latitudes,
s well as up to 3000 m elevation. In north-eastern Argentina, rice
rops are grown under flood irrigation with few events of extreme
emperatures (Arguissain, 2006).

Negative impacts of agriculture on the environment and high
osts of production has led to initiatives to develop sustainable
griculture, production systems that provide reasonable economic
eturns to farmers and rural communities without affecting pro-
uctive resources, preserving environmental quality, and creating
afe and healthy food in sufficient quantities to meet the demands
f growing populations (Benbrook, 1999).

Part of the strategy of sustainable agriculture is to find technolo-
ies that increase yields and reduce the use of chemical fertilizers
García de Salamone et al., 2010). One alternative is plant growth-
romoting bacteria (PGPB) applied as inoculants (Bonilla et al.,
000). Among the PGPB, strains of Azospirillum are one of most
tudied genera. They can increase growth, development, and yield
f a large number of plant species (Bashan et al., 2004; Cassán
nd García de Salamone, 2008). Numerous strains have been iso-
ated from the root surface of many plants, including maize, wheat,
ice, sorghum, oats, and forage grasses (Caballero-Mellado, 2007).
zospirillum spp. can produce and metabolize plant growth regula-
ors as one of the main mechanisms to promote plant growth and
evelopment in inoculated plants (Okon and Labandera-Gonzalez,
994). Biological nitrogen fixation is another mechanism in which
hese PGPB are involved (Baldani and Baldani, 2005; García de
alamone and Döbereiner, 1996). Importantly, grasses are capa-
le of establishing symbiosis with diazotrophic bacteria, such as
he genus Azospirillum. Nitrogen is the major limiting nutrient
or rice production and so, bacterial contributions of nitrogen to
lants could be vital at critical stages of plant development, such as
eproduction and generation of tillers (Velazco, 2001). Physiologi-
al changes in rice and wheat inoculated with Azospirillum could
avor biological nitrogen fixation and modify activity and num-
er of microorganisms associated with the nitrogen cycle (García
e Salamone et al., 2009). In further work, the bacterial strains
esponsible for efficiently supplying high levels of nitrogen through
iological nitrogen fixation were identified (García de Salamone
t al., 2010). Although numerous studies have shown the bene-
ts of inoculation with Azospirillum on growth and production of
ifferent crops, the use of these PGPB is not widespread in rice
roduction. It is known that plant-PGPB interactions can occur at
ifferent levels, influenced by genotype-environment interactions

n response to inoculation (García de Salamone and Döbereiner,
996; Olivares et al., 1996; Azevedo et al., 2005). The interaction of
enotype-environment-inoculant points out the need for studies
o increase the efficiency of inoculation (García de Salamone and

onzón de Asconegui, 2008).
Maintaining soil fertility is essential for sustainable production

f grain and soil microorganisms play a fundamental role. The ben-
fits of microbial inoculation on soil fertility have been documented
n many studies (Jeffries, 1985; Kaushik, 1985; Roger et al., 1993;
aur, 1990).

PGPB as biocontrol agents of diseases has also emerged as a tool
n sustainable management programs. Pseudomonas fluorescens
ontrols diseases, such as rice stem rot (Sclerotium oryzae)  and rice
heath rot (Rhizoctonia spp.), under in vitro and under field condi-

ions in north-eastern and north-western Argentina (Pedraza et al.,
009). This PGPB produces increased yields in wheat (Naiman et al.,
009) and produces high levels of cytokinins (García de Salamone
t al., 2001). Initially, monoxenic inoculants have mainly been used.
historical values at the site.

In recent years, there have been attempts to combine Azospirillum
brasilense and P. fluorescens.

This study was  planned to test the hypothesis that combined
inoculation of PGPBs can modify rhizosphere microbial commu-
nities and growth and yield of rice grown under field conditions.
We  evaluated the response to a commercial liquid microbial inoc-
ulant containing A. brasilense and P. fluorescens to promote growth
and yield of three rice cultivars under field conditions in Argentina.
Additionally, we  analyzed the effects of this mixed microbial inocu-
lant and rice cultivars on the structure and physiology of microbial
communities associated with rice root system.

2. Materials and methods

2.1. Field site and climate conditions

The experiments were conducted on farmland (31◦44′25.4′′S,
58◦46′12.2′′W)  near Villa Clara in the Department of Villaguay in
the Province of Entre Ríos. This region experiences warm and humid
weather with an average temperature ranging between 17 and
20 ◦C and average annual rainfall of 1200 mm.  Fig. 1 shows monthly
maximum and minimum temperatures and rainfall during the field
trials. The landscape of the experimental area mostly consisted of
gently sloping alluvial plain. Fine textured clayed soils, mostly con-
sisting of montmorillonite dominated in the experimental plots,
thus hampering free movement of water through the soil profile.
Chemical characteristics of the upper soil layer (30 cm)  just before
sowing were: pH (7.5 of 1:2.5 soil:water), electrical conductance
(2.5 dS m−1), total organic matter (3.1%), total N (0.16%), and avail-
able P (12 mg  kg−1).

2.2. Rice cultivars

We used certified seeds of the cultivars Cambá INTA, Supremo
13, and Yeruá supplied by the San Salvador Rice Coop of San Sal-

vador, Entre Ríos, Argentina. Characteristics of the cultivars were
described by Livore (2006);  this is summarized in Table 1.
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Table 1
Characteristics of rice cultivars (Oryza sativa)  used in the experiment.

Cultivara Subspecies Height Days between emergence
and anthesisc

Type of grain Potential yield

Cambá INTAb indicus Semi-dwarf 94 Thin, long High
Supremo 13 indicus Semi-dwarf 100 Thin, long High
Yeruá  japonicum Tall 85 Wide, long Medium
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a Susceptible to the Sclerotium oryzae fungus that causes stem rot and collapse.
b Produced at the Instituto Nacional de Tecnología Agropecuaria (INTA), Concepc
c On average, 35 days between anthesis and physiological maturity for the three 

.3. Sowing and crop management

Before sowing, we applied to the soil a 48% concentration of Star
lyphosateTM at 2.5 L ha−1 (Asociación de Cooperativas Argenti-
as), Tordon 24KTM at 130 mL  ha−1 (Dow AgroSciences, Argentina),
etsulfuron 50TM at 5 g ha−1 (Asociación de Cooperativas Argenti-

as), and NG MaxionTM coadjuvant at 80 mL  ha−1 (Speed Agro
rgentina). The trials were conducted in a commercial rice field
nder a no-tillage system, where the previous crop was  rice in

 rice-rice-soybean rotation sequence. Sowing occurred on 10
ctober 2009, based on temperatures, day length, and water and

oil conditions typical for the region. The sowing density was
djusted to 180 kg ha−1 with row spacing of 15 cm and a working
idth of 3.6 m.  Every 100 kg of seeds were subjected to 150 mL

erapico 30 + 30TM (Asociación de Cooperativas Argentinas) and
50 mL  75 Zn Basfoliar floTM (Compo, Argentina) seed treatment on
he day prior to sowing. The seeds were air-dried, then put in plas-
ic bag until sowing. PGPB inoculation was performed on the day
f sowing. Crop management conditions were the same as those
pplied in adjacent fields. At sowing, the entire experimental plot
as fertilized with 50 kg ha−1 of a commercial grade N–P–K mix-

ure (7–30–15). After emergence of the seedlings, the following
erbicides were applied: 2 L ha−1 Clincher ECTM and 120 mL  ha−1

ordon 24KTM (Dow AgroSciences) and 750 mL  ha−1 Natural Oil
StollerTM). Usually, flooding of the crop starts at the beginning of
he tillering stage, which is approximately 30 days after emergence
f the crop. Heavy rainfall during the experiment (Fig. 1), forced the
rop to grow under flooded conditions for 20 days after sowing,
imilar to conditions of irrigation. Normally, irrigation ends when
he crop reaches maturity, about 15 days before harvest.

.4. Treatments and experimental design

The experiment consisted of two inoculation treatments (con-
rol and inoculated) and three rice cultivars. Each plot was 25.2 m2

14 m × 1.8 m).  Single inoculations were carried out on the day of
owing, applying 300 mL  per 30 kg of seeds. The inoculant was

 liquid commercial formulation developed by Laboratorios CKC
rgentina. It contains the PGPB A. brasilense and P. fluorescens.
ounts of culturable declared microorganisms and determination
f contaminants in the inoculants were performed using specific
AFTM medium (Laboratorios Britania, S.A., Argentina) and NFb
edium (Döbereiner and Pedrosa, 1987). Counts of viable bacte-

ia were 0.5 × 109 CFU/mL for A. brasilense and 1 × 109 CFU/mL for
. fluorescens.  No contaminants were detected. The trial had a fac-
orial design with four completely randomized blocks with three
eplicates of each treatment. Blocks were applied perpendicularly
o the topographic slope (0.58%).

.5. Sampling and determinations
Samples were taken at two ontogenetic stages of the crop, tiller-
ng and physiological maturity (PM). Tillering samples were taken
t 44 days after sowing for Blocks 1 and 2, at 47 days for Block 3, and
t 51 days for Block 4. These differences result from the difficulty
l Uruguay, Entre Ríos.
ltivars.

of entering the plot during rainfall. PM sampling was carried out
according to how the varieties reach this stage. Yellowing of leaves
and panicles, widespread dropping of panicles in the canopy, and
grains easily threshed by hand were the determinants for sampling
this stage. Harvest was at 124 days after sowing for Yeruá; at 128
days for Cambá INTA, and 130 days for Supremo 13.

2.5.1. Aboveground biomass production and grain yield
Aerial plant biomass was  determined for the three cultivars by

cutting the plants growing in a line of 0.5 m,  which was  representa-
tive of the canopy and randomly selected. At both sampling times,
aerial portions of the plants and their roots were sampled. Aerial
biomass was determined by drying the samples in an oven at 60 ◦C
until constant weight was  reached. Number of panicles, filled and
chaffy grains, and weight of 1000 grains were determined soon after
PM was  reached, as described by García de Salamone et al. (2010).
Nitrogen and phosphorus content of the filled grains were deter-
mined according to (AOAC, 1945) adapted to the Kjeltec System
(Tecator, Hillerød, Denmark) and Shaw (1959),  respectively.

2.5.2. Culturable microbial communities in the rhizosphere
Root samples obtained at PM were washed with tap water

and kept at 4 ◦C until analysis of culturable microbial communi-
ties. Counts of N2-fixing, microaerophilic microorganisms were
performed as described by García de Salamone et al. (2010).
Community-level physiological profiles (CLPP) of carbon sources
were studied, as described by Naiman et al. (2009).

2.5.3. Molecular characterization of rhizosphere associated
diazotrophic bacterial communities
2.5.3.1. DNA extraction. Rice roots were washed with tap water,
dried at 55 ◦C to preserve the samples and kept dry at room temper-
ature until analysis, as previously described by García de Salamone
et al.  (2010).  Roots were pulverized in sterilized pre-cooled mor-
tars with liquid nitrogen. Total DNA was extracted from pooled rice
roots (0.1 g) with a kit (UltraClean Soil DNA Isolation Kit #12800,
Mo Bio Laboratories, Carlsbad, CA).

Pure cultures (1.5 mL)  of A. brasilense strain AZ39 from the col-
lection of the Instituto Nacional de Tecnología Agropecuaria (INTA,
Argentina), A. brasilense strain Sp7 (ATCC29145), A. amazonense
(Loaces et al., 2011), Herbaspirillum seropedicae (cited by Loaces
et al., 2011), Methylogaea oryzae (Geymonat et al., 2010), and Kleb-
siella spp. (EU887702) were centrifuged for 10 min  at 15,000 × g at
4 ◦C, and the pellets were extracted using a DNA purification kit
(Wizard Genomic DNA Purification Kit, Promega, Madison, WI).

2.5.3.2. nifH gene amplification and screening of diversity by T-RFLP.
Extracted DNA from root samples and isolates were used as tem-
plates for nifH gene amplification with ZMRf and ZMRr primer pairs
(Zehr and McReynolds, 1989). ZMRf primer was 5′ labeled with
6-carboxyfluorescein. Three aliquots per sample of the extracted

DNA were used to perform PCR amplification. All PCRs were car-
ried out in 40 �L (total volume) solutions containing 100 ng of
DNA solution, 0.1 mmol  L−1 of each primer, 25 mmol  L−1 MgCl2,
BSA (0.2 g L−1), Taq 10× buffer, 0.25 mmol  L−1 of each dNTP, and
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Table 2
Effect of the interaction between rice genotype and inoculation on the most probable
number (MPN) of microaerophilic microorganisms in the rhizosphere of rice plants
at  physiological maturity.

Cultivar Log MPN MN2FMa

Control Inoculated

Cambá INTA 8.86 a 8.81 a
Supremo 13 8.83 a 8.98 a
Yeruá 9.15 a 8.83 a
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Table 3
Growth of rhizosphere microbial communities on four carbon sources of three rice
cultivars at physiological maturity.

Cultivar Microbial growth (Absorbance at 590 nm)

Rhamnose Cellobiose Phenylalanine Xylose

Cambá INTA 0.14 b 0.24 b 0.19 b 0.10 b
Supremo 13 0.07 a 0.22 ab 0.05 a 0.03 a
Yeruá 0.06 a 0.20 a 0.09 ab 0.04 a
CV  (4.29)

a Log MPN  of microaerophilic nitrogen-fixing microorganisms. Means with the
ame letters are not different, as determined by Tukey’s test at P < 0.05.

.2 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA). The reac-
ions were performed in a thermocycler (GeneAmpPCR System
400, PerkinElmer, Waltham, MA)  using the following steps: ini-
ial denaturation at 94 ◦C for 5 min, 30 cycles at 94 ◦C for 1 min
ach, 57 ◦C for 1 min, and 72 ◦C for 1 min, with a final extension step
t 72 ◦C for 7 min. The three aliquots of each sample were pooled
fter PCR amplification and the labeled PCR products were con-
entrated and desalted with centrifugal filter columns (Microcon
00, Amicon, EMD  Millipore, Billerica, MA). Approximately 300 ng
f labeled PCR products were digested with HhaI and HaeIII (Fer-
entas, Thermo Fisher Scientific, Waltham, MA).
After enzyme inactivation by heating at 65 ◦C, for 15 min, 4 �L

liquots of the digest were mixed with a master mix  (16 �L) con-
aining deionized formamide loading buffer (Applied Biosystems,
arlsbad, CA), and 0.5 �L of a DNA fragment length standard (ROX
00, Applied Biosystems). After DNA denaturing at 94 ◦C for 5 min
nd immediate chilling on ice, samples were loaded into a capil-
ary automated DNA sequencer (ABI 3100 genetic analyzer, Applied
iosystems).

After electrophoresis, lengths of fluorescently labeled termi-
al restriction fragments were analyzed by GeneScan 3.1 software
Applied Biosystems). Terminal restriction fragment (T-RF) sizes
etween 35 and 350 bp, with peak heights larger than 100 fluores-
ence units, were considered for the analysis to obtain reproducible
-RF profiles. Total fluorescence intensity present in each elec-
ropherogram was compared within each data set; T-RFLP data
as standardized to the lowest quantity, as described by Dunbar

t al. (2001).  All profiles were aligned and considered identical if
he T-RFs differed by <2 bp. Results were contrasted with in silico
igestion made with 36 sequences of the nifH gene available in
he database of the National Center for Biotechnology Information
NCBI; Bethesda, MD).

.6. Statistical analysis

Absorbance records of CLPP were analyzed using principal com-
onent analysis. Data of relative abundance of each fragment of
-RFLP, were used to perform both UPGMA clustering analysis
ith the Morisita similarity index programmed in the Past 1.42

oftware (Hammer et al., 2001) and principal component analysis.
hese analyses included the two data sets (accounting for 75 dif-
erent T-RFs) of amplicons obtained by HhaI and HaeIII. Microbial
ounts and plant data were analyzed by ANOVA and comparison
f means using Tukey’s test at P < 0.05 with the software INFOS-
AT/Professional 1.1 (Universidad de Córdoba, Argentina).

. Results

.1. Microbial rhizosphere communities
.1.1. Culturable microbial communities
Microaerophilic nitrogen-fixing microorganisms in the rhizo-

phere of rice plants at the PM stage showed no significant
P  values 0.006 0.045 0.011 0.003

Means with the same letter are not significantly different as determined by Tukey’s
test  at P < 0.05values.

differences between inoculated and control treatments for either
cultivar (Table 4). Also, there were no differences between cultivars.
The average of microaerophilic nitrogen-fixing microorganisms
was  8.9 expressed as log MPN  per gram of root. The CLPP of carbon-
source utilization of microbial rhizosphere communities in samples
obtained at the PM stage is shown in Fig. 2. On average, PC1 and PC2
explained 30% and 15%, respectively, of the total variation. The PCA
only showed differences between the cultivars. Thus, the applica-
tion of the inoculant did not change the physiological profiles of
any of the cultivars. Culturable microbial communities associated
with the rhizosphere of the Cambá INTA cultivar were significantly
different from those associated with the other two  cultivars. The
analysis of variance of the absorbance values recorded at every car-
bon source showed significant differences between cultivars for
some of them. These were rhamnose, cellobiose, phenylalanine,
and xylose (Table 3). Microbial rhizosphere communities associ-
ated with the Supremo 13 and Yeruá cultivars can similarly use
rhamnose and xylose and they were significantly different from
those associated with the Cambá INTA cultivar. Cellobiose can dis-
tinguish the physiology of the microbial rhizosphere communities
associated with the Cambá INTA cultivar, with respect to the Yeruá
cultivar and phenylalanine, with respect to the Supremo 13 culti-
var (Table 3). The average values of absorbance for arginine showed
significant differences between the rhizosphere microbial commu-
nities associated with inoculated (0.12) and control (0.15) plants.
No interactions between cultivars and inoculation treatments were
observed.

3.1.2. Molecular characterization of root-associated diazotrophic
bacterial communities

The enzymatic restriction of amplicons of the nifH genes with
HaeIII yielded a fragment distribution pattern in the T-RFLP anal-
ysis (Fig. 3). Four fragments whose sizes were 44–46 bp, 66–68 bp,
100–102 bp, and 155–157 bp dominated all samples. Each of them
represented at least 7% of the signal. In any sample, the sum of the
four fragments was  always over 60% of the signal. The sum of the
signals of the fragments that represented less than 10% of the total
signal and occurred only in a few samples were grouped and named
“others” in Fig. 3. None of these fragments was unique for any treat-
ment or cultivar. The enzymatic restriction of amplicons with HhaI
yielded a fragment distribution pattern in the T-RFLP analysis that
showed the same trend as the pattern obtained with HaeIII (data
not shown).

Principal component analysis of all restriction fragments
obtained with both enzymes (Fig. 4) provided significant mean
values for each variety (P = 0.0246), which was  different for PC1.
Fragment sizes that had the highest Pearson correlation coeffi-
cients with PC1 were 59–61 bp (HhaI, 0.21), 58–60 bp (HaeIII, 0.19),
91–93 bp (HaeIII, 0.19), 249–251 bp (HaeIII, 0.19), and 252–254 bp

(HaeIII, 0.19). Analysis of variance of all fragment sizes showed sig-
nificant differences between cultivars for some of them (Table 4).
No significant differences were obtained with PC2 (Fig. 4), and
neither PC1 nor PC2 revealed differences related to inoculation
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Fig. 2. Principal component analysis of the microbial communities in the rhizosphere of three rice cultivars at physiological maturity. Similar uppercase letters indicate no
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Fig. 3. Distribution of DNA fragment sizes obtained by amplification of the nifH gene and digestion with HaeIII of root samples from two rice cultivars, with and without
PGPB  inoculation. C1–C3 are samples from uninoculated plants (controls) and I1–I3 are samples from inoculated plants for the two  cultivars. The pattern inside every bar
indicates different fragment sizes (number of base pairs). “Others” indicate the sum of the signal of fragments that represent <10% of the total signal.
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Fig. 4. Principal component analysis of restriction fragments obtained with enzymes HhaI and HaeIII from roots samples of two rice cultivars at physiological maturity.

Table  4
Comparisons of means of six DNA fragment sizes for two rice cultivars obtained with restriction enzymes HhaI or HaeIII for two inoculation treatments.

Cultivar Fragment size (bp) and restriction enzyme

59–61 (HhaI) 40–42 (HaeIII) 58–60 (HaeIII) 69 (HaeIII) 74–76 (HaeIII) 183–185 (HaeIII)

Cambá INTA 1045.8 a 315.6 a 298.1 a 169.5 b 432.7 a 309.3 a
Yeruá  2283.3 b 707.5 b 492.8 b 0.0 a 902.9 b 1,339.4 b

M

P 0.013  0.046 0.026 

eans with the same letter are not significantly different as determined by Tukey’s test a
0.024 0.001 0.001

t P < 0.05.



I.E. García de Salamone et al. / Applied 

Table 5
Comparison of inoculation treatments of the average for two DNA fragment sizes
obtained with the restriction enzyme HaeIII for cultivars Cambá INTA and Yerúa.

Inoculation treatments Fragment size (bp)

66–68 (HaeIII) 183–185 (HaeIII)

Control 5453.5 a 1158.7 b
Inoculated 10,927.6 b 490.0 a

P 0.029 0.008

Means with the same letter are not significantly different as determined by Tukey’s
test at P < 0.05.

Table 6
Number of emerged plants and aerial biomass at the beginning of tillering for three
rice cultivars.

Cultivar Emerged plants (number m−2) Aerial biomass (kg ha−1)

Cambá INTA 510 ab 1137.8 ab
Supremo 13 642 b 1463.9 b
Yeruá 425 a 1022.2 a
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eans with the same letter are not significantly different as determined by Tukey’s
est at P < 0.05.

reatments. Analysis of variance of the 66–68 bp and 183–185 pb
ragments obtained with digestion using the HaeIII enzyme had sig-
ificant differences among inoculation treatments for an average of
wo cultivars (Table 5).

.2. Plant stand and biomass production

At tillering, there were significant differences in the number of
merged plants and in aerial biomass among rice cultivars (Table 6).
t this stage, there were no demonstrated effects of inoculation

reatments. The Supremo 13 cultivar had the highest values for the
umber of plants and aboveground biomass, average increases with
espect to the other cultivars of 27.1% in plant stand and 26.2% in
iomass. Analysis of aerial biomass showed no differences between
ultivars and inoculation treatments (Fig. 5); however, it is possible
o indentify performance differences between cultivars. The Cambá
NTA cultivar produced the highest plant biomass, an estimated
verage of 12,822 kg ha−1. Comparatively, the Supremo 13 cultivar
as lower by 3.6% and the Yeruá cultivar was lower by 14.1%. Inoc-
lation increased by 2.4% the straw biomass of the Yeruá cultivar;

noculated Cambá INTA and Supremo 13 cultivars yielded a reduced
traw biomass, compared to the controls.

.3. Grain yield and components

The Cambá INTA cultivar had the highest grain yield, which aver-
ged 6048 kg ha−1. The Supremo 13 cultivar yield was 4645 kg ha−1

23% less) and the Yeruá produced 36% less grain yield than
he Cambá INTA cultivar (Fig. 5). None of the cultivars showed
ignificant differences between inoculation treatments; however,
he largest difference resulting from inoculation occurred in the
upremo 13 cultivar, with a 20.2% increase in yield. Inoculated
eruá cultivar also exceeded grain yield over control plants by 11%.
or the Cambá INTA cultivar, inoculation reduced grain yield by
.3%.

The analysis of grain yield components after physiological
aturity is shown in Table 7. No significant differences between

noculation treatments for number of panicles, filled grains, and
haffy grains of the three genotypes were observed; however,

GPB inoculation increased the number of panicles of the Supremo
3 and Yeruá cultivars by 0.4% and 7.4%, respectively. Aver-
ge nitrogen and phosphorus content of rice grains were 1.24%
nd 0.35%, respectively. These values represent 62.7 kg ha−1 of
Soil Ecology 61 (2012) 196– 204 201

nitrogen and 17.3 kg ha−1 of phosphorus. No significant differences
were observed among the three cultivars.

For aerial biomass and grain production, inoculation of the
Cambá INTA cultivar reduced panicles by 12.9%, compared to the
controls, with significant differences among the inoculated culti-
vars: Supremo 13 had the highest numbers of panicles (average
of 621 panicles m−2), which was  28.6% and 43.2% higher than the
results for the Cambá INTA and Yeruá cultivars, respectively. The
Yeruá cultivar produced significantly less filled grains, compared
to the other two  cultivars. The inoculation treatment resulted in
fewer chaffy grains among the three rice cultivars compared to
the control plants. Decrease in chaffy grains was 9.7%, 14%, and
18.3% for Cambá INTA, Supremo 13, and Yeruá cultivars, respec-
tively. The mean weight of 1000 grains was  significantly different
among the cultivars. Yeruá had the highest value; PGPB inoculation
significantly increased this yield (4.5%). Finally, the Cambá INTA and
Supremo 13 cultivars had the highest and lowest harvest index,
respectively. Inoculation increased the index of the Supremo 13
cultivar by 14%.

4. Discussion

Although A. brasilense and P. fluorescens are diazotrophic bacte-
ria that efficiently colonize roots and the inoculation with PGPB
was  at a high dose, competition between the native microor-
ganisms and the added strains was probably severe. This is
suggested because the rhizospheres of inoculated and control
plants had similar numbers of culturable rhizobacteria (Table 2).
Besides, rice has a particularly adapted microflora (Doi et al.,
2011; Loaces et al., 2011). Although differences were not signif-
icant, the microaerophilic nitrogen-fixing microorganisms were
very high in the non-inoculated rhizosphere. Counts of culturable
bacteria were made on a selective medium, which allows only
an approximation because commercial inoculant did not contain
strains that could selectively be identified. Because the inocula-
tion procedure was  applied as suggested by the manufacturer, it
is clear that will be necessary to achieve better colonization to
ensure a substantial inoculation response. Pantoea ananatis and
Pseudomonas spp. are widely distributed and persistent bacteria
in rice plant rhizospheres. They can produce siderophores and
some of them have strong antagonistic activity against Azospiril-
lum spp. or Herbaspirillum spp. strains (Loaces et al., 2011). Some
reports indicate that application of microbial inoculants can influ-
ence, at least temporarily, the microbial community of the resident
associated bacteria (Conn and Franco, 2004; Naiman et al., 2009).
Accordingly, inoculation with an experimental inoculant contain-
ing different A. brasilense strains changed the CLPP of the culturable
microbial communities associated with the Cambá INTA cultivar at
the grain-filling stage in the same geographical region in a previ-
ous experiment (García de Salamone et al., 2010). CLPP gives an
estimate of growth and catabolic potential of culturable microor-
ganisms in the original community (Mills and Garland, 2002). Also
at the grain-filling stage, it was  possible to distinguish the differ-
ent microbial physiological profiles between the rhizosphere of
plants inoculated with the same A. brasilense strains used here and
another strain of P. fluorescens (Naiman et al., 2009). Although the
analysis of absorbance values showed that the microbial commu-
nities associated with inoculated and control plants had different
capabilities to use arginine, in our study, most of the variables
showed significant differences of CLPP among rice cultivars (Fig. 2,
Table 3). Other authors state that inoculation of A. brasilense did

not influence the dominant members of the endophytic microbial
communities in the phyllosphere, but improved nitrogen content
and production of rainfed rice when applied cultivation-based tech-
niques and cultivation-independent methods involving PCR-16S
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ercentage of change in grain related to inoculation with respect to the control (C). S

RNA and denaturing gradient gel electrophoresis (Pedraza et al.,
008).

Before analyzing the response from inoculation, several eco-
hysiological implications need to be considered. The 2009–2010
rop season showed lower productivity in the Province of Entre
íos, compared to the 2006–2009 crop seasons, when average
ields were >8000 kg ha−1 (García de Salamone et al., 2010). This
s probably the result to lower available solar radiation during the
rop cycle and difficulties of properly applying herbicides and fertil-
zers on schedule because of the many intense rain storms during
he early period of cultivation, mainly November and December
Fig. 1). These delays impacted crop performance (Arguissain et al.,
010), although sowing dates and plant density were in accordance
ith recommendations (Quintero, 2009). The range of sowing den-

ity in this agroecological region is very wide (110–210 kg ha−1);
enerally, most of the rice cultivars can adjust their performance
hrough a higher or lower production of tillers. The number of
merged plants (Table 6) indicates that the stand of plants for each
ultivar was formed with 0–3 tillers per plant with an initial density
f ∼300 plants m−2. Usually, no grain yield limitations are observed
n a range of 100–500 plants m−2. Certain cultivars reduce the num-
er of plants after emergence because of zinc deficiency in response
o excess calcium and/or soil pH >6.5 (Arévalo et al., 2000; Quintero
t al., 2006). Zinc was applied to avoid this problem. The ratio
etween the number of plants (Table 6) and the number of panicles
Table 7) indicate that the cultivars in this experiment had differ-
nt sensibility to this situation. Thus, the Yeruá cultivar had fewer
lants at the beginning of tillering (Table 6), and the number of pan-

cles (Table 7) was even lower (ratio of 0.81 panicles/plant), while
he other two cultivars have an average ratio of 1.1 panicles/plant.
ice cultivars responded differentially to PGPB inoculation. Biofer-
ilization increased the number of panicles of the Supremo 13 and

eruá cultivars by 15.5% and 11%, respectively (Table 7). The oppo-
ite occurred with the Cambá INTA cultivar, which decreased 16.7%.
lthough no significant differences were found between inocu-

ation treatments, increases of grain production for the Supremo

able 7
ffects of PGPB inoculation on the yield of three rice cultivars after physiological maturity

Treatment Panicles Filled grains Chaffy

(number m−2)

Cambá INTA (C) 564 b 26,357 c 4283 a
Cambá  INTA (I) 500 b 24,622 bc 3869 a
Supremo 13 (C) 620 b 20,093 b 8542 c
Supremo 13 (I) 622 b 24,061 bc 7350 bc
Yeruá  (C) 332 a 13,086 a 5652 ab
Yeruá  (I) 357 a 12,724 a 4619 a

ame letters in each column indicate no significant differences in grain yield with Tukey’
 and I indicate control and inoculated treatments, respectively.
t physiological maturity of three rice cultivars. Numbers above the bars indicate
 letters indicate no significant differences in grain yield with Tukey’s test at P < 0.05.

13 and Yeruá cultivars were economically relevant for the farm-
ers (Fig. 5). The different responses with the Cambá INTA cultivar
with respect to data obtained by García de Salamone et al. (2010)
in a previous experiment was  most likely related to the interaction
of the plant genotype, the bacterial strains, and the environment.
These interactions were previously observed in other crops, such
as maize (García de Salamone and Döbereiner, 1996).

Molecular analysis of the root samples accords with the eco-
physiological response of the cultivars in this experiment. The
restriction of amplicons with HaeIII and HhaI supports the conclu-
sion that all samples were highly similar to each other. The results of
cluster analysis made from the same data showed that all analyzed
diazotrophic communities were similar, >74% (data not shown). All
analyses yielded the same four predominant fragment sizes (Fig. 3).
Although, this similarity cannot be explained by a single organism,
T-RFLP analysis of the nifH gene with known strains indicated that
the 44–46 bp fragments obtained with the HaeIII enzyme could cor-
respond to H. seropedicae because it showed a fragment of 43 pb
with that enzyme (Fig. 3). However, in silico digestion of 36 nifH
gene sequences obtained from the database of NCBI showed that
19 of them also had a cutting site for this enzyme at 46 bp.

The analysis of strains isolated from similar ecosystems shows
that the 66 pb fragment could correspond to a methanotrophic bac-
teria associated with rice, which was isolated in this region, which is
M. oryzae (Geymonat et al., 2010). The fragments of 100–102 bp and
156–157 bp could also be assigned to two  diazotrophic microorgan-
isms: A. amazonense and Klebsiella spp., respectively. The former is
a known endophyte of various crops (Pedraza and Díaz Ricci, 2000;
Reis et al., 2004; Azevedo et al., 2005) and the latter was isolated
as the predominant diazotrophic endophyte in rice (James et al.,
2000; Fig. 3). However, in silico digestion performed on 36 selected
sequences mentioned above indicates that the larger fragment

could also be assigned to nifH genes of the genera Gluconacetobacter,
Sphingomonas,  Paenibacillus, and Burkholderia.

The restrictions in silico of the 36 sequences of nifH gene
obtained from the NCBI database and performed with the

.

 grains Weight of 1000 grains (g) Harvest index (%)

 23.7 b 0.47 b
 23.8 b 0.48 b
 20.9 a 0.35 a

 21.1 a 0.40 ab
 33.6 c 0.40 ab

 35.1 d 0.40 ab

s test at P < 0.05.
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aeIII and HhaI show that fragment sizes of predominant
icroorganisms that may  be present are: Zoogloea oryzae A-4
-7 (AB201045.1, AB201046.1), Azospirillum spp. (AB542346.1,
B542349.1, FN813561; FJ799358.1, AB185395), and Sphin-
omonas spp. (FJ455053; FJ455038).

Most of the microorganisms mentioned above were isolated
rom crop roots, and in most cases, authors report that these strains
re capable PGPB. Zooglea oryzae A-4 and A-7 strains were isolated
rom rice paddy soil associated with Oryza sativa roots (Xie and
okota, 2006). Azospirillum zeae strain gr31 (FN813561.1) was iso-

ated from the rhizoplane of wheat plants and has the ability to
x nitrogen and produce IAA (Venieraki et al., 2011). Azospirillum
ryzae strain COC8 (AB185395.1) was isolated from rice paddy soil
ssociated with Oryza sativa roots (Xie and Yokota, 2006). Azospir-
llum doebereinerae strain DSM 13131 (FJ799358.1) was  isolated
rom roots of Chinese silvergrass (Miscanthus sinensis) and was
ested for its ability to fix nitrogen (Eckert et al., 2001). Sphin-
omonas spp. BR12261 strain (FJ455053.2) and Sphingomonas spp.
R12249 strain (FJ455038.2) were obtained from the rhizosphere
f rice plants grown in hydromorphic soils of Brazil (Videira et al.,
009).

In principal component analysis (Fig. 4), the fragment sizes
howing high Pearson correlation coefficient with PC1 did not
atch any of the dominant fragment sizes between samples, and

id not correspond to the fragment sizes predicted by in silico diges-
ion of the selected strains. This shows that fragment sizes that
xplain the variability of the samples are diazotrophic microor-
anisms, which are a minority of the population. Some of these
iazotrophic bacteria were not in the set considered for in silico
igestion, either because they were not selected from the database
r because their nifH sequence have not been deposited in the
atabase. Some of the fragment sizes obtained by restriction with
aeIII that differentiate both inoculation treatments and the cul-

ivars (Tables 4 and 5, respectively), are the same size as those
btained from the selected analyzed strains. Thus, digestion of H.
eropedicae generated a predominant fragment size of 43 bp, which
ould correspond to the 40–42 fragment size of HaeIII that showed
ignificant differences among rice genotypes. Besides, digestion of
. oryzae generated a predominant fragment of 66 bp that could

orrespond to the 66–68 bp fragment of HaeIII that showed signifi-
ant differences between inoculation treatments. Finally, digestion
f A. brasilense strain AZ39, included in the inoculant, gener-
ted a predominant 75 bp fragment. This could correspond to the
4–76 bp fragment of HaeIII that showed significant differences
mong the cultivars. Some of the fragments obtained by restric-
ion with HaeIII permitted differentiation of inoculation treatments
r rice genotypes (Tables 4 and 5, respectively) and are the same
ragment sizes obtained by in silico digestion. The 69 bp fragment of
aeIII, which allowed us to differentiate cultivars, could correspond

o the 70 bp fragment obtained in three sequences in Pseudomonas
tutzeri (AF117977; CP002622.1; FN813565.1) and one in Paeni-
acillus fujiensis AB489070). The 185 bp fragment obtained by in
ilico digestion of four sequences of A. brasilense accord with the
83–185 bp fragment that distinguished between cultivars and

noculation treatments.
In summary, we demonstrated that PGPB inoculation had a

oderate effect on the physiological and genetic characteristics
f microbial communities associated with certain rice culti-
ars under field conditions. These moderate effects were also
bserved in the agronomic responses. Our results demonstrate
hat CLPP, T-RFLP, and analysis of plant attributes indicate a
trong effect of plant genotypes on the associated microbial

ommunity. Further studies would clarify how different envi-
onmental and management conditions change the response to
noculation of specific bacteria–plant associations. This could help
o obtain a better understanding of rice inoculation responses
Soil Ecology 61 (2012) 196– 204 203

with PGPB in order to help farmers improve production and soil
health.
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