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Abstract A study was undertaken to determine the free-
living culturable diazotrophic bacteria of paddy soils from a
long-term fertilizer management experiment. Long-term
application of different fertilizers significantly affected the
population of free-living diazotrophs. Out of 165 distinct
bacterial morphotypes observed during the isolation
process, only 32 were positive for both acetylene
reduction assay (ARA), and nifH gene screening. The
ARA activity of the isolates ranged from 1.8 to
2,844.7 nmol ethylene h™' mg protein'. The 16S rRNA
analysis identified the isolates to be members of 13
different genera viz. Bacillus, Pseudomonas, Paenibacillus,
Serratia, Ochrobactrum, Lysinibacillus, Burkholderia, Bre-
vundimonas, Herbaspirillum, Novosphingobium, Sphingo-
monas, Xanthomonas, and Azorhizobium. Though partial
nifH gene sequencing of diazotrophic isolates showed good
consistency with that of 16S rRNA-based identification,
some nifH sequences were similar to a variety of uncultured
nitrogen-fixing bacteria. The diversity of free-living diazo-
trophic bacteria and the wide distribution of nifH sequences
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indicate the potential contribution of these microorganisms
to nitrogen input to paddy fields.
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Introduction

Because of its potential economic and environmental
importance, biological nitrogen fixation (BNF) is an
important source of nitrogen (N) input to soil and has
attracted many researchers (Demba Diallo et al. 2004;
Wartiainen et al. 2008). In terrestrial ecosystems, the
estimated input of BNF averages 90—130 Tg/year (Kennedy
and Islam 2001) and these N inputs are important for arable
soils, such as rice paddy soil (Ladha and Reddy 2003).

The N, fixation requires the interaction of several gene
products including the nitrogenase structural proteins like
NifD, NifK, and nifH. The phylogeny based on nifH genes
has been shown to resemble the 16S rRNA phylogeny (Zehr
et al. 2003); thus nifH is an ideal phylogenetic gene marker
for investigating N,-fixing organisms in natural environ-
ments. In the past, nifH gene has been successfully used to
determine diversity of the diazotrophic communities (Roesch
et al. 2006; Albino et al. 2006; Wakelin et al. 2007).

Paddy soils are habitats for numerous diazotrophs, which
contribute significantly to soil fertility (Hashem 2001;
Kennedy et al. 2004; Ariosa et al. 2005) and N requirement
(Roger 1995; Ladha and Reddy 2003). Physico-chemical
factors and the management practices can influence
competition in soil bacterial population (Bossio et al.
1998; Ulrich and Becker 2006). Few studies have examined
the influence of the fertilizer treatment on the diversity and
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stability of diazotrophic populations (Yevdokimov et al.
2008; Islam et al. 2009). The composition of diazotrophs
was markedly influenced by inorganic N content across a
range of soil types (Poly et al. 2001). However, the colony
unit forming (CFU) ability of Gluconacetobacter diazotro-
phicus was not affected by high levels of N-fertilizations
(Roesch et al. 2006). Though long-term application of
chemical fertilizer amended with compost increased the
average yield of rice more than chemical fertilizer applied
alone (Muthukumarasamy et al. 2007), no general agree-
ment exists on the effects of long-term inorganic or organic
N-fertilizer additions on eubacterial and diazotrophic
diversity of soil. Hence, identification of the major
taxonomic groups of bacteria that contribute to the N input
in rice ecosystem is of great relevance. Accordingly, the
present study reports the isolation and characterization of
the putative free-living diazotrophic bacteria from long-
term fertilized paddy soil.

Materials and methods
Sampling area

Soil samples were collected from a Gangseo series (coarse
loamy, mixed, nonacid, mesic family of Aquic Fluventic
Eutrochrepts) paddy soils from the National Institute of
Agricultural Science and Technology located at Suwon city
(37°16'0"N, 127°1'0"E) under Gyeonggi Province of the
Republic of Korea. This region has an average annual
precipitation of 1,268.1 mm, annual evaporation of
1,102.0 mm, and a mean annual temperature of 11.6°C.
The research fields were established in 1954 to evaluate the
long-term effect of different fertilizer amendments on the
yield of lowland rice. Rice straw was used as organic
compost, prepared by fermenting straw for 5 months.
Organic compost with and without nitrogen—phosphorus—

Table 1 Physico-chemical properties of paddy soils

potassium (NPK) fertilizer was applied to soil. Since 1986,
chemical fertilizers were applied at rates of 110 kg N ha ',
70 kg P,Os ha', and 80 Kg K,O ha'. Compost was added
at 7.5, 15.0, 22.5, and 30.0 Mg ha ' in CNPK, NPKC750,
NPKC1500, NPKC2250, and NPKC3000 treatments, re-
spectively. While CNPK received ammonium sulfate as N
source, all the other treatments received urea as N source.
Control treatment received neither chemical fertilizer nor
compost amendments.

Soil sampling and sample preparation

To sample each soil type, three 1,000 m® plots were
randomly established. In each plot, nine soil samples were
collected using 10-cm long* 1.45-cm diameter soil corer at
nine randomly selected points in October 2007. All samples
from each plot were combined to form one composite
sample and stored in a sterile polypropylene bag in coolers
immediately after sampling. After removing visible root
debris, field moist soil samples were sieved (2 mm) and
stored at 4°C. The physico-chemical properties of soils are
presented in Table 1.

Enrichment isolation and morphological characterization

Diazotrophic microorganisms were isolated using serial
dilution technique on four selective N-free media viz., NFMM,
LGI-P, BAz, and JNFb. NFMM medium had the following
composition 10 g L' sucrose, 5 g L™ malic acid, 0.1 g L™
K,HPO,, 04 g L' KH,PO,, 02 g L' MgS0O,7H,0,
0.1 g L' NaCl, 0.2 g L' CaCl,'H,0, 0.01 g L™ FeCls,
0.002 g L' Na,MoO42H,0, pH 7.2 (Piao et al. 2005). The
LGI-P medium contained 100 g L™ sucrose, 0.2 g L™
K,HPO,, 0.6 g L' KH,PO,, 02 g L' MgSO,7H,0,
0.02 g L' CaCl,, 0.002 g L' Na,MoO42H,0, 0.01 g L"
FeCl;-6H,0, 5 ml of bromothymol (0.5% solution in 0.2 M
KOH), pH 5.5 (Reis et al. 1994). The BAz medium contained

Soil types pH EC (dSm™")  Organic matter  Av. P,Os Cation exchange capacity (cmol kg™ ") Av. SiO,

(gke ) (mgkg ") (mgkg )

Ca K Mg Na

Control 6.1+0.23 0.54+0.08 18£1.15 21+£5.8 45+0.12  0.11£0.02  0.8+0.06  0.25+0.04 107+£6.9
NPK 5.7+0.40 0.74+0.05 20+2.89 119+4.6 4.1+£0.29  0.14£0.03  0.7+0.03  0.27+0.03 68+6.4
CNPK 5.8+0.29 0.75+0.06 29+1.73 174+104  4.9+0.23  0.16+£0.05 0.8+0.05  0.28+0.05 69+9.2
NPKC750 6.1+0.35 0.50£0.12 2440.58 102+4.0 53+0.35  0.15£0.02  0.9+0.12  0.29+0.06 72+£7.5
NPKC1500  6.0+0.12 0.78+0.04 26+2.89 89+5.2 59+0.17  0.18+0.05 1.0+0.16  0.32+0.05 85+3.5
NPKC2250  6.0+£0.17 1.17£0.07 274231 109+8.1 6.8+£0.06  0.27+£0.03  1.3+0.09  0.44+0.08 103+8.7
NPKC3000  5.8+0.35 1.03+0.04 28+3.46 119+£6.9 6.0+£0.29  0.24+0.04  1.3£0.10  0.43+0.03 92+4.0

Values are mean=+standard errors of three replicates

Av. available
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2.0 g L' azelaic acid, 0.4 g L' K,HPO,, 0.4 g L'
KH,PO,4, 0.2 g L' MgSO47H,0, 0.02 g L' CaCl,,
0.002 g L' Na,MoO4-H,0, 0.01 g L' FeCls, 0.075 g L™"
of bromothymol blue, pH 5.7 (Estrada-De Los Santos et
al. 2001). INFb contained 5 g L™' malic acid, 0.6 g L™
K,HPO,, 1.8 g L' KH,PO,, 0.2 g L' MgS0,-7H,0,
0.1 g L”" NaCl, 0.02 g L' CaCl,, 4.5 ¢ L' KOH, '2 ml
of bromothymol blue (0.5% in 0.2 N KOH), 1 ml of vitamin
solution, 2 ml of micronutrient solution, 4 ml of Fe EDTA
solution (1.64% w/v), pH 5.8. A 100 ml of vitamin solution,
10 mg biotin, and 20 mg pyridoxal-HCIl. Micronutrients
solution had 0.4 g L™ CuSO,, 0.12 g L™ ZnSO47H,0,
14 ¢ L' H,BOs, 1 g L' Na,MoO,2H,0, 1.5 g L™
MnSO4-H,0 (Kirchhof et al. 1997).

Aliquots (0.1 ml) from the serially diluted samples (10>
to 10 ) were added to four different N-free media in Petri
plates and kept in an incubator at 30°C. Five days after
incubation, colonies growing on N-free media were counted
and grouped according to their morphological character-
istics. Single colonies were picked from the Petri dishes and
sub-cultured several times to obtain pure cultures. Stock
cultures were made in nutrient broth containing 50% (w/v)
glycerol and stored at —80°C.

Nitrogen fixation

Nitrogen fixing of the bacterial isolates was determined by
acetylene reduction assay (ARA) using Gas chromatograph
(DS 6200, Donam Instruments Inc., Republic of Korea) fitted
with flame ionization detector and a Porapak-Q column (Park
et al. 2005). All the experiments were carried out in semi-
solid JNFb medium. Uninoculated media served as control.
The protein concentration was determined using bovine
serum albumin as standard (Lowry et al. 1951).

PCR amplification, sequencing, and phylogeny of nifH
gene

The presence of nifH gene was determined by amplifying
the 390 bp fragment using a pair of specific primers, 19F
(5'-GCIWTYTAYGGIAARGGIGG-3") and 407R (5'-
AAICCRCCRCAIACIACRTC-3') (Ueda et al. 1995). The
conditions of the polymerase chain reaction (PCR) were:
0.5 min at 94°C, 1 min at 50°C, and 0.5 min at 72°C with
40 cycles. The amplified products were resolved on a 1%
agarose gel in 1xTBE buffer and visualized under UV light
(Bio-Rad Laboratories, CA, USA). The purified PCR
products were sequenced directly using an ABI 3730XL
capillary DNA sequencer (50 cm capillary) with the same
set of primers. The aligned sequence was compared using
BLAST in GenBank to obtain closely related sequences.
Phylogenetic tree was generated after performing multiple
sequences alignment (CLUSTAL W version 1.8). The
method of Jukes and Cantor (1969) was used to calculate
evolutionary distances, phylogenetic dendrograms were
constructed by neighbor-joining method, and the tree
topologies were evaluated by bootstrap analysis of 1,000
dataset using MEGA version 3.10 software (Kumar et al.
2004).

16S rRNA gene amplification, sequencing, and phylogenetic
analysis

The amplification of 16S rRNA gene of the bacterial genomic
DNA was done using universal primers 27F 5-AGAGTTT
GATCCTGGCTCAG-3' and 1492R 5'-GGTTACCTTGT
TACGACTT-3'". The resultant product was sequenced directly
using the fluorescent dye terminator method (ABI prism™
Bigdye™ Terminator cycle sequencing ready reaction kit

Fig. 1 Culturable diazotrophic
bacteria in paddy soils recorded
after 5 days of growth in four
different N-free solid media.
Values represent mean values
of three replicates and bars
indicate standard error
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Table 2 Isolation media, colony characteristics and nitrogenase activity of the diazotrophic isolates from paddy soils under long-term fertilizer
management practices

Isolate code Closest relative in database Soil sample”  Isolation media® General properties ARA activity®

Colony color Gram’s reaction

RFNBI°¢ Methylobacterium mesophilicum Control NFMM Pink - 6.7+0.42
RFNB2 Bacillus licheniformis NPK NFMM Pale white + 4.9+0.14
RFNB3 Pseudomonas putida CNPK NFMM Cream - 2.0+0.59
RFNB4 Paenibacillus borealis NPKC750 NFMM White + 50.1+£0.12
RFNBS5 P, borealis NPKC750 NFMM White + 29.9+0.29
RFNB6 Bacillus clausii NPKC2250 NFMM Pale white + 57.8+0.69
RFNB7¢ Methylobacterium rhodesianum NPKC3000 NFMM Pink - 6.7+0.06
RFNBS Serratia marcescens CNPK LGI-P Pale white - 1.8+0.28
RFNB9 Ochrobactrum anthropi CNPK LGI-P White - 4.740.12
RFNB10 Lysinibacillus sphaericus NPKC1500 LGI-P White + 5.2+0.06
RFNBI1 Burkholderia phytofirmans Control BAz White - 297.4+0.40
RFNBI12 B. phytofirmans Control BAz White - 325.7+£0.27
RFNBI13 B. phytofirmans Control BAz White - 102.6+0.34
RFNB14 Serratia marcescens Control BAz White - 23.2+0.87
RFNBI15 Brevundimonas diminuta CNPK BAz White - 290.4+0.39
RFNB16 B. phytofirmans NPKC1500 BAz White - 511.2+0.75
RFNB17 S. marcescens NPKC2250 BAz White - 115.4+0.64
RFNBI18 S. marcescens NPKC2250 BAz White - 70.6+0.29
RFNB19 S. marcescens NPKC3000 BAz White - 242.9+0.87
RFNB20 Herbaspirillum seropedicae NPKC3000 INFb White - 107.3£0.52
RFNB21 Novosphingobium capsulatum Control INFb Yellow - 5.1+0.09
RFNB22 Sphingomonas subterranea Control INFb Yellow - 48.0+£0.34
RFNB23 S. subterranea Control INFb Yellow - 4.4+0.01
RFNB24 Xanthomonas retroflexus Control INFb Greenish - 895.6+£0.46
RFNB25 Herbaspirillum putei NPK INFb White - 3.3£0.02
RFNB26 H. seropedicae NPK INFb Pink—cream - 2844.7+0.75
RFNB27 H. putei NPK JNFb White - 23.5+0.40
RFNB28 S. subterranea CNPK INFb Yellow - 87.84+0.48
RFNB29 B. diminuta NPKC1500 IJNFb White - 9.4+0.03
RFNB30 Herbaspirillum rubrisubalbicans NPKC2250 INFb White - 620.4+0.40
RFNB31 Azorhizobium caulinodans NPKC3000 INFb White - 1367.8+0.85
RFNB32 Brevundimonas diminata NPKC2250 INFb White - 195.5+£0.29

The isolates were identified by 16S rRNA gene sequence analysis. Values are mean+standard errors of three replicates
 Description was given in the materials and methods section
°nmol ethylene h™' mg protein ™'

¢Identified by fatty acid methyl ester (FAME) analysis

V.3.1). The BLAST analysis and phylogenetic tree were
constructed as described above.

Nucleotide sequence accession numbers Fig. 2 Phylogenetic tree based on partial NifH amino acid sequences
of diazotrophic isolates obtained from paddy soils under long-term

. . fertilization treatments. The database accession numbers are indicated
The nucleotide sequences of 16 S rRNA and nifH genes were after the bacterial names. Bootstrap values (from 1,000 replicates)

deposited to GenBank under the accession numbers higher than 50% are shown at the nodes. The sequences obtained in
FJ266313-FJ266342, and FJ829453-FJ829468, respectively. this study are shown in bold
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Burkholderia phytofirmans RFNB11 (FJ829458)
Burkholderia phytofirmans RFNB12 (FJ829459)
Burkholderia phytofirmans RFNB13 (FJ829460)

51_| Burkholderia xenovorans (YP_553849)

Azorhizobium caulinodans (YP_001523957)

Azorhizobium caulinodans RFNB31 (FJ829468)

Bradyrhizobium sp. (YP_001207334)
Burkholderia vietnamiensis (ABO64219)
Burkholderia silvatlantica (ABO64218)
83 Uncultured bacterium (ACB38686)

Herbaspirillum seropedicae (AAB63038)

Herbaspirillum seropedicae RFNB26 (FJ829465)

Herbaspirillum seropedicae (ABC26893)
78

93 |Herbaspirillum seropedicae RFNB20 (FJ829461)
Herbaspirillum seropedicae RFNB30 (FJ829467)
Herbaspirillum sp. (BAF92008)

Rhizobium sp. (ABB88850)

60

Azospirillum brasilense (CAA35868)
78 | Gluconacetobacter diazotrophicus (CAP54379)
—— Paenibacillus fujiensis (BAH24165)

og | Paenibacillus borealis RFNB4 (FJ829454)
Paenibacillus borealis RFNB5 (FJ829455)

77 Paenibacillus massiliensis (AAX07130)
95 |: Uncultured bacterium (AAY59349)

Methanococcus aeolicus (YP_001324704)
Uncultured archaeon (ACF05629)

Rhodopseudomonas palustris (NP_946788)

45)1': Methanococcus vannielii (YP_001322591)
52 Methanothermobacter thermautotrophicus (NP_276673)
Methanosarcina acetivorans (NP_616144)

Rhodospirillum rubrum (YP_426483)
93 Klebsiella pneumoniae (AAQ11985)
I_— Serratia marcescens (BAB19359)
Azotobacter vinelandii (ZP_00417195)
Spirochaeta stenostrepta (AAK01221)
499' Treponema denticola (AAK01225)
Uncultured nitrogen-fixing bacterium (ABW90504)
Uncultured bacterium (BAD93448)

100 Chlorobium phaeobacteroides (YP_001960150)
Prostheco chlorisaestuarii (YP_002016292)

—|j Uncultured nitrogen-fixing bacterium (ABW90494)
59 Uncultured nitrogen-fixing bacterium (ABW90508)

Unidentified nitrogen-fixing bacteria (BAA28600)

Uncultured archaeon (ACF05631)

Uncultured methanogenicarchaeon (YP_686484)
Methylobacterium mesophilicum RFNB1 (FJ829453)
99 Ochrobactrum anthropi RFNB9 (FJ829457)

Methylobacterium rhodesianum RFNB7 (FJ829456)

0.1

100 Novosphingobium capsulatum RFNB21 (FJ829462)
Sphingomonas subterranea RFNB23 (FJ829464)

91 | Sphingomonas subterranea RFNB22 (FJ829463)
Sphingomonas subterranea RFNB28 (FJ829466)
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Statistical analysis

All the data were subjected to a variance analysis using
SAS software (version 9.1; Cary, NC). When analysis of
variance showed significant treatment effects, the Tukey’s
test (P<0.05) was applied to make comparisons between
treatments.

Results

Determination of culturable diazotrophic bacteria
and their purification

The diazotrophic bacterial counts of the visible colonies
on four N-free media after 5 days of incubation are
presented in Fig. 1. The highest diazotrophic population
was observed in NPKC3000-treated soil inoculated in
BAz medium (7.5 log CFU (g DW soil) ") and the lowest
(2.4 log CFU (g DW soil) ') in JNFb medium.

Screening for nitrogenase activity and phylogeny of nifH
gene

The samples varied significantly in N,-fixation rates. There
were significant interactions between sample and media.
The ARA ranged from 2.0 to 57.8 nmol ethylene h™' mg
protein ' in the NFMM medium, from 1.8 to 5.2 nmol
ethylene h™' mg protein' in the LGI-P medium, from 23.2
to 511.2 nmol ethylene h™' mg protein' in the BAz
medium, and from 3.3 to 2,844.7 nmol ethylene h™' mg
protein ' in the JNFb medium, respectively (Table 2).
When the nitrogenase positive isolates were screened for
the presence of nifH gene, only 32 were found positive. The
maximum number of isolates were from the JNFb medium
(40.63%), followed by BAz (28.13%), NFMM (21.88%),
and LGI-P (9.38%) medium, respectively. When samples
were compared, the highest numbers (28.13%) of nifH
positive isolates were found in control plots. Some
nitrogenase positive isolates were negative for the nifH
gene amplification studies.

When the 32 positive nifH gene fragments were sequenced,
only 16 sequences had the correct product size. The
nucleotide sequences translated into amino acids and ana-
lyzed subsequently showed high diversity of NifH sequences
among diazotrophic isolates (Fig. 2). The NifH sequences of
Burkholderia sp. showed 100% homology to NifH of
Burkholderia xenovorans retrieved from GenBank database.
Similarly, Herbaspirillum sp. and Paenibacillus sp. showed
95-100% and 85-88% amino acid similarity to NifH
database of Herbaspirillum seropedicae and Paenibacillus
massiliensis, respectively. The sequences of Azorhizobium sp.
showed 99% homology with Azorhizobium cauliodans. The
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NifH amino acid sequences from Sphingomonas sp., Novos-
phingobium sp., Methylobacterium sp., and Ochrobactrum
sp. clustered with those of nitrogen-fixing uncultured bacteria
forming a distant group with no close relation to the other
sequences obtained in this study (Fig. 2).

16S rRNA gene amplification, sequencing, and phylogenetic
analysis

The 16S rRNA analysis revealed that the bacterial isolates of
paddy soils belong mainly to Proteobacteria and the subgroup
Alphaproteobacteria was dominant and most diverse, having
four different families with nine isolates belonging to the
genera Ochrobactrum, Brevundimonas, Novosphingobium,
Sphingomonas, and Azhorhizobium (Table 2, Fig. 3). On the
other hand, the Betaproteobacteria subgroup though was
dominant, it had only two genera. The subgroup Gammap-
roteobacteria composed of three genera belonged to three
families. Two Bacillus sp. (RFNB2 and RFNB6), two
Paenibacillus sp. (RFNB4 and RFNBS), and one Lysiniba-
cillus sp. (RFNB10) made the group Firmicutes. Overall,
majority of the isolates (46.66%) belonged to Herbaspirillum,
Serratia, and Burkholderia sp. (Fig. 3).

Discussion

Soil management improves soil quality through creating
durable soil structure and suitable microhabitats for high
N,-fixation activity (Chotte et al. 2002). In this study,
different soils maintained under various fertilizer manage-
ment practices were selected to find out the influence of
inputs on the nifH gene pool and diazotrophic bacteria.

Irrespective of the media used, plate count analysis
revealed that the numbers of culturable diazotrophic
bacterial population were significantly higher in
NPKC2250 amended soils than other treatments and
control soil. At the same time, the NPK-treated soil
recorded significantly lower diazotrophic populations in
the used media with the exception of the JNFb medium
then the control (Fig. 1). Our results are in agreement with
an earlier report (Muthukumarasamy et al. 2007), where a
higher diazotrophic population was observed in rhizosphere
soils receiving both N and compost.

When a total of 165 diazotrophic bacterial isolates
were screened for acetylene reduction, higher ARA was

Fig. 3 Phylogenetic tree of 165 rRNA gene sequences showing the
relationships among the diazotrophic bacteria isolated from paddy
soils and the related genera. Bootstrap values (from 1,000 replicates)
higher than 50% are shown at the nodes. The sequences obtained in
this study are shown in bold. The numbers in the parenthesis are the
nucleotide sequence accession numbers in the GenBank. Scale bar
presents 0.02 nucleotide substitutions
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100

Herbaspirillum sp. (AB049103)
RFNB20 (FJ266330)
RFNB30 (FJ266340)
Herbaspirillum sp. (DQ387438)
Herbaspirillum sp. (AY741151)
RFNB26 (FJ266336)
Herbaspirillum seropedicae (AJ238361)
irillum rubris icans (A
Herbaspirillum huttiense (EU549838)
Herbaspirillum sp. (EU549849)
RFNB25 (FJ266335)
Herbaspirillum putei (EU046556)
RFNB27 (FJ266337)
Herbaspirillum frisingense (AJ238358)

100

Herbaspirillum autotrophicum (AB074524)
Herminiimonas saxobsidens (AM493906)
96, |_l- Burkholderia fungorum (AJ544691)

Uncultured bacterium (EF516386)

65

81

4
100 100

93
99

69 I_I Pseudomonas putida (Z76667)

Burkholderia phytofirmans (AY497470)
Burkholderia phytofirmans (DQ387434)
RFNB11 (FJ266321)

RFNB13 (FJ266323)

RFNB12 (FJ266322)

RFNB16 (F.

Stenotrophomonas koreensis (AB166885)
|_|: Stenotrophomonas terrae (AM403589)

96 Stenotrophomonas maltophilia (X95923)

Stenotrophomonas sp. (AM402950)

Stenotrophomonas sp. (AY179327)
Xanthomonas retroflexus (DQ337602)
Stenotrophomonas sp. (DQ337605)
RFNB24 (FJ266334)

Xanthomonas retroflexus (AY841369)

RFNB3 (FJ266314)

100

94

Pseudomonas sp. (EU871646)

Pseudomonas sp. (EU708624)
Serratia fonticola (AY236502)
99 r Serratia entomophila (AJ233427)

Serratia fircaria (AJ233428)

100

Serratia liquefaciens (AB004752)
_I Serratia sp. (AJ846269)
Serratia sp. (EF032328)
Serratia sp. (EF195348)
RFNB14 (FJ266324)
Serratia sp. (EF195343)
Serratia marcescens (EU233275)
RFNB19 (FJ266329)
Serratia marcescens (AY395011)
Bacterium (EU603511)
Serratia sp. (EF195339)
RFNB17 (FJ266327)
Serratia sp. (EF195350)
Serratia marcescens (DQ207558)
_IRFNBB (FJ66318)
RFNB18 (F.

56

10

S

64

62 | Bacillus clausii (AB251922)
10072 I'[ Bacillus sp. (AB043859)

67
89

Bacillus clausii (AB201800)
L rrnes (FJ266317)
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observed in bacterial isolates picked from BAz and JNFb
media, indicating the carbon source was important for
the growth of the selective microbes. Out of this, only 32
were found positive for the presence of nifH gene. Our
results are in agreement with earlier studies (Kuklinsky-
Sobral et al. 2004, Chowdhury et al. 2007) where nifH
gene could not be amplified because of the variability of
this gene (Zehr et al. 2003). It has been reported that no
direct correlation between the presence of nifH and the
ARA activity of the bacterial strains (Dean and Jacobson
1992). Among the four N-free media used, the maximum
number of nifH positive isolates was obtained in JNFb
used to select Azospirillum or Herbaspirillum species
followed by BAz medium used for selecting Burkholderia.
Various authors have reported the occurrence of these
bacteria in soil (Perin et al. 2006; Soares et al. 2006). A
higher number of nifH gene positive isolates was obtained
from control plots than the chemical fertilizer and organic
amended treatments.

Partial nifH gene sequencing showed good consistency
with 16S rRNA identification and revealed high diversity
of nifH gene among diazotrophs of paddy soils thus
confirming the large nifH gene diversity among isolates
isolated from sweet potato (Reiter et al. 2003) and rice
(Knauth et al. 2005). As expected, nifH sequences from
Burkholderia sp., Herbaspirillum sp., and Azorhizobium
sp., were closely related with the type I nifH genes (Zehr
et al. 2003), codifying molybdenum nitrogenases, and
isolated from cyanobacteria and proteobacteria. The
sequences from Sphingomonas sp., Novosphingobium
sp., Methylobacterium sp., and Ochrobactrum sp. were
moderately similar to a bacteriochlorophyllide reductase
gene (bchL), a nifH homolog, and probably belonging to
the so-called type IV nitrogenases, which have been
described as a highly divergent and loosely coherent
group of nif-like genes including sequences from the
Archaea and homologous chlorophyllide reductase genes
(Zehr et al. 2003).

The search for potential free-living diazotrophs and their
diversity in nature is still a fascinating ongoing research and
there is much work to be done to harness the whole
potential of diverse diazotrophic bacterial communities in
soil and their interaction with plants. The results of this
study provide evidence for the presence of 32 distinct free-
living diazotrophic bacteria, representing 12 different
families, associated with paddy fields. The growth of
different bacterial isolates on four different N-free media,
nifH, and 16S rRNA phylogenetic analyses indicate that
diazotrophic bacteria are diverse. The knowledge on the
diversity of diazotrophic bacteria is required not only for
understanding their ecological importance in the paddy
soils, but also for their utilization in sustainable agricultural
as inoculants of rice.
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