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Development of a Direct Isolation Procedure for Free-Living
Diazotrophs under Controlled Hypoxic Conditions
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Free-living diazotrophs are diverse and ubiquitous in soil, contributing the nitrogen pool in natural ecosystems. The isolation of
nitrogen-fixing microorganisms has relied on semisolid nitrogen-free medium enrichment, followed by multiple subculturing
steps. These procedures limit the diversity of recovered isolates. In the current study, we investigated three different isolation
strategies for free-living diazotrophs using a soil sample from the Amazon forest. The methods were (i) direct plating on solid
nitrogen-free medium under a 2% O, concentration, (ii) enrichment in semisolid nitrogen-free medium before plating on solid
nitrogen-free medium under 2% O,, and (iii) enrichment followed by subculturing in the semisolid nitrogen-free medium be-
fore plating on nitrogen containing medium under a 21% O, concentration. A total of 794 isolates were differentiated by their
genomic fingerprinting patterns, and strains with unique profiles were identified on the basis of sequencing of their 16S rRNA
gene. Isolates belonged to four bacterial phyla: Proteobacteria, Firmicutes, Actinobacteria, and Bacteriodetes. The novel strategy
of combining a solid N-free medium and hypoxic conditions showed an increase of 62.6% in the diversity of diazotrophs in com-
parison to that obtained by the conventional semisolid medium-based methods. All isolates grew on the nitrogen-free medium
under a 2% O, concentration, 78% of them showed the presence of the nifH gene, and 39% tested positive for acetylene reduc-
tion activity. Our results suggest that direct plating of soil dilutions on nitrogen-free solid medium under a 2% O, concentration
is a useful strategy for the isolation of the diverse diazotrophic communities.

Biological nitrogen fixation is considered one of the most im-
portant natural processes on Earth, second to photosynthesis.
The distinctive characteristic of the diazotrophs, i.e., ability to fix
nitrogen, provides them with a selective growth advantage over
other microorganisms under N-limited conditions. Most nitroge-
nases, a class of enzymes responsible for the fixation of atmo-
spheric N, gas, are irreversibly inactivated in the presence of high
O, concentrations (41,43). Hence, maintenance of a continuously
low concentration of O, is required by most diazotrophs in order
to fix nitrogen. Under laboratory conditions, the maintenance of
continuously low oxygen concentrations either in liquid or on
solid medium represents a challenge. While the continuous up-
take of O, through high rates of microbial respiration reduces the
availability of this gas in liquid, the high O, concentration in air
(approximately 21%) can irreversibly damage the nitrogenase,
when cells are grown on solid medium. Only a limited number of
studies have reported on the nitrogen fixation activity by mi-
croaerophilic diazotrophs from terrestrial ecosystems in liquid
medium (8, 24, 26), and none have reported on nitrogen fixation
activity on solid medium.

Considering the limitations described above, Débereiner and
her colleagues (10) developed a semisolid N-free malate medium
(NFM) for the isolation of free-living N,-fixing microorganisms.
The semisolid nature of the medium, achieved through a low agar
concentration, provided the microaerophilic condition, which,
combined with alack of N source, selectively favored the growth of
diazotrophs. This method was based upon the traditional enrich-
ment strategy, in which repeated series of soil dilutions were trans-
ferred or subcultured on the N-free medium before plating on
N-containing medium. This classical approach has led to the iso-
lation of a number of diazotrophic strains (2, 6, 12, 21, 34). How-
ever, the final outcome of any bacterial enrichment-based method
is known for being influenced by differential growth rates and
negative interactions among microorganisms (45). When the pro-

5542 aem.asm.org

Applied and Environmental Microbiology p. 5542-5549

cess of subculturing was performed several times, only a few
strains could be isolated, and these lacked representation of the
diversity of the source community (13, 49, 52).

In order to overcome the limitations of the above-described
methods and increase the diversity of N,-fixing microorganisms,
we developed an alternative method for the isolation of free-living
diazotrophs. The objectives of the current study were (i) to estab-
lish a means for the direct isolation of diazotrophs based on a
combination of plating on solid medium and controlled hypoxia,
(ii) to compare the diversity of the N,-fixing bacteria obtained
from soil under three different isolation strategies and highlight
some of the potential biases that occur during preenrichment or
subculturing before isolation, and (iii) to obtain culturable di-
azotrophs from the Amazon forest.

MATERIALS AND METHODS

Soil collection, inoculation, and diazotroph isolation. A sample of soil
was collected from the Amazon rainforest at Fazenda Nova Vida in the
state of Rondonia, Brazil (10°10'18.71"S, 62°47'15.67"W) in 2009. The
intact soil core (5-cm diameter by 10-cm depth) was transported on ice
within 3 days to the laboratory and immediately homogenized with a 2
mm sieve. Soil (10 g) was added to 100 ml of phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 2 mM KH,PO,,
pH 7), vigorously mixed for 10 min, and diluted in PBS. Serial dilutions
from 10~ to 10~ were used for all subsequent procedures. Nitrogen-free
combined carbon (NFCC) medium was prepared as previously described
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FIG 1 Different strategies used for the isolation of free-living diazotrophs
from an Amazon forest soil. (A) Strategy A, direct plating on solid N-free
medium incubated inside a hypoxic chamber (2% O,); (B) strategy B, inocu-
lation into semisolid N-free medium with incubation in air for a week, fol-
lowed by serial dilution and plating on solid N-free medium and incubation
inside a hypoxic chamber 2% O,; (C) strategy C, inoculation into semisolid
N,-free medium with incubation in air with three subsequent transfers in the
same semisolid medium before plating on solid medium amended with
NH,Cl. The boxed area represents the 2% O, condition in the hypoxic cham-
ber. The total number of isolates () obtained with each method is provided.

(10, 11) with addition of the following carbon sources (0.25% of each): 14
mM glucose, 23 mM sodium pyruvate, and 30 mM sodium acetate (all
carbon sources were purchased from Sigma Co., St. Louis, MO). Three
different incubation procedures were used for isolation of free-living di-
azotrophs (Fig. 1). In procedure A, solid NFCC medium (2% gellan gum)
prepared on petridishes (150 by 15 mm) was inoculated with 200 p.l of soil
serial dilutions and incubated under hypoxic conditions (2% O, and 98%
N,) in a vinyl hypoxic chamber fitted with an automated oxygen sensor
and controller (Coy Laboratory Products, Grass Lake, MI) for 21 days. In
procedure B, semisolid NFCC medium (0.15% gellan gum) prepared in
culture tubes (14 ml) was inoculated with soil dilutions and incubated
under atmospheric conditions (21% O,) for 7 days. Samples were 10-fold
serially diluted and plated on the same medium, followed by incubation
under hypoxic conditions (2% O,) for 21 days. In procedure C, semisolid
NFCC medium prepared in culture tubes was inoculated with previously
used soil dilutions and incubated under 21% O, for 7 days, followed by
two other transfers of 1 ml of inoculum to fresh medium. After the third
incubation, plating was carried out on solid NFCC medium containing 50
mM NH,CI. Plates were incubated under atmospheric conditions for 21
days. Three replicate plates or tubes were used per treatment, with a min-
imum of 80 bacterial colonies isolated from each plate.

DNA extraction. Cells were grown in liquid NFCC medium contain-
ing nitrogen (50 mM NH,CI) for 5 days. One milliliter of the cell culture
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was harvested by centrifugation at 14,000 rpm for 2 min. DNA extractions
were carried out using the bead-beating method as described previously
(31). DNA was purified by sequential phenol, phenol-chloroform, and
chloroform extractions, followed by isopropanol precipitation, a 70%
ethanol wash, and resuspension in 100 pl of sterile H,O. DNA samples
were stored at —20°C until use.

Genomic fingerprinting patterns. PCR-based fingerprinting patterns
were generated from genomic DNA samples using the BoxA1R primer
(CTACGGCAAGGCGACGCTGACG) (50). PCR was performed in a to-
tal volume of 25 pl containing 0.8 mM each deoxynucleoside triphos-
phate, 2 M primer, 1X PCR buffer, 3 mM MgCl,, 0.16 ng/pl of bovine
serum albumin, 50 ng of DNA as the template, and 2 U of Tag DNA
polymerase (GenScript, Piscataway, NJ) that was added after an initial
incubation at 96°C for 10 min. PCR conditions were identical to those
previously described (33). Fingerprinting profiles were analyzed on 2%
agarose gels after staining with ethidium bromide (0.5 wg ml ™). Isolates
were grouped on the basis of the identical profiles, and a representative
strain of each unique group was identified by sequencing of the 16S rRNA
gene.

16S rRNA gene amplification and sequencing. The 16S rRNA gene of
the bacterial isolates was amplified using primers 8F (AGAGTTTGATCC
TGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT) (28) in areac-
tion volume of 50 pl containing 0.2 mM each deoxynucleoside triphos-
phate, 0.4 pM each primer, 1X PCR buffer, 2 mM MgCl,, 50 ng of
template DNA, and 2 U of Taq DNA polymerase (GenScript, Piscataway,
NJ). The PCR conditions were 2 min of denaturation, followed by 35
rounds of temperature cycling (95°C for 30 s, 52°C for 30 s, and 72°C for
45 s) and a final extension at 72°C for 7 min. Aliquots (5 pl) of PCR
products were observed on ethidium bromide-stained 1% agarose gels.
Amplified PCR products were treated with ExoSAP-IT (USB, Cleveland,
OH) and subsequently sequenced with the 8F primer. Sequencing was
performed with a 3130XL genetic analyzer (Applied Biosystems, Foster
City, CA) at the University of Texas Arlington Genomics Core Facility.

nifH gene amplification. Isolates were tested for the presence of the
nifH gene with either direct or nested PCRs. For the direct PCR, primers
PolF (TGCGAYCCSAARGCBGACTC) and PolR (ATSGCCATCATYTC
RCCGGA) (38) were used with the reagents and PCR conditions de-
scribed above for the 16S rRNA gene, but an annealing temperature of
59°C was used. Samples that yielded negative results with the above-de-
scribed nifH primers were subjected to a nested PCR approach in which
the first PCR was performed with the forward primer NifHforA (GCIWT
ITAYGGNAARGGNGG) and the reverse primer NifHrev (GCRTAIABN
GCCATCATYTC) (53). The product of the first PCR was purified using
an Ultra Clean 15 DNA purification kit (Mo Bio, Carlsbad, CA) and di-
luted 1:10 with sterile H,O. Two microliters of the diluted PCR product
was used as the template for a nested PCR with the forward primer PolF
and the reverse primer NifHrev. All reagents and PCR conditions for both
reactions were the same as those described earlier, with the exception of
the use of annealing temperatures of 52°C and 56°C for the first and nested
reactions, respectively. Twenty randomly selected amplified products of
the nested PCR were sequenced to confirm amplification of the nifH gene.

Phylogenetic analyses. A total of 210 sequences of 16S rRNA genes
were aligned and trimmed to 950 bp using the Sequencher (version 4.2.2;
Gene Codes Corp., Ann Arbor, MI), CLUSTAL_X (48), and MacClade
(version 4.05) (29) programs. Sequences of 60 pure culture isolates from
close relatives were obtained from GenBank and used as placement
guides. Aligned sequences were analyzed with four different phylogenetic
methods: neighbor joining (NJ), maximum parsimony (MP), Bayesian,
and maximum likelihood (ML). The software MEGA (version 4) (47) was
used for the NJ and MP methods to generate unrooted consensus trees
with 5,000 bootstrap replicates. Bayesian analysis was completed using
MrBayes (version 3.0) software (25), and the majority consensus tree for
each of the resulting tree files was constructed in PAUP* (version 4.0b10).
Maximum likelihood analysis was performed using PHYML (version 3.0)
software (19, 20) with the settings previously described elsewhere (32).
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The software TreeView (Winl6) was used to display the trees (37), and
MEGA (version 4) was used to generate unrooted consensus trees and
compress the sequences at the genus level (47). The fine-scale grouping,
i.e., individual sequences at the subgroup level, was also analyzed with all
the above-described methods and is presented in Fig. SFIA to F in the
supplemental material.

Acetylene reduction assay (ARA). Isolates representing unique
genomic fingerprinting profiles were grown in triplicate using the liquid
NFCC medium containing nitrogen (50 mM NH,Cl) for 3 days. Cell
cultures (1 ml) were centrifuged, washed twice with PBS, and suspended
in 100 pl of the same solution, before being inoculated (25 l) into 6 ml of
solid NFCC medium slants. Cultures were incubated under a hypoxic
atmosphere (2% O,) for 7 days and made airtight with serum stoppers
while they were maintained inside the hypoxic chamber. Ten percent of
the headspace air was exchanged with an equal volume of acetylene gas,
and the cultures were incubated for 14 days. The concentration of ethyl-
ene (C,H,), the product of acetylene reduction, was measured with a gas
chromatograph (GC-2014; Shimadzu) equipped with a hydrogen flame
detector and a 3-m Porapak N column. Cultures of Herbaspirillum sero-
pedicae (ATCC 35892) were used as positive controls, whereas noninocu-
lated tubes with and without medium (in triplicate), but injected with
acetylene, served as a negative controls.

Competition experiment. Six isolates of different genera (Sinorhizo-
bium sp. strain AMF3700, Phyllobacterium sp. strain AMF4046, Burkhold-
eria sp. strain AMF3694, Pseudomonas sp. strain AMF3038, Enterobacter
sp. strain AMF3712, and Bacillus sp. strain AMF3664) were grown indi-
vidually in liquid NFCC medium containing nitrogen (50 mM NH,CI).
When the optical density at 600 nm (ODy,) reached 0.3, cells were har-
vested by centrifugation, washed twice, and suspended with PBS. Equal
numbers of cells from each culture (107 cells ml~!) were combined, and
the mixture (100 wl) was used for the inoculation of the nitrogen-free
semisolid tubes in triplicate. Combined cultures were transferred three
times on the same medium before isolation on plates. A total of 22 colo-
nies were randomly selected and identified by comparing their genomic
fingerprinting profiles to those of pure cultures previously used for inoc-
ulation. In addition, cells were tested for their ability to grow in the N-free
semisolid tubes.

Statistical analysis. The numbers of bacterial genera detected per
plate for each treatment were analyzed by single-factor analysis of vari-
ance using the software package R, version 2.9.2 (www.R-project.org).

Nucleotide sequence accession numbers. The partial 16S rRNA gene
sequences obtained in this study were deposited in GenBank under the
accession numbers JQ316215 through JQ316433.

RESULTS

Isolation of free-living diazotrophs. Three different strategies
were used for the isolation of free-living N,-fixing microorgan-
isms from soil: direct plating (strategy A), enrichment (strategy
B), and enrichment followed by transfers in the N-free medium
before plating (strategy C) (Fig. 1). The 10~* dilution was used for
final isolations, as individual colonies could be retrieved after 21
days of incubation. For comparison purposes, the same dilution
was selected for samples under isolation strategies B and C; how-
ever, a 1077 dilution was required from semisolid to solid me-
dium. Plates inoculated with lower dilutions showed colonies too
numerous to count (Fig. 1). A total of 794 colonies were randomly
selected with the three different methods: 278, 266 and 250 colo-
nies with isolation strategies A, B, and C, respectively.

Diversity of isolates. Purified colonies from each isolation
strategy were differentiated on the basis of their genomic finger-
printing profiles, and isolates representing unique profiles (total
0f210) were identified through sequencing of the 16S rRNA gene.
The direct plating method had a significantly higher (F, ; = 53.41,
P =0.0001) number of bacterial genera in isolation in comparison

5544 aem.asm.org

to the semisolid enrichment methods (Fig. 2). A total of 28 differ-
ent bacterial genera were isolated under strategy A, whereas strat-
egies Band Cyielded 12 and 8 genera, respectively. Approximately
96% of culturable diazotrophs obtained in this study were isolated
through direct plating on N-free solid medium, with 59% of them
being unique to this strategy. Members of the genus Rahnella were
isolated only after enrichment, followed by two sequential trans-
fers in the N-free semisolid method (Fig. 2), and were not ob-
served in the other two procedures.

The isolates were grouped into four different bacterial phyla on
the basis of 16S rRNA gene sequences: Proteobacteria, Firmicutes,
Actinobacteria, and Bacteriodetes. A majority of isolates (84%) be-
longed to Proteobacteria, followed by Actinobacteria, with 17 and 8
different bacterial genera, respectively (Fig. 3; see Fig. SF1A to Fin
the supplemental material). The most abundant bacterial genera
observed with isolation strategy A were Pseudomonas (16%),
Burkholderia (13%), Sinorhizobium (9%), and Bacillus (8%). The
percentage of Pseudomonas isolates increased four times when
semisolid medium-based strategies B (62%) and C (78%) were
used. This genus was the dominant group among isolates, fol-
lowed by Phyllobacterium and Rahnella, being the only genera in
which the percentages of isolates were above 5% for strategies B
and C, respectively (Fig. 2). Approximately 80% of all isolates
detected with strategies B and C were also observed with isolation
strategy A.

The diversity of isolates was also assessed at the strain level by
performing genomic fingerprinting with BoxA1R primers. Isola-
tion strategy A yielded the highest number of unique genomic
fingerprinting patterns, with a total of 114, followed by 27 and 17
fingerprints from strains isolated with semisolid medium-based
strategies B and C, respectively (see Fig. SF1A to F and SF2 in the
supplemental material). As an example, we used the genus Burk-
holderia to compare isolates between strategies A and B. Among 33
Burkholderia isolates obtained through direct plating, 20 showed
unique fingerprinting profiles (isolate-to-fingerprint ratio =
1.65). In contrast, the nine Burkholderia isolates captured with the
semisolid medium-based method B belonged to only two unique
profiles (isolate-to-fingerprint ratio = 4.5; see Fig. SF1B in the
supplemental material). All other bacterial genera showed values
similar to those observed for the genus Burkholderia, with excep-
tion of the genus Rahnella (Fig. 4).

Nitrogen fixation. All isolates were evaluated for their poten-
tial for biological N, fixation with three consecutive growth trans-
fers on N-free medium. Consistent with our isolation strategy,
isolates were able to grow on plates under hypoxic condition (2%
0O,) but showed poor or no growth on plates maintained under
21% O,.

Genomic DNA from one representative of each fingerprinting
profile was PCR amplified with nifH-specific primers and was fur-
ther tested for acetylene reduction activity (ARA) under hypoxic
conditions (2% O,) on solid medium. A total of 164 isolates (78%)
showed positive PCR amplification results, confirmed by the pres-
ence of bands of the expected sizes. Twenty randomly selected
amplified products were sequenced and confirmed to be partial
sequences of the nifH gene. Ethylene was detected for 39% of the
210 unique representatives (Fig. 3; see Table ST1 in the supple-
mental material). Representatives of eight genera showed the
presence of the nifH gene, but their nitrogenase activity was not
detected. They belonged to the Alphaproteobacteria (Rhizobium,
Bradyrhizobium, Mesorhizobium, Brevundiomonas), Actinobacte-
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FIG 2 Percentage distribution of bacterial genera isolated from the Amazon forest soil using three different isolation strategies: direct plating (A), enrichment
in semisolid N-free medium before plating (B), and enrichment followed by subculturing in semisolid N-free medium before plating (C). Isolates were identified
on the basis of sequencing of the 16S rRNA gene. The total number of isolates (1) obtained with each method is provided.

ria (Nocardia, Mycobacterium, Kocuria), and Firmicutes (Staphy-
lococcus). Bacterial isolates belonging to the Rahnella, Acinetobac-
ter, and Xanthomonas genera had ARA, but the nifH gene was not
amplified under the conditions tested (Fig. 3; see Table ST1 in the
supplemental material). Representative isolates from four bacte-
rial genera, Janthinobacterium, Variovorax, Arthrobacter, and
Streptomyces, yielded negative results for both nifH and ARA.

Competition experiment. When equal numbers of cells from
six isolates were mixed together, inoculated into the semisolid
NFCC medium, and later recovered after three consecutive trans-
fers, the number of Pseudomonas colonies was approximately 45%
of the total. Random colonies were selected for DNA isolation and
genomic fingerprint profiling (Fig. 4). Pseudomonas was the dom-
inant group, followed by Enterobacter and Bacillus strains. Isolates
belonging to the genus Burlkholderia and Sinorhizobium yielded
only two and one fingerprint profiles, respectively. No fingerprint
profile was observed for the Phyllobacterium isolate.

DISCUSSION

Biological N, fixation is the most important process for the uptake
of N in natural forests. It is also a widespread genetic trait among
microorganisms, but the extent of its diversity has not been con-
sistently examined. In the current study, a combination of carbon
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sources, solid N-free medium, and hypoxia was used for the iso-
lation of free-living diazotrophs. First, gellan gum was selected as
a solidifying agent with a 2-fold purpose: (i) advantageous physi-
cal properties in culturing free-living N,-fixing bacteria, as re-
ported previously (23), and (ii) increase of N, fixation activity.
Hara and coworkers (21) reported 10- to 200-fold increases in
acetylene reduction activity for nitrogen fixers grown in semisolid
medium with gellan gum in comparison to the activity for the
same isolates grown in N-free medium containing 0.2% agar. Sec-
ond, different carbon sources were combined in order to increase
the diversity of isolates, as suggested elsewhere (49). Finally, the
O, concentration used for incubation was maintained at 2%. The
selection of the O, concentration was based on the highest nitro-
genase activity detected for a pure culture of the well-known free-
living diazotroph Herbaspirillum seropedicae ATCC 35892 (data
not shown). These three basic modifications to the current isola-
tion strategies for N, fixers increased the number of unique iso-
lates by 62.6%.

The diversity of N, fixers obtained with isolation method A was
higher than that observed with the other methods, and this result
was significant, indicating that direct plating was an effective strat-
egy for obtaining isolates of different genera. Most of the bacterial
isolates obtained with this strategy were closely related to the di-
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FIG 3 Maximum likelihood phylogenetic tree based on partial sequences of the 16S rRNA gene of the 210 unique pure cultures obtained through three different
isolation methods. Sequences belonging to the same bacterial genera were clustered together, and branches within clusters were collapsed to show the overall
relationships of the clusters to one another. The size of the triangle is proportionate to the number and variation of the sequences within a cluster. Asterisks at the
nodes reflect bootstrap support values above 70% or posterior probability values from at least three of four phylogenetic methods: maximum likelihood,
maximum parsimony, neighbor joining, and Bayesian analyses. Numbers corresponding to each bacterial genus represent number of the unique strains within
the genus/number of strains that yielded positive amplification for the nifH gene/number of strains that showed acetylene reduction activity. Clustering at the

phylum level is shown on the right.

azotrophic strains that have previously been reported to be endo-
phytes and were isolated from several plant species (12,27, 51). In
contrast to these studies, we isolated N, fixers directly from a
complex environment such as soil without using any plant trap-
ping-based methods, which are influenced by the plant selectivity
(33). To our knowledge, this is the first report of a solid N-free
medium being used for this purpose and the direct isolation of
highly diverse groups of diazotrophic strains from a soil sample.
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It is possible that the success of this strategy is likely due to the
circumvention of the possible effects of differential bacterial
growth rates and negative interactions among microorganisms
growing together. In the semisolid medium, fast-growing micro-
organisms tend to outcompete slow-growing ones, and subse-
quent isolations from a high dilution (10~7) increase the likeli-
hood of retrieving fast-growing strains. This has been observed for
multiple species grown together in liquid medium, with only the
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FIG 4 Genomic fingerprint profiles of 22 bacterial isolates obtained from enrichment and subculturing in semisolid N-free medium of six strains grown
together. Lanes on the right represent results for individual strains used for the inoculation. Fragment sizes on the left indicate DNA size markers.

fastest-growing species being retrieved (5, 42). A second plausible
explanation is the possibility that microbial species growing in
proximity could directly inhibit or reduce the growth of others
through antibiotic production or other growth-inhibiting sub-
stances (15, 17,22, 44). In contrast, direct plating or solid medium-
based methods can reduce the effect of differential growth rates or
species interactions (positive or negative) owing to the spatial
separation between microbial cells. Accordingly, others have re-
ported on the advantages of direct plating methods for the isola-
tion of a diverse microbial population compared to enrichment-
or subculturing-based methods (13, 45, 49, 52).

Pseudomonas isolates were the most abundant group after en-
richment and subculturing for isolation strategies B (62%) and C
(78%), indicating an exceptional ability of this genus to outcom-
pete other microorganisms under laboratory conditions (Fig. 2).
Recently, Garbeva and coauthors (18) reported on the production
of broad-spectrum antibiotics by Pseudomonas species when
grown in combination with other Gram-negative microorgan-
isms. Antibiotic production not only was triggered by the presence
of Rhizobium, Brevundimonas, and Pedobacter but also signifi-
cantly reduced the growth of Gram-positive microorganisms
when grown in a carbon-limited medium. We tested whether
Pseudomonas could outcompete other diazotrophs in an N-free
semisolid medium with conditions identical to those used for iso-
lation strategy C. The overwhelming dominance of Pseudomonas
in a simple competition experiment (Fig. 4) highlights the poten-
tial bias that might occur during attempts to isolate N, fixers using
traditional methods, regardless of their dominance in the environ-
ment. Previously, Hara and coworkers (21) reported that 80 to
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100% of the N,-fixing isolates from surface and subsurface soil
samples from a Siberian forest belonged to the genus Pseudomo-
nas. We reason that the high dominance of this group might be
associated with the use of a semisolid N-free medium.

Our study underscores the importance of the appropriate hy-
poxic condition for direct isolation of free-living diazotrophs. It is
well established that a low O, concentration is required for the
optimum functioning of the nitrogenase. However, the require-
ment of O, concentration varies among different species, as Pseu-
domonas requires from 2 to 4% O,, whereas the optimum concen-
trations for methanotrophs varies from 0.5 to 10% (7, 24, 26, 36,
46). Owing to the harmful effects of O, to nitrogenase, we selected
a concentration that provided the highest acetylene reduction ac-
tivity for H. seropedicae, a well-known free-living diazotroph. We
acknowledge that the establishment of a single hypoxic condition
might have prevented the growth of free-living diazotrophs re-
quiring even lower O, concentrations. Nonetheless, the breadth of
diversity obtained with our procedure represents a step toward a
practical goal of cultivating novel N, fixers.

All isolates from the solid-based method were able to grow on
N-free medium under a 2% O, concentration after multiple trans-
fers, suggesting their ability to maintain N, fixation activity. It has
been reported that non-nitrogen-fixing microorganisms can grow
with N traces present in the medium and have been detected as
false positives (30, 39). In order to screen for the presence of false
positives, we grew all strains on the same N-free medium and
incubated them under 2 and 21% O, concentrations. All isolates
showed growth under 2% O,, but no to very poor growth was
observed under 21% O,. All strains showed growth on the same
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medium amended with NH,Cl as a nitrogen source (50 mM) un-
der a 21% O, concentration. It is noteworthy to observe that only
growth on N-free medium does not warrant recognition as a true
diazotroph, and experimental evidence determined through acet-
ylene reduction activity or expression of the nitrogen fixation
genes or from results of an assimilation assay with '*N-labeled N,
gas should be obtained.

A large proportion of the isolates (79%) showed the presence
of the nifH gene, an important gene encoding the nitrogenase
reductase (component II or Fe protein of nitrogenase) (Fig. 3; see
Table ST1 in the supplemental material). First, the difference may
be explained by the sequence variability of the nifH gene and lack
of PCR primers that are suitable for capturing the diversity of all
isolates (54). In contrast to the molecular assessment results, only
39% of isolates displayed acetylene reduction activity. Previously,
it has been reported that the N,-fixing ability of the different di-
azotrophs varied depending upon a number of factors, such as
incubation time and temperature, growth medium, O, concentra-
tion, and type of solidifying agent (7, 8, 14, 21, 24, 26). Therefore,
itis likely that the absence of nitrogenase activity can be attributed
to the experimental conditions used in this study. Second, not all
the functional nitrogenases can reduce acetylene to ethylene, as
reported in the case of Streptomyces thermoautotrophicus (16, 40).
Third, it is also possible that the acetylene reduction activity or
rate of nitrogen fixation (due to the slow-growing nature of some
of the organisms) is below the detection limit of the technique
(<50 pmol/ml) (35). The percentages of total isolates that tested
negative for either the presence of the nifH gene or ARA were
19.7%, 7%, and 18.5% for isolation strategies A, B, and C, respec-
tively. Although we have not found evidence that solid N-free
medium under hypoxic conditions substantially increases the
possibility of false positives, these isolates certainly require further
testing with a diverse set of primers for amplification of the nifH
gene and growth under different conditions for ARA measure-
ments. Our results are in accordance with those of several previous
studies on N,-fixing isolates, demonstrating their ability to grow
on N-free medium and the presence of the nifH gene but negative
tests for acetylene reduction (1, 3, 4, 9, 12, 51). Accordingly, the
majority of the isolates which possessed the nifH gene, but no
ARA, were from the order Rhizobiales: the Rhizobium, Sinorhizo-
bium, Bradyrhizobium, Mesorhizobium, Ochrobactrum, and Phyl-
lobacterium genera. In spite of being well characterized for their N,
fixation when in symbiotic association with legumes, these genera
show ARA only when inside the root nodules (27).

The Amazon forest is one of the most important terrestrial
ecosystems on Earth sequestering CO,, which occurs through the
process of photosynthesis. As biogeochemical cycles are linked
together, one would expect that biological N, fixation plays an
important role in the ecosystem balance. Our results underscore a
high and yet to be explored diversity of free-living diazotrophs in
the Amazon forest. Currently, this successful method has been
employed for the isolation of diazotrophic communities from pri-
mary forest, pastures of different ages, and a secondary forest. In
future, the diversification of the growth media and oxygen con-
centrations may contribute to the isolation of diverse diazotrophs
from rare biosphere environments.
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