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Based on phylogenetic analysis of clones retrieved from two nifH gene clone libraries that were created using
cDNA from suboxic sediment samples obtained from areas densely vegetated with the high-salt marsh plant
Spartina patens, a primer set was designed to target nitrogen-fixing bacteria with sequence similarities to
members of the € subclass of Proteobacteria. Nested PCR, denaturing gel electrophoresis, and subsequent
sequence analysis of reamplified fragments confirmed the specificity of the primer set by retrieving nifH
sequences of only putative members of the € subclass of Proteobacteria, all of which were characterized by a
highly divergent 27- or 36-bp insertion in both DNA and cDNA.

Salt marshes are highly productive systems that have re-
ceived considerable attention from ecologists as a consequence
of their importance to the productivity of estuarine waters (9,
40). Marsh productivity is often based on the growth of C,
grass species (10), such as saltmeadow cordgrass [Spartina pat-
ens (Ait.) Muhl.], that rely upon the activity of free-living
nitrogen-fixing bacteria in sediments to satisfy their nitrogen
requirements. Nitrogen fixation by these bacteria may satisfy as
much as 50% of a plant’s nitrogen requirements (11, 39). The
magnitude of nitrogen fixation in salt marshes depends on
edaphic conditions, soil physiochemical properties, and pat-
terns of plant growth that affect carbon exudation and release
into the sediment (3, 41). Seasonal variation in plant root
exudation of carbon resources or ions (13, 41) or changes in
soil physiochemical conditions that accompany tidal flooding
(7) have been shown to affect the microbial community struc-
ture in sediments, as shown previously for the «, B, v, and &
subclasses of Proteobacteria (7). Although these phylogenetic
groups contain many previously identified nitrogen-fixing bac-
teria (44), changes in the community structure of nitrogen-
fixing bacteria have not been observed in marsh sediments so
far (7, 30, 31, 33).

Nitrogen-fixing bacteria have been analyzed predominantly
using PCR-based profiling tools, such as restriction fragment
length polymorphism analysis (6, 7, 33, 42) or denaturing gra-
dient gel electrophoresis (DGGE) (5, 21, 29-31), that typically
target nifH, the structural gene for nitrogenase reductase (15).
PCR typing protocols, however, can be affected by the limited
sensitivity of analyses that generally attempt to retrieve infor-
mation for all nitrogen-fixing bacteria, by selective amplifica-
tion (i.e., by primer bias), by the loss of relative abundance
information, and by the ambiguity of complex restriction frag-
ment length patterns, since very different organisms can pro-
duce similar patterns (8, 18, 33). The failure to detect changes
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in the community structure of nitrogen-fixing bacteria in salt
marshes might therefore be a consequence of methodological
issues.

The aim of this study was to develop molecular tools that
target members of this functional group on a more specific
level. For this purpose, nifH gene clone libraries were created
using universal primers and reverse-transcribed mRNA
(cDNA) from suboxic sediment samples obtained from areas
densely vegetated with S. patens. Rhizosphere samples were
retrieved in July 2006 at a depth of 1.5 to 3.5 cm below the
surface from two salt marshes with contrasting matrices and
histories: Piermont Marsh, a natural salt marsh with high or-
ganic matter content, and Harrier Meadow, a restored wetland
with low organic matter content (26, 36). Both marshes were
brackish, with salinities between 5 and 15 ppt, and were char-
acterized by standing water about 5 cm below the surface
which resulted in negative redox potentials at the sampling
depth (7).

Nucleic acids were extracted from 0.5-g sediment samples
(n = 2 for each site). Cells were lysed by bead beating (14), and
nucleic acids were purified by sequential phenol, phenol-chlo-
roform, and chloroform extraction (35) and subsequent pre-
cipitation with 2 volumes of 2.5 M NaCl-20% polyethylene
glycol 8000 (42), which was followed by additional phenol-
chloroform and chloroform extraction and a final isopropanol
precipitation. Nucleic acids were washed twice in 70% ethanol,
dried, and resuspended in 40 pl distilled water. Duplicate
samples were mixed and split into two portions, a DNA sample
and an RNA sample. RNA samples were treated with 4 pl
DNase I (1 U pl™'; Promega, Madison, WI) at 37°C for 1 h by
following the manufacturer’s instructions. Ten percent (4 wl)
of each RNA solution was subsequently used to transcribe
cDNA using 2 uM reverse primer NifHrev (Table 1) (42) and
the Reverse-ITMAX reverse transcription blend (ABgene,
Rochester, NY) according to the manufacturer’s instructions.
The controls used to test for DNA contamination of RNA
preparations included use of forward primer NifHforA (42) in
reverse transcription reactions and attempted 16S rRNA gene
amplification from all samples (20).

A nifH gene clone library was created using 10% (2 wl) of
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TABLE 1. Primer combinations targeting nifH gene sequences

APPL. ENVIRON. MICROBIOL.

No. of

Primer Sequence (5" — 3') Position” degeneracies Size (bp) Reference
NifHforA GCI WTI TAY GGN AAR GGN GG 19-38 128 464 42
NifHrev GCR TAI ABN GCC ATC ATY TC 463-482 48
NifHforB GGI TGT GAY CCN AAV GCN GA 112-132 96 371 42
NifHrev GCR TAI ABN GCC ATC ATY TC 463-482 48
PicenoF TAC GGI AAR GGB GGI ATY GG 25-44 12 428 31
PicenoR SAC GAT GTA GAT YTC CTG 436-453 4
PolF TGC GAY CCS AAR GCB GAC TC 115-135 24 362 32
PolR ATS GCC ATC ATY TCR CCG GA 457-477 8
ENFBf” GAT GTA TGT AAA CCT GGT GC 223-242 0 252 This study
ENFBr CTT GTG CTT TTC CTT CAC GG 419-439 0

“ Sequence position in the A. vinelandii nifH coding sequence (GenBank accession number M20568).
® The forward primer contained a GC clamp (5'-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCC CGG GGG GCC) at the 5’ end when it was used
for DGGE analyses. Primers without GC clamps were used for reamplification of DGGE fragments for sequence analyses. The fragment sizes are the sizes of fragments

generated with primers without the GC clamp.

each cDNA preparation from the two salt marshes as the
template for nested PCR using primer set NifHforA/NifHrev
for the initial amplification, followed by amplification with
primer set NifHforB/NifHrev (Table 1) (42). The PCR product
was ligated into pGEM-T Easy (Promega) and transformed
into Escherichia coli TOP-10 (Stratagene, Cedar Creek, TX).
Fifteen clones from each library were analyzed for nifH frag-
ments and sequenced using a CEQ 8800 Quickstart kit with
5% dimethyl sulfoxide added to the reaction mixture in a CEQ
8800 sequencer (BeckmanCoulter, Fullerton, CA). This brief
census revealed four potential chimeras (28). The remaining
26 nifH sequences were aligned with related sequences result-
ing from GenBank and EMBL searches (2, 27) using Se-
quencher 4.2.2 (Gene Codes Corporation, Ann Arbor, MI),
CLUSTAL X, and MacClade 4.05 (24, 38). Phylogenetic anal-
yses were performed by maximum parsimony, neighbor join-
ing, and maximum likelihood methods using nucleic acid or
amino acid sequences and PAUP*4.0b10 (37). Confidence in
tree topologies was gauged using bootstrap resampling meth-
ods in PAUP; only values greater than 70% were used (12).
Additionally, Bayesian methods in MRBAYES v 3.0 were used
(16), and a 95% majority rule consensus tree was generated
using PAUP.

The tree topologies were very similar for the phylogenetic
methods employed for both nucleic acid and amino acid se-
quences and were not affected by the inclusion or exclusion of
insertions found in several clones (data not shown). A repre-
sentative maximum parsimony tree showed that sequences rep-
resenting bacteria related to the v, 8, and € subclasses of
Proteobacteria were recovered with high bootstrap or probabil-
ity values supporting the differentiation of these groups (Fig.
1). While nifH gene sequences representing nitrogen-fixing
members of the y and & subclasses of Proteobacteria have often
been retrieved from other environments, such as low-salt
marshes (4, 21, 22), retrieval of nifH genes from environmental
samples has not been described previously for the € subclass of
Proteobacteria.

In our study, about one-third of all clones analyzed clustered
well within the € subclass of Proteobacteria; eight clones were

retrieved from sediments of Harrier Meadow, and three clones
were retrieved from Piermont Marsh (Fig. 1). Most of the nifH
gene sequences of these clones, like the sequences of all cul-
tured and other uncultured relatives, were characterized by a
36-bp insertion; the only exception was clone H34, which had
a 27-bp insertion. The sequences of the insertion region were
much more variable than the overall sequence of the nifH
gene; e.g., the levels of divergence for the insertion between
clone H1 and clones H23, H11, and H34 were 33, 42, and 56%,
respectively, while the overall sequences showed only 12, 6,
and 13% divergence. Since only four nifH gene sequences of
cultured bacteria belonging to the € subclass of Proteobacteria
could be retrieved from the databases, more specific assign-
ment of clone sequences to clusters within the € subclass of
Proteobacteria was limited and not supported by strong boot-
strap or probability values (Fig. 1).

nifH genes of members of the € subclass of Proteobacteria
have not been detected previously in environmental samples,
even though rRNA sequences or isolates demonstrated their
presence in these environments (1, 17, 33, 34, 43). For exam-
ple, a nitrogen-fixing member of the € subclass of Proteobacte-
ria, Arcobacter nitrofigilis ATCC 33309, was originally isolated
from roots of S. alterniflora, a common low-salt marsh plant
(25). However, nitrogen-fixing members of the € subclass of
Proteobacteria were not detected by targeting nifH genes in
low-salt marsh environments previously (4, 21, 22). These stud-
ies used different primer sets than our study and other studies
that detected nifH gene fragments in freshwater and marine
samples (23, 45) that grouped with members of the € subclass
of Proteobacteria in our analyses (Fig. 1). These observations
suggest that primer bias could be a major cause for the failure
of detection.

Due to the limited information available on nitrogen-fixing
members of the € subclass of Proteobacteria, we chose to focus
on this group and develop more specific primers targeting the
nifH gene of the € subclass of Proteobacteria. Forward primer
ENFBf and reverse primer ENFBr (Table 1) in the NifHforB/
NifHrev primer set range were designed using unique regions
in the alignment file of the € subclass of Proteobacteria and
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FIG. 1. Parsimony-based tree showing the phylogenetic positions of nifH gene clones from two libraries generated from cDNA from rhizos-
phere samples of S. patens from Piermont Marsh (prefix P) and Harrier Meadow (prefix H) in the v, 8, and € subclasses of Proteobacteria. The
phylogram was created using PAUP*4.0b10 with 10,000 random addition replicates (37). The numbers at the nodes are the bootstrap support
values with 10,000 replicates; only values greater than 70% are shown. The numbers in parentheses at nodes are bootstrap support values and

posterior probabilities obtained by neighbor joining, maximum likelihood,

and Bayesian analyses, respectively. For brevity, these values are shown

only for the key phylogenetic nodes in the tree. The outgroups were Cylidrospermopis sp. (accession no. AY553318), Anabaena cylindrica
(AY768423), and Nostoc punctiforme (AY768412). SRB, sulfate-reducing bacterium.

were initially checked for specificity using BLAST and Fasta
analyses with GenBank and EMBL databases. While the for-
ward primer showed small mismatches (one to three bases) to
corresponding sites in the nifH gene sequences of some mem-
bers of the € subclass of Proteobacteria, such as Arcobacter and
Sulfurospirillum sp., the reverse primer was more divergent,
with three and six mismatches to the sequences of Wolinella
and Arcobacter sp., respectively. The specificity of this reverse
primer, however, could not be evaluated with sequences of
other organisms, such as Microbacterium and Sulfurospirillum
sp., since the sequence information available for these organ-
isms did not cover its binding site. Since these primers were
meant to be used in DGGE analyses, the design of degenerate

primers was avoided; instead, the specificity of the PCR was
reduced by decreasing the annealing temperature arbitrarily to
4°C below the melting temperature.

PCR mixtures contained 2 mM MgCl,, 0.2 mM of each
deoxynucleoside triphosphate, 0.4 uM of each primer (with the
forward primer carrying a GC clamp), 5 mg ml~! bovine serum
albumin, 1X PCR buffer, 2 ul of template, and 2 U of Tagq
DNA polymerase (GenScript, Piscataway, NJ). An initial de-
naturation at 96°C for 10 min was followed by incubation at
80°C for 10 min for 7ag polymerase addition, 35 cycles of
denaturation at 96°C for 30 s, annealing at 54°C for 30 s, and
extension at 72°C for 45 s, and a final extension at 72°C for 30
min. DNA of A. nitrofigilis ATCC 33309 (25) and Klebsiella
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FIG. 2. Ethidium bromide-stained agarose gel of PCR products
generated using the ENFBf/ENFBr primer set in a nested PCR with
templates generated using three different primer sets (PicenoF/
PicenoR [31], PolF/PolR ([32], and NifH for B/NifHrev [42]) and
DNA from Harrier Meadow (lanes H) and Piermont Marsh (lanes P).
Lane M contained a A HindIII size marker, lane K contained a neg-
ative control (K. oxytoca), and lane A contained a positive control (4.
nitrofigilis).

oxytoca K10 (Department of Microbiology Culture Collection,
Wageningen Agricultural University) were used as positive and
negative controls, respectively.

The amplification conditions allowed us to amplify the nifH
gene fragment from A. nitrofigilis even though the forward and
reverse primers showed one and five mismatches to its target
sequence, respectively. However, we failed to amplify nifH
gene fragments using DNA from environmental samples. This
failure was attributed to low template concentrations in these
samples, because a nested approach with amplification prod-
ucts generated either with primer set NifHforA/NifHrev or
after nested amplification with primer set NifHforB/NifHrev
products as templates for the ENFBf/ENFBr primer set was
successful. Since a nested PCR was necessary for detection,
amplification products generated with two additional primer
sets, PicenoF/PicenoR (31) and PolF/PolR (32) (Table 1),
were examined as templates for primer set ENFBf/ENFBr.
Both primer sets produced amplification products with DNA
from K. oxytoca and the environmental samples but not with
DNA from A. nitrofigilis. Nested PCR using the PicenoF/
PicenoR primer set that was slightly modified from its pub-
lished version (31) (Table 1) did not result in generation of any
amplification product (Fig. 2), while nested PCR using primer
set PolF/PoIR yielded very faint double bands not suitable for
DGGE (Fig. 2). These results support the speculation that
methodological impacts (i.e., primer bias) might have contrib-
uted to the failure to detect nifH genes of the € subclass of
Proteobacteria in previous studies.

The specificity of primer set ENFBf/ENFBr for members of
the € subclass of Proteobacteria was tested by DGGE analysis.
DNA and cDNA obtained from both sites (i.e., Piermont
Marsh and Harrier Meadow) were used as templates for
primer set NifHforA/NifHrev, and amplification products ob-
tained directly or after nested PCR with primer set NifHforB/
NifHrev were used as templates for primer set ENFBf/ENFBr.
Products were analyzed with a DCode universal mutation de-
tection system (Bio-Rad Laboratories, Hercules, CA). Samples
were electrophoresed at 60°C and 180 V for 10 min and then
at 100 V for 16 h (8% polyacrylamide; 37 to 47% denaturant).
Gels were stained with ethidium bromide (0.5 wg ml™') in

APPL. ENVIRON. MICROBIOL.

Piermont Marsh Harrier Marsh
M DNA ¢cDNA M DNA ¢cDNA M

nifA nifB* nifA nifB* nifA nifB* nifA nifB*

FIG. 3. DGGE profiles of amplicons generated with primer set
ENFBf/ENFBr using amplicons generated either with primer set
NifHforA/NifHrev (nifA) or after nested PCR with primer set NifHforB/
NifHrev using NifHforA/NifHrev amplicons as the template (nifB*)
and DNA or cDNA from rhizosphere samples of S. patens from Pier-
mont Marsh and Harrier Meadow. The marker (lanes M) was a group
of clones from the initial nifH gene clone libraries (H15, H11, P04, and
H23). Numbers indicate fragments that were extracted and sequenced.

0.5X Tris-acetate-EDTA for 30 min, destained in water, and
visualized with a UV transilluminator.

Amplification products obtained with NifHforA/NifHrev or
after nested PCR with NifHforB/NifHrev as templates for
ENFB{/ENFBr produced very similar profiles in DGGE anal-
yses (Fig. 3), indicating that the additional nested PCR could
be used to increase template concentrations without inherently
generating any spurious by-products or additional artifactual
banding patterns. The DGGE profiles obtained with DNA as
the initial PCR template and those obtained with cDNA were
distinctly different. The profiles obtained with DNA as the
template were generally more complex than those obtained
with cDNA as the template, but the profiles did not necessarily
overlap (Fig. 3). The validity of these results is supported by
studies of nitrogen-fixing bacteria on rice, where the restriction
fragment length polymorphism profiles generated for nifH am-
plicons were very different with DNA and ¢cDNA templates
(19), and by the results obtained for nifH gene clone libraries
from lake plankton, where most of the cDNA-derived se-
quences did not group closely with the sequences obtained
from DNA (43).

All DGGE bands were excised, reamplified, and cloned, and
the clones were reanalyzed by DGGE and subsequently se-
quenced. Only the bands with numbers in Fig. 3 produced a
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FIG. 4. Parsimony-based tree showing the phylogenetic positions of nifH gene clones from fragments of DGGE profiles generated using the
ENFB{/ENFBr primer set (see Fig. 3). In the designations the prefixes P and H indicate Piermont Marsh and Harrier Meadow, respectively; DNA
and RNA indicate the template used for initial amplification; and the numbers indicate the fragment numbers in DGGE profiles (Fig. 3). The
phylogram was created using PAUP*4.0b10 with 10,000 random addition replicates (37). The numbers at the nodes are bootstrap support values
with 10,000 replicates; only values greater than 70% are shown. The numbers in parentheses at nodes are bootstrap support values and posterior
probabilities obtained by neighbor joining, maximum likelihood, and Bayesian analyses, respectively. For brevity, these values are shown only for
the key phylogenetic nodes in the tree. The outgroups were Cylidrospermopis sp. (accession no. AY553318), A. cylindrica (AY768423), and N.

punctiforme (AY768412).

good sequence. Up to three clones from each DGGE band
were sequenced, analyzed for the presence of chimeras, and
analyzed by the phylogenetic methods described above. Clones
generated from a fragment that had identical sequences were
not included in the final phylogenetic analysis. All sequences
retrieved harbored a 27- or 36-bp insertion in the nifH gene
and showed high bootstrap support (100%) for assignment to
the € subclass of Proteobacteria (Fig. 4). More accurate assign-
ment of clones to groups within the € subclass of Proteobacteria,
however, was hampered by limited database sequences, dem-
onstrating that the phylogeny of these clones and isolates
needs additional work.

Our study showed that primer set ENFBf/ENFBr and the
conditions used in this study were specific enough to retrieve
sequence information for defined groups in the € subclass of
Proteobacteria. This should enable us to use a more refined and
targeted approach focusing on this phylogenetic group that
may provide a picture of the dynamics of the nitrogen-fixing
microbial community in high-salt marsh sediments that is more
accurate than that obtained in previous studies. Such studies
could include exploitation of the high level of divergence found
in the 36-bp and (for a separate group) 27-bp insertions in the
nifH gene sequences of members of the € subclass of Proteobac-
teria, because the insertion provides an ideal primer or probe
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target site for future research aimed at examining these bac-
teria in the environment more specifically.

Nucleotide sequence accession numbers. The nifH sequences

used in this study have been deposited in the GenBank database
under accession numbers EF208162 to EF208186 and EF208189.
Sequences of DGGE fragments have been deposited under ac-
cession numbers EF208140 to EF208160.
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