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By use of the polymerase chain reaction and degenerate oligonucleotide primers for highly conserved regions
of nifH, a segment of nifH DNA was amplified from several aquatic microorganisms, including an N,-fixing
bacterium closely associated with the marine filamentous cyanobacterium Trichodesmium sp., a heterotrophic
isolate from the root/rhizome of the seagrass Ruppia maritima, and the heterocystous freshwater cyanobacte-
rium Anabaena oscillarioides. nifH segments were amplified directly from DNA extracted from the rhizosphere
of roots of the seagrass Halodule wrightii. The nifH fragments were then cloned and sequenced. The DNA and
deduced amino acid sequences were compared with known sequences, revealing distinct differences between
taxonomic groups. This technique was shown to be useful for (i) the detection of N,-fixing microorganisms and
(ii) rapidly obtaining the DNA sequence of the nifH gene, which provides information about general taxonomic

groups of N,-fixing microorganisms.

Primary production in coastal and marine systems is often
limited by biologically available nitrogen (9, 10, 34). It has
remained enigmatic that biological nitrogen fixation, which
could alleviate N depletion in coastal and marine waters by
bringing in new nitrogen, does not appear to do so to a
greater extent (4). Planktonic N, fixation in oceanic waters is
thought to contribute <1% of total nitrogen requirements to
the system (5, 16). Most of the nitrogen fixation in the
euphotic zone is attributed to Trichodesmium blooms (4, 20).
However, numerous studies have demonstrated the pres-
ence of N,-fixing microheterotrophs in marine waters (14,
18, 23, 50). Further, addition of organic substrates to coastal
North Carolina waters resulted in stimulation of N, fixation
(as measured by the acetylene reduction technique) on a
year-round basis (34). Other N,-fixing microorganisms, such
as unicellular cyanobacteria and endosymbionts in diatoms
(e.g., Richelia spp.), could also be major sources of fixed N
in oceanic waters (22, 26, 46, 47). It is therefore possible that
both the numbers of nitrogen fixers and their nutritional
impact on primary productivity have been greatly underes-
timated (14, 19).

Previous studies have been limited in two ways. Measure-
ment of nitrogenase activity is dependent on active N,
fixation at the time of sampling and may not detect the
presence of inactive N,-fixing microorganisms. Nitrogenase
activity can occur at a time different from that of sampling
and incubation (e.g., at night), or specific environmental
conditions favorable to nitrogenase activity may be dis-
rupted during sampling and incubation. Also, while culturing
diazotrophs from marine waters is the most direct way to
demonstrate their presence, a small percentage (<1 to 10%)
of marine bacteria may actually be able to be cultured (3, 11,
17).

Studies of the genetics of N,-fixing microorganisms have
been hampered by related problems. Until recently, in order
to obtain genetic information, a DNA library was con-
structed from an organism in culture (or at least a dominant
organism in a sample), the genes of interest were identified
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and cloned, and the DNA was sequenced. It is now possible
to obtain DNA sequence information directly from genomic
DNA by using the polymerase chain reaction (PCR) (27, 39).
This technique is particularly useful for amplifying se-
quences of interest from environmental samples having an
unknown diversity.

PCR has recently been used to detect and study Tri-
chodesmium spp. and Frankia spp. (28, 30, 52). In the
Trichodesmium study, it was shown that degenerate oligo-
nucleotides could be used to amplify a segment of the
Trichodesmium nifH gene (52). Using these oligonucleo-
tides, we amplified a segment of the nifH gene from (i)
Anabaena oscillarioides, a freshwater heterocystous cyano-
bacterium, (ii) a bacterium designated RM1-2 (and RM2-2,
both believed to be the same species), a salt-requiring
Klebsiella sp. isolated from Ruppia maritima roots, (iii) a
flagellated bacterium designated M1, which was isolated
from a natural Trichodesmium aggregate, and (iv) DNA
extracted from Halodule wrightii root rhizospheres. The
amplified fragments were then cloned, and the DNA was
sequenced. Here we show that this technique makes it
possible not only to detect the presence of nif genes but also
to differentiate between nif genes from cyanobacteria and
those from other eubacteria.

MATERIALS AND METHODS

Two R. maritima isolates (designated RM1-2 and RM2-2),
both belonging to the same salt-requiring Klebsiella sp.,
were isolated from the roots/rhizomes as previously de-
scribed (7). A. oscillarioides was isolated (K. Lam) from the
Waikato River, New Zealand. A microaerophilic bacterium
(unidentified, designated M1) was isolated from Trichodes-
mium aggregates as previously described (33, 35).

DNA was extracted from the cultures of heterotrophs
(RM1-2, RM2-2, and M1) with phenol-chloroform following
cell lysis (21). A. oscillarioides DNA was extracted accord-
ing to the protocol of Mazur et al. (24). H. wrightii plants
were collected from Middle Marsh, near Beaufort, N.C. The
roots were dipped briefly in filtered seawater to remove
sediment, placed in TNE buffer (10 mM Tris-Cl [pH 8.0], 150
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mM NaCl, 100 mM EDTA), and sonicated to release the
bacteria into the buffer. The DNA was extracted by standard
methods except that the DNA was treated twice with poly-
vinylpolypyrrolidone to remove humic compounds contam-
inating the sample (15, 48).

Primers were those used by Zehr and McReynolds (52).
Primer 1 is located at positions 123 to 139 in reference to the
Anabaena strain 7120 nifH sequence (which is identical to
the nifH mRNA), and primer 2 is located on the opposite
strand, corresponding to positions 466 to 482 (25).

Primer 1: 5'-TGXGAXCCYAAZGCYGA-3' X =TorC,Y = A,C,G,or T
Primer 2: 5'-AWYGCCATCATXTCYCC-3'Z = AorG, W =AT,orG

Amplification was performed as follows. The DNA (1 to 10
ng) was amplified in polymerase buffer [16.6 mM (NH,),SO,,
67 mM Tris-Cl (pH 8), 6.7 mM MgCl,, 10 mM B-mercapto-
ethanol, 200 pM each dATP, dCTP, dGTP, and dTTP, 100
1M each primer, and 100 pg of bovine serum albumin per
ml, with 2.5 U of Taql polymerase added to the 100-ul
reaction mixture]. Thirty-five cycles of denaturation (93.5°C
for 1.2 min), annealing of primers (57°C for 1 min), and
extension (70°C for 1.5 min) were performed. Amplification
products were visualized on 4% NuSieve (FMC Bioprod-
ucts) agarose gels stained with ethidium bromide. The frag-
ment was isolated with DEAE paper as previously described
(49). DNA fragments were blunt ended with Klenow frag-
ment and ligated into the Smal site of the phage M13mp18 or
M13mp19 vector (51). The fragment was ligated to the vector
at 14 or 25°C with 6 to 7 U of T4 DNA ligase. Escherichia
coli 7118 or JM101 was transformed with the ligated DNA,
and single-stranded DNA was prepared from positive
plaques. The cloned inserts were sequenced with Sequenase
(United States Biochemical Corp.) and [>*S]JdATP (40). In
order to sequence the opposite strand, EcoRI-HindIlI frag-
ments which included the nifH inserts were isolated from the
phage and ligated into the M13 vector with reversed poly-
linker cloning sites. Single-stranded DN A was prepared and
sequenced. Sequence data were analyzed with the Univer-
sity of Wisconsin Genetics Computer Group data analysis
programs (8).

RESULTS

Figures 1 to 4 show the DNA and deduced amino acid
sequence data for the nifH amplification products from A.
oscillarioides (two clones), M1, RM1-2 (and RM2-2), and H.
wrightii root DNA (HRD) (two clones). Table 1 shows DNA
and deduced amino acid sequence similarity between organ-
isms; sequences were determined from PCR products or are
from a representative group of previously published se-
quences (percent similarity is based on exact matches).

The two A. oscillarioides nifH segments are not identical;
there are 12 different bases resulting in three different amino
acids between the primer regions (Fig. 1). The number of
differences cannot be attributed to the error rate of Taql
polymerase during amplification (error rate = 0.25% [39]).
The sequences are most similar to other cyanobacterial nifH
sequences (Table 1). Two sequences were obtained from the
HRD (Fig. 4). There are 103 different bases resulting in 17
different amino acids between the two fragments. The HRD
amplification products are most similar in DNA sequence
and amino acid usage to the Clostridium pasteurianum
sequence (Table 1). Amino acid usages unique to C. pasteur-
ianum and HRD in these comparisons include GL (amino
acids 8 and 9), DTLR (amino acids 16 to 19), and the two
consecutive gaps (amino acids 23 and 24) in variable regions

ApPpPL. ENVIRON. MICROBIOL.

T
5/ CTCTACCCGTTTGATGCTCCACTCCAAGGCTCAAACCACCGTTCTTTCCTTGGCT
NH2- 8§ T R L M L H § K A Q T T V L S L A
A CA G
GCTGAAAGAGGTGCTGTTGAAGATTTAGAACTCAGCGAAGTACTTTTGACCGGT

A E R G AV EDULETLSEVLL TG

A
TTCCGTGGTGTTAAGTGTGTAGAATCTGGTGGTCCAGAACCCGGTGTTGGTTGT

F R GV K CV E S G G PE PGV G C

[e]
GCTGGTCGTGGTATTATCACTGCTATTAACTTCCTAGAAGAAAACGGTGCTTAC

A G R G I I TATINTFULETENGA AZY

CAAGACTTAGATTTCGTATCTTACGACGTATTAGGTGACGTTGTATGTGGTGGT

Q b L DVF Vs Y DUVLGDV YV C G G

c
TTCGCCATGCCAATTCGGGAAGGAAAAGCGCAAGAAATCTACATCGTGACATCA -3’
s

F A M PIRUEGI KA ANOQETI Y I V T S -COOH

FIG. 1. Nucleotide and deduced amino acid sequences of two
nifH amplification products from A. oscillarioides.

of nifH (Fig. 5). HRD also has two extra amino acids (amino
acids 76 and 77) that do not occur in C. pasteurianum. The
site of ribosylation in a Rhodospirillum sp. (which inacti-
vates the iron protein) has the sequence GRGVIT (37). The
cyanobacteria sequenced and C. pasteurianum have the
sequence GRGIIT, as does HRD.

The sequences of the R. maritima isolates, RM1-2 and
RM2-2, are identical, and these isolates are believed to be
the same species (Fig. 2). RM1-2 and RM2-2, belonging to a
Klebsiella sp., are most similar in sequence to Klebsiella
pneumoniae, as expected (Table 1). The Trichodesmium-
associated bacterium M1, whose genus is not known, is most
similar to K. pneumoniae, RM1-2 (or RM2-2), and Azoto-
bacter vinelandii (Table 1). These four species also share
amino acid usage, with NTIMEM in positions 12 to 17, a
variable region in the nifH gene (Fig. 5).

5/ -TTCAACCCGGCTGATTCTTCACTCTAAAGCGCAAAACACGATTATGGAAATGGCTGCT

NH2- s T R L I L H § K A Q N T I M E M A A

GAAGCTGGCTCTGTTGAAGATATCGAACTGGAAGATGTATTGAAAGTCGGTTAC

E A G S V E DI EL E DV L K V G Y

GGCGACGTGCGCTGTGTTGAGTCTGGTGGTCCTGAGCCTGGTGTTGGCTGTGCC

G DV RCUVE S GG PEUPGUV G C A

GGTCGCGGGGTGATTACGGCAATTAACTTCCTTGAAGAAGAAGGTGCTTACGAA

G R GV I TATINTFTULTETETETGA ATYE

GAAGATCTGGACTTTGTGTTCTATGACGTTCTTGGTGACGTTGTGTGTGGTGGT

EDULDTFV F Y DVLGDUVVCG G

TTCGCGATGCCAATTCGTGAAAACAAAGCACAGGAAATCTATATCGTGGTTTCC -3/
F A M P I RENZIKU AAGQETITZY I V V S -COOH

FIG. 2. Nucleotide and deduced amino acid sequences of the
nifH amplification product of RM1-2 and RM2-2.
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5/ =TTCTACCCGTTTGATTCTGCATTCAAAAGCTCAAAATACCATCATGGAGATGGCAGCA

NH2- 8§ T R L I L H S K A Q N T I M E M A A
GAAGCCGGTACCGTTGAAGACATCGAACTGGAAGATGTATTGAAGATTGGTTTT
E A G TV E DI EL EDV L K I G F

GGTGATGTTCGCTGTGTTGAATCCGGTGGTCCTGAGCCAGGTGTCGGCTGTGCA

*pIoe OUIWE YV ,

*ZS PUB “Sp “Pb T “TY ‘6T ST 9 ‘T SOOUIIDJAI WOI) Paule1qo ejep duanbag “saydjew 10eXa uo paseq st AJLIe[IWIS JUadIdJ

G DV RCV E S GG P EUPGV G C A
GGACGTGGTGTCATTACCGCGATTAACTTCCTTGAAGAGGAAGGTGCATATGAA
G R GV I TATINTFIULTETETETGATYE
GATGACATCGATTTTGTATTTTACGATGTGCTCGGGGATGTGGTCTGTGGCGGA
D DI DVFV F Y DVULGUDUVVC G G
TTTGCCATGCCGATTCGTGAATACAAAGCTGAAGAAATCTATATCGTCGTATCC -3

F A M P I R E Y K A EE I Y I V V S =-COOH

FIG. 3. Nucleotide and deduced amino acid sequences of the
nifH amplification product from M1, a bacterium associated with a
Trichodesmium sp.

DISCUSSION

The two nifH sequences from A. oscillarioides suggest
that A. oscillarioides has multiple nifH genes. Although the
possibility of both PCR primers annealing to and amplifying
a 359-bp segment of a similar but non-nif gene is remote, a
more similar nifH-like gene from an N,-fixing microorganism
could be detected. A nifH-like gene has been found in
Anabaena strain 7120, although it is not known if this is a
functional gene and perhaps an alternative nifH (38). Simi-
larly, one of the sequences found here may not be functional,
although the similarity between the two is quite high (96% on
the DNA level and 97% on the amino acid level). It is
possible that an alternative nitrogenase exists in A. oscillar-
ioides, such as that found in A. vinelandii and other organ-
isms (1). The possibility also exists that the A. oscillarioides
culture contains two Anabaena strains or that the error rate
for Taql polymerase in this experiment was higher than
published estimates, leading to artifacts when the cloned
product was sequenced (32). The two nifH sequences ob-
tained from the HRD have 69% similarity on the DNA level
and 84% similarity on the amino acid level and are too

C TCT G G CGGC CC CT C AC TG T T G
5/ -CTCAACAAGGCTCCTCCTGAATGGATTGGCACAGAAAACCATATTGGACACCCTGCGT

S Q v
I

G
NH2- 8§ T R L L L N G L A Q K T L DT L R

G GGAA A G AT C GCA T TTATG A
GATGAAGGAGAAGATGTCCTGTTGGAAGATGTCCGAAAAATCGGATACGGTGGC

E E I A F M
D E G E DV L L EDVRIKTIGTY G G

CA T GTA G G C
ACTTTGTGTACGGAATCAGGAGGACCCGAACCAGGCGTCGGGTGCGCCGGCCGA

I v
T L ¢ T E S G G P E P G V G C A G R

T G G TA TG G CCT G Cca c

GGTATTATCACCTCTATTAACCTGCTTGAACAGTTAGGCGCTTATGGCGAAGAT
M P A
G I I T S I N L L E Q L G A Y G E D
AC TT G cca ¢ T C
GAGAAACTCGATTATGTGTTTTACGATGTATTGGGTGATGTTGTCTGCGGTGGT
H A

E K L DY V F Y DV L G DV V C G G

T T G G T G C C
TTTGCCATGCCGATCCGGGAAGGAAAAGCCCAGGAAATCTATATTGTTGTTTCT -3/

F A M P I REG K AQE I Y I V V S =-COOH

FIG. 4. Nucleotide and deduced amino acid sequences of nifH
amplification products from DNA extracted from H. wrightii roots.
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Tr.t:STRLILNAKAQTTVLHVAAELGAVEDVELDQVLKPGFGGIKCVESGGPEPGVGCAGRGIITAINFLEEEGAYTD...LDFVSYDVLGDVVCGGFAMPIRENKAQEIYIVCS

Ana :STRLMLHSKAQTTVLHLAAERGAVEDLELHEVMLTGFRGVKCVESGGPEPGVGCAGRGIITAINFLEENGAYQD...LDFVSYDVLGDVVCGGFAMPIREGKAQEIYIVTS

Aos1:STRLMLHSKAQTTVLSLAAERGAVEDLELHEVMLTGFRGVKCVESGGPEPGVGCAGRGIITAINFLEENGAYQD. . .LDFVSYDVLGDVVCGGSAMP IREGKAQEIYIVTS

A0S2:STRLMLHSKAQTTVLSLAAERGAVEDLELSEVLLTGFRGVKCVESGGPEPGVGCAGRGIITAINFLEENGAYQD. . .LDFVSYDVLGDVVCGGFAMPIREGKAQEIYIVTS

C.pa:STRLLLGGLAQKSVLDTLREEG, .EDVELDSILKEGYGGIRCVESGGPEPGVGCAGRGIITSINMLEQLGAYTOD. .LDYVFYDVLGDVVCGGFAMPIREGKAQEIYIVAS

HRD1:STRLLLNGLAQKTILDTLRDEG. .EOVLLEDVRKIGYGGTLCTESGGPEPGVGCAGRGIITSINLLEQLGAYGEDEKLDYVFYDVLGDVVCGGFAMPIREGKAQEIYIVVS

HRD2:STRLLLGGLSQQTVLDTLREEG, .EDVELED IRKAGFMGT ICVESGGPEPGVGCAGRGI 1 TSINMLEQPGAYAEDEHLDYAFYDVLGDVVCGGFAMP IREGKAQEIYIVVS

M1 :STRLILHSKAQNTIMEMAAEAGIVEDIELEDVLKIGFGDVRCVESGGPEPGCGCAGRGVITAINFLEEEGAYEDD. . IDFVFYDVLGOVVCGGFAMPIREYKAEEIYIVVS

R1-2:STRLILHSKAQNT IMEMAAEAGSVEDIELEDVLKVGYGDVRCVESGGPEPGVGCAGRGVITAINFLEEEGAYEED. .LDFVFYDVLGDVVCGGFAMPIRENKAQEIYIVVS

K.pn:STRLILHAKAQNT IMEMAAEVGSVEDLELEDVLAIGYGDVRCAESGGPEPGVGCAGRGVITAINFLEEEGAYEDD. .LOFVFYDVLGDVVCGGFAMPIRENKAQEIYIVCS

A.vi:STRLILHSKAQNT IMEMAAEAGTVEDLELEDVLKAGYGGVKCVESGGPEPGVGCAGRGVITAINFLEEEGAYEDD. .LDFVFYDVLGDVVCGGFAMPIRENKAQEIYIVCS

Rz p:STRLILHAKAQDTILSLAASAGSVEDLELEDVMKVGYKD IRCVESGGPEPGVGCAGRGVITSINFLEENGAYEN. .. IDYVSYDVLGDVVCGGFAMPIRENKAQEIYIVMS

Rz m:STRLILNAKAQDTVLHLAATEGSVEDLELEDVLKVGYRGIKCVESGGPEPGVGCAGRGVITSINFLEENGAYND...VDYVSYDVLGDVVCGGFAMPIRENKAQEIYIVTS

R.ca:STRLILNTKLQDTVLHLAAEVGSVEDLEVEDVVKIGYKGIKCTEAGGPEPGVGCAGRGVITAINFLEENGAYDD...VOYVSYDVLGDVVCGGFAMPIRENKAQEIYIVMS

FIG. 5. Comparison of deduced amino acid sequences of nifH segments, showing distinct taxonomic groupings. Tr.t, Trichodesmium
thiebautii; Ana, Anabaena strain 7120; Aos, A. oscillarioides; C.pa, C. pasteurianum; R1-2, RM1-2; K.pn, K. pneumoniae; A.vi, A.
vinelandii; Rz p, Rhizobium phaseoli; Rz m, Rhizobium meliloti; R.ca, Rhodobacter capsulatus. Amino acids which differ between taxonomic

groups are underlined.

different to be caused by Taql polymerase errors. The
fragments may be from the same organism, containing
multiple nifH genes, or they may be from different but
closely related microorganisms. Because the HRD frag-
ments are most similar in DNA sequence and amino acid
usage to the C. pasteurianum sequence, they may actually
be from a sediment organism rather than being closely
associated with H. wrightii roots.

The inability to culture most marine bacteria has greatly
hampered the study of function, diversity, and community
structure of pelagic and benthic microorganisms. The advent
of PCR has allowed genes from the environment to be
amplified to track genetically engineered organisms in the
environment (43), to detect phototrophs by amplifying the
rbcL gene (36), to conduct phylogenetic and genetic diver-
sity analysis of marine picoplankton (12, 13), and now to
detect nitrogen-fixing microorganisms in the environment.

The overall rates of biological N, fixation and the degree
to which N, fixers supplement (satisfy N requirements for)
primary production in marine systems are still not known.
Although most N, fixation measurements made in coastal
and open-ocean planktonic environments yield nitrogenase
activity at ecologically insignificant rates (unless they are
taken during Trichodesmium or Rhizosolenia-Richelia
blooms), it is possible that past measurements do not ade-
quately assess N, fixation by heterotrophic bacteria, micro-
organisms in consortia, unicellular cyanobacteria, and endo-
symbionts in the Rhizosolenia sp. diatoms. Problems with

most rate measurement (i.e., acetylene reduction or °N,
incorporation) techniques include (i) detection only if active
fixation occurs at the time of sampling, (i) disruption of
natural conditions necessary for nitrogenase activity (i.e.,
bottle effects), (iii) changes in community structure during
incubations, and (iv) inhibition of normal metabolism in
certain microorganisms by acetylene (e.g., methane-oxidiz-
ing bacteria) (11, 31).

Clearly, conclusions on the degree and extent of N,
fixation in pelagic waters cannot be obtained until accurate
measurements can be made which are not limited by current
experimental constraints. PCR allows for the detection of N,
fixers by detection of the nifH gene and thus reflects genetic
potential for nitrogen fixation in a particular environment.
PCR using degenerate primers enables diverse groups of
N,-fixing microorganisms to be detected. We have success-
fully amplified nifH fragments from every diazotroph tested
thus far. If the amplification products are then cloned and
sequenced, the genetic diversity of diazotrophs in that
system can also be assessed in addition to the dominant
taxonomic group. Many questions can now be addressed
such as the relative importance of free-living versus particle-
associated nitrogen fixers, general quantitation of nif genes
in different regimes and at different depths, the possible
presence of alternative or multiple nif genes, and the relative
importance of autotrophic versus heterotrophic and cyano-
bacterial versus other eubacterial diazotrophs. Lastly, appli-
cation of PCR as a shipboard screening technique will
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greatly facilitate locating and ultimately quantifying sources
of marine and freshwater N, fixation.
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