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Trichodesmium spp. are marine filamentous, non-heterocystous cyanobacteria
capable of aerobic nitrogen fixation. In this study, the nitrogenase structural
genes (nifHDK) and nifU gene of Trichodesmium sp. IMS101 were cloned and
sequenced. The Trichodesmium sp. IMS101 nifH, nifD and nifK amino acid
sequences showed only 79%, 66% and 68% identity, respectively, to those of
Anabaena sp. strain PCC 7120. A potential transcription start site for nifH was
found 212 bases upstream of the nifH start codon. Promoter-like nucleotide
sequences upstream of the transcription start site were identified that were
very similar to those identified for the nitrogenase genes of Anabaena spp.
Sequence analysis revealed regions of DNA that may form stem–loop
structures in the intercistronic regions downstream of nifH and nifD. RNA
analysis by Northern hybridization revealed the presence of transcripts
corresponding to nifH, nifHD and nifHDK. Surprisingly, Northern hybridization
also revealed the presence of transcripts that corresponded to nifD, nifDK and
nifK, which have not been previously reported as transcripts in contiguous
nifHDK genes of cyanobacteria. Transcription of the nifHDK genes was not
significantly repressed in the presence of nitrate at a final concentration of
20 mM or at oxygen concentrations of up to 40%, whereas ammonium and
urea inhibited nifHDK transcription. The transcription of the nifHDK genes was
not affected by darkness, which suggests that transcription of these genes in
Trichodesmium is not directly regulated by light.

Keywords : cyanobacteria, Trichodesmium sp., nitrogen fixation, nifHDK gene
expression, nifH promoters

INTRODUCTION

It is estimated that Trichodesmium, the most abundant
free-living diazotroph of tropical and subtropical oceans
(Carpenter & Romans, 1991), contributes significantly
to global nitrogen fixation (Michaels et al., 1996; Gallon
et al., 1996; Capone et al., 1997). Interestingly, fila-
mentous non-heterocystous marine cyanobacteria of the
genus Trichodesmium present a paradox with respect to
paradigms of regulation of nitrogen fixation in photo-
synthetic prokaryotes (Gallon et al., 1996). Nitrogenase,
the enzyme that catalyses nitrogen fixation, is highly
sensitive to inactivation by oxygen (Fay, 1992; Postgate,
1982). The most common mechanisms for protection in
cyanobacterial diazotrophs are spatial and}or temporal

.................................................................................................................................................

The GenBank accession numbers for the nucleotide sequences reported in
this paper are AF016484 and AF055034.

separation of oxygen-sensitive nitrogen fixation from
oxygenic photosynthesis (Bergman et al., 1997; Gallon,
1992). By contrast, Trichodesmium has the unique
ability to fix nitrogen aerobically while photosynthesiz-
ing, without any obvious separation of these two
incompatible processes (Capone et al., 1997). Further-
more, Trichodesmium will only fix nitrogen during the
day, apparently cued by a circadian rhythm (Chen et al.,
1996). Recently, slow-growing cultures of Tricho-
desmium sp. IMS101, grown in defined liquid medium,
have become available (Chen et al., 1996; Prufert-
Bebout et al., 1993), which facilitates basic molecular
biology investigations.

Nitrogenase is composed of the iron protein (dinitro-
genase reductase) encoded by the nifH gene, and the
molybdenum iron protein (dinitrogenase) encoded by
the nifDK genes. In many nitrogen-fixing micro-
organisms the nifHDK genes are contiguous. Known
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exceptions are Bradyrhizobium japonicum, Rhizobium
sp. strain IRc 78 and Frankia strain FaC1 (Alvarez-
Morales et al., 1986; Ligon & Nakas, 1987). In all the
nitrogen-fixing non-heterocystous cyanobacteria ex-
amined, including Trichodesmium, the nif structural
genes are contiguous (Bergman et al., 1997; Zehr et al.,
1991). In the vegetative cells of the heterocystous
cyanobacterium Anabaena sp. PCC 7120, the nifD gene
is interrupted by an 11 kb DNA element that is excised
and removed upon differentiation of nitrogen-fixing
heterocystous cells, making the rearranged nifHDK
genes contiguous (Golden et al., 1985). This rearranged
nifHDK operon is transcribed from a promoter up-
stream of the nifH gene as a single transcriptional unit
(Brusca et al., 1989; Golden et al., 1985, 1991; Haselkorn
et al., 1986).

The nif genes in many non-cyanobacterial diazotrophs,
including Klebsiella pneumoniae, are transcribed by an
RNA polymerase that utilizes a sigma (σ) factor known
as RpoN or σ&%. The RpoN-dependent promoters
usually have a highly conserved ®24, ®12 sequence,
instead of the consensus sequence located around
positions ®35 and ®10 recognized by σ(! and most
other σ factors (Merrick, 1992). Activation of nif
promoters in many non-cyanobacterial diazotrophs is
NifA dependent (Merrick, 1992). The nifA product is
required for transcription of all nif operons (except
nifLA) and the nifL product turns off transcription of all
nif operons other than nifLA, in response to oxygen and
fixed nitrogen (Collins & Brill, 1985; Roberts & Brill,
1980). The nifA protein activates transcription by
binding to the consensus DNA sequence TGT
(N

"!
)ACA, which is also known as the upstream

activator sequence (UAS) and is typically located be-
tween 80 and 150 bp upstream of the transcription start
site (Dixon et al., 1987; Merrick, 1992). The UAS is
known to be orientation independent and positively
influences transcription of genes located 2–4 kb up-
stream or downstream (Merrick, 1992). The transcrip-
tion of the nifLA operon itself is under the control of a
regulatory cascade involving the ntrB and ntrC gene
products and the P

II
protein (Magasanik, 1988). Though

the P
II

protein has been identified in cyanobacteria,
investigations have failed to identify homologues for
ntrB, ntrC, rpoN and nifLA (Flores & Herrero, 1994;
Merrick, 1992; Tandeau de Marsac & Houmard, 1993).
However, the search for the global nitrogen regulator
led to the identification of the ntcA gene, which belongs
to the crp gene family (Vega-Palas et al., 1990). Hence,
the regulation of nif genes in cyanobacteria is thought to
be under the control of the global nitrogen regulator
ntcA (Luque et al., 1994; Flores & Herrero, 1994). In
general, however, cyanobacterial nif operons for which
the transcription start site(s) have been characterized do
not possess a consensus NtcA-binding site [GTA
(N

)
)TAC or TGT(N

*
–
"!

)ACA] at the proposed ®35
position (Flores & Herrero, 1994; Vega-Palas et al.,
1992) of the promoter or upstream of the transcription
start site. It has also been documented that under
nitrogen-fixing conditions ntcA expression (at the trans-

criptional level) was inversely proportional to nifHDK
transcript abundance (Bradley & Reddy, 1997).

In this study, the nifU and nifHDK genes of Tricho-
desmium sp. IMS101 (Chen et al., 1996; Prufert-Bebout
et al., 1993) were cloned and sequenced to compare the
nitrogenase proteins and nif regulatory region of Tricho-
desmium to other cyanobacterial diazotrophs. The
nifHDK transcripts were also characterized, and ex-
pression of nifHDK in response to different nitrogen
sources, oxygen concentration and light intensity was
examined.

METHODS

Strains and growth conditions. Liquid cultures of Tricho-
desmium sp. IMS101 (Chen et al., 1996; Prufert-Bebout et al.,
1993) were grown in YBCII medium (Chen et al., 1996) under
a regular 12 h light}12 h dark regime, at 26 °C. The 12 h light
regime is the subjective light phase which begins at 1000 and
ends at 2200 h. For ammonium, urea and nitrate experiments,
cultures were transferred to YBCII medium supplemented
with 2 mM NH

%
Cl, 2 mM urea or 20 mM NaNO

$
, respect-

ively, for 2 h. For the light intensity experiment, YBCII
medium-grown cultures were exposed to zero (complete
darkness), 100 and 300 µE m−# s−" light intensity, respectively,
for 3 h. For the oxygen experiment, the head-space of each
incubation flask was flushed and replaced with air containing
oxygen at the indicated concentration (20%, v}v, in control ;
40%, v}v, or 80%, v}v, in experiments) and the flasks were
sealed. The duration of the oxygen experiment was 3 h.

Cultures of Escherichia coli strain XL-1 Blue MRF« (Strata-
gene) were grown and}or maintained in liquid LB medium or
on LB agar (1±5% w}v Difco agar) containing 12±5 µg
tetracycline ml−" at 37 °C.

DNA extraction and genomic library construction. Genomic
DNA from Trichodesmium sp. IMS101 was extracted fol-
lowing the protocol of Zehr et al. (1991) and purified using
caesium chloride density-gradient centrifugation (Sambrook
et al., 1989). The genomic DNA was then subjected to Sau3AI
partial restriction digestion, using standardized conditions to
obtain a size distribution between 23 and 14 kb. The partially
digested DNA was cloned into Lambda GEM-11 vector
(Promega) using the XhoI half-site strategy (Promega). The
genomic library was amplified and screened for nif genes.

Screening of the library for nif genes. The λ library plaques
were lifted with Hybond-N membranes (Amersham). Mem-
branes were denatured for 2 min in denaturation solution
(1±5 M NaCl and 0±5 M NaOH), neutralized for 5 min in
neutralization solution (1±5 M NaCl and 0±5 M Tris}HCl
pH 8±0), and rinsed for 30 s in a solution of 0±2 M Tris}HCl
(pH 7±5) and 2¬ SSC. The membranes were vacuum-dried for
90 min at 80 °C. A 359 bp nifH DNA fragment cloned from
Trichodesmium sp. (Zehr & McReynolds, 1989) was labelled
with [α$#P]dCTP, using the Decaprime kit (Ambion) following
the manufacturer’s protocols, and used to screen the library
using standard protocols (Sambrook et al., 1989). A positive
plaque was identified and purified by secondary and tertiary
rounds of screening. The size of the insert in the recombinant-
phage clone containing the nifH gene was estimated to be
approximately 13 kb.

Subcloning. The recombinant phage clone was amplified by
culturing on a large scale and recombinant DNA was extracted
using a phage DNA extraction kit (Qiagen). Recombinant-
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Table 1. Plasmids containing Trichodesmium sp. IMS101 gene(s) used or reported in this
study
.....................................................................................................................................................................................................................................

The source of the 5±1 kb insert for pBD5N is the λ-nif clone obtained by screening Trichodesmium
IMS101 genomic library. The source of insert for pBD511, pBD52, pBD509 and pBD535 is the
5±1 kb insert for pBD5N (see Methods). The locations of HindIII and SacI restriction sites are
shown in Fig. 5(a).

Plasmid Properties Reference

pBD5N pUC18 containing 5±1 kb insert in SacI site This work

pBD511 pUC18 containing 1±1 kb insert in HindIII

site

This work

pBD52 pUC18 containing 2 kb insert in HindIII site This work

pBD509 pUC18 containing 0±9 kb insert in HindIII

site

This work

pBD535 pUC18 containing 1±1 kb insert between

HindIII and SacI site

This work

pBDHU pGEM-T vector, 0±7 kb insert obtained by

PCR amplification

This work

pTR M13mp19 vector, 359 bp insert obtained by

PCR amplification

Zehr & McReynolds (1989)

phage DNA insert fragments were obtained using the re-
striction enzymes SacI and HindIII (Promega), and the
fragments purified after gel electrophoresis using a Qiaex II
Gel Extraction kit (Qiagen). These DNA fragments were
ligated to SacI-digested pUC18 and HindIII-digested pUC18,
respectively, using T4 ligase (Promega) and standard con-
ditions (Sambrook et al., 1989). E. coli strain XL1B-MRF«
(Stratagene) was transformed with the ligation mixtures.
Transformants were selected on LB agar plates with ampicillin
(100 µg ampicillin ml−"), X-Gal and IPTG. A 5±1 kb SacI
fragment was extracted from a gel and subcloned in the
plasmid vector pUC18 (identified as pBD5N). Recombinant-
plasmid DNA was extracted from pBD5N, and HindIII
fragments used to create four minor subclones (pBD511,
pBD52, pBD509 and pBD535) (Table 1).

PCR amplification and cloning of the nifU gene. Since the λ

clone isolated from the genomic library did not contain DNA
beyond 222 bp upstream of the nifH start codon, a PCR-based
strategy was adopted to expedite cloning of the region
upstream of nifH. A 17 base long degenerate oligonucleotide
primer, BDNU17, was synthesized based on the amino acid
sequence VMGQEA. The primers BDNU17 [5« GT(GATC)-
ATGGG(GATC)CA(AG)GA(AG)GC 3«] and HPRO-17 were
used as forward and reverse primers, respectively, in the PCR
reaction. The PCR conditions were as described by Zehr &
McReynolds (1989) using Trichodesmium sp. IMS101 geno-
mic DNA as template. A 0±7 kb DNA fragment was amplified
using the degenerate nifU primer (BDNU17) and the Tricho-
desmium nifH upstream sequence-specific primer HPRO-17
(5« CAGCAACATTAGAGTGC 3«) complementary to ­42
to ­1 and ®177 to ®193 of the nifH coding sequence. This
DNA fragment was cloned in pGEM-T vector (Promega) and
the plasmid identified as pBDHU.

DNA sequencing. The major subclone pBD5N was partially
sequenced to determine orientation of the clone. The pBD5N-
derived minor subclones (pBD511, pBD52, pBD509 and
pBD535) and pBDHU were then used for subsequent complete
sequencing of both DNA strands. The plasmids were se-
quenced by the primer walking method. The regions at all

HindIII restriction sites were sequenced on plasmid pBD5N to
ensure correct orientation and completeness of sequence
generated from the subclones. Sequencing was performed by
the University of Maine DNA Sequencing Facility (Orono,
USA).

RNA isolation and Northern blot analysis. Cells were har-
vested and lysed in a modified STET buffer (only 25 mM
EDTA and with 100 mM DTT). STET buffer (Ausubel et al.,
1990) contains 8% (w}v) sucrose, 5% (v}v) Triton X-100,
50 mM EDTA and 50 mM Tris pH 7. The total lysate was
extracted once with equal-volume low-pH (4±5) equilibrated
phenol}chloroform (1:1, v}v) followed by extraction with TE
pH 8 saturated phenol}chloroform. The supernatant was then
extracted with an equal volume of chloroform. RNA was
ethanol precipitated and resuspended in nuclease-free water.
The RNA extracted from equivalent amounts of biomass (1 µg
chlorophyll a) was loaded on 1% (w}v) formaldehyde gel,
transferred to a Nytran membrane (Schleicher & Schuell), and
Northern hybridization carried out essentially following the
protocols in Ausubel et al. (1990). Probes specific to nifH and
nifK genes were obtained by HindIII restriction and gel
extraction of appropriate DNA fragments (as described
previously) from pBD5N. A gel-purified, PCR-amplified
1050 bp nifD DNA fragment was used as the nifD-specific
probe. PCR conditions were as described by Zehr &
McReynolds (1989) using pBD5N as template and the syn-
thetic oligonucleotides 5« GGTGGAGACAAAAAGCT 3« and
5« AGTTGGGCTATTGAGAG 3« as the forward and reverse
primers, respectively. The probes were labelled with [α$#P]
dCTP using the Decaprime kit (Ambion), following the
manufacturer’s suggestions. The same membrane was sequen-
tially hybridized to the nifK, nifH and nifD probes to
characterize the transcripts, or only to the nifH probe in the
experiments to study nifHDK expression.Hybridizationswere
incubated overnight in hybridization solution containing 50%
(v}v) formamide, 5¬ SSC, 0±1% SDS and sonicated denatured
salmon sperm DNA (100 µg ml−"). Membranes were washed
at room temperature twice in 2¬ SSC}0±1% SDS solution and
then twice in 1¬ SSC}0±1% SDS solution followed by two
high-stringency washes at 65 °C in 0±1¬ SSC}0±1% SDS
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solution. Each wash was performed for 10 min. The probes
were stripped between hybridizations by rinsing the mem-
brane in boiling 0±1¬ SSC and 0±1% SDS solution, at 42 °C.

Primer extension analysis. To determine the nifH transcrip-
tion start site, 25 µg total RNA (free of contaminating DNA)
was used for the template of a reverse transcription reaction
using a synthetic oligonucleotide (PXT-1) primer (5« TAG-
CCATTGCAGCTAGAGTATTCTGAGAAGTAGTGGA-
CTTAC 3«) complementary to nucleotide positions ­79 to
­37 of the nifH coding sequence. After hybridization, dNTPs
minus dCTP (2±5 µl of a 0±5 mM stock solution), 25 µCi
(9±25¬10& Bq) [α$#P]dCTP, reaction buffer and AMV reverse
transcriptase (Promega) were added at 42 °C (the total
reaction volume was adjusted to 25 µl). The reaction was
stopped after 45 min by adding 0±4 vol. stop solution (USB
Sequenase kit). The reaction products were heat-denatured
and separated on a sequencing gel, followed by autoradio-
graphy. The primer extension experiments were repeated with
primers PXT-2 (5« CTTACCGATACCACCTTTTCCGTA-
AAATGCAATCTGACGCAT 3«) and HPRO-17 (5« CAGC-
AACATTAGAGTGC 3«) complementary to ­42 to ­1 and
®177 to ®193 of the nifH coding sequence, using the same
reaction conditions. To determine the size of the extension
product, dideoxynucleotide sequencing reactions were run on
the same gel using the same primers and pBD5N as template.
The sequencing reactions were performed using Sequenase,
following the manufacturer’s protocols (USB).

RESULTS

DNA sequence analysis

The nucleotide sequence of the nifH coding region
reported by Sroga et al. (1996) for natural populations of
Trichodesmium thiebautii was 95±2% identical to the
sequence reported in this study. The Trichodesmium sp.
IMS101 nifH-deduced amino acid sequence of 296

Table 2. Comparison of Trichodesmium sp. IMS101 nifHDK deduced amino acid
sequences with those of T. thiebautii (only nifH is available), Anabaena sp. strain
PCC 7120, Azotobacter vinelandii, Clostridium pasteurianum, K. pneumoniae and
Synechococcus sp. strain PCC 8801

nif gene GenBank accession no. Percentage identity

nifH (T. thiebautii) U23507 90

nifH (Anabaena sp. PCC 7120) P00457 79

nifH1 (A. vinelandii) P00459 71

nifH1 (C. pasteurianum) P00456 65

nifH (K. pneumoniae) P00458 71

nifH (Synechococcus sp. strain PCC 8801) U22146 79

nifD (Anabaena sp. PCC 7120) P00464 66

nifD (A. vinelandii) P07328 66

nifD (C. pasteurianum) P00647 42

nifD (K. pneumoniae) P00466 67

nifD (Synechococcus sp. strain PCC 8801) U22146 75

nifK (Anabaena sp. PCC 7120) P00468 68

nifK (A. vinelandii) P07329 55

nifK (C. pasteurianum) P11347 41

nifK (K. pneumoniae) P09772 50

nifK (Synechococcus sp. strain PCC 8801) U22146 70

amino acid residues has striking differences compared to
the carboxy-terminus of the deduced 294 amino acid
residues of the T. thiebautii nifH sequence (Sroga et al.,
1996). The deduced amino acid sequences for the nifH,
nifD and nifK genes were compared to those of other
known diazotrophs (Table 2). The Trichodesmium sp.
IMS101 nifH, nifD and nifK amino acid sequences were
79%, 66% and 68% identical, respectively, to those of
Anabaena sp. PCC 7120 nifH, nifD and nifK. The
nucleotide sequence of the Trichodesmium sp. IMS101
nifH upstream and nifHDK intergenic regions is given in
Fig. 1. A putative ribosome-binding site with reasonable
similarity to a cyanobacterial ribosome-binding site
(Stricker et al., 1997; Thiel, 1993) was identified in front
of the coding sequence of the nifH, nifD and nifK genes
(Fig. 1). The nifUHDK genes are contiguous, indicating
unidirectional transcription. The sequence, TGT
(N

"!
)ACA, centred about 157 bases upstream of the

nifH translational start codon (Fig. 1a), but downstream
of the transcript start site, is identical to the consensus-
binding sequence [TGT(N

"!
)ACA] for the product of

nifA (Dixon et al., 1987; Merrick, 1992). There are
regions of DNA sequence that may form stem–loop
structures in the mRNA. One (Fig. 1b) sequence starts
22 bases beyond the stop codon (TAA) of nifH. This
sequence is followed by eight ‘A’ residues. The other
(Fig. 1c) possible stem–loop structure starts 95 bases
beyond the stop codon of nifD.

Transcription start site mapping

The results of the three primer extension experiments
indicated that a transcription start site for nifH is
located 212 bases upstream of the nifH start codon (Fig.

3362



Characterization of Trichodesmium sp. nifUHDK

(a)

(b)

(c)

.................................................................................................................................................

Fig. 1. Nucleotide sequences (a) upstream of the nifH
translational start, (b) between nifH and nifD and (c) between
nifD and nifK of Trichodesmium sp. IMS101. The translational
start is indicated by lower case letters. The arrow ($) indicates
the transcription start site determined in this study. The
presumed ribosome-binding sites are indicated by asterisks. The
putative nifA-binding site-like sequence, TGT(N10)ACA, is
indicated by a bold underline. The nucleotide sequences that
may form stable stem–loop structures in the mRNA are shown
in bold type and overlined. The putative ®10 and ®35
sequences are underlined.

2). There were additional bands in the primer extension
reaction that corresponded to base positions closer to
the nifH start codon. Although a few of the prominent
bands could potentially be alternative transcription start
sites, these are more likely due to RNA secondary
structures that caused premature termination of the
primer extension reactions. A putative ®10 sequence
(TAATAC) was located 11 bases upstream of the
transcription start site and a putative ®35 sequence
(CACAAT) was located 31 bases upstream of the
transcription start site (Fig. 3).

Transcription of nifHDK operon/genes

Transcription of the nifHDK genes in a transcriptionally
active nitrogen-fixing culture of Trichodesmium sp.
IMS101 was studied by Northern analysis. Total RNA
from a mid-day Trichodesmium sp. IMS101 culture was
hybridized with probes for nifH (BD511), nifD
(BD1000), and nifK (BD509) (Fig. 4). The relative
location of these probes is shown in Fig. 5(b). Hybridi-
zation with the nifH probe showed three distinct bands

that correspond to approximately 1±1, 2±8 and 4±5 kb.
The 1±1 kb signal had the highest signal intensity and the
nifH probe did not hybridize to any bands less than
1±1 kb. The discrete bands indicate that sample RNA
was of high quality with minimal degradation. Hybridi-
zation with the nifD probe showed four distinct bands
that corresponded to approximately 2±8, 3±4 and 4±5 kb
with varying signal intensity. The nifD probe also
hybridized and produced a slightly diffuse band centred
at 1±7 kb. Hybridization with the nifK probe showed
two distinct bands that corresponded to 3±4 and 4±5 kb
and a slightly diffuse band centred at 1±7 kb, which is
very similar to that observed with the nifD probe.

Transcription of nifHDK in the presence of different
nitrogen sources, and varying oxygen concentrations
and light intensities

Northern hybridization experiments revealed that the
nifHDK transcript signal intensities on the auto-
radiogram decreased significantly after 2 h when the
Trichodesmium culture medium contained 2 mM
NH

%
Cl or 2 mM urea. It was also observed that the

NH
%
Cl treatment led to the largest reduction in tran-

script signal intensity (Fig. 6b). Nitrogenase activity as
measured by acetylene reduction also showed signi-
ficantly lower values after 3 h treatment with the
different nitrogen sources mentioned above and the
lowest value for acetylene reduction was obtained from
cultures treated with NH

%
Cl (data not shown). The

decrease in nifHDK transcripts was minimal when the
culture medium contained 20 mM NaNO

$
. When the

Trichodesmium culture was exposed to air with 40%
oxygen for 3 h, the nifHDK transcript abundance (Fig.
6c) was approximately the same as the control. By
contrast, at 80% oxygen concentration, nifHDK tran-
scripts were absent (Fig. 6c) and acetylene reduction was
low (data not shown). Exposure to complete darkness or
300 µE m−# s−" light intensity did not result in any
significant change in nifHDK transcript abundance
(Fig. 6a) when compared with that of the control culture
maintained at a light intensity of 100 µE m−# s−".

DISCUSSION

The deduced amino acid sequences for the products of
the nifH, nifD and nifK genes of Trichodesmium sp.
IMS101 were found to have considerable identity to
those of other known diazotrophs (Table 2), although
the percentage identity varied significantly. Inter-
estingly, it appears that the Trichodesmium sp. IMS101
NifD and NifK sequences have higher percentage
identity to the NifD and NifK sequences of unicellular
cyanobacteria than to the NifD and NifK sequences of
filamentous heterocystous cyanobacteria.

The amino acid sequence VMGQEA is conserved in the
nifU deduced amino acid sequences of K. pneumoniae,
Anabaena sp., Anabaena azollae, Nostoc commune,
Cyanothece sp. PCC 8801 and Plectonema boryanum
(GenBank accession numbers : 128319, J05111, L34879,

3363



B. DOMINIC, Y.-B. CHEN and J. P. ZEHR

TGCA TGCA TGCA
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.....................................................................................................

Fig. 2. Primer extension analysis of the 5«
end of the Trichodesmium sp. IMS101 nifH
transcript. Panels (a), (b) and (c) show
autoradiograms of the reverse transcriptase
products using primers PXT-1, PXT-2 and
HPRO-17, respectively. Lanes A, C, G and T
show the dideoxynucleotide sequencing
ladder generated using the same primers
and pBD5N DNA as template. The
uppermost (longest) primer extension
product (indicated by an arrow)
corresponded to the same nucleotide (A),
indicated by an asterisk, for all three
primers.

.................................................................................................................................................

Fig. 3. Alignment of nif gene sequences upstream of the
transcription start site. Letters in bold indicate the transcription
start site. T.sp., nifH of Trichodesmium sp. IMS101 (this work);
A.sp.1, nifH of Anabaena sp. strain PCC 7120 (Mulligan &
Haselkorn, 1989); A.sp.2, nifH of Anabaena sp. strain PCC 7120
(Haselkorn et al., 1983); A.az, nifH of Anabaena azollae
(Jackman & Mulligan, 1995). The consensus ®10 and ®35
promoter elements are indicated by bold lines. The dashes (-)
indicate gaps introduced in the sequence for the purpose of
alignment, and periods (.) denote identity to the
Trichodesmium sp. IMS101 sequence.

HDK

HD

H

HDK
DK

K

4·5
3·4

1·7

kb
4·5

2·8

1·1

kb
(a) (b) (c)

D

.................................................................................................................................................

Fig. 4. Transcription of the nifHDK operon in Trichodesmium
sp. IMS101. Northern blot of RNA obtained from an actively
nitrogen-fixing Trichodesmium culture, probed with DNA
probes for (a) nifH, (b) nifD and (c) nifK. The nifH probe
hybridized to three bands corresponding to 1±1 kb (H), 2±8 kb
(HD) and 4±5 kb (HDK) transcripts. The nifD probe produced a
diffuse band centred at 1±7 kb (D), and discrete bands
corresponding to 2±8 kb (HD), 3±4 kb (DK) and 4±5 kb (HDK)
transcripts. The nifK probe also produced a diffuse band
centred at 1±7 kb (K), and discrete bands corresponding to
3±4 kb (DK) and 4±5 kb (HDK) transcripts.

L23514, AF001780, D00666). Moreover, the nifU gene is
located directly upstream of nifH in all cyanobacterial
species for which the gene arrangement is known. Using
the degenerate nifU primer, BDNU17, and the nifH
upstream-sequence-specific primer, HPRO-17, part of
the nifU gene was amplified. The sequence of the 0±7 kb
insert of pBDHU overlapped with that of the 5±1 kb
insert of pBD5N by 45 bases. Therefore, the nifU gene is
located directly upstream of nifH.

The transcription start site identified was located 212
bases upstream of the nifH translational start (Fig. 2).
Therefore, Trichodesmium nifH mRNA has a long
untranslated nifH leader sequence compared to other
cyanobacterial nifH leaders (Haselkorn et al., 1983;
Jackman & Mulligan, 1995). The leader sequence and
the nifH coding region span 1±1 kb, which is in agree-
ment with the 1±1 kb band detected with the nifH probe
(Fig. 4). The transcription start sites and promoter
elements of cyanobacterial (Anabaena spp.) nifH genes
are still not defined. Anabaena sp. PCC 7120 and A.
azollae have almost identical sequences upstream of
nifH as shown in Fig. 3 (Jackman & Mulligan, 1995;
Mulligan & Haselkorn, 1989) but the proposed tran-
scription start sites differ by at least six bases (Tumer et
al., 1983; Haselkorn et al., 1983; Mulligan&Haselkorn,
1989; Jackman & Mulligan, 1995). Significant identities
were observed between the sequence

-"(
TAATAC

-"#
for

Trichodesmium sp. IMS101 and the
-"(

TAATTC
-"#

for
Anabaena sp. PCC 7120, since the ‘C ’ (of A.sp.1, Fig. 3)
is considered to be the transcription start site as reported
by Mulligan & Haselkorn (1989). The sequence TAA-
TTC is also present in A. azollae (Fig. 3). The sequence
TAATCT was identified to be the ®10 promoter
element of the vnfD gene of Anabaena variabilis (Thiel,
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(a)

(b)
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Fig. 5. The cloned nifUHDK region of
Trichodesmium sp. IMS101. (a) Restriction
site map of the cloned 5±8 kb nifUHDK
region. E, EcoRI ; H, HindIII ; P, PstI ; S, SacI.
(b) Physical map of the nifUHDK genes. The
open reading frames of nifU, H, D and K
genes are shown as open rectangles. The
DNA fragments (BD511, BD1000 and BD509)
used as nifH, nifD and nifK probes,
respectively, are shown as labelled bars.
Stable transcripts (as deduced from Northern
blot experiments) are drawn as horizontal
arrows, with the thickness of the arrow
reflecting the relative abundance of the
transcripts, the number above the arrow
indicating the estimated size of the
transcript in kb and arrow head indicating
the 3« end of transcript.

4321543214321

(a) (b) (c)

.................................................................................................................................................

Fig. 6. Transcription of nifHDK genes as a function of light,
nitrogen source and oxygen level. (a) Light experiment. Lane 1,
zero time point 1200; lane 2, control (100 µE m−2 s−1) 1500; lane
3, high light (300 µE m−2 s−1) 1500; lane 4, darkness 1500. (b)
Nitrogen treatment experiment. Lane 1, zero time point 1200;
lane 2, control 1400; lane 3, nitrate (20 mM) 1400; lane 4, urea
(2 mM) 1400; lane 5, ammonium (2 mM) 1400. (c) Oxygen
experiment. Lane 1, zero time point 1200; lane 2, control 1500;
lane 3, 40% (v/v) oxygen 1500; lane 4, 80% (v/v) oxygen 1500.
(Note: 1200, 1400 and 1500 denote time points on a 24 h clock
with 12 h light and 12 h dark phases; the subjective light phase
was from 1000 to 2200 h.)

1993). It should be noted that the conserved TAAT part
of the ®10 promoter element reported here is part of the
proposed ®10 promoter element of Anabaena sp. PCC
7120 (ACTAAT; Haselkorn et al., 1983). A ®35
promoter-element-like sequence CACAAT was identi-
fied in Trichodesmium sp. IMS101 (Fig. 3) based on

sequence similarity to the ®35 sequence (CATAAC)
reported for Anabaena sp. PCC 7120 (Tumer et al.,
1983).

Multiple transcripts could be explained as processed
products of one primary transcript or as multiple
primary transcripts. The Northern hybridization analy-
sis of Trichodesmium mRNA using nifH, nifD and nifK
probes (Fig. 4) revealed that each probe hybridized to at
least three transcripts. The size of the bands hybridizing
to the nifH probe (1±1, 2±8 and 4±5 kb) suggests that
transcription is initiated upstream of nifH, producing
transcripts corresponding to nifH, nifHD and nifHDK.
The 4±5 kb band is the only hybridization signal that is
common to the nifH, the nifD and nifK probes. The
4±5 kb nifHDK band is consistent with the suggestion
that the nif operon is transcribed as a single unit (Golden
et al., 1985, 1991; Haselkorn et al., 1986). The slightly
diffuse 1±7 kb band observed with the nifD and nifK
probes could possibly be nascent nifD transcripts
extending into nifK, or could be nifD transcripts or nifK
transcripts. The hybridization signal that corresponded
to the 1±7 kb transcript was not observed when the nifH
probe was used and a 1±7 kb transcript is not large
enough to be a nifHD (2±8 kb) transcript identified with
both the nifH and the nifD probes. Hence, the 1±7 kb
band must correspond to a transcript spanning the nifD
region. Similarly, the nifK probe also hybridized to a
1±7 kb band that must correspond to a transcript
spanning the nifK region. Since the nifK probe did not
produce any hybridization signal at the 2±8 kb nifHD
region, the possibility that the nifK probe cross-hybrid-
ized to the 1±7 kb nifD transcripts can be eliminated. The
nifD and nifK genes are very similar in size, making
distinctions based on size of transcripts (as evidenced by
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the location of the hybridization signal) very difficult. It
is likely that some of the nifD transcripts terminate
between the nifD and the nifK coding regions. The nifK
probe hybridizes to three transcripts, nifK (1±7 kb),
nifDK (3±4 kb) and nifHDK (4±5 kb). The hybridization
signals were not due to non-specific binding to 16S or
23S rRNA or other non-nif mRNA, since it was observed
that RNA from non-nitrogen-fixing (sampled during the
dark phase) cultures failed to give any signal for nifH,
nifD or nifK probes (data not shown).

The other possible explanation for multiple transcripts
is that these different transcripts are due to processing of
the single 4±5 kb long nifHDK transcript. Processing of
long mRNA by RNA-specific endonuclease(s) and
exonuclease(s) has been described or suggested in E. coli
and Rhodobacter capsulatus (Belasco et al., 1985; Heck
et al., 1996; Peterson, 1992; Willison et al., 1993). In this
study it was shown (Fig. 4) that there are significant
amounts of stable nifHD, nifDK, nifD and nifK trans-
cripts. The large amount of the 1±1 kb nifH mRNA
indicates that there is no significant degradation of the
mRNA by non-specific 5«! 3« exonucleases. If the
nifHDK transcripts were processed by cleavage at
specific stem–loop sites and part of the nifHDK trans-
cripts remained unprocessed, the observed pattern of
transcripts (nifHDK, nifHD, nifDK, nifH, nifD and
nifK) could result. However, such complex processing
of transcripts is not usual and to our knowledge such
processing machinery has not yet been reported in
cyanobacteria. The different transcripts and the relative
abundance of the transcripts of the Trichodesmium
nifHDK genes are summarized in Fig. 5(b). To our
knowledge, there has not been a transcription start site
reported between nifH and nifD or nifD and nifK in any
diazotroph that has contiguously arranged nifHDK
genes, although transcriptional regulation of internal
promoters in operons has been documented in cyano-
bacteria. In the filamentous cyanobacteria Calothrix sp.
strain PCC 7601, multiple transcripts were observed
from different polycistronic units such as apc1, cpc1 and
cpc2 (Houmard et al., 1990; Mazel et al., 1988; Tandeau
de Marsac et al., 1988).

The multiple nif transcripts are consistent with the
presence of potential stem–loop structures that could
terminate transcription downstream of nifH and nifD.
Similar secondary structures with comparable energy
values in the intercistronic regions of polycistronic
transcription units have been shown to terminate
transcription, even if not preventing read-through com-
pletely (Houmard, 1994). Hybridization to the nifH
probe revealed significantly higher amounts of stable
transcripts of nifH when compared with stable tran-
scripts of nifHD and nifHDK (Fig. 4). The nifHD
transcripts appeared to be more abundant than nifHDK
transcripts. It is known that theTrichodesmiumnifHDK
transcription starts during early morning hours and
stabilizes gradually towards mid-day (Chen et al., 1998;
Wyman et al., 1996). The results indicate that transcripts
that are initiated from the nifH transcription start site
do not all contain the complete nifHDK mRNA, and

that the incomplete transcripts are not randomly ter-
minated, but tend to contain only complete nifH or
nifHD messages. This model is very similar to tran-
scription of the gas vesicle genes (gvpA1A2C) of
Calothrix sp. strain PCC 7601 (Csisza’r et al., 1987).

NH
%
Cl was the most effective of the three nitrogen

sources in turning off transcription. Significant re-
pression of nifHDK transcription was not observed even
at high concentrations (20 mM) of NaNO

$.
This ob-

servation is consistent with that of the filamentous non-
heterocystous cyanobacterium, P. boryanum, where
nitrogenase activity (as measured by acetylene re-
duction) is repressed or inhibited more rapidly by
ammonium than by nitrate compounds (Rai et al.,
1992). One of the reasons suggested for the lack of
repression was the slow uptake of nitrate (Rai et al.,
1992). However, transcription was not assayed in that
study and the inhibition could have been due to post-
translational modification of nitrogenase protein.

Even after 3 h of exposure to 40% oxygen concentration
there was no significant reduction in transcription of
nifHDK genes of Trichodesmium sp. IMS101. Hence the
decrease in nitrogenase activity above pO

#
of 0±3

observed in Trichodesmium sp., could be due to post-
translational modification of nitrogenase protein (Ohki
& Fujita, 1988; Zehr et al., 1993). The results indicate
that inhibition of nifHDK transcription occurs at oxygen
concentration greater than 40% but less than or equal to
80% (after 3 h exposure).

Abrupt changes in light intensity (whether it be from
100 µE m−# s−" to complete darkness or from 100 µE
m−# s−" to 300 µE m−# s−") did not result in any sig-
nificant change in nifHDK transcription, suggesting that
transcription of nifHDK is not directly regulated by
light. Conversely, it is known that nitrogenase activity,
as measured by acetylene reduction, declines rapidly in
darkness and that the rates of acetylene reduction were
proportional to the level of illumination in Tricho-
desmium (Ohki & Fujita, 1988).

Sequence analysis revealed regions of DNA that may
form stem–loop structures in the intercistronic regions
downstream of nifH and nifD and possible regulatory
protein binding sites. Analysis of the transcription of
nifHDK in Trichodesmium indicates several features in
common with nifHDK transcription in other organisms.
The sequences of the nifHDK genes are similar to other
nifHDK sequences and there are striking similarities in
the region upstream of the transcription start site of
Trichodesmium sp. IMS101 and Anabaena spp. nifH
genes. However, stable nifD, nifDK and nifK transcripts
could be unique to Trichodesmium among cyano-
bacterial diazotrophs. The absence of a consensus NtcA-
binding site upstream of the nifH transcription start site
indicates that Trichodesmium sp. IMS101 nifHDK
might not be directly regulated byNtcA. Further analysis
of the regulation of nifHDK transcription in Tricho-
desmium might require the development of suitable
mutants, which is not yet feasible.
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