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We present data on the genetic diversity and phylogenetic affinities of N2-fixing unicellular cyanobacteria in
the plankton of the tropical North Atlantic Ocean. Our dinitrogenase gene (nifH) sequences grouped together
with a group of cyanobacteria from the subtropical North Pacific; another subtropical North Pacific group was
only distantly related. Most of the 16S ribosomal DNA sequences from our tropical North Atlantic samples
were closely allied with sequences from a symbiont of the diatom Climacodium frauenfeldianum. These findings
suggest a complex pattern of evolutionary and ecological divergence among unicellular cyanobacteria within
and between ocean basins.

Oligotrophic marine ecosystems are typically limited in their
concentrations of reduced forms of nitrogen (10, 11, 19), and
diazotrophic (N2-fixing) cyanobacteria appear to be at an ad-
vantage (4, 29). Among the marine phytoplankton, a large
array of symbiotic, colonial, and unicellular diazotrophic cya-
nobacteria have been reported (4, 7, 27), and species in the
colony-forming genus Trichodesmium appear to be the domi-
nant diazotrophs in tropical and subtropical waters (3, 5, 6).
However, present calculations of N2 fixation rates by known
diazotrophic cyanobacteria (i.e., Trichodesmium sp.) cannot
account for all of the reduced forms of N necessary to balance
the global nitrogen budget (5, 10, 11). Among the unicellular
forms, N2 fixation has been shown in strains of Synechococcus
sp. (14, 15, 23), Cyanothece sp. (19, 21, 22), and Gloeocapsa sp.
(17). These unicellular cyanobacteria lack heterocysts and are
able to fix carbon and nitrogen by separating the two processes
temporally: they photosynthesize during the day and fix nitro-
gen during the night in what seems to be a well-defined circa-
dian rhythm (9, 12). Recent evidence suggests a significant role
for unicellular cyanobacterial N2 fixers in the subtropical North
Pacific (29).

During a research cruise in the tropical North Atlantic, we
encountered a high abundance of unicellular cyanobacteria
that were genetically distinct (nifH) from those previously re-
ported for the subtropical North Pacific (28, 29). We also
characterized cyanobacterial genetic diversity and measured
the nitrogenase activities of enrichment cultures.

Samples were collected on a cruise aboard the research
vessel Knorr between 25 July and 18 August 2001. Water sam-
ples from a range of depths were collected by using a conduc-
tivity, temperature, density-rosette system at stations 27
(11°46�16�N, 53°38�82�W), 30 (8°26�88�N, 49°50�55�W), 31
(6°17�12�N, 47°48�66�W), 33 (4°42�00�N, 42°50�00�W), 44

(7°11�12�N, 52°25�76�W), and 53 (11°40�50�N, 54°0.2�50�W).
Water from 10-liter Niskin bottles was prefiltered through a
10-�m-pore-size PCTE membrane to remove larger plankton.
Depth profiles for physical properties and nutrient concentra-
tions are part of the biocomplexity project (http://biology.usc
.edu/bc/) funded by the National Science Foundation.

Four liters of filtrate was concentrated, and the cells were
resuspended in a nitrogen-free culture medium as described
previously (24). Cultures were initially incubated in a flowing-
seawater bath on deck under neutral-density screening at 0.1%
of ambient irradiance and later transferred to a laboratory
incubator at 26 to 29°C and 50 to 100 microeinsteins m�2 s�1,
with a cycle of 14 h of light and 10 h of darkness. Culture
aliquots were plated, and individual colonies were resuspended
in SO medium. Cell abundance and appearance were moni-
tored with a compound epifluorescence microscope, and 3 ml
of culture was transferred into 50 ml of SO medium every 3
weeks. All of the cultures (CL1.2 from station 27, CL7.2 from
station 33, and CL13.3 from station 44) are available from the
corresponding author.

The procedure used for extraction of DNA is that of Madrid
et al. (13) with modifications. Four liters of filtrate was con-
centrated onto 0.22-�m-pore-size Durapore membrane filters
(47-mm diameter; Millipore Corporation, San Jose, Calif.) that
were then shredded and placed in 15 ml of DNA extraction
buffer (20 mM Tris-HCl [pH 7.5 to 8.2], 50 mM EDTA, 20 mM
NaCl) and frozen at �20°C until extraction. Approximately 50
ml containing 107 cells from concentrated cultures (including
WH8501 donated by J. Waterbury, Woods Hole Oceano-
graphic Institution [WHOI]) were centrifuge pelleted at 4,000
� g for 10 min, resuspended in 10 times the pellet volume of
DNA extraction buffer, and maintained overnight in a shaking
incubator at 50°C.

Samples were thawed and transferred to 50-ml polystyrene
centrifuge tubes, 10% sodium dodecyl sulfate was added to a
1% final concentration, and proteinase K solution (10 mg
ml�1) (Gibco, Carlsbad, Calif.) was added to a final concen-
tration of 0.5 mg/ml�1. The mixture was incubated for 10 min

* Corresponding author. Mailing address: Romberg Tiburon Center
for Environmental Studies, San Francisco State University, 3152 Par-
adise Dr., Tiburon, CA 94920. Phone: (415) 338-3737. Fax: (415)
435-7121. E-mail: lfalcon@sfsu.edu.

5760



at 50°C and frozen again for 15 min; this freeze-thaw cycle was
repeated twice, and the sample was vortexed each time to
facilitate cell lysis. DNA was extracted with phenol (twice) and
chloroform (once) and precipitated with ethanol-sodium ace-
tate under standard protocols (21).

PCR was used to amplify a conserved 16S ribosomal DNA
(rDNA) cyanobacterial region (approximately 422 bp) with the
CYA359F and CYA781bR cyanobacterial primers designed by
Nübel et al. (16) and the nifH gene fragment (359 bp), with
primers designed by Zehr and McReynolds (26). Reaction
mixtures (50-�l final volume) contained the following: 33.5 �l
of RNA- and DNA-free water, 5 �l of PCR buffer, 5 �l of
MgCl2 (25 mM), 1 �l of a deoxynucleoside triphosphate mix, 2
�l of each primer (12.5 �M), 1 �l of the template, and 0.5 �l
of Taq DNA polymerase (Promega, Madison, Wis.). The ther-
mal cycle for amplification of 16S rDNA was as follows: 94°C
for 1 min, 60°C for 1 min, and 72°C for 1 min for 35 cycles. The
thermal cycle for amplification of nifH was as follows: 93°C for
1.2 min, 50°C for 1 min, and 70°C for 1.5 min for 30 cycles.
PCR products were separated according to size by using elec-
trophoresis on a 1.8% agarose–Tris-borate-EDTA gel and pu-
rified with a QIAquick PCR purification kit (QIAGEN, Va-
lencia, Calif.).

In order to detect nifH gene expression, RNA was extracted
and cDNA was amplified according to the protocol of Zani et
al. (25), with modifications. Two liters of filtrate was concen-
trated onto 0.22-�m-pore-size Durapore membrane filters
(25-mm diameter; Millipore) at different depths during day
and night casts. RNA was extracted with a ball-mill homoge-
nizer and an RNeasy kit; residual amounts of DNA were re-
moved with an RNase-free DNase set (QIAGEN). An Access
reverse transcriptase PCR (RT-PCR) kit (Promega) was used
to amplify cDNA for nifH genes according to the instructions
of the manufacturer, and the primers of Zehr and McReynolds
were used (26). In order to check for DNA contamination in
RNA preparations, PCRs were performed without a prior RT
step. No PCR product was detected, indicating that RT-PCR
amplification products were derived from nifH transcripts.
Amplified products were screened by electrophoresis on a
1.8% agarose–Tris-borate-EDTA minigel, and correct-size
fragments were excised from the gel and purified from agarose
with the QIAquick PCR purification kit. (QIAGEN).

Purified PCR products generated from environmental sam-
ples and cultures were ligated with the pGEM-T Easy vector
system (Promega) according to the suggestions of the manu-
facturer and by following standard protocols (20). White col-
onies were restreaked onto new plates and PCR screened by
using vector primers Sp6 and T7 (Promega).

Purified amplified products were sequenced with an ABI
Prism BigDye terminator cycle sequencing ready-reaction kit
(Perkin-Elmer, Foster City, Calif.) according to the manufac-
turer’s protocols, with modifications. One microliter of each
was loaded onto membrane combs (Gel Company, San Fran-
cisco, Calif.) and sequenced on an ABI 377 automated se-
quencer.

Forward and reverse sequences from each cloned insert
were aligned and vector sequences were trimmed with Se-
quencher 3.1.1 (Gene Codes Corporation, Ann Arbor, Mich.).
Resulting sequences were used to search the GenBank data-
base, and the closest matches were downloaded and aligned

with our clones to provide reference and outgroup sequences
for phylogenetic reconstruction analyses. Published cyanobac-
terial 16S rDNA and nifH sequences from earlier studies were
also downloaded and included in their respective data sets. The
alignments were verified with MacClade 4.033 PCC software
(Sinauer Associates Inc., Sunderland, Mass.), and PAUP�

4.0b8 (Sinauer Associates Inc.) was used for phylogenetic anal-
ysis. The resulting 31-taxon nifH data set included 392 charac-
ters, of which 147 were parsimony informative. The 16S rDNA
data set of 30 reference taxons and 20 unknown taxons (see
below) included 331 characters, of which 121 were parsimony-
informative. Phylograms for the nifH gene were constructed by
a maximum-parsimony bootstrap analysis with 250 replicates,
random-addition initial trees, terminate branch and reconnect
(TBR) branch rearrangement, and a grouping cutoff of 60%.
For the 16S rDNA analysis we conducted a maximum-parsi-
mony bootstrap analysis (250 replicates, random addition,
TBR rearrangement) for individual clones and compared them
to published sequences of known species in order to indepen-
dently characterize the relationship of each of our unknown
species to known species (1). We then constructed a summary
tree indicating the range of bootstrap values for individual
branches. For comparison with the parsimony-based results,
we conducted a neighbor-joining distance (Kimura two-param-
eter) bootstrap analysis of both data sets in full and a maxi-
mum-likelihood bootstrap analysis of a reduced nifH data set
(15 taxa, including half of the available sequences for each of
the previously identified cyanobacterial clades, plus represen-
tative outgroups) using PAUP�. A matrix of genetic distances
(Kimura two parameters) for all pairwise comparisons was
generated in PAUP�; the mean distance and standard devia-
tion were calculated from the matrix with Microsoft Excel.

The rates of nitrogenase activity were determined for three
concentrated cultures of unicellular cyanobacteria (CL1.2,
CL7.2, and CL13.3) by using the acetylene (C2H2) reduction
technique (2, 18). Four milliliters of culture was added to 7-ml
serum vials in three replicates per culture. Next, 300 �l of C2H2

generated by the reaction of calcium carbide (CaC2) and water
was injected in the vials. Small (100-�l) gas samples were
withdrawn every 4 h and injected into a gas chromatograph for
the measurement of ethylene (C2H4) production. These assays
were done throughout the light-dark cycle of the incubators,
and C2H4 production was registered by using an integrator.

Most of our tropical North Atlantic nifH cDNA and DNA
clones had sequences closely related to each other (�99% on
a DNA level and 100% on an amino acid level), which grouped
with a cultivated diazotrophic unicellular cyanobacterium iso-
lated from the tropical North Atlantic, WH8501 (24) (group I)
(Fig. 1). A sequence previously derived from the subtropical
North Atlantic (GenBank accession number AF016616) (29)
was basal to the clade of tropical North Atlantic sequences
(Fig. 1). Group II is a set of unicellular cyanobacterial nifH
sequences from the subtropical North Pacific (29) that group
with group I sequences from the tropical North Atlantic at a
high bootstrap support value (98%) (Fig. 1). Group III in-
cludes additional cyanobacterial sequences from the subtrop-
ical North Pacific (28, 29) that group together with high boot-
strap support (99%) (Fig. 1) and are distinct from group I and
II sequences from the tropical North Atlantic and subtropical
North Pacific. The mean genetic distances (� standard devia-
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tions) for all nifH pairwise comparisons within groups were
relatively small: 0.008 � 0.003 (group I), 0.005 � 0.0004 (group
II), and 0.03 � 0.004 (group III). The distances between
groups I and III and groups II and III were much larger: 0.23
� 0.002 (between groups I and III) and 0.22 � 0.001 (between
groups II and III). The genetic divergence between these se-
quences suggests that the tropical North Atlantic cyanobacte-
ria that we sequenced (plus WH8501 and the cyanobacterium
with accession number AF016616) and one set of cyanobacte-
ria from the subtropical North Pacific are more closely related
to each other than either is to the other set of subtropical
North Pacific cyanobacteria (group III). Distance and maxi-
mum-likelihood-based analyses (data not shown) gave topolo-
gies nearly identical to results of the parsimony analyses, re-
sulting in the same group I, II, and III relationships noted
above.

We created 16S rDNA libraries using cyanobacterium-spe-
cific primers for stations 30, 31, and 53. A summary phylogram
for 16S rDNA sequences found in these libraries is shown (Fig.
2). Of a total of 190 clones in the three libraries, 99% con-
tained 16S rDNA sequences of unknown free-living unicellular
cyanobacteria, related to a symbiont of the planktonic diatom
Climacodium frauenfeldianum. The symbiosis between C.
frauenfeldianum and cyanobacteria has been previously de-
scribed for both the tropical Atlantic and Pacific oceans (8).
The close relationship of this group of free-living unicellular

cyanobacteria with the symbiont sheds light on a novel and
very poorly understood group of microorganisms that may be
major contributors to N2 fixation both in symbiosis and in free-
living Cyanothece spp. Other close relatives of these clones
included WH8501 (24) and Cyanothece sp. strain ATCC 51142
(19), two strains of known diazotrophic unicellular cyanobac-
teria, the first of which was isolated from the same region of
the tropical Atlantic where we carried out this research. The
diazotrophic unicellular cyanobacteria in our enrichment cul-
tures cluster with free-living C. frauenfeldianum symbiont-like
cyanobacteria (Fig. 2). The 16S rDNA sequences of our iso-
lates were nearly identical to each other, evidencing only a few
independent 1-base differences, which may either reflect a mi-
nor divergence between isolates or result from the low fidelity
of the Taq polymerase.

Other cyanobacteria and chloroplast sequences were found
in our libraries. 16S rDNA sequences, which clustered with
Synechococcus sp. strain WH8103, were found in station 30 (15
m) and 31 (22 m) libraries (five and three clones, respectively).
16S rDNA sequences phylogenetically affiliated with Prochlo-
rococcus marinus TAK983-2 were found in station 31 (22 m,
three clones). The station 30 (15 m) library also contained 16
rDNA sequences affiliated with an uncultured stramenopile
(clone KS82) from the tropical Pacific (one clone) and with a
plastid of the prymnesiophyte Chrysochromulina polylepis (one

FIG. 1. Phylogram showing the relationships among different cya-
nobacterial nifH gene sequences constructed through maximum-par-
simony bootstrap analysis (details in text). Fragments are approxi-
mately 359 bp in length.

FIG. 2. Summary phylogenetic reconstruction among cyanobacte-
rial 16S rDNA sequences created through maximum-parsimony boot-
strap analysis (details in text). Sequences marked with an asterisk were
determined by this study, and fragments are approximately 422 bp in
length.
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clone). Nevertheless, most sequences derived from our 16S
rDNA libraries were very similar: the mean genetic distance
for all pairwise comparisons between our 16S rDNA clones
was 0.008 substitution per nucleotide.

Given the nifH results reported above, it would be of great
interest to analyze 16S rDNA sequences from the group II and
group III subtropical North Pacific cyanobacteria character-
ized previously (29). However, given the relatively conservative
nature of variation for 16S rDNA, further determination of the
levels of divergence of cyanobacteria from within- and be-
tween-oceanic regions by use of 16S rDNA sequences may be
difficult.

Since nitrogenase is extremely sensitive to oxygen (18), uni-
cellular autotrophs like members of the group of cyanobacteria
found in our samples are likely to fix carbon during the day and
N2 at night, alternating both metabolic pathways under a cir-
cadian rhythm, as shown for other strains of unicellular cya-
nobacterial diazotrophs (9, 11, 14, 15, 17, 19, 21, 22, 23). In
fact, we detected nifH gene transcripts (mRNA) of unicellular
cyanobacteria only at night whereas nifH genes (DNA) were
easily detectable at the same stations (stations 27, 30, and 31)
both day and night (Table 1).

Cultures of diazotrophic unicellular cyanobacteria were ob-
tained for three stations from the tropical Atlantic Ocean: 27
(22 m), 33 (15 m), and 44 (13 m). The cultures were named
CL1.2, CL7.2, and CL13.3, respectively. All cells in the cultures
were small, coccoid, unicellular forms and measured 2.5 �m in
diameter. Mean cell abundance in cultures ranged from 18 �
104 to 22 � 104 cells ml�1 for concentrated cultures, which
were used for the nitrogenase activity assay. The highest rates
of N2 fixation typically occurred around 02:00, 6 h after the
beginning of the dark period, and ranged from 145 � 69 to 115
� 30 (means � standard deviations) pmol of C2H4 ml�1 h�1.
Rates for each culture were converted to N2 fixation rates by
using a 3:1 ratio of C2H2 reduced to fixed N2 (19); rates ranged
from 2.35 � 0.83 to 2.64 � 0.62 fmol of fixed N per cell h�1,
comparable to rates published elsewhere (29).

The determination of the relationships within planktonic
unicellular cyanobacteria suggested by these patterns of nifH
and 16S rDNA genetic diversity is a preliminary step towards
understanding this group of potentially important N2 fixers.
We need a better grasp of evolutionary relationships and eco-
logical roles within the unicellular cyanobacteria, as well as a
finer-scale understanding of their spatial and temporal diver-
sity within the major ocean basins. Studies of in situ rates of N2

fixation related to cyanobacterial sequence identity will further

contribute to our understanding of the major players influenc-
ing the biogeochemistry of major oceanic regions.

The sequences that were generated from this study and
derived from environmental samples have been deposited in
the GenBank database under accession numbers AY100483 to
AY100516, AY100520, AY100522, and AY100523; those from
cultures have accession numbers AY100517 to AY100519 and
AY100521.
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