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REEVALUATION OF THE NITROGEN FIXATION BEHAVIOR IN THE MARINE
NON-HETEROCYSTOUS CYANOBACTERIUM LYNGBYA MAJUSCULA!
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Lyngbya majuscula Harvey ex Gomont is a com-
mon marine cyanobacterium in tropical and subtrop-
ical near-shore waters. A few reports have indicated
that L. majuscula fixes nitrogen only in the light. Be-
cause this feature is uncommon among non-hetero-
cystous cyanobacteria, we attempted a reevaluation.
Nitrogenase activity, regulation, and localization were
examined over diel cycles on natural populations of
L. majuscula growing in subtidal zones off Zanzibar in
the western Indian Ocean. The data show that L. ma-
Juscula fixed nitrogen and synthesized nitrogenase in
all cells during the dark phase of a diel cycle. During
the light phase, nitrogenase was degraded to unde-
tectable levels.

Key index words: cyanobacteria; Indian Ocean; Lyng-
bya majuscula; nifH; nitrogenase; Zanzibar

Lyngbya majuscula Harvey ex Gomont is a common
cyanobacterium in marine tropical and subtropical
subtidal zones (Dennison et al. 1999, Hoffmann 1999,
Lugomela et al. 2001). It often grows “attached” to
substrates, which can be organic or inorganic. It
forms fronds on sea grasses and macroalgae and goes
under the nickname “mermaid hair.” Lyngbya majus-
cula is non-heterocystous, and the cells are typically
30-60 pm wide and 2-4 pm long (Gomont 1892).
The trichomes have a brownish pigmentation, and
the fronds can be up to 40 cm long (Dennison et al.
1999). Lyngbya majuscula may cause “swimmers itch,”
possibly by its highly inflammatory and vesicatory
toxin, lyngbyatoxin A (Cardellina et al. 1979).

Lyngbya majuscula has been reported to fix nitrogen
in the light (Jones 1990, Dennison et al. 1999),
whereas another study suggested that nitrogen fixa-
tion took place during both day and night (Jones
1992). Lyngbya aestuarii has also been reported to fix
nitrogen in the light (Paerl et al. 1991). The enzyme
responsible for nitrogen fixation, nitrogenase, is
highly oxygen labile. Nitrogen fixation in the light is
apparently a rare feature of non-heterocystous cyano-
bacteria and has only been convincingly characterized
for two genera, Trichodesmium and Katagnymene (Ber-
man-Frank et al. 2001, Lundgren et al. 2001). The
gene encoding dinitrogenase reductase, niff, has a
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97.8% sequence similarity in these two cyanobacteria
(Lundgren et al. 2001). Other cyanobacteria that do
not differentiate heterocysts primarily fix nitrogen at
night, for example, the unicellular genera Gloeothece
(Gallon et al. 1988) and Cyanothece (Reddy et al. 1993),
or fix nitrogen under microaerobic conditions in
combination with a temporal separation of oxygenic
photosynthesis and nitrogen fixation, for example,
Plectonema boryanum (Rai et al. 1992).

This study was aimed at a reevaluation of the nitro-
gen fixation behavior of L. majuscula, because nitro-
gen fixation in the light is an uncommon behavior of
non-heterocystous cyanobacteria. Nitrogenase activi-
ties, regulation, and localization were examined dur-
ing diel cycles in natural populations. We also sequenced
nifH to assess the phylogenetic relation between L. majus-
cula and other diazotrophs.

MATERIALS AND METHODS

Collection and identification of field samples. Samples of L. ma-
juscula were collected from the subtidal zone off Changuu Is-
land, Zanzibar. The method of Gomont (1892) was used for the
morphological identification.

Nitrogenase activity. Acetylene reduction assays were carried
out on L. majuscula either incubated in situ during the entire
diel period or #n situ during day and in the laboratory at night.
Further, L. majuscula was collected in the dark (at 04:00) and
light (at 14:00) and subjected to the following treatments: 1)
oxic, light; 2) oxic, dark; 3) anoxic, light; 4) anoxic, dark; and
b5) anoxic, light, with additions of DCMU and fructose. Fructose
was added at 1 mM, DCMU at 10 pM, and anoxic conditions
were provided by flushing the incubation vials with nitrogen for
1 min. Artificial light treatments were carried out in a water
bath (26-29° C) with a photon flux density of 300 pmol pho-
tons'm~*s~1. For acetylene reduction measurements, triplicate
samples of L. majuscula were transferred to 10-mL serum vials
containing 4 mL sterile filtered seawater. These were sealed,
and 10% acetylene, generated from calcium carbide, was added
to the gas phase. After 2 h, 4 mL of the gas phase was with-
drawn and injected into a vacutainer (Becton Dickinson, Mey-
lan, France). Subsequently, the ethylene content was analyzed
by gas chromatography (Shimadzu GG-8A (Shimadzu, Kyoto,
Japan), equipped with a Porapac N column), and the rates of
ethylene produced were normalized to chl a content (Tandeau
de Marsac and Houmard 1988). Background ethylene values in
the acetylene gas were subtracted, that is, from controls with no
cyanobacteria. Samples were taken every 2 or 3 h during a 24-h
period for both the acetylene reduction assay. Four complete
diel experiments were carried out.

Diurnal variation of nitrogenase. During the diel studies, pieces
of L. majuscula were suspended in 150 pL of sample buffer (2%
SDS, 2.5% 2-mercaptoethanol, 10% glycerol, 25 mM Tris-HCI
pH 6.8, bromophenol blue and a protease inhibitor cocktail;
Complete, Boehringer Mannheim, Mannheim, Germany) every
2 h. The samples were frozen and later thawed and heated at 95° C
for 5 min before centrifugation at 15,800g for 5 min. Whole-cell
extracts were applied to the wells of a 10% NuPAGE Bis-Tris gel
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Fic. 1. Differential interference contrast micrograph of
Lyngbya majuscula Harvey ex Gomont collected at Changuu Is-
land, Tanzania. Bar, 20 pm.

(Novex, San Diego, CA, USA) and electrophoresed, using MOPS
running buffer, for 50 min at a constant voltage of 200 V. Pro-
teins were transferred by wet western blotting onto polyvinyl-
idene difluoride membranes (Hybond-P, Amersham Pharmacia
Biotech, Uppsala, Sweden) for 60 min at 30 V, using the Novex sys-
tem with NuPAGE transfer buffer. Blotted membranes were
blocked for 30 min in 5% skim milk in TBS (20 mM Tris-base,
0.14 M NaCl, pH adjusted to 7.6). Primary antibody (against dini-
trogenase reductase from Rhodospirillum rubrum, raised in rabbit)
was incubated for 1 h ata 1:10,000 dilution in TBS. After washing
for 3 X 10 min in TBS, the membranes were incubated in the sec-
ondary antibody (goat anti-rabbit/horseradish peroxidase, Amer-
sham Pharmacia Biotech) at a 1:20,000 dilution. After washing
for 3 X 10 min in TBS, the immunodetected proteins were visu-
alized using the ECL Plus detection system (Amersham Pharma-
cia Biotech). The occurrence of the dinitrogenase reductase pro-
tein was examined during three complete diel studies.
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F1G. 2. Nitrogenase activity in Lyngbya majuscula. (A) Assay
carried out under #n situ conditions during the day and under
controlled conditions in the laboratory at night. (B) Assays car-
ried out in situ during the whole time period. Black and white
bars represent dark and light periods, respectively. Error bars
indicate SD from the mean (triplicate samples).

TaBLE 1. Nitrogenase activities in Lyngbya majuscula when
subjected to various treatments.

Activity

Incubation Additions? Day Night
Control - 0.0 2.7+0.8
Oxic - 0.0 0.03 £ 0.0
Oxic - 0.0 2.7x0.8
Anoxic - 0.0 0.08 = 0.04
Anoxic - 0.0 0.18 = 0.1
Anoxic + 0. 53+ 0.8

Triplicate samples were incubated for 2 h at 14:00 and 04:00
during a natural 24-h light:dark cycle. Activities are expressed as
nmol CyHy pg chl a71-h~! (= SE). Bold type indicates samples
incubated in darkness; otherwise samples were incubated in the
light.

aAdditions of 10 pM (w/v) DCMU and 1 mM (w/v) fructose.

Intracellular immunolocalization of nitrogenase. Trichomes of L.
majuscula were identified under a dissecting microscope, immo-
bilized in 2% agar, fixed in 3% (w/v) paraformaldehyde for 30
min, and dehydrated through an ethanol series up to 70%.
Subsequently, trichomes were further dehydrated to 100% eth-
anol, embedded in LR White, sectioned on an ultramicrotome
(MT-7000 ULTRA, RMC, Tucson, AZ, USA), and collected on
gold grids. The sections were blocked for 1 h with 10% BSA in
PBS followed by incubation for 1 h in the primary anti-dinitro-
genase reductase antibody (raised in rabbit, as above) diluted
1:100. The grids were washed in PBS (3 X 15 min) and then in-
cubated for 1 h with the secondary antibody, goat anti-rabbit
IgG (Amersham Pharmacia Biotech) conjugated to 10-nm gold
particles, diluted 1:20 in PBS. After 2 X 15 min washes in PBS
and 2 X 15 min in distilled water, the grids were air dried and
examined with a microscope (model EM 906, Zeiss, Oberkochen,
Germany) operating at 80 kV.

nifH sequencing. A single filament of L. majuscula was identi-
fied morphologically by LM, rinsed in sterile filtered seawater
and distilled water, and placed in a PCR tube containing 10 pL
of double-distilled H,O. The sample was frozen, thawed, and
used directly as template in the PCR reaction also containing
200 nM dNTP, 0.5 mM MgCl,, Dynazyme reaction buffer, 0.5 U
Dynazyme polymerase (Finnzymes Oy, Espoo, Finland), and
0.5 pM of each primer in a total reaction volume of 25 pL.
The primers used (PN1: 5'-CGTCACGGTCAAAGAATCAT-3’
and PN2: 5'-ACACCACCAGCATGAGCATA-3") amplified a 446-

07 09 1113 15 17 R RV-A RPN I CI0E)

113 -
92 -

52 -

35 -

29-

21 -

F1G6. 3. Western blot analysis of dinitrogenase reductase in
Lyngbya majuscula. The same amount of proteins was loaded to
each lane. The estimated mass of the immunodetected band
was about 40 kDa. Black and white bars represent dark and
light periods, respectively. Results are typical of the three sepa-
rate diel studies.
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TABLE 2. Relative quantities of dinitrogenase reductase (gold
particles/wm?) in Lyngbya majuscula as revealed by immunogold
TEM localization.

Label
Sample Night Day
Label (n = 30) 5.9 0.7
Background (n = 30) 0.2 0.4

Samples were collected at night (24:00) and day (14:30).

base pair (bp) fragment of nifH (coding for dinitrogenase re-
ductase), including the 324-bp region described previously
(Zehr and McReynolds 1989). PCR was performed with an ini-
tial denaturation step at 95° C for 4 min, 30 cycles of 1 min at
93, 50, and 72° C, and a last elongation step at 72° C for 4 min.
The PCR product was separated on a 1.5 % agarose gel, cut, pu-
rified, and sequenced bidirectionally on an automated se-
quencer (ABI model 377, PE, Applied Biosystems, Stockholm,
Sweden). The L. majuscula nifH sequence was aligned using
CLUSTAL W 1.7 (Thompson et al. 1994) and deposited in
GenBank under the accession number AY115593.

Phylogenetic analysis. The nifH nucleotide sequence from L. ma-
Juscula was subjected to a BLAST search (www.ncbi.nlm.nih.gov/
blast; Altschul et al. 1997). Distances between pairs of sequences
(324 bp) were calculated using the distance correction of Jukes
and Cantor (1969), followed by the construction of a phylogenetic
tree using the neighborjoining method and bootstrap resampling
with 500 replicates. This analysis was carried out using the TREE-
CON software package (Van de Peer and de Wachter 1994). Se-
quences not obtained in this study were retrieved from GenBank
under the following accession numbers: Symploca (Microcoleus
chthonaplastes) PCC 8002 (AF013125), Anabaena PCC 7120 (V01482),
Trichodesmium erythraeum (L00689), Cyanothece (AF003336), Calothrix
(U73130), Lyngbya lagerheimii (L15550), Phormidium (AF227927),
Scytonema (U73131), Gloeothece (L15554), and Rhodospirillum ru-
brum (M33774).

RESULTS

Collection and identification of field samples. Lyngbya ma-
juscula was encountered off Changuu Island in the Zan-
zibar Channel of the western Indian Ocean. It grew in
fronds, often associated with sea grasses. It was dark
brown, and the cells were 35-50 pm wide and 2—-4 pm
long, and the non-heterocystous filaments were sur-
rounded by a characteristic sheath (Fig. 1).

Nitrogenase activity. When examined during a 12:
12-h light:dark cycle, nitrogenase activity was primar-
ily restricted to the dark phase. Results from two sepa-
rate diel studies are shown in Figure 2. One was incu-
bated under in situ conditions during the light phase
and in the laboratory during the dark phase (Fig. 2A),
and the second was incubated under in situ conditions
during the entire diel period (Fig. 2B). Nitrogenase
activity developed rapidly after the light-dark transi-
tion, reached a maximum 4 to 8 h into the dark phase,
and then declined. Activity reached zero after the dark—
light transition and remained undetected throughout
the light phase. This pattern was seen repeatedly in four
separate diel studies. The highest activity observed was
3.5 nmol CoH,-pg chl a!-h~! (Fig. 2A).

Nitrogenase activities were also measured in L. ma-
juscula subjected to various treatments during the
dark and the light phase (Table 1). As opposed to

.’w SH

Fic. 4. Immunogold localization TEM of nitrogenase (Fe
protein) in trichomes of Lyngbya majuscula. Trichomes col-
lected at night (A; 24:00) or at daytime (B; 14:30). Each micro-
graph depicts a trichome running horizontally with portions of
three adjacent cells, separated by vertically running cell walls
(CW). The sheath (SH) is just below the outer trichome cell
wall (OCW). The electron opaque areas (G) likely represent
glycogen granules. The corresponding immunogold label in-
tensity data are given in Table 2. Scale bar, 1 pm.

oxic conditions, samples incubated under anoxic con-
ditions in the dark showed virtually no nitrogenase ac-
tivity. Samples incubated in the light during the dark
phase showed almost no activity. Enhanced nitroge-
nase activities were only observed during the natural
dark phase when incubated anoxically in the light
with additions of DCMU and fructose. This treatment
resulted in an activity almost twice that of the control.
Irrespective of treatments, samples incubated under
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varying conditions during the light phase always
lacked detectable nitrogenase activity (Table 1).

Diurnal variation of nitrogenase. Whole-cell extracts of
L. majuscula were prepared every 2 h throughout a 24-h
light:dark period. Western blot analysis revealed a sin-
gle polypeptide of approximately 40 kDa. Nitrogenase
(here referring to dinitrogenase reductase) was dis-
tinctly present during the dark phase from 18:30 to 06:
30, barely detectable at 07:00, and was then absent for
the rest of the light phase (Fig. 3). Similar results were
obtained in three separate diel studies. No modifica-
tion of the dinitrogenase reductase polypeptide (Du
and Gallon 1993) was observed.

Intracellular immunolocalization of nitrogenase. Actively
Nofixing L. majuscula trichomes collected at night (24:
00) labeled positively for nitrogenase, and all cells in
the trichomes contained nitrogenase. The label was
found dispersed throughout cytoplasmic areas (Table
2, Fig. 4A). Trichomes collected during the light phase
showed label intensities similar to background values
(Table 2, Fig. 4B).

nifH sequencing and analysis. The nifH sequence most
similar to that of L. majuscula was from Trichodesmium
sp., showing a 93% sequence similarity. In the neigh-
borjoining tree inferred from niff nucleotide se-
quences, L. majuscula was positioned in the same lin-
eage as Trichodesmium sp. with 100% bootstrap support
(Fig. 5). So far, only one additional Lyngbya nifH se-
quence is known, the one of L. lagerheimii, which had
only a 70% similarity to that of L. majuscula. Further,
the two different Lyngbya species were confined to dif-
ferent clades, and L. lagerheimii was positioned most
ancestral of all the cyanobacterial nifH sequences in-
cluded in the analysis (Fig. 5).

DISCUSSION

This study provides the first continuous 24-h mea-
surements of nitrogenase activity in L. majuscula and
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F1c. 5. Neighborjoining phylogenetic tree based on cyano-
bacterial nifH nucleotide sequences (324 bp). Branch lengths
correspond to nucleotide substitutions. Numbers show the per-
centage of times each branch was found in 500 replicates.

demonstrates that nitrogen fixation was restricted to
the dark phase under a 12:12-h light:dark cycle. It is
apparent from our data that the lack of activity during
the light phase is due to the absence of the nitroge-
nase enzyme during this period. Moreover, even when
incubated in the light during the dark phase, nitroge-
nase activity was close to zero. Therefore, our data do
not support those previously published for L. majus-
cula, which either suggested that nitrogenase activity
only occurs in the light (Jones 1990, Dennison et al.
1999), or that fixation takes place during both day
and night (Jones 1992). As Jones either measured di-
urnal and nocturnal activities on separate occasions
(Jones 1992) or incubated the cells in either continu-
ous 24-h light or darkness (Jones 1990), the experi-
mental procedures may explain such findings. For in-
stance, if the 24-h dark incubation started at the
beginning of the subjected light phase, the cyanobac-
terium would not have been able to build up carbohy-
drate reserves necessary to sustain nitrogen fixation.

The only filamentous non-heterocystous cyanobac-
teria that so far consistently have shown aerobic nitro-
gen fixation during the light phase are members of
the genera Trichodesmium and Katagnymene. Both Tri-
chodesmium and Katagnymene sequester nitrogenase
into subsets of cells (Janson et al. 1994, Lin et al. 1998,
Lundgren et al. 2001) and retain nitrogenase through-
out the night (Fredriksson and Bergman 1995, Lund-
gren etal. 2001). These are features clearly separating
their adaptations from those described in the present
study for L. majuscula.

Most other non-heterocystous cyanobacteria, both
filamentous and unicellular, primarily fix nitrogen
aerobically during the dark phase. These include Os-
cillatoria, Gloeothece, Cyanothece, and Synechocystis (Stal
and Krumbein 1985, Huang and Chow 1986, Gallon
et al. 1988, Reddy et al. 1993). For these cyanobacte-
ria, like L. majuscula, nitrogenase is typically synthe-
sized in all cells (Stal and Bergman 1990, Villbrandt et
al. 1992, Bergman et al. 1997, Colon-Lopez et al.
1997) and the nitrogenase enzyme is often degraded
during the light phase (Du and Gallon 1993, Colén-
Lépez et al. 1997). Another similarity between L. ma-
Juscula and these non-heterocystous cyanobacteria is
that nitrogenase activity is negatively affected by an-
oxic conditions during the dark phase (Griffiths et al.
1987, Bergman et al. 1997). This may be explained by
a need for respiration to supply ATP and reductants
to maintain nitrogenase activity in the dark (Gallon et
al. 1988, Schneegurt et al. 1994). However, L. majus-
cula also exhibited some unexpected behavior. Unlike
most other non-heterocystous cyanobacteria, nitroge-
nase activity during the dark phase was inhibited by
light under both oxic and anoxic conditions. How-
ever, when DCMU and fructose were added under an-
oxic conditions in the light (during the dark phase)
this inhibition was circumvented, and the rates were
even higher than those of the dark control.

Though more experiments are needed to fully un-
derstand the regulation of nitrogenase activity in L.
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majuscula, it is apparent from our study that nitroge-
nase is fueled by O,dependent respiration and that
the rate of N, fixation can be stimulated by light in a
PSIl-independent fashion under certain conditions.

We greatly acknowledge the financial assistance from Sida/
SAREC and the Swedish Natural Science Research Council. We
are also grateful to Anna, Tom, the boatmen, and staff at the
Institute of Marine Sciences, Zanzibar, asanteni sana.

Altschul, S. F., Madden T. L., Schaffer A. A., Zhang J. H., Zhang Z.,
Miller W. & Lipman, D. J. 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search pro-
grams. Nucleic Acids Res. 25:3389—402,

Bergman, B., Gallon, |. R., Rai, A. N. & Stal, L. J. 1997. N, fixation by
non-heterocystous cyanobacteria. FEMS Macrobiol. Rev. 19:139-85.

Berman-Frank, I., Lundgren, P., Chen, Y. B., Kiupper, H., Kolber,
Z., Bergman, B. & Falkowski, P. 2001. Segregation of nitrogen
fixation and oxygenic photosynthesis in the marine cyanobac-
terium Trichodesmium. Science 294:1534—7.

Cardellina, J. H. 2nd, Marner, F. J. & Moore, R. E. 1979. Seaweed
dermatitis: structure of lyngbyatoxin A. Science 204:193-5.

Colén-Lopez, M. S., Sherman, D. M & Sherman, L. A. 1997. Transcrip-
tional and translational regulation of nitrogenase in light-dark
and continuouslight-grown cultures of the unicellular cyanobac-
terium Cyanothece sp. ATCC 51142. J. Bacteriol. 179:4319-27.

Dennison, W. C., O’Neil, J. M., Duffy, E. J., Oliver, P. E. & Shaw,
G. R. 1999. Blooms of the cyanobacterium Lyngbya majuscula in
coastal waters of Queensland, Australia. /n Charpy, L. and Lar-
kum, A. W. D. [Eds.] Marine Cyanobacteria. Bulletin de 'Institut
Océanographique, Monaco, pp. 501-6.

Du, C. & Gallon, J. R. 1993. Modification of the Fe protein of the ni-
trogenase of Gloeothece (Nageli) sp. ATCC 27152 during growth
under alternating light and darkness. New Phytol. 125:121-9.

Fredriksson, C. & Bergman, B. 1995. Nitrogenase quantity varies di-
urnally in a subset of cells within colonies of the non-heterocys-
tous cyanobacteria Trichodesmium spp. Microbiology 141:2471-8.

Gallon, J. R., Perry, S. M., Rajab, T. M. A., Flayeh, K. A. M., Yunes,
J- S. & Chaplin, A. E. 1988. Metabolic changes associated with
the diurnal pattern of N, fixation in Gloeothece. J. Gen. Microbiol.
134:3079-87.

Gomont, M. 1892. Monographie des Oscillariees (Nostocacees Ho-
mocystees), 1 and I1. Ann. Sci. Nat. Bot. Ser. 7. 15:262-368.

Griffiths, M. S. H., Gallon, J. R. & Chaplin, A. E. 1987. The diurnal
pattern of dinitrogen fixation by cyanobacteria in situ. New Phy-
tol. 107:649-57.

Hoffmann, L. 1999. Marine cyanobacteria in tropical regions: diver-
sity and ecology. Eur. . Phycol. 34:371-9.

Huang, T. & Chow, T. 1986. New type of No-fixing unicellular cyano-
bactertum (blue-green alga). FEMS Microbiol. Lett. 36:109-10.

Janson, S., Carpenter, E. |. & Bergman, B. 1994. Compartmentalisa-
tion of nitrogenase in a non-heterocystous cyanobacterium:
Trichodesmivum contortum. FEMS Microbiol. Lett. 118:9-14.

Jones, K. 1990. Aerobic nitrogen fixation by Lyngbya sp., a marine
tropical cyanobacterium. Br. Phycol. J. 25:287-9.

Jones, K. 1992. Diurnal nitrogen fixation in tropical marine cyano-
bacteria: a comparison between adjacent communities of non-
heterocystous Lyngbya sp. and heterocystous Calothrix sp. Br.
Phycol. ]. 27:107-18.

Jukes, T. H. & Cantor, C. R. 1969. Evolution of protein molecules.
In Munro, H. H. [Ed.] Mammalian Protein Metabolism. Aca-
demic Press, New York, pp. 21-132.

Lin, S., Henze, S., Lundgren, P., Bergman, B. & Carpenter, E. J.
1998. Whole-cell immunolocalization of nitrogenase in marine
diazotrophic cyanobacteria, Trichodesmium spp. Appl. Environ.
Microbiol. 64:3052-8.

Lugomela, C., Bergman, B. & Waterbury, [. 2001. Cyanobacterial di-
versity and nitrogen fixation in coastal areas around Zanzibar,
Tanzania. Algol. Stud. 103:95-116.

Lundgren, P., Soderback, E., Singer, A., Carpenter, E. J. & Berg-
man, B. 2001. Katagnymene: characterization of a novel marine
diazotroph. J. Phycol. 37:1052—62.

Paerl, H. W, Prufert, L. E. & Ambrose, W. W. 1991. Contemporane-
ous N, fixation and oxygenic photosynthesis in the nonhetero-
cystous mat-forming cyanobacterium Lyngbya aestuarii. Appl.
Env. Microbiol. 57:3036-92.

Rai, A. N., Borthakur, M. & Bergman, B. 1992. Nitrogenase dere-
pression, its regulation and metabolic changes associated with
diazotrophy in the non-heterocystous cyanobacterium Plec-
tonemna boryanum PCC 73110. . Gen. Microbiol. 138:481-91.

Reddy, K. J., Haskell, B., Sherman, D. M. & Sherman, L. A. 1993.
Unicellular, aerobic nitrogen-fixing cyanobacteria of the genus
Cyanothece. . Bacteriol. 175:1284-92.

Schneegurt, M. A., Sherman, D. M., Nayar, S. & Sherman, L. A.
1994. Oscillating behavior of carbohydrate granule formation
and dinitrogen fixation in the cyanobacterium Cyanothece sp.
strain ATCC 51142. J. Bacteriol. 176:1586-97.

Stal, L. ]J. & Bergman, B. 1990. Immunological characterization of
nitrogenase in the filamentous non-heterocystous cyanobacte-
rium Oscillatoria limosa. Planta (Berl.) 182:287-91.

Stal, L. J. & Krumbein, W. E. 1985. Nitrogenase activity in the non-
heterocystous cyanobacterium Oscillatoria sp. grown under al-
ternating light-dark cycles. Arch. Microbiol. 143:67-71.

Tandeau de Marsac, N. & Houmard, J. 1988. Complementary chro-
matic adaptation: physiological conditions and action spectra.
In Packer, L. & Glazer, A. N. [Eds.] Methods in Enzymology. Aca-
demic Press, San Diego, California. pp. 318-28.

Thompson, |. D., Higgins, D. G. & Gibson, T. ]. 1994. Clustal W: im-
proving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penal-
ties and weight matrix choice. Nucleic Acids Res. 22:4673-80.

Van de Peer, Y. & de Wachter, R. 1994. TREECON for Windows: a
software package for the construction and drawing of evolu-
tionary trees for the Microsoft Windows environment. Compudt.
Appl. Biosci. 10:569-70.

Villbrandt, M., Stal, L. J., Bergman, B. & Krumbein, W. E. 1992. Im-
munolocalization and western blot analysis of nitrogenase in
Oscillatoria limosa during a light-dark cycle. Bot. Acta 105:90-6.

Zehr, . P. & McReynolds, L. A. 1989. Use of degenerate oligonucle-
otides for amplification of the nifH{ gene from the marine cy-
anobacterium Trichodesmium thiebautii. Appl. Env. Microbiol. 55:
2522-6.



