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Two marine, unicellular aerobic nitrogen-fixing cyanobacteria, Cyanothece strain BH63 and Cyanothece
strain BH68, were isolated from the intertidal sands of the Texas Gulf coast in enrichment conditions designed
to favor rapid growth. By cell morphology, ultrastructure, a GC content of 40%c, and aerobic nitrogen fitation
ability, these strains were assigned to the genus Cyanothece. These strains can use molecular nitrogen as the sole
nitrogen source and are capable of photoheterotrophic growth in the presence of 3-(3,4-dichlorophenyl)-1,1-
dimethylurea and glycerol. The strains demonstrated a doubling time of 10 to 14 h in the presence of nitrate
and 16 to 20 h under nitrogen-fixing conditions. Rapid growth of nitrogen-fixing cultures can be obtained in
continuous light even when the cultures are continuously shaken or bubbled with air. Under 12-h alternating
light and dark cycles, the aerobic nitrogenase activity was confined to the dark phase. The typical rates of
aerobic nitrogenase activity in Cyanothece strains BH63 and BH68 were 1,140 and 1,097 nmol of C2H2 reduced
per mg (dry weight) per h, respectively, and nitrogenase activity was stimulated twofold by light. Ultrastruc-
tural observations revealed that numerous inclusion granules formed between the photosynthetic membranes
in cells grown under nitrogen-fixing conditions. These Cyanothece strains possess many characteristics that
make them particularly attractive for a detailed analysis of the interaction of nitrogen fixation and
photosynthesis in an aerobic diazotroph.

In all nitrogen-fixing organisms, the nitrogen fixation pro-
cess is carried out by nitrogenase, an extremely oxygen-
sensitive enzyme. Microorganisms have developed various
strategies to protect their nitrogenase from oxygen inhibition
(2, 5, 6). Among the nitrogen-fixing microorganisms, the
cyanobacteria occupy a unique position because these are
the only oxygenic photosynthetic organisms capable of
nitrogen fixation under aerobic conditions (13). Nitrogen
fixation has been reported for all three major morphological
groups of cyanobacteria: heterocystous filamentous, nonhet-
erocystous filamentous, and unicellular forms (5, 13). The
oxygen protection mechanisms employed by these organ-
isms vary considerably. In the heterocystous filamentous
strains, about 5 to 10% of the cells undergo morphological
differentiation into specialized cells called heterocysts under
nitrogen-fixing conditions (13, 49). In this arrangement,
nitrogen fixation and photosynthetic oxygen evolution are
spatially separated, so that oxygenic photosynthesis takes
place in vegetative cells and nitrogen fixation occurs in
heterocysts. The fixed nitrogen from these cells is exported
to the neighboring vegetative cells, and the reductant for
nitrogen fixation is imported from the vegetative cells (5, 49).
There are many genera of nonheterocystous cyanobacte-

ria, both filamentous and unicellular, that are capable of
nitrogen fixation. The nonheterocystous filamentous forms
have been placed in the genera Trichodesmium, Oscillatoria,
and Plectonema, and the unicellular forms have been placed
in the genera Gloeothece, Aphanothece, and Synechococcus
(3, 7, 20, 28, 42). In a survey, Rippka et al. (35) found that
among 133 nonheterocystous strains surveyed, 46 were
capable of nitrogen fixation. Of these, only five were capable
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of true aerobic nitrogen fixation. The first reported unicellu-
lar cyanobacterium capable of aerobic nitrogen fixation was
a Gloeothece sp. (50), although several other marine and
freshwater strains have since been added to this group. All of
the freshwater strains were isolated from rice paddy fields in
India, southern Taiwan, and Vietnam (16, 27, 37). The
isolates from India and Vietnam were placed in the genus
Aphanothece (27, 37). Two of the four strains isolated from
Taiwan, RF-1 and RF-2, belong to the genus Synechococ-
cus; the other two strains, RF-6 and RF-7, fall in the genus
Gloeothece (16, 17).

Several fast-growing and slow-growing unicellular, aero-
bic nitrogen-fixing cyanobacteria have been isolated from
the marine environment and characterized (47, 48). One
interesting strain, Synechococcus strain BG043511, was
isolated near the Bahama islands in the Atlantic Ocean (23).
This cyanobacterium fixes nitrogen aerobically and shows
cell cycle-dependent nitrogen fixation activity (26). Aerobic
nitrogen-fixing cultures of this bacterium, when placed under
an argon atmosphere, simultaneously produce molecular
hydrogen and oxygen in a light-dependent manner (32). This
hydrogen production is mediated exclusively by nitrogenase
(31). Another strain, Synechococcus strain SF-1, was iso-
lated from the blade of a pelagic brown alga (40). This isolate
is relatively slow growing but is capable of aerobic nitrogen
fixation. Both freshwater and marine strains are being used
to study aerobic nitrogen fixation and oxygen protection
under alternating light-dark regimens and in synchronous
cultures.
The number of strains added to the aerobic nitrogen-fixing

unicellular group is increasing. The earliest-isolated strains
of this type were given the genus name Synechococcus (16,
23, 40) even though they were larger than most strains in the
genus and were aerobic diazotrophs. The main criteria used
to assign them to this genus were the unicellular nature, cell
division in one plane perpendicular to the long axis of the
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cell, and the lack of a sheath. The recent classification of
Chroococcales proposed by Waterbury and Rippka (46)
clearly separates the nitrogen-fixing unicellular cyanobacte-
ria from traditional Synechococcus spp. and makes provi-
sion to place these organisms in a separate genus, Cyanoth-
ece.

There is still much to be learned about the strategies used
by unicellular cyanobacteria to fix N2 under aerobic condi-
tions (8, 29). It would be helpful to obtain fast-growing,
nitrogen-fixing unicellular strains that are transformable so
that the oxygen protection mechanisms of nitrogenase can
be studied by genetic and molecular techniques. In this
report, we describe the isolation and preliminary character-
ization of two fast-growing, marine unicellular cyanobacteria
capable of aerobic nitrogen fixation. We present the relevant
physiological properties and discuss the development of
numerous intracellular inclusion bodies under N2-fixing con-
ditions. From the properties of these strains, we assigned
both of them to the genus Cyanothece.

MATERIALS AND METHODS

Isolation and growth. The Cyanothece strains were cul-
tured in medium ASP2 (30), as modified by Van Baalen (45;
see also references 21 and 44), or modified ASNIII medium
(35). In addition, the iron and chelating system of ASNIII
was replaced by that of ASP2. Both media were buffered
with 1 g of TAPS [N-tris(hydroxymethyl)methyl-3-amino-
propanesulfonic acid] per liter preadjusted to pH 8.2 or 1 g of
TAPS plus 1 g of TAPSO {3-[N-tris(hydroxymethyl)methyl-
amino]-2-hydroxypropanesulfonic acid} preadjusted to pH
7.7. Vitamin B12 supplementation was not required. Cultures
with combined nitrogen contained either 1 or 1.5 g of NaNO3
per liter. All stock solutions and media were prepared with
high-quality nanopure water (Barnstead). Photohetero-
trophic cultures were grown in the presence of 20 ,uM
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 10
mM glycerol. For growth measurements, 100-ml cultures
were grown in 250-ml Erlenmeyer flasks at 30 or 380C and
shaken at 110 rpm on an orbital shaker. The 1% inoculum
was taken from a 1-week-old culture that was grown without
combined nitrogen. Culture growth in a 4-ml aliquot was
monitored at each time interval by measuring the optical
density at 750 nm or by counting cells in a Petroff-Hauser
counter. These techniques yielded very similar results for
cell growth, as demonstrated in Fig. 1.

Plating of our Cyanothece isolates can be difficult. The
medium is solidified with either 0.5% DNA grade high-
melting-point agarose or 1% washed agar; unwashed agar is
inhibitory. In the presence or absence of nitrate, colony
formation can be seen within 7 to 10 and 10 to 14 days,
respectively. Plating is enhanced with pH 7.7 buffer, fresh
plates, high humidity, and a light intensity of between 30 and
80 microeinsteins/m2/s.

Several samples were collected from intertidal areas near
Port Aransas, Texas. These were incubated under condi-
tions similar to those used to select rapidly growing
Anabaena strains (10, 41). The culture tubes were incubated
at 390C under continuous light and bubbled with 1 to 2%
CO2. Greening was observed in 4 to 6 days, and growth
under N2-fixing conditions was repeated two or three more
times. The cultures were then made axenic by repeated
streakings on plates that contained combined nitrogen. The
two strains described in this article have been deposited with
the American Type Culture Collection (Rockville, Md.) and
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FIG. 1. Growth curves of (A) Cyanothece strain BH63 and (B)
Cyanothece strain BH68 grown in saltwater-based medium with
illumination (70 microeinsteins/ml/s). (A) Cyanothece strain BH63
grown at 38°C under autotrophic and photoheterotrophic conditions
in the presence and absence of nitrate. Cell density was monitored
in a Petroff-Hauser counter for cells grown with N03 (/\), with N03
plus DCMU plus glycerol (A), without NO3 (O), without NO3 but
with DCMU plus glycerol (0), and without N03 but with DCMU
(O). (B) Growth of Cyanothece strain BH68 in the presence (/\) and
absence (O) of N03. Cells were grown at 30°C in modified ASNIII
medium, and cell growth was monitored by measuring the optical
density at 750 nm.

given accession numbers ATCC 51141 (strain BH63) and
ATCC 51142 (strain BH68).
For acetylene reduction measurements, Cyanothece strain

BH63 and Cyanothece strain BH68 were cultured in 1-liter
aspirator bottles containing 800 ml of modified ASNIII
medium lacking combined nitrogen. The cultures were
grown at 30°C, subjected to 12-h alternating light and dark
cycles, and bubbled continuously with air. After three suc-
cessive light and dark cycles, 2-ml culture samples were
taken at 3-h intervals for acetylene reduction measurements.

Acetylene reduction. Acetylene reduction assays were
carried out in 6.5-ml Becton Dickinson Vacutainer tubes.
The tubes contained 2.0 ml of culture with 10% acetylene in
the gas phase and were incubated at 30°C. After 1 h of
incubation, 0.2 ml of 5 M NaOH was injected into each tube
to stop the reaction. An aliquot of the gas phase (0.5 ml) was
injected into a Varian gas chromatograph fitted with a
Porapak N column and flame ionization detector. Gas flow
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rates of 30 ml of nitrogen, 30 ml of hydrogen, and 340 ml of
air per min were used. The column and injector port tem-
peratures were set at 100 and 150'C, respectively.

Absorption spectra, dry weight measurement, and determi-
nation of DNA base composition. The absorption spectra of
whole cells were measured with a Beckman model DU-7HS
spectrophotometer. Dry weight was measured by filtering 25
to 30 ml of culture onto a glass fiber filter, rinsing twice with
water, and drying at 70'C until a constant weight was
achieved.
DNA was isolated from the Cyanothece strains and the

thermal melting profile (Tm) was determined by standard
methods (12). The DNA was resuspended in 0.5 x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and the
melting profile was determined with a computer-controlled
spectrophotometer. Eschenchia coli DNA was used as a
standard.

Freeze-substitution preparation for transmission electron
microscopy. Cells grown in the presence and absence of
nitrate at a light intensity of 60 microeinsteins/m2/s were
concentrated 50- to 100-fold by centrifugation at 5,000 x g
and resuspended in 2 ml of medium A. The cells were
incubated for 10 to 30 min, pelleted, and resuspended in 0.5
ml of 1.5% aqueous agarose (Sigma type VII low-tempera-
ture-gelling agarose) at 450C. The cells were then thinly
spread on glass slides and allowed to cool until the agarose
solidified (2 to 5 mini. The cell-agarose sheet was cut into
squares (9 to 16 mm ), and the squares were plunged into
baskets suspended in liquid propane (cooled to -190'C in a
liquid nitrogen bath). The freezing apparatus has been de-
scribed previously (14). Frozen samples were transferred to
4-oz (ca. 113 g) screw-top specimen jars that contained 20-ml
beakers of substitution fluid (precooled to -850C) to begin
the gradual substitution of organic solvent for H20 in the
cells. Ethanol was used for substitution when specimen
material was to be used for immunocytochemical localiza-
tion, whereas acetone followed by acetone-Os04 was used
for general morphological examination. The dryness of the
100% ethanol or acetone was ensured by the addition of
anhydrous sodium sulfate crystals to 1-pint (ca. 0.5 liter)
stock bottles at least 48 h prior to use.
The ethanol substitution fluid was changed three times at

24-h intervals prior to removal of the specimens from the
-850C freezer. The beaker of substitution fluid was sur-
rounded by silica gel to form a desiccator bottle for the final
change. About 8 h after the final transfer, the jars were
placed in a cooled styrofoam chest, covered with a 1- to 2-cm
layer of crushed dry ice, and moved to a -200C freezer. The
lid was removed, and the dry ice evaporated over the next 15
h, allowing the samples to warm up gradually. The final
warm-up took place when the bottles were transferred to a
refrigerator (40C) for 2 h. Specimens were transferred from
the freezing baskets into vials and infiltrated for 6 h with
Lowicryl HM20 low-temperature resin (3:1, 1:1, and 1:3
ethanol-resin mixtures for 2 h each) at 40C. After final
infiltration overnight in 100% resin, specimens were trans-
ferred to fresh resin in Beem capsules for photopolymeriza-
tion by UV light for 48 h at 40C, followed by an additional 48
h at room temperature.
When acetone was used as the primary substitution fluid,

a similar schedule was followed with the following excep-
tions. The last change consisted of cooled 1% (wt/vol) OS04
dissolved in dry acetone. Since the OS04 does not penetrate
the specimen material well at low temperature, the speci-
mens were allowed to sit at room temperature for 2 h before
transfer from the Os04-acetone fixative to 100% acetone.

The specimens were then infiltrated with acetone-Spurr's
resin mixtures at room temperature on a rotator (3:1 and 1:1
for 2 h each, followed by 1:3 with accelerator overnight)
before embedding in final resin mix. These specimens were
polymerized at 60'C for 48 h.
Thin sections were cut, picked up on Formvar- and

carbon-coated grids, stained with uranyl acetate and lead
citrate, and examined in a Philips EM-400 transmission
electron microscope at an accelerating voltage of 80 kV.

RESULTS

Strain characteristics and growth. The original indepen-
dent isolates collected from three different sites near Port
Aransas, Texas, were given the names Cyanothece strains
BH63, BH68, and BH93. The first two strains were used in
the present study. These strains showed differences in their
phenotypic characteristics, especially in slime secretion and
phototactic properties. Strains BH63 and BH93 did not
produce slime and tended to settle under nonshaking condi-
tions, whereas strain BH68 produced slime and never settled
in liquid medium. Under settled conditions, strains BH63
and BH93 showed positive phototaxis when side illumi-
nated, a behavior not demonstrated by strain BH68.

Figure 1 shows typical growth curves for Cyanothece
strains BH63 and BH68 obtained under nitrogen-fixing and
non-nitrogen-fixing conditions. Both strains grew up to twice
as fast in the presence of nitrate as in N2-flxing conditions,
and the diazotrophic cultures rarely reached the same cell
density as those grown with nitrate. Exponential growth
lasted for approximately 3 days under these growth condi-
tions, with cultures reaching an A750 of -0.3 to 0.6 and 2 x
107 cells per ml in a 5-day period. The doubling times in the
presence and absence of a combined nitrogen source were 10
to 14 h and 16 to 20 h, respectively.
DNA base composition. The Tm of Cyanothece DNA was

used to determine the DNA base composition. The Tins for
two isolates of Cyanothece strain BH68 (BH68F and
BH68K) and one isolate of Cyanothece strain BH63
(BH63E) were virtually identical, resulting in a calculated
GC content of 40% ± 1.5% (data not shown). This value is
consistent with the initial reason for establishing the genus
Cyanothece, which was to better classify the rather large (4
to 6 ,um) cells of low GC composition from the genus
Synechococcus (34). The two strains initially included in the
genus Cyanothece (strains PCC7424 and PCC7418) have a
GC content of 42% (34). Therefore, our two isolates have the
size, morphology, physiology, and GC content appropriate
for classification within the genus Cyanothece.

Photoheterotrophic growth. Preliminary experiments were
conducted to see whether these strains could grow under
photoheterotrophic conditions with glucose, fructose, su-
crose, and glycerol. Of these compounds, only glycerol
supported photoheterotrophic growth of strains BH63 and
BH68. Figure 1 shows the ability of Cyanothece strain BH63
(strain BH68 yielded similar results) to grow under photo-
heterotrophic conditions with glycerol. The photosystem II
inhibitor DCMU at 20 ,uM completely abolished the pho-
toautotrophic growth of both nitrogen-fixing and non-nitro-
gen-fixing cultures. There was a significant difference in
growth rate between nitrogen-fixing and non-nitrogen-fixing
cultures in the presence of DCMU and glycerol. Nitrate
cultures grew about twice as fast as nitrogen-fixing cultures,
with doubling times of about 14 and 22 h, respectively. The
nitrogen-fixing photoheterotrophic cultures stopped growing
after approximately 3 days and seldom exceeded 2 x 106
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FIG. 2. Absorption spectra of Cyanothece strain BH63 grown in
the presence ( ) and absence (--- -) of nitrate.

cells per ml. Nitrate-grown, photoheterotrophic cultures
grew extremely well and often approached 2 x 107 cells per

ml, the cell density of the photoautrophic cultures.
Absorption spectra. The absorption spectra of whole cells

of Cyanothece strain BH63, grown in the presence and
absence of nitrate, are presented in Fig. 2 (the findings for
strain BH68 were virtually identical). The two spectra are
qualitatively quite similar, and the absorbance levels are
proportional to the cell density. The discrete absorption
peak near 620 nm indicates that the nitrogen-fixing cells
retain high levels of phycocyanin. The A62JA680 ratios were
in the range of 0.92 to 0.96 for cells grown under either
condition, which indicates that the ratio of phycocyanin to
chlorophyll concentrations remains relatively constant. This
suggests that phycobilisomes are not significantly degraded
and used for a nitrogen reserve. We have determined that
Cyanothece strains contain high levels of cyanophycin,
which may represent an important nitrogen reserve in these
strains (36a). Much of the cyanophycin is in cyanophycin
granules, which are distinct from the inclusion granules
discussed below.
Morphology and fine structure. Individual cells of Cyano-

thece strain BH63 and Cyanothece strain BH68 were spher-
ical to oval in shape, depending on the stage of the cell
division cycle. Cell division occurred by binary fission, and
there was no sheath material present around the cells. The
cells were 4 to 5 ,um wide and 7 to 8 pum long. Immediately
after cell division, the cells were spherical and 4 to 5 ptm in
diameter. They later become elongated, reaching an oblong
shape just prior to cell division.

It was evident from phase and fluorescence microscopy
that the nitrogen-fixing cells differed from the N03-grown
cells in that they contained refractile granules. Preparation
for electron microscopy by conventional fixation methods
(e.g., aldehyde-Os04 fixation) resulted in cells that con-
tained empty spaces or "holes," presumably representing
lost granules. A similar ultrastructural appearance was de-
scribed by Chou and Huang (4) in their study of the strain
designated Synechococcus strain RF-1. In order to visualize
the intact granules, alternative preparation procedures had
to be developed. Since we also intended to use immunocy-
tochemistry in future experiments, freeze-substitution tech-
niques were investigated. These procedures utilize ultrara-
pid plunge-freezing in a liquid nitrogen-cooled liquid propane
bath followed by substitution of water by organic solvents at

-850C. Freeze-substitution preserves cellular morphology
extremely well, such as the relationship of the cell wall to the
plasma membrane, with much less distortion than traditional
chemical fixation methods (43). In addition, the material was
embedded in Lowicryl HM20, a low-viscosity, nonpolar
resin that was polymerized by UV light at 40C. The combi-
nation of freeze-substitution and appropriate embedding
resins gave improved preservation of ultrastructural integ-
rity and antigenicity. Experimentation with different sol-
vents determined that substitution with ethanol provided the
best visualization of the thylakoids and preservation of
antigenicity, whereas acetone (with 1% OS04) yielded the
best preservation of inclusion granules in these species.

Figure 3 shows the ultrastructural features of Cyanothece
strains BH63 and BH68 grown under continuous illumina-
tion in the presence and absence of NO3. The N03-grown
cells have an extensive thylakoid membrane system that
radiates from various areas around the cell periphery. The
thylakoids are particularly prominent in cells that were
prepared for electron microscopy with ethanol during freeze-
substitution (Fig. 4A and B). These cells show structures
between the thylakoids that resemble phycobilisomes. There
are often light-staining structures between the cytoplasmic
membrane and the proximal ends of the thylakoid, as shown
in Fig. 4A for Cyanothece strain BH68. The N03-grown cells
are otherwise typical unicellular cyanobacteria, with a well-
defined cell wall, carboxysomes, and phosphate granules.
Growth under N2-fixing conditions results in major ultra-

structural changes (Fig. 3B and D). The cells become larger,
and nitrogen-fixing cells are generally more ellipsoid, al-
though this is still cell cycle dependent. However, the most
noticeable difference is the presence of numerous inclusion
bodies in nitrogen-fixing cells. These inclusions form within
the intermembrane spaces between thylakoids, as shown in
Fig. 4C and D. The inclusion bodies generally range from 150
to 250 nm in length, although they can reach 500 nm in
length. The inclusion bodies differ substantially in density
and often appear to be surrounded by a proteinaceous shell.
Figure 4D shows the organization of the granules between
the membranes and suggests that granules are in different
stages of formation or degradation. As indicated in Fig. 4D,
a single cell can have inclusion bodies of different sizes and
densities. This suggests that they are in a constant state of
flux and likely have some functional significance. It is
evident that the granule periphery has a substructure and
that this structure may interact with the adjoining thylakoid.
Cells grown under photoheterotrophic conditions can pos-
sess a few very large inclusion bodies, which occupy about
50% of the cross-sectional area (data not shown).

Nitrogen fixation under alternating light and dark cycles. In
other unicellular cyanobacteria, nitrogenase activity is tem-
porally separated when cells are subjected to 12-h alternating
light and dark cycles. In order to study the pattern of
nitrogenase activity in these Cyanothece strains, the nitro-
gen-fixing cultures were subjected to alternating 12-h light
and dark periods and acetylene reduction activity was mea-
sured at 3-h intervals. In both strains, nitrogenase activity
occurred exclusively during the dark period, and no activity
occurred in the light phase (Fig. 5). Nitrogenase activity
began to appear 3 h after initiation of the dark period,
reached a peak after 6 h of dark, and later declined sharply,
reaching almost zero within a 3-h period. The appearance
and disappearance of nitrogenase activity in the second dark
period was nearly identical to the pattern in the first dark
period. Nitrogenase activity assayed in the dark showed
about 40 to 60% of the activity of a similar sample assayed in
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FIG. 3. Electron micrographs of Cyanothece strain BH63 and Cyanothece strain BH68 grown in the presence and absence of NO3. The
cultures were freeze-substituted with acetone plus OS04. (A andB) Cyanothece strain BH63 grown with (A) and without (B) NO3; (C and D)
Cyanothece strain BH68 grown with (C) and without (D) NO3. The inclusion granules in the N2-fixing cells (B and D) can be seen aligned
between the thylakoids. CW, cell wall; C, carboxysome; G, inclusion granule; T, thylakoid. Bars, 0.5 pLm.
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FIG. 4. Electron micrographs of Cyanothece strains BH63 and BH68 that emphasize the thylakoids (A and B) or the inclusion granules
(C and D). Cyanothece strain BH68 (A) and Cyanothece strain BH63 (B) were grown in the presence of NO3 and freeze-substituted with
ethanol. The thylakoids are radially oriented from two or three locations along the cell periphery and often appear associated with
light-staining, proteinaceous structures (A, arrow). (C and D) Cyanothece strain BH63 grown in the absence of NO3 and freeze-substituted
with acetone and OSO4. These cells demonstrate that the inclusion granules form and are arrayed between the thylakoids. The different
densities of the granules are evident. Higher magnification (D) indicates that the granules are surrounded by a limiting structure which may
also interact with the thylakoid membrane. Bars: (A, B, and C) 0.5 pLm; (D) 0.1 pum.
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FIG. 5. Aerobic acetylene reduction by Cyanothece cultures.

Strain BH63 (0) and strain BH68 (A) were grown in alternating 12-h
light and dark periods. The solid and open bars at the top represent
dark and light periods, respectively. Acetylene reduction was as-

sayed in the light (A) and in the dark (B). The acetylene reduction
peaks assayed in the light of Cyanothece strain BH63 and Cyanoth-
ece strain BH68 at 42 h correspond to 1,140 and 1,097 nmol of C2H2
reduced per mg per h, respectively.

the light but followed a similar pattern. The specific acety-
lene reduction rates were similar in the two strains. The peak
acetylene reduction activities of Cyanothece strain BH63 in
the light were 734 and 1,140 nmol of C2H2 reduced per mg
per h during the first and second dark periods, respectively.
On the other hand, Cyanothece strain BH68 expressed
specific activities of 690 nmollmg/h during the first and 1,197
nmol/mg/h during the second dark phase. The cycling was
not dependent on alternating light and dark phases, since
cells grown under continuous light demonstrated similar
peaks of nitrogenase activity at 24-h intervals (data not
shown).

DISCUSSION

On the basis of their morphological and physiological
characteristics, the two new strains of unicellular, aerobic
nitrogen-fixing cyanobacteria were classified in the genus
Cyanothece. The cyanobacteria are classified into five
groups, and the modern classification is based on bacterio-
logical nomenclature (34, 35). It has become very difficult to
classify unicellular cyanobacteria at the genus level because
of the lack of adequate structural and developmental char-
acteristics. In the 1989 edition of Bergey's Manual of Sys-
tematic Bacteriology, initial attempts were made to classify
the order Chroococcales into provisional genera or groups
based on reproduction, thylakoids, cell division, cell diam-
eter, and the presence of a sheath (46). In this grouping, a

clear distinction was made between Synechococcus and
Cyanothece based on cell diameter and the ability to express
nitrogenase activity under aerobic or anaerobic conditions.
The newly created genus Cyanothece accommodated those
unicellular cyanobacteria that express nitrogenase activity
and are larger than 3 pm in diameter. All traditional Syn-
echococcus strains which are less than 3 pum in diameter and
incapable of nitrogen fixation are retained under the Syn-
echococcus name. The two unicellular cyanobacteria de-
scribed in this article possess the properties of the Cyanoth-
ece group in the following respects: (i) cell size; (ii) aerobic
nitrogen fixation capability; (iii) binary fission with division
in one plane; (iv) no sheath material; and (v) GC content.
From these characteristic features, we propose that the
strains described in this article be referred to as strains of the
genus Cyanothece.
The genus name Cyanothece will allow easy distinction of

such unicellular strains based simply on nitrogen-fixing
ability and the dispersed arrangement of thylakoids. The
nitrogen-fixing unicellular cyanobacteria isolated in 1986
from marine and freshwater habitats were placed in the
genus Synechococcus (16, 23). Subsequently, some addi-
tional strains were added to this group, and such unicellular
organisms now appear to be quite widespread. We anticipate
that the isolation of aerobic nitrogen-fixing unicellular strains
will increase as more and more habitats are examined by
appropriate enrichment procedures for the presence of uni-
cellular cyanobacteria.
One of the most intensively studied unicellular diaz-

otrophic cyanobacteria is Synechococcus strain RF-1 (11,
16). The published electron micrographs (4) indicate that this
isolate should also be classified as a Cyanothece strain
because of its morphology, including the formation of inclu-
sion bodies under N2-fixing conditions. The freshwater Syn-
echococcus strain RF-1 differs from the strains reported here
in its slower doubling time and the production of more
extracellular slime. These cells also adhere to glassware,
which can be prevented by replacing the normal medium
with conditioned medium (15). This strain is also more
difficult to plate and does not appear to grow photohetero-
trophically. Nonetheless, the strain has been shown to
possess some important properties. It is reported to exhibit
a circadian rhythm for N2 fixation when grown under a
normal light-dark regimen (15, 18, 19). When cultures were
grown with alternating light and dark periods of 14 h of each,
12 h of each, or 10 of each, they demonstrated an endoge-
nous N2-fixing rhythm with a free-running period of about 24
h for at least four cycles (15). We are interested in investi-
gating this phenomenon further and believe that Cyanothece
strains BH63 and BH68 represent better experimental organ-
isms for such studies.
There is a considerable degree of variation in growth rates

among marine and freshwater aerobic N2-fixing unicellular
cyanobacteria. This variation depends on the intrinsic prop-
erties of the strain and the growth conditions used. Enrich-
ment medium lacking combined nitrogen and other condi-
tions used, such as high light, high temperature, and carbon
dioxide enrichment, appear to have favored the growth of
fast-growing cyanobacteria capable of aerobic nitrogen fix-
ation. The Cyanothece strains reported here had doubling
times of 10 to 20 h, but we have not yet determined the
optimal growth conditions. These doubling times are similar
to those of two diazotrophic marine strains, Synechococcus
strain Miami BG043511 and Synechococcus strain SF-1 (40).
On the other hand, the Cyanothece strain growth rates were
much faster than those of the freshwater isolates Gloeothece
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and Synechococcus strain RF-1. These strains were rela-
tively slow growing, and reported doubling times were in the
range from 60 to 70 h (16, 25).
Cyanothece strains BH63 and BH68 can grow photohet-

erotrophically in the presence of DCMU with glycerol as a
carbon source. Although the majority of known cyanobac-
teria are obligate photoautotrophs, several strains of cyano-
bacteria are capable of photoheterotrophic growth in the
presence of DCMU and glucose (33). Synechococcus strain
PCC7002, a marine unicellular cyanobacterium, grows pho-
toheterotrophically and utilizes glycerol as a carbon source.
This strain could grow normally even in the presence of 30
mM glycerol in the medium (22). The majority of cyanobac-
teria tested use glucose, and very few strains which can grow
in the presence of glycerol have been isolated. In certain
cases, glycerol can kill cells growing photoautotrophically
(22). In testing for photoheterotrophic growth, the strains
first have to be adapted to low concentrations of glycerol,
with the concentration of glycerol gradually increased. With
this approach, it was possible to adapt Cyanothece strain
BH68 to grow in a medium containing 5 mM glycerol.
The aerobic nitrogenase activity of Cyanothece strains

BH63 and BH68 grown under a cycle of 12-h alternating light
and dark periods occurred exclusively in the dark phase; no
activity was seen in the light phase. This pattern of aerobic
nitrogenase activity is similar to that of Gloeothece strain
ATCC 27152 and Synechococcus strain BG043511 (9, 25,
26). Temporal separation of photosynthesis and nitrogen
fixation was proposed to be the mechanism by which these
unicellular cyanobacteria are able to maintain the oxygen-
sensitive nitrogenase (5, 7). In the Gloeothece strain, aerobic
respiration and not photosynthetic electron transport is
responsible for supplying the reductant and energy for
nitrogen fixation (24). We note that the nitrogenase activity
assayed in the dark was lower than that assayed in the light.
This suggests some additional role of light in enhancing
aerobic nitrogenase activity. The nitrogen fixation reaction is
very energy demanding and requires at least 16 ATP mole-
cules per molecule of nitrogen fixed (2). One possibility is
that the dark-assayed cultures are limited by ATP because of
the lack of generation of ATP through cyclic photophospho-
rylation (1). An alternative explanation is limitation of car-
bohydrate or inefficient mobilization of these reserve mate-
rials to fully support nitrogenase activity.
Although the temporal separation of photosynthesis and

nitrogen fixation is believed to be the main and preferred
way to reduce molecular nitrogen in Cyanothece strains, this
adaptation by itself cannot explain the diazotrophic growth
of these bacteria in batch cultures under continuous illumi-
nation with constant bubbling of air through the medium
(data not shown). Therefore, these Cyanothece strains must
have a robust oxygen protection mechanism to support
aerobic nitrogen fixation. It is evident from numerous stud-
ies that the in vitro nitrogenase activity is extremely sensi-
tive to oxygen (5), and microorganisms have evolved various
means to avoid nitrogenase inhibition by oxygen. The pos-
sible involvement of the inclusion granules in these pro-
cesses is an important new line of research that we are
currently pursuing.
These strains were isolated in order to develop a system

with which to study the interrelationships between photo-
synthesis and N2 fixation in an 02-evolving, unicellular
diazotroph. Such an organism should be capable of rapid
growth in liquid culture and on agar plates and amenable to
biochemical and molecular biological manipulation. We have
shown in this report that these organisms grow well, even

under photoheterotrophic conditions. Photoheterotrophy
can be valuable for these studies because mutants defective
in photosystem II can be generated and maintained on
glycerol. This will allow further studies on the specific role of
photosystem II-generated 02 on the expression and regula-
tion of aerobic nitrogenase activity. In other work, we have
analyzed Cyanothece plasmids (38), and we have prelimi-
nary evidence for transformation in Cyanothece strain BH68
(39). The inclusion granules that form under N2-fixing con-
ditions are a novel structure that may be unique to Cyano-
thece spp. and important for aerobic N2 fixation. We have
determined that the granules are not composed of poly-13-
hydroxybutyrate or cyanophycin (36a). However, we re-
cently isolated these granules and found that they are
composed of protein and carbohydrate (36). We have also
determined that these intracellular inclusions are not static
but are formed in the light (during photosynthesis) and used
in the dark (36a). Therefore, these strains appear to repre-
sent a good model for detailed analysis of the strategies used
by these unicellular diazotrophs to permit aerobic N2 fixa-
tion.
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