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The filamentous cyanobacterium Anabaena sp. strain PCC 7120 forms a developmental pattern of single
heterocysts separated by approximately 10 vegetative cells. Heterocysts differentiate from vegetative cells and
are specialized for nitrogen fixation. The patS gene, which encodes a small peptide that inhibits heterocyst
differentiation, is expressed in proheterocysts and plays a critical role in establishing the heterocyst pattern.
Here we present further analysis of patS expression and heterocyst pattern formation. A parS-gfp reporter
strain revealed clusters of patS-expressing cells during the early stage of heterocyst differentiation. PatS
signaling is likely to be involved in the resolution of these clusters. Differentiating cells were inhibited by PatS
during the time period 6 to 12 h after heterocyst induction, when groups of differentiating cells were being
resolved to a single proheterocyst. Increased transcription of patS during development coincided with expres-
sion from a new transcription start site. In vegetative cells grown on nitrate, the 5’ end of a transcript for patS
was localized 314 bases upstream from the first translation initiation codon. After heterocyst induction, a new
transcript with a 5’ end at —39 bases replaced the vegetative cell transcript. A patS mutant grown for several
days under nitrogen-fixing conditions showed partial restoration of the normal heterocyst pattern, presumably
because of a gradient of nitrogen compounds supplied by the heterocysts. The patS mutant formed heterocysts
when grown in the presence of nitrate but showed no nitrogenase activity and no obvious heterocyst pattern.
We conclude that PatS and products of nitrogen fixation are the main signals determining the heterocyst

pattern.

How a developmental pattern of differentiated cells arises
out of a group of apparently equivalent cells is a fundamental
question in biology. In prokaryotes, cyanobacterial heterocyst
development serves as a simple model of developmental pat-
tern formation. The filamentous cyanobacterium Anabaena sp.
strain PCC 7120 grows as vegetative cells in media containing
combined nitrogen. Vegetative cells carry out oxygenic photo-
synthesis similar to that of algae and higher plants (10). In the
absence of combined nitrogen, 1 out of every 8 to 15 vegetative
cells differentiates into a nitrogen-fixing heterocyst at semi-
regular intervals along the filament. The differentiation of a
vegetative cell into a heterocyst takes approximately 24 h and
involves a variety of structural, biochemical, and genetic
changes (27). Heterocysts are terminally differentiated and
highly specialized cells that house oxygen-sensitive nitroge-
nase, which converts atmospheric nitrogen to ammonia. The
thick envelope and active respiration of the heterocyst protect
nitrogenase from oxygen (6, 23). Heterocyst development al-
lows the spatial separation of two incompatible biochemical
processes: photosynthesis and nitrogen fixation.

Under nitrogen-fixing conditions, heterocystous cyanobacte-
ria grow as simple multicellular organisms consisting of two
interdependent cell types that cooperate by exchanging metab-
olites. Heterocysts provide nitrogen fixation products to neigh-
boring vegetative cells and in turn receive carbohydrate prod-
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ucts of photosynthesis (27). Heterocyst spacing and frequency
are apparently regulated to optimize the distribution of fixed
nitrogen within a long filament to allow optimal growth. It is
assumed that multiple internal and external signals must be
integrated by a regulatory network that controls cell differen-
tiation and pattern formation (25, 27).

We have previously found that patS, which is predicted to
encode a 17- or 13-amino-acid peptide, is crucial for the for-
mation and maintenance of the normal heterocyst pattern (28).
The overexpression of patS completely blocked heterocyst de-
velopment. The exogenous addition of a pentapeptide corre-
sponding to the last five COOH-terminal residues of PatS also
inhibited heterocyst differentiation, indicating that a processed
form of PatS may be a diffusible inhibitory signal regulating
development. A patS deletion mutant produced chains of con-
tiguous heterocysts and abnormally short intervals of vegeta-
tive cells between the heterocysts. This striking phenotype is
consistent with a defect in lateral inhibition by an intercellular
signal originating from the differentiating cells. The multiple-
contiguous-heterocyst phenotype of the patS mutant was com-
plemented by the expression of patS from an early prohetero-
cyst-specific promoter. This result indicates that patS functions
nonautonomously by producing a signal from proheterocysts
that inhibits neighboring cells from differentiating. We also
showed that both transcription and translation of patS in-
creased early after the onset of differentiation by Northern
RNA analysis and patS-lacZ fusion analysis, respectively. The
increased patS expression was localized to differentiating cells
by analyzing the activity of a patS-gfp fusion. At later times
during development, patS-gfp expression was detected exclu-
sively in proheterocysts. The patS product appears to be an
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inhibitory peptide produced by differentiating cells and func-
tions in cell-cell signaling to regulate the pattern by lateral
inhibition.

In this report, we further examine patS expression and the
characteristics of the patS mutant. We show that clusters of
adjacent cells initially expressed patS and then resolved to a
single proheterocyst approximately 12 h after induction. Inhib-
itory PatS signaling may be involved in the resolution of the
clusters because cells were not committed to complete hetero-
cyst differentiation until 9 to 14 h after heterocyst induction.
The patS gene appears to be transcribed from at least two
promoters, one of which is induced after nitrogen step-down.
Analysis of pattern maintenance in the wild type and the patS
mutant suggests that a gradient of nitrogen fixation products
contributes to pattern formation. Heterocyst formation by the
patS null mutant grown in the presence of nitrate as a uniform
external source of nitrogen failed to show a normal pattern.
These results suggest that PatS and fixed nitrogen produced by
heterocysts are the major diffusible signals regulating the fre-
quency and spacing of heterocysts.

MATERIALS AND METHODS

Strains and culture conditions. Anabaena sp. strain PCC 7120 and its deriv-
atives were grown in 100 ml of BG-11 medium or BG-11, medium (which lacks
sodium nitrate) at 30°C as previously described (8). For medium containing
ammonium, BG-11, was supplemented with 2 mM ammonium chloride and 5
mM MOPS [3-(N-morpholino)propanesulfonic acid] (pH 8.0). For time course
RNA extractions, 8-liter large-scale cultures were grown in the liquid medium of
Allen and Arnon diluted eightfold, with some modifications (24). Cultures in-
duced for heterocyst formation were grown in flasks with 100 ml of BG-11,
medium or in 24-well tissue culture plates (Falcon) with 2 ml of BG-11, medium.
For the timing of commitment experiments, PatS-5 pentapeptide (RGSGR;
Genosys Biotechnologies) (28) or NaNO; was added to cultures of the wild-type
strain at various times after transfer to 200 pl of BG-11, medium in 96-well
plates. For strains containing the patS-gfp reporter plasmid pAM1951, neomycin
at 12.5 and 25 pg/ml was added to liquid and solid media, respectively. The patS
mutant strain AMC451 (28) was grown in media supplemented with spectino-
mycin and streptomycin at 1 wg/ml each.

Escherichia coli strains were maintained in Luria-Bertani liquid or agar me-
dium. For plasmid preparation, strains were grown in 0.5X TB liquid medium as
described previously (8). Media were supplemented with appropriate antibiotics
according to standard protocols (2). E. coli strain DH10B was used for plasmid
maintenance, except that JM107 was used for derivatives of pKEN2-GFPmut2
4, 5).

Plasmid constructions. Conjugal plasmid pAM1951 contains a patS-gfp tran-
scriptional fusion. It was made by digesting pAM1035 (28) with BamHI and Thal
to isolate a 762-bp fragment containing the patS open reading frame and 724 bp
of upstream sequence. This fragment was ligated into a plasmid containing the
gfp gene, pKEN2-GFPmut2 (4, 5); this plasmid had been digested with Xbal,
filled in by the Klenow enzyme, and digested with BarmHI. The resulting plasmid,
PAM1877, was digested with HindIll, and the ends were blunted with the Kle-
now enzyme; the plasmid was digested with SacI to release patS-gfp on a frag-
ment that was then ligated into shuttle vector pAMS05 (28) digested with Sacl
and Smal. The resulting construct, pAM1951, was confirmed by restriction di-
gestion and DNA sequencing through the junction of patS and gfp.

Fluorescence microscopy. Fluorescence micrographs were taken on a Zeiss
Axioplan II microscope with a X40 objective using fluorescein isothiocyanate-
specific illumination (484 = 8 nm) and green fluorescent protein (GFP)-specific
emission (518 = 13 nm) filter sets. The images were captured with a Hamamatsu
3 charge-coupled device (CCD) camera (C5810) attached to the microscope via
an HR coupler (Diagnostic Instruments, Inc.). The images were processed with
Adobe Photoshop version 4.0.

Primer extension assays. RNA was extracted by an acidic hot phenol method
(14) from Anabaena sp. strain PCC 7120 vegetative cells grown for 6 days (optical
density at 750 nm [OD,5,], approximately 0.5) in 100 ml of BG-11 medium. RNA
was extracted from differentiating wild-type filaments and purified by centrifu-
gation through 5.7 M CsCl (24). The filaments were synchronously induced to
form heterocysts by nitrogen step-down as previously described (24). Primer
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extension was performed with 30 g of total RNA and primer A or B and with
15 or 100 pg of total RNA and primer C (see Fig. 4A). The [y-**P]ATP-end-
labeled primers were annealed to RNA and extended with avian myeloblastosis
virus reverse transcriptase at 42°C or with displayTHERMO-RT (Display Sys-
tems Biotech) at 50°C. DNA sequencing was performed by using the dideoxy-
nucleotide chain termination sequencing method (SequiTherm cycle sequencing
kit; Epicentre Technologies) and the same primers as those used for reverse
transcription. The ¢cDNA and sequencing products were analyzed on a 6%
polyacrylamide sequencing gel.

Heterocyst pattern. For heterocyst induction, early-exponential-growth-phase
(OD55, = 0.1 to 0.2) vegetative cell filaments from 100-ml shaken cultures of
BG-11 medium or ammonium-containing medium were collected by centrifuga-
tion, washed with water, and resuspended in 0.1 to 0.05 the original volume of
BG-11, medium or BG-11 medium (for AMC451). Samples (2 ml) were trans-
ferred to 24-well plates and incubated without shaking under standard condi-
tions. For each time point, samples were carefully pipetted to glass slides to avoid
breaking filaments. The percentage of heterocysts and their spacing in filaments
were scored visually by bright-field or Hoffman modulation contrast microscopy
(X400 magnification). Heterocysts were distinguished by their thick cell enve-
lope, changes in the granularity of the cytoplasm, and cyanophycin granule
formation at the cell poles. Dividing vegetative cells were counted as two cells
only if an obvious septum had formed at the site of constriction. Only lengths of
vegetative cells between heterocysts along filaments were reported as an interval.
Terminal sequences of vegetative cells were recorded but were not scored as an
interval between heterocysts. A relatively small number of detached heterocysts
were observed and could have represented a slight undercounting of multiple
contiguous heterocysts. Over 1,000 total vegetative cells and heterocysts were
counted at each time point for some of the experiments (see Fig. 5 and 6); for
others (see Fig. 2), over 500 total cells were counted at each time point.

Acetylene reduction assays. Wild-type and AMC451 cultures were grown in
BG-11, medium supplemented with 2 mM ammonium chloride to early expo-
nential growth phase (OD5s, = approximately 0.2), induced by transfer to BG-
11, (wild type and AMC451) or BG-11 (AMC451) medium, and incubated under
standard conditions for approximately 52 h. Induced filaments were concentrated
to an OD55 of 2.0, and 1-ml samples were transferred to tubes (100 by 16 mm)
fitted with serum stoppers. The tubes were injected with 1 ml of acetylene gas
and incubated horizontally at approximately 25°C with a photosynthetically ac-
tive irradiance of 120 to 150 pmol of photons m~2 s '. Gas samples (0.2 ml)
were removed at intervals over a 2-h period for analysis of ethylene production
by gas chromatography with a 6-ft Porapak N column at 50°C.

RESULTS

Spatial pattern of patS expression during heterocyst devel-
opment. Under our standard growth conditions, proheterocysts
are distinguishable 15 to 18 h after nitrogen step-down and
mature heterocysts containing polar cyanophycin granules are
visible by 18 to 24 h. In our previous studies, the GFP fluores-
cence of a patS-gfp reporter strain was examined at 12 and 18 h
after nitrogen step-down (28). At 12 h after induction, strong
GFP fluorescence was localized to mostly individual cells in a
pattern that resembled that of mature heterocysts. However,
fainter GFP fluorescence was also present in cells neighboring
the bright cells. By 18 h, strong GFP fluorescence was found
only in developing proheterocysts (28). In this report, we fur-
ther examined the pattern of patS-gfp expression from 0 to 14 h
after heterocyst induction.

A reporter gene encoding an optimized version of GFP
(GFPmut2) (4) was used to analyze the spatial pattern of patS
expression (28). The patS-gfp transcriptional fusion on plas-
mid pAM1951 was transferred by conjugation to wild-type
Anabaena sp. strain PCC 7120. Plasmid pAM1951 is based on
a low-copy-number shuttle vector containing a pDU1 origin of
replication, which has a copy number of approximately one per
chromosome (13). After nitrogen step-down, patS-gfp expres-
sion was often observed initially in clusters of several adjacent
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FIG. 1. Temporal and spatial expression of patS-gfp reporter transcriptional fusion in Anabaena sp. strain PCC 7120 filaments subjected to
nitrogen step-down. (Left panels) Fluorescence micrographs. (Right panels) Corresponding differential interference contrast photomicrographs.
The strain was grown in nitrate-containing BG-11 medium (0 h) and then transferred to BG-11, medium to induce heterocyst development for
the times indicated. Arrowheads show mature heterocysts. Scale bars, 10 wm. All photomicrographs except for those at 14 h were taken at the same
magnification. Images were photographed and processed with the same settings to allow qualitative comparisons of fluorescence intensities.

cells that then resolved to single bright cells separated from
one another by approximately 10 dim vegetative cells (Fig. 1).

Low-level expression of the patS-gfp fusion was observed in
nitrate-grown cultures (Fig. 1). This GFP fluorescence varied
somewhat along the filaments without any obvious pattern.
Filaments were transferred to BG-11, medium containing no
combined nitrogen to induce heterocyst development. At 4 h
after heterocyst induction, patS-gfp expression was relatively
unchanged (Fig. 1). Variable weak GFP fluorescence was ob-
served from vegetative cells along the filaments. At 6 h, many
individual cells and small groups of cells showed increased
GFP fluorescence. By 8 h, many individual cells showed strong
GFP fluorescence in a pattern similar to that of mature het-
erocysts. However, lower levels of GFP fluorescence were also
observed in pairs of cells, groups of cells, and cells separated by
only short stretches (three to six cells) of nonfluorescing cells.
At 10 h, most clusters had resolved to single bright cells or
contained one cell that was brighter than the rest. By 12 h, the
contrast between fluorescent cells and nonfluorescent cells had
increased and the pattern of single fluorescent cells had be-
come more obvious. Although morphological differentiation of
proheterocysts was not obvious at 14 h, a clear pattern of
fluorescent cells similar to that of mature heterocysts was dis-
played. However, the pattern was not perfect; some short in-
tervals between bright cells and pairs of fluorescent cells were
seen. As in our previous studies (28), strong GFP fluorescence
was found exclusively within morphologically distinguishable
proheterocysts 18 h after induction (data not shown).

GFP fluorescence was still bright in mature heterocysts at
24 h but became dimmer in heterocysts at later times. We have
not determined if this finding is due to decreased patS-gfp
expression or to the reducing environment in heterocysts (4,
27). Once mature heterocysts start supplying fixed nitrogen to
neighboring vegetative cells, the filaments resume growth and

vegetative cells between heterocysts begin dividing. Between
24 and 40 h after induction, the number of vegetative cells
between two heterocysts had increased and GFP fluorescence
had begun to appear in cells midway between two heterocysts.
Single fluorescing cells as well as two adjacent cells or short
chains of fluorescing cells were observed. The fluorescence
gradually resolved to single cells as the second round of het-
erocyst formation progressed. At 40 h, about one-third of the
intervals that contained fluorescing cells had resolved to single
cells at positions predicted for the formation of new hetero-
cysts (Fig. 1). Morphologically distinguishable proheterocysts
between two preexisting heterocysts showed the brightest flu-
orescence.

Anabaena sp. strain PCC 7120 containing a control plasmid
(pAM1954) in which a vegetative cell-specific promoter (P,
(16)) was fused to gfp showed high levels of fluorescence only
in vegetative cells (28). Anabaena sp. strain PCC 7120 contain-
ing a control plasmid (pAM1956) with a promoterless gfp gene
showed no detectable GFP fluorescence.

Timing of commitment to complete heterocyst differentia-
tion. The resolution of clusters of differentiating cells to a
single heterocyst requires that all but one cell respond to in-
hibitory signals. Heterocyst differentiation passes through an
intermediate stage that can regress back to the vegetative state
(1). At some point, however, proheterocysts are committed to
complete the process of differentiation. If PatS inhibitory sig-
naling is responsible for the resolution of groups of differen-
tiating cells, then the cells that regress must be inhibited by
PatS during the time period 6 to 12 h after induction, in which
the resolution of clusters occurs. If differentiating cells are no
longer sensitive to PatS inhibition at this time, then other
factors must be involved in resolving clusters.

We tested the time of commitment to heterocyst formation
by the ability to respond to inhibition by the PatS-5 pentapep-



2608 YOON AND GOLDEN

10 - |
_— 8-
&
£ 64
w
>
[8)

o a4
o
5}
I o]
0

T T T
01 2 3 4 5 6 7 8 9 10 11 12 13 14 c
Hours after heterocyst induction

FIG. 2. Timing of commitment. Wild-type Anabaena sp. strain
PCC 7120 was grown in liquid BG-11 medium to early log phase and
then induced in nitrogen-free BG-11, medium. At the times indicated,
PatS-5 pentapeptide (1 wM final concentration [squares]) or NaNO;
(17.6 mM final concentration [circles]) was added to a sample of the
culture. The percentage of heterocysts was determined 24 h after
induction by counting over 500 total vegetative cells and heterocysts
for each sample. C, control sample, with no addition of PatS-5 or
NaNOj;. One representative experiment of three independent experi-
ments (two independent experiments for NaNOs;) is shown.

tide (28) or NaNOj;. The peptide was added to cultures at a
final concentration of 1 uM every hour for 14 h after induction
in BG-11,, nitrogen-free medium. A heterocyst-inhibiting con-
centration of 17.6 mM NaNO; was also tested in separate
experiments as a comparison. Heterocyst formation was com-
pletely blocked by the addition of PatS-5 pentapeptide for up
to 8 h after induction (Fig. 2). Between 9 and 14 h after
induction, an increasing proportion of cells became committed
to complete heterocyst differentiation and were no longer sen-
sitive to inhibition by the PatS-5 pentapeptide. Similar results
were obtained when NaNOj, was added to the induced culture
(Fig. 2). These results show that differentiating cells are sen-
sitive to inhibition by PatS or nitrate during the time period
when groups of cells are being resolved. Heterocyst maturation
and nitrogen fixation begin 18 to 24 h after nitrogen step-down
under our growth conditions. Therefore, heterocysts cannot be
supplying fixed nitrogen to the filaments before cells become
committed to differentiate. A previous study showed that a
patS mutant formed multiple contiguous heterocysts and short
vegetative cell intervals between heterocysts (28). This pheno-
type appears to represent a failure of the mutant to resolve
clusters of differentiating cells. These data are consistent with
a model in which PatS inhibitory signaling resolves clusters of
differentiating cells to a single heterocyst.

Regulation of patS transcription during heterocyst develop-
ment. Our patS-gfp transcriptional reporter studies showed low
levels of expression in vegetative cells grown in nitrate-con-
taining medium and strong expression after nitrogen step-
down in differentiating cells. To further study the transcrip-
tional regulation of patS during heterocyst development, we
examined patS mRNA from vegetative cells and induced fila-
ments by primer extension.

Primer extension analysis of patS mRNA showed the pres-
ence of two transcripts that differed in abundance depending
on nitrogen availability. Total RNA was isolated from fila-
ments grown in nitrate-containing medium and at 12 and 24 h
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after nitrogen step-down. Primer extension of RNA from ni-
trate-grown filaments using a primer internal to the patS gene
(primer A; Fig. 3A) revealed a vegetative transcript with a 5’
end at —314 bases upstream of the translational initiation
codon (Fig. 4A). Another primer, C (Fig. 3A), was used to
confirm the 5" end of this transcript at —314 bases (Fig. 4B).
Primer extension of RNA from cultures induced for 12 and
24 h lacked the transcript at —314 bases but instead produced
a distinct band at —39 bases from the patS translational initi-
ation codon. The induced transcript 5’ end at —39 bases was
confirmed by primer extension with a second primer (primer B;
Fig. 3A) (data not shown). The primer extension data, together
with the gfp reporter data, indicate that pat§ is transcribed
from a weak promoter in vegetative cells and from a strong
developmentally regulated promoter induced in differentiating
cells.

The 5’ ends of patS transcripts mapped by primer extension
identify putative transcription start sites. Sequences centered
at about —31 bases upstream of the patS developmentally
induced transcription start site are similar to sequences at the
same position of the hepA promoter region (29) (Fig. 3B).
HepA is required for the synthesis of the heterocyst envelope
polysaccharide layer. The hepA gene is inactive in vegetative
cells and is induced in proheterocysts at between 4.5 and 7 h
after nitrogen step-down (3, 26, 29). The similar regulation of
these two transcripts suggests that shared sequence motifs
could be involved in their developmental regulation and may
warrant further study.

PatS is required for both establishment and maintenance of
a normal pattern. The crucial role of pat§ in the initial estab-
lishment of the heterocyst pattern was demonstrated by the
short-vegetative-cell-interval and multiple-contiguous-hetero-
cyst phenotype of the patS deletion strain AMC451 at 24 h
after nitrogen step-down (28). AMC451 heterocysts appear
morphologically normal and are functional in supporting long-
term diazotrophic growth. AMC451 filaments induced for 52 h
in BG-11, medium showed nitrogenase activity, as measured
by acetylene reduction, that was approximately one-third that
of the wild type. By examining the heterocyst pattern of
AMCA451 for several days after induction, we showed that patS
is also required for pattern maintenance, as new heterocysts
were formed (Fig. 5). In addition, as suggested in earlier mod-
els (27), our data also support the idea that once heterocysts
start fixing nitrogen and growth is resumed, the products of
nitrogen fixation contribute to the maintenance of the hetero-
cyst pattern. However, our data cannot exclude the possibility
that another signal molecule from heterocysts is used to reflect
nitrogenase activity.

The number of vegetative cells between heterocysts in the
wild-type strain and in strain AMC451 during growth under
nitrogen-fixing conditions was scored (Fig. 5). The wild-type
culture showed a slight lengthening of the intervals between
heterocysts as incubation continued and the filaments began to
grow. There was a gradual shift in the mean interval length of
vegetative cells from 9.6 cells at 24 h to 12.5 and 11.7 cells at 72
and 96 h, respectively (Fig. 5). The patS deletion strain
AMCA451 also displayed an increase in the interval length be-
tween heterocysts as growth continued under nitrogen-fixing
conditions. The heterocyst pattern of the patS mutant at 72 and
96 h began to resemble that of the wild type. The mean interval
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FIG. 3. Nucleotide sequence of the patS upstream region. (A) The primers used for primer extension assays and the putative transcription start
sites at —39 and —314 are labeled. The first ATG translation initiation codon is underlined and indicated by +1. (B) Nucleotide sequence
comparison of the putative promoter regions of the two early heterocyst-specific genes, patS and hepA. Similar nucleotide sequences centered at
about —31 bases upstream of the developmentally regulated transcription start sites are marked by vertical lines.

length increased from 5.2 cells at 24 h to 10.3 cells at 96 h. The
multiple-contiguous-heterocyst phenotype of AMC451 was no-
ticeably reduced at 72 and 96 h (data not shown), presumably
because of the accumulation of single mature heterocysts that
suppressed adjacent cells from differentiating. However, even
after growth for several days, AMC451 continued to produce
double heterocysts (data not shown) and short intervals be-
tween heterocysts (Fig. 5, 72 and 96 h).

These results demonstrate two important points. First, sig-
nals other than PatS, presumably products of nitrogen fixation
supplied by heterocysts (see below), contribute significantly to
maintaining the overall spacing of heterocysts along a filament.
Second, PatS signaling continues to play a role in pattern
maintenance during diazotrophic growth by resolving clusters
to ensure the formation of a single new heterocyst in the
interval between two preexisting heterocysts.

Abnormal heterocyst spacing is produced by a patS mutant
in nitrogen-replete medium. The results shown in Fig. 5 are
consistent with the longstanding hypothesis that a gradient of
nitrogen fixation products produced by mature heterocysts
suppresses the differentiation of neighboring vegetative cells
(25, 27). This hypothesis has been difficult to prove because

nitrogen fixation mutants cannot continue growth under diaz-
otrophic conditions. We took advantage of the fact that the
patS null mutant strain AMC451 formed heterocysts in BG-11
medium, which contains 17.6 mM sodium nitrate, but showed
no other indication of nitrogen starvation. Wild-type Anabaena
sp. strain PCC 7120 did not form heterocysts in liquid BG-11
medium under our growth conditions. The heterocysts formed
by AMC451 in the presence of nitrate were morphologically
normal but showed no nitrogenase activity, as measured by an
acetylene reduction assay. It has been previously reported that
glutamine can reduce nitrogenase activity in heterocysts of
Anabaena variabilis (19). Even if these heterocysts were sup-
plying the filament with some nitrogen from their reserves, we
would expect that this supply would be masked by the abun-
dant supply of nitrate from the medium. If PatS and nitrogen
fixation products are the major diffusible signals controlling
heterocyst pattern, then filaments of AMC451 grown in BG-11
medium should lack gradients of both signals and fail to show
a normal pattern. In contrast, if these heterocysts produced an
additional pattern formation signal other than fixed nitrogen,
we would expect to see its influence on the heterocyst pattern
under these conditions. Although it is possible that the pro-
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FIG. 4. Identification of the 5" ends of patS transcripts by primer
extension. Total RNA from filaments grown with 17.6 mM NaNO;
(lane 0) or from filaments collected at 12 and 24 h after nitrogen
step-down was hybridized to **P-end-labeled primer A (A) or C (B),
extended with reverse transcriptase, and analyzed on a 6% polyacryl-
amide gel. Samples of 30 pg of total RNA (A) and 15 or 100 p.g of total
RNA (B, lane a or b, respectively) were used. The fragments are
labeled to indicate the position of the 5’ end with respect to the patS
translation initiation codon shown in Fig. 3A. Lanes T, A, C, and G are
dideoxynucleotide sequencing ladders of pAM1035 produced with the
corresponding primers A and C.

duction of or response to an additional heterocyst inhibition
signal is inhibited in the presence of nitrate, this possibility
would seem to be at odds with the fact that wild-type filaments
normally suppress heterocysts under these conditions.
AMC451 was grown in a medium supplemented with 2 mM
ammonium chloride, which completely inhibits heterocyst for-
mation by this strain. The culture was then transferred to
BG-11 medium, in which AMC451 forms heterocysts even
though the cells are uniformly supplied with sodium nitrate.
The pattern of heterocysts was examined every 24 h for 4 days
(Fig. 6). The percentage of heterocysts reached 4.4% by 96 h,
a percentage about half that of the wild type in medium lacking
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a source of reduced nitrogen. Compared with the pattern
shown by AMC451 in Fig. 5, no obvious heterocyst pattern was
evident at the later time points in the presence of nitrate. The
48-h data set showed some resemblance to the normal pattern.
It is conceivable that a temporary gradient of nitrogen pro-
duced from stored compounds in heterocysts exerted some
influence on spacing during this time period after induction. It
is particularly important to note that, as expected for the patS
mutant, adjacent heterocysts (indicated as an interval of zero)
as well as abnormally short intervals were present in all sam-
ples. If heterocyst spacing were due to a signal molecule other
than PatS and nitrogen fixation products, we would have ex-
pected a more normal pattern, similar to that shown in Fig. 5.

We conclude that the spacing of 8 to 15 vegetative cells
between heterocysts in strain AMC451 growing diazotrophi-
cally (Fig. 5, 96 h) is due to the supply of nitrogen fixation
products from heterocysts. The wild-type pattern (Fig. 5, 96 h)
results from the additional influence of PatS, which suppresses
multiple contiguous heterocysts and short intervals. Based on
previous models (25, 27), gradients of both diffusible signals
will be created along the filaments as the molecules are con-
sumed by vegetative cells. Our results indicate that gradients of
PatS and nitrogen fixation products originating from hetero-
cysts are the two main diffusible signals that regulate the het-
erocyst pattern.

DISCUSSION

Pattern formation and cell fate determination have been
studied intensively in a number of eukaryotic organisms (7, 9,
11, 12, 15). Competition and lateral inhibition among equiva-
lent cell groups are common themes underlying the mecha-
nisms of pattern formation and organogenesis (18). Anabaena
heterocyst development provides an opportunity to study sim-
ple one-dimensional developmental pattern formation in a
multicellular organism consisting of only two cell types. Only a
relatively small fraction of cells (about 8 to 10%) at semiregu-
lar intervals along a filament undergo heterocyst differentiation.
Strict control of heterocyst frequency and spacing is expected to
be an important selective advantage because heterocyst differen-
tiation represents a considerable energy investment and loss of
reproductive capacity. A mechanism to establish appropriate
spacing of heterocysts is required to ensure the efficient distribu-
tion of both fixed carbon and fixed nitrogen along a filament.

We had previously identified a gene, patS, which is expressed
in differentiating cells and encodes a diffusible inhibitor of
heterocyst development that controls development by lateral
inhibition (28). We hypothesized that a processed PatS peptide
produced by the cells that first begin to differentiate would
diffuse along the filament within the periplasmic space to in-
hibit their neighbors.

Our further examination of PatS signaling provides addi-
tional insights into the regulation of heterocyst development.
PatS is likely to be involved in the resolution of groups of
differentiating cells and the suppression of short vegetative cell
intervals between heterocysts. PatS signaling is important for
both the initial pattern formed by vegetative cell filaments and
the maintenance of the pattern as filaments continue to grow
diazotrophically and produce new heterocysts. In addition,
products of nitrogen fixation appear to provide an important
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FIG. 5. Heterocyst pattern maintenance of the wild type and the patS deletion strain AMC451 during prolonged culturing. The two strains were
grown in liquid BG-11 medium to an OD-5, of 0.2 and then induced by transfer to BG-11, medium. The number of vegetative cells between
heterocysts was determined microscopically every 24 h after heterocyst induction. Interval lengths of greater than or equal to 20 are shown as 20.

One representative experiment of two independent experiments is shown.

second diffusible inhibitor of heterocyst differentiation that
maintains the spacing pattern between heterocysts. Primer ex-
tension and patS-gfp reporter fusion studies indicated that patS
is expressed from two promoters: one that is active in vegeta-
tive cells and one that is developmentally regulated and shows
similarity to the hepA promoter.

The normal heterocyst pattern requires the resolution of
clusters of differentiating cells. Six hours after nitrogen step-
down, a patS-gfp reporter produced GFP fluorescence in many
pairs or small groups of cells (Fig. 1). By monitoring a time
course of development, we showed that the brightest of these
cells eventually differentiated into heterocysts and that the less
fluorescent cells eventually lost their fluorescence and re-
mained vegetative cells. PatS inhibitory signaling is likely to be
involved in the resolution of these clusters of differentiating
cells. This suggestion is supported by the phenotype of a pat$
null mutant, which fails to resolve clusters and forms multiple
contiguous heterocysts (28). During the resolutions of clusters,
the cells that continue to complete differentiation into a het-
erocyst must be less sensitive to the PatS inhibitory signal (by
a mechanism that is still not known). The coincident appear-
ance of single bright patS-gfp cells (Fig. 1) and cells committed
to complete differentiation (Fig. 2) suggests a possible linkage
between these events. The timing of increased pat$ expression
in developing cells at 6 and 8 h occurred well before cells
became committed. The resolution of clusters to single bright
cells was mostly complete by 12 h, slightly before the time
period in which most cells have become committed to differ-
entiate. Although a few cells were committed to form hetero-
cysts by 9 h after induction, some cells were still not committed

at 13 h after induction. We predict that at 9 to 13 h after
induction, the cells in unresolved clusters are still sensitive to
inhibition by externally added PatS-5 pentapeptide and there-
fore are also sensitive to the inhibitory PatS signal that is
responsible for resolving the clusters.

In an effort to understand the regulation of patS expression
during heterocyst development, the 5" ends of patS transcripts
were mapped by primer extension of RNA samples obtained
before and after the onset of heterocyst development (Fig. 4).
Transcript 5’ ends at —314 or —39 bases were detected in RNA
from nitrate-grown filaments or differentiating filaments, respec-
tively. Together with the results of the patS-gfp expression studies,
these results indicate that patS is expressed from two promoters:
one expressed in vegetative cells and the other induced upon
nitrogen step-down in differentiating cells. The Anabaena sp.
strain PCC 7120 glnA gene also contains multiple promoters that
allow its expression in both vegetative cells and heterocysts (22),
and primer extension analysis of the Anabaena sp. strain PCC
7120 ntcA gene identified multiple transcripts that vary in abun-
dance in response to nitrogen availability (17).

Little is known about early heterocyst-specific promoters,
but interestingly, sequences upstream of the induced patS tran-
script at —39 bases show some similarity to the promoter
region of another early heterocyst-specific gene, hepA (29).
The expression of both hepA and patS is induced relatively
early after nitrogen step-down: at 4.5 to 7 h for hepA (3) and at
approximately 6 h for patS. It is possible that these genes share
a regulatory factor(s) that controls their developmental regu-
lation. Complementation of the patS null strain with patS ex-
pressed from the sepA promoter (28) also suggests that the two



2612 YOON AND GOLDEN

10
8 24 hours
6
4
2
0
8 48 hours
6
0
T 4
c
L
=
S 0
T g
-g 72 hours
5 6
=z
4
2
0
8
96 hours
6
4
2
0

0 5 10 15 20 25 30 35 40 45 50
Number of vegetative cells between heterocysts

FIG. 6. The patS$ deletion strain AMC451 does not show a normal
heterocyst pattern in the presence of NaNO;. Strain AMC451 was
grown in BG-11, medium supplemented with 2 mM NH,CI to com-
pletely suppress heterocyst development. Mid-log-phase cells were
transferred to BG-11 medium containing 17.6 mM NaNO;. The spac-
ing between heterocysts was determined every 24 h for 4 days. One
representative experiment of two independent experiments is shown.

genes are similar in terms of temporal regulation. Examination
of DNA sequences upstream of the vegetative transcript at
—314 bases failed to reveal an obvious similarity to the E. coli
sigma-70 consensus promoter or to promoters of other
Anabaena sp. strain PCC 7120 genes.

It has been assumed that nitrogen fixation products contrib-
ute to the heterocyst pattern by satisfying the nitrogen require-
ments of cells adjacent to heterocysts (27). However, an addi-
tional signal, now known to be PatS, was required to explain
how the heterocyst pattern was initially established before het-
erocysts had matured and how nitrogen fixation mutants could
initially establish a nearly normal pattern after nitrogen step-
down. The availability of a patS null mutant allowed us to
address the contribution made to the pattern by other factors.
Our examination of a patS null mutant showed that after ma-
ture heterocysts had been formed, heterocyst spacing became
more similar to the wild-type pattern (Fig. 5). The simplest
explanation is that the gradient of nitrogen fixation products
produced by heterocysts suppresses the development of neigh-
boring vegetative cells to produce normal spacing. This notion
also explains the shift of the wild-type strain to slightly longer
intervals after several days of diazotrophic growth.

The role of heterocyst nitrogen fixation products in pattern
formation cannot be directly addressed with nitrogen fixation
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mutants because they cannot continue to grow in the absence
of an external source of reduced nitrogen. However, we have
observed that nitrogen fixation mutants produce shorter vege-
tative cell intervals than does the wild type (unpublished ob-
servations). To determine if heterocyst spacing is due to the
supply of nitrogen fixation products or to a specialized signal
molecule, we made use of the patS null mutant, AMC451,
which forms heterocysts when grown in the presence of nitrate.
AMCA451 is not known to have any deficiency in nitrate me-
tabolism. Our expectation was that when grown in medium
containing nitrate, the patS mutant would fail to display the
normal pattern if spacing were due to the supply of fixed
nitrogen from heterocysts. If another signal molecule con-
trolled spacing, then its influence might be revealed by the
formation of a partially normal pattern. Our results did not
show evidence of a normal pattern and therefore argue against
additional diffusible heterocyst-specific factors, other than
PatS and nitrogen fixation products, controlling the pattern.

It is thought that only a subset of vegetative cells is capable
of immediately initiating heterocyst differentiation after fila-
ments are induced by nitrogen step-down. It has been specu-
lated that this effect could be due to either stochastic or reg-
ulated differences in vegetative cells along a filament based on
their position in the cell cycle, a predisposition based on cell
lineage or specific signals that create a cryptic pattern, or
differential stores of nitrogen reserves. Although our experi-
ments do not address which mechanism might be correct, it is
clear that only a subset of cells showed increased patS-gfp
expression 4 to 8 h after induction.

A recent report suggests that the nitrogen sufficiency of
individual cells may not control heterocyst induction or pattern
(21). A. variabilis contains two Mo-dependent nitrogenases:
one, Nifl, is expressed in heterocysts, and the second, Nif2, is
expressed under anoxic conditions in vegetative cells (20). Un-
der the anoxic growth conditions that allow the expression of
Nif2, which include a dinitrogen atmosphere, fructose as a
carbon source, and a herbicide to inhibit oxygen production by
photosystem 1I, filaments form heterocysts even though the
Nif2 system provides enough fixed nitrogen to support the
long-term growth of a nifl mutant (21). The intriguing possi-
bility is raised that filaments respond specifically to the avail-
ability of external fixed nitrogen to control heterocyst devel-
opment by producing differentiation signals that affect the
entire filament (21). The molecular form of fixed nitrogen
appears to be a factor because an earlier study showed that
externally supplied glutamine does not inhibit heterocyst de-
velopment in A. variabilis (19). We believe that these results
can be interpreted to indicate that heterocyst development is
controlled by a threshold of nitrogen sufficiency that is rela-
tively high compared to levels that would be so low as to slow
the growth rate. They also indicate that different nitrogen
compounds are perceived differently by the organism in terms
of the regulation of heterocyst development, even though they
support an apparently normal growth rate. It should be adap-
tive for Anabaena to form heterocysts before the external ni-
trogen supply reaches a level too low to support normal
growth. Similarly, the control of heterocyst spacing in a fila-
ment should allow the differentiation of new heterocysts at a
level of nitrogen sufficiency that is higher than that which
would adversely affect the growth rate. Filaments containing a
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fraction of cells that had their growth limited by nitrogen
starvation would be at a selective disadvantage.

We believe that the heterocyst pattern in Anabaena sp. strain
PCC 7120 is influenced by several factors: (i) a predisposition
of some cells to begin development sooner than other cells; (ii)
PatS inhibition of adjacent heterocysts and short vegetative cell
intervals; and (iii) the supply of nitrogen fixation products from
mature heterocysts, which suppress the development of nearby
cells. An additional related factor is that filaments in stationary
growth phase appear to have a substantially decreased ability
to differentiate heterocysts (unpublished observations). PatS
appears to be important for the creation of the initial pattern
and then for pattern maintenance by resolving pairs or small
groups of cells to a single heterocyst. We suspect that the role
of PatS signaling is most important for pattern maintenance in
rapidly growing cultures, in which cells are more likely to begin
to differentiate simultaneously. Under these conditions, the
products of nitrogen fixation from mature heterocysts would be
produced too late to suppress the differentiation of adjacent
and nearby cells that had also begun to differentiate. An im-
portant aspect of PatS signaling remains unresolved. How does
the signaling mechanism allow one cell in a pair or cluster of
differentiating cells to avoid self-inhibition by PatS and at the
same time allow inhibition of nearby cells? We expect that
identification and analysis of the components of the PatS sig-
naling pathway will be required to answer this intriguing ques-
tion.
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