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Nitrogen is often a limiting nutrient in natural habitats. Therefore, cyanobacteria have developed multiple
responses, which are controlled by transcription factor NtcA and the PII-signaling protein, to adapt to nitrogen
deficiency. Transcriptional analyses of Synechocystis sp. strain PCC 6803 under nitrogen-deficient conditions
revealed a highly induced gene (s//0783) which is annotated as encoding a conserved protein with an unknown
function. This gene is part of a cluster of seven genes and has potential NtcA-binding sites in the upstream
region. Homologues of this cluster occur in some unicellular, nondiazotrophic cyanobacteria and in several
Alpha, Beta-, and Gammaproteobacteria, as well as in some Gram-positive bacteria. Most of the heterotrophic
bacteria harboring this gene cluster are able to fix nitrogen and to produce polyhydroxybutyrate (PHB),
whereas of the cyanobacteria, only Synechocystis sp. strain PCC 6803 can accumulate PHB. In this work, a
Synechocystis sp. strain PCC 6803 sll0783 gene knockout mutant is characterized. This mutant is unable to
accumulate PHB, a carbon and energy storage compound. In contrast, the levels of the carbon storage
compound glycogen and the PHB precursor acetyl coenzyme A were similar to those of the wild type, indicating
that the PHB-deficient phenotype does not likely result from a global deficiency in carbon metabolism. A
specific deficiency in PHB synthesis was implied by the fact that the mutant exhibits impaired PHB synthase
activity during prolonged nitrogen starvation. However, the expression of PHB synthase-encoding genes was
not strongly affected in the mutant, suggesting that the impaired PHB synthase activity observed depends on

a posttranscriptional process in which the product of sl/0783 is involved.

Cyanobacteria are oxygenic photoautotrophs (32) adapted
to a wide range of environments (7, 30). In natural habitats,
combined nitrogen is frequently a limiting nutrient, and there-
fore, cyanobacteria have developed multiple strategies to
adapt to nitrogen deprivation. Synechocystis sp. strain PCC
6803, a nondiazotrophic cyanobacterium, responds to the lack
of combined-nitrogen sources by bleaching, a process known as
chlorosis (3). Concomitantly with bleaching, the cells accumu-
late excess carbon fixation products in the form of intracellular
polymer deposits composed of glycogen or polyhydroxyalkano-
ates, the latter reported from over 50 cyanobacterial strains
from the major phylogenetic subsections (37).

In Synechocystis strain PCC 6803, the polyhydroxyalkanoate
PHB (polyhydroxybutyrate) was reported to accumulate under
conditions of nitrogen or phosphate deprivation, upon the
addition of acetate, or in response to a high photon flux density
(38). The pathway of PHB synthesis and its corresponding
genes have been elucidated in Synechocystis strain PCC 6803.
The B-ketothiolase (sr1993) forms acetoacetyl coenzyme A
(acetoacetyl-CoA) from two molecules of acetyl-CoA. Aceto-
acetyl-CoA reductase (slr/994) then reduces the acetoacetyl-
CoA to Dp-3-hydroxybutyryl-CoA (33), which is subsequently
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polymerized to PHB. The polymerization reaction is catalyzed
by PHB synthase, an enzyme which consists of a heterodimer
of PhaC (slir1829) and PhaE (slr1830) (13). The genes for the
two subunits of PHB synthase are organized into one operon,
as well as the genes of the first two enzymes of the PHB
synthesis pathway, B-ketothiolase and acetoacetyl-CoA reduc-
tase (33). The regulation of PHB synthesis in cyanobacteria has
been poorly investigated. One of the few studies done revealed
that PHB synthase activity is stimulated by the addition of
acetyl phosphate to extracts of Synechococcus strain MA19
(22).

The response of cyanobacteria to nitrogen starvation largely
depends on the NtcA (nitrogen control protein A) transcrip-
tional regulator. NtcA is a transcriptional activator and in
some cases a repressor of a large number of genes mainly
involved in nitrogen metabolism (15). NtcA belongs to the
cyclic AMP receptor protein family of transcriptional regula-
tors (36) and binds to the conserved palindromic sequence
GTA-Ng-TAC (15). In an attempt to identify novel genes that
respond to nitrogen starvation, a proteome analysis of com-
bined-nitrogen-deprived Synechococcus elongatus PCC 7942
cells has been performed. This study revealed several proteins
which were highly induced upon starvation (1). The N terminus
of one of these proteins, termed Nsi5 (nitrogen starvation-
induced 5), is highly similar to the product of the s//0783 gene
of Synechocystis strain PCC 6803. Transcriptomic analyses of
Synechocystis strain PCC 6803 under nitrogen starvation indi-
cated, that sll0783 is the gene with the highest induction after
4 h of nitrogen starvation (23). Database analyses predict a
protein of unknown function with a conserved DsrE domain
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for the s/[0783 product, and close homologues are present in
various other unicellular cyanobacteria. The DsrE family
members are small soluble proteins involved in intracellular
sulfur redox reactions (20).

To reveal the function of s/l0783, we analyzed the expression
of this gene and constructed an s//0783 knockout mutant of
Synechocystis strain PCC 6803. The present report describes
the first step in elucidating the function of the product of
sl10783. The mutant shows impaired accumulation of PHB
following nitrogen starvation, due to impaired PHB synthase
activity.

MATERIALS AND METHODS

Organisms and culture conditions. Wild-type Synechocystis strain PCC 6803
and the corresponding s//0783 mutant were grown photoautotrophically in BG11
medium (27) supplemented with 5 mM NaHCOj in flasks shaken at 150 rpm at
a continuous photon flux density of 50 wmol photons m~2 s~ ! at 28°C. For
initiation of nitrogen deprivation, 50 ml of exponentially growing cells was har-
vested by centrifugation (8 min, 4,000 rpm) and the pellet was resuspended in
NaNOj;-free BG11 medium (BG11_y) and centrifuged again. Finally, the washed
cells were resuspended again in BG11_y to an optical density at 750 nm (OD5,)
of 0.4 and incubated as described above. To examine recovery after 72 h of
nitrogen deprivation, the starved cells were diluted in BG11 _ to an OD5, of 0.4
and NaNO; was added to a final concentration of 5 mM.

Bioinformatic data analyses. The predicted amino acid sequence encoded by
sl10783 was used to perform a PSI-BLAST search (4) against the nonredundant
protein sequences database of the NCBI homepage (http://blast.ncbi.nlm.nih.gov
/Blast.cgi). Conserved domains were automatically detected by CD-Search (21),
and protein parameters were obtained from the ExPASy platform (10). The
phylogenetic relationships were calculated using the neighbor-joining method
(28), which is integrated in the ClustalX v2.0.11 software package (34). The
results were visualized as a rectangular tree with the phylogenetic-tree-plotting
program TreeView (24).

Growth and pigmentation. Growth of the cells was monitored by measuring
the OD5s, of the culture with an LKB Ultrospec III spectrophotometer (Phar-
macia). Differences in pigmentation were analyzed by difference spectra as fol-
lows. For each sample, a spectrum in the range of 350 to 750 nm was recorded
with a Specord 205 (Analytik Jena, Jena, Germany). Thereafter, the WinAspect
2.2.1.0 (Analytik Jena) software was used to correct the wavelength-dependent
light scattering by baseline correction using 750 and 400 nm as reference points.
Then the corrected spectrum at time point zero was subtracted from the cor-
rected spectra at subsequent time points. From the difference spectra, the peaks
at 630 and 680 nm were determined with respect to the baseline at 750 nm. These
values quantify the changes in the amounts of phycobilisomes and chlorophyll a.

Construction of the s//0783 knockout mutant. Inactivation of the sl/0783 gene
was done by insertion of a kanamycin/bleomycin resistance cassette into the
HindIII site of the gene. Plasmid pSLL0783-Kan was constructed by amplifica-
tion of the sl[0783 gene via PCR with primers sl10783-1 (5'-GCGGTACCGCT
TTACATAGACAGACCTG-3') and s110783-2 (5'-GCGAGCTCTAGGTGACT
TTTCCCCATCA-3'), restriction of the purified PCR product with KpnI and
Sacl, and cloning of the fragment into pBluescript II (Fermentas, St. Leon-Rot,
Germany). The kanamycin resistance cassette was inserted into the HindIII
restriction site of the sl/0783 gene. Wild-type Synechocystis strain PCC 6803 was
transformed with the resulting vector according to the method of Golden et al.
(11). Segregation was confirmed by Southern blot analyses (19).

Analysis of the 5’ end of the sl[0783 transcript. For determination of the 5’ end
of the s/l0783 transcript, the 5'/3’'RACE (rapid amplification of cDNA ends) kit,
second generation (Roche Applied Science, Mannheim, Germany) was used
according to the manufacturer’s instructions. Wild-type Synechocystis strain PCC
6803 cells in the mid-exponential phase of growth were shifted to nitrogen-free
medium, and after 6 h of starvation, 50 ml of culture (OD5s, of 0.8) was
harvested on ice by centrifugation (4,000 rpm, 10 min, 4°C) and used for RNA
extraction. For first-strand cDNA synthesis, 0.5 pg of RNA and an antisense
gene-specific primer (sll0783-SP1 [5'-GTAACACCGGGACCATAGAG-3']) lo-
cated 205 bp downstream of the ATG start codon were used, and for the nested
PCR, the PCR anchor primer (Roche) and an antisense gene-specific primer
(s110783-SP2 [5'-CCTTCAAACGCCACTGTA-3']) located 115 bp downstream
of the ATG start codon were used. Amplification products were checked by
agarose gel electrophoresis. The final amplification products were purified with
a gel purification kit (Qiagen, Germany) and subcloned into the pPGMT-EASY

APPL. ENVIRON. MICROBIOL.

vector using the pPGMT-EASY cloning kit (Fermentas). Following transforma-
tion of Escherichia coli, insert-containing plasmids were selected and analyzed by
sequencing. The sequences were aligned against the upstream region of sll0783
(sequence available at Cyanobase [http://bacteria.kazusa.or.jp/cyano/]).

RNA isolation and ¢cDNA synthesis. Thirty-five-milliliter volumes of cell cul-
tures grown under different conditions were rapidly cooled by addition of ice and
harvested by centrifugation (4,000 rpm, 10 min, 4°C), and RNA was isolated by
hot acid-phenol-chloroform extraction and ethanol precipitation combined with
the High Pure RNA isolation kit (Roche) according to the manufacturer’s
instructions (8). cDNA synthesis was performed by using the iScript Select cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s instructions, with 1 pg of
total RNA.

qRT-PCR. Transcript levels were quantified by quantitative reverse transcrip-
tion-PCR (qRT-PCR) using the iQ5 qRT-PCR detection system (Bio-Rad).
Amplifications were performed using IQ SYBR green supermix (Bio-Rad) and
gene-specific primers (see Supplement 4 in the supplemental material). Two-step
cycling was performed by amplification with an initial preheating step of 10 min
at 95°C, 30 cycles at 95°C for 15 s and 60°C for 30 s, and a final 10-min elongation
step at 72°C. The level of rnpB was used as a loading control (25). The relative
mRNA level (normalized to the level of rmpB) of each specific transcript was
determined with the Bio-Rad software according to the 27*2¢T method (18).
The transcript level of wild-type cells at time point zero was set to 1. For the
correct calculation of transcript abundance, the PCR efficiency was determined
by dilution series with genomic DNA. Analyses were performed using triplicate
technical replicates from duplicate biological cultures. To determine melting
temperatures for the amplification products of the specific primers, the temper-
ature was raised after qRT-PCR from 65 to 95°C, and fluorescence was detected
continuously.

Microscopy of PHB granules. PHB granules in Synechocystis strain PCC 6803
cells were visualized by staining with the fluorescent dye Nile red (31). To 20 pl
of cell culture, 6.6 pl of Nile red solution (1 pg ml™'in ethanol) was added. Of
this mixture, 15 pl was dropped onto glass slides which had been covered with 1
ml of 2% agarose in H,O and dried. The cells were analyzed by fluorescence
microscopy using a Leica DM5500B microscope with a 100/1.30 oil immersion
objective lens (Leica Microsystems, Wetzlar, Germany) and a filter cube with
535/50-nm excitation and 610/75-nm suppression wavelengths. Pictures were
taken with a Leica DFC420 camera.

Fluorescence quantification. For the quantification of Nile red fluorescence,
180 pl of cells was stained with 20 .l of Nile red solution (1 wg ml~! in ethanol)
and fluorescence was measured by a fluorescence microplate reader (Infinite
200; Tecan) with an excitation wavelength of 530 nm and an emission wavelength
of 570 nm. Growth medium without cells containing Nile red was used as a blank.

Acetyl-CoA determination. Acetyl-CoA was determined by a coupled assay in
which the formation of oxaloacetate and NADH from malate and NAD was
coupled to the formation of citrate from oxaloacetate and acetyl-CoA (6). To
perform the assay, 50 ml of cell culture was harvested by centrifugation (4,000
rpm, 10 min, 4°C) and resuspended in 5 ml of 4 M perchloric acid. After 5 min
of incubation on ice, the sample was neutralized with KOH and adjusted to a pH
value between 6.3 and 6.7 with KHCOj. After centrifugation (4,000 rpm, 5 min,
4°C), the supernatant was freeze-dried and the residue was used for acetyl-CoA
determination. The samples were dissolved in 0.5 ml of H,O and mixed with
Tris-HCI (pH 8.1; final concentration, 200 mM), L-malate (final concentration,
2.5 mM), and NAD (final concentration, 1.5 mM) to give a final volume of 1 ml.
Then 5 pl of malate dehydrogenase was added (final concentration, 0.9 U/ml).
When the 433 was constant, the value was recorded (4,). After that, citrate
synthase was added (final concentration, 75 mU/ml) and the A339 (4,) was
determined when the absorbance was constant. The acetyl-CoA concentration
was calculated according to the equation ¢ = 0.325 X (4, — A,)/v, where ¢ is the
concentration of acetyl-CoA and v is the sample volume in the assay mixture.

Glycogen determination. Two milliliters of a bacterial culture with an OD-5 of
0.5 was harvested by centrifugation (2 min, 13,000 X g) and resuspended in 0.5
ml of BG11. . Ten microliters of 54% H,SO, was added to 200 wl of this
suspension, and the mixture was incubated for 20 min at 100°C. The reaction was
stopped by neutralization with 20 pl of 5 M NaOH. For the determination of
glucose (derived from acid hydrolysis of glycogen), 1 ml of o-toluidine reagent
(Sigma-Aldrich) (17) was added. After 3 min of incubation on ice, the 4435 was
measured and glucose was quantified with a glucose standard curve.

Enzyme assays. All steps for preparing cell extracts were performed at 4°C or
on ice. Cells of Synechocystis strain PCC 6803 and the s//0783 mutant were
harvested from nitrogen-limited or nitrogen-sufficient cultures by centrifugation
for 8 min at 4,000 X g. Then they were resuspended in lysis buffer (25 mM
Tris/HCI, pH 7.4, 50 mM KCI, 5 mM MgCl,, 0.5 mM EDTA) and disrupted in
a Fast-Prep24 apparatus (20 s, intensity setting of 6.5 M/s). Cell debris was
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removed by centrifugation at 1,000 X g for 1 min. The supernatant was centri-
fuged again at 20,000 X g for 30 min. The sediment was resuspended in 0.5 ml
of Tris/HCI, pH 7.4, and the protein concentration was quantified according to
Bradford (5).

Assay of PHB synthase activity was carried out as described previously (35).
The assay mixtures (200 pl) contained 20 pg of protein, 100 M bL-3-hydroxy-
butyryl-CoA, and 1 mM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) in 25 mM
Tris/HCI, pH 7.4, buffer with 20 mM MgCl,. The reaction mixtures were trans-
ferred to microplate wells, and the reaction was started by addition of the
substrate DL-3-hydroxybutyryl-CoA. The reaction was recorded in an EL808
microplate reader (BioTek) at a temperature setting of 30°C and the time course
of the change in A, (due to the reaction of the released CoA with DTNB) was
monitored for 5 min.

PHB content. Quantitative analysis of PHB content was done by high-perfor-
mance liquid chromatography (HPLC) analysis as described previously (33). At
different time points, 50- to 100-ml culture volumes were collected by centrifu-
gation (8 min, 4,000 X g, 4°C). The resulting cell pellets were dried overnight at
85°C and then weighed with an analytical balance (BP2110; Sartorius). The dry
pellets were boiled in 1 ml of concentrated H,SO, for 60 min, diluted with 1 ml
of 0.014 M H,SO,, and filtered through a polyvinylidene difluoride membrane.
Samples were then diluted 1:10 with 0.014 M H,SO, and analyzed by HPLC with
a ReproSil-Pur octyldecyl silane 3.5-um Cg column. Commercially available
PHB, processed in parallel with the samples, was used for quantification, and
crotonic acid was used as the standard for HPLC analysis.

RESULTS

Bioinformatic analyses of the sll0783 gene. Bioinformatic
analyses of the s/[0783 gene predict a product of 160 amino
acids with a mass of 17.64 kDa and a conserved DsrE domain
(pfam02635). It is a putative cytoplasmic soluble protein with-
out any signal sequences. A PSI-BLAST search showed that
homologous sequences occur in several unicellular, nondia-
zotrophic cyanobacteria and in a variety of Alpha-, Beta-, and
Gammaproteobacteria, as well as in some Gram-positive bac-
teria (see Supplement 1 in the supplemental material). To gain
further insights into the phylogeny of the s//0783 gene, a phy-
logenetic tree of the cyanobacterial s//0783 homologues was
compared with the 16S phylogeny of these organisms (see
Supplement 2 in the supplemental material). This comparison
reveals a remarkably similar phylogeny, suggesting early acqui-
sition of this gene during cyanobacterial evolution. Analysis of
the surrounding gene region revealed that this gene appears as
the first gene of a cluster which had been previously described
in the context of the following gene, sl[0784 (26). The sll0784
gene encodes a nitrilase which has already been characterized
biochemically (14). The genes in the cluster occur in the fol-
lowing order: (i) a hypothetical protein (s//0783), (ii) a nitrilase
(s110784), (iii) a radical S-adenosylmethionine superfamily
member (s/l0785), (iv) a potential acetyltransferase (s/[0786),
(v) an AIR synthase-related protein (s//0787), (vi) a hypothet-
ical protein (ss/I464), and (vii) a flavoprotein predicted to be
involved in K™ transport (s/r0801) (Fig. 1C). In cyanobacteria,
the latter gene is placed in front of the cluster on the opposite
strand. Interestingly, all heterotrophic bacteria containing this
gene cluster are able to produce PHB and/or can fix nitrogen.
In contrast, Synechocystis strain PCC 6803 is the only cyanobac-
terium containing this cluster which harbors PHB synthase
genes. Furthermore, all of the cyanobacteria containing this
cluster are unicellular and nondiazotrophic. The DNA se-
quences upstream of the cyanobacterial s//0783 homologues
contain perfect NtcA recognition sites (GTA-Ng-TAC), indi-
cating that their expression might be NtcA dependent (see
Supplement 3A in the supplemental material). Only in Syn-
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FIG. 1. Expression of sir0801 (black bars), s/[0783 (dotted bars),
and s/l0784 (dashed bars) in the Synechocystis strain PCC 6803 wild
type (A) and s/[0783 mutant (B) under nitrogen-deficient conditions.
Levels of mRNA were determined by qRT-PCR and normalized to the
mpB mRNA level. The value at time point zero (immediately before
nitrogen step down) was set to 1. For details, see Materials and Meth-
ods. (C) In-scale schematic representation of the s/[0783 gene cluster.

echocystis strain PCC 6803 does the upstream region of s//0783
display an imperfect NtcA recognition site (see Supplement 3
in the supplemental material) (2, 15).

Expression of sll0783 and surrounding genes. Beyond the
uncertain NtcA recognition site in front of s/[0783, in Synecho-
cystis strain PCC 6803, the intergenic region between sll0783
and the potential flavoprotein-encoding gene slr0801 has a size
of 465 bp, which is substantially larger than the corresponding
intergenic region in other cyanobacteria containing this gene
cluster. Therefore, it was necessary to determine experimen-
tally the location of the transcriptional start point of s//0783 to
reveal whether it matches the potential NtcA binding site. The
5" end of the s/[0783 transcript was determined by the 5" RACE
method (see Materials and Methods). The putative transcrip-
tional start point, as deduced from this experiment, is located
48 bp upstream of the predicted ATG start codon (see Sup-
plement 3B in the supplemental material). According to this
result, the promoter seems to be a noncanonical class I pro-
moter with a —35 site and a putative NtcA binding site 107 bp
upstream of the transcriptional start point (16).

The expression of s//0783 and its surrounding genes s/l0784
and slr0801 was determined by qRT-PCR in Synechocystis
strain PCC 6803 wild-type and s//0783 knockout mutant cells
(see Materials and Methods) grown under nitrate-replete con-
ditions and shifted to nitrate-depleted conditions. Under ni-
trate-replete conditions, the s/[0783, sll0784, and slr0801 genes
were only slightly expressed, whereas under nitrogen starvation
conditions, all three genes were highly induced after 6 h. Tran-
scripts of s//0783 and sll0784 increased about 250-fold and
200-fold, respectively, whereas slr0801 transcripts increased 30-
fold. During the course of nitrogen starvation, the expression
of these genes regressed again (Fig. 1A).

In the s/l0783 mutant, expression of s/r0801 was not impaired
in comparison to that in the wild type. The s/[0784 gene, down-
stream of s/[0783, was constitutively expressed (Fig. 1B) in the
mutant as a result of the insertion of a terminator-free, pro-
moter-carrying kanamycin resistance cassette in s//0783, driv-
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FIG. 2. Recovery of the Synechocystis strain PCC 6803 wild type
(filled squares) and s/[0783 mutant (open squares) from previous ni-
trogen starvation. Sodium nitrate (5 mM) was added to cells nitrogen
starved for 72 h. Over time, various parameters were determined.
(A) Growth of the wild type and the s//0783 mutant was followed by
measuring the OD5, of the cultures. (B) Changes in in vivo chloro-
phyll @ and phycobilisome quantities, as determined by difference
spectrum analysis. The change in A4, corresponds to chlorophyll a
(triangles), and the change in Ag;, corresponds to phycobiliproteins
(squares). Also shown are (C) glycogen content and (D) quantification
of Nile red fluorescence, indicating the PHB level.

ing transcription in the direction of the downstream (sll0784)
genes.

Recovery after nitrogen starvation. Under standard culture
conditions in nitrogen-replete BGllmedium, the mutant
showed no impairment of growth. Under nitrogen starvation,
pigmentation and photosynthetic activity decayed as fast as in
the wild type (data not shown). However, after the addition of
5 mM sodium nitrate to cells which had been starved for
combined nitrogen for 3 days, the s//0783 mutant was unable to
recover as fast as the wild type (Fig. 2A). Following the onset
of recovery, the mutant showed a prolonged lag phase com-
pared to the wild-type strain. The impairment of recovery was
clearly visible in the time course of chlorophyll a and phyco-
bilisome recovery (Fig. 2B). To further reveal the impaired
recovery of the mutant from nitrogen starvation, cells were
examined microscopically. Whereas intracellular granules
were visible in nitrogen-starved wild-type cells, these structures
were absent in the mutant. Staining of the cells with the lipo-
philic dye Nile red indicated that these were PHB granules
(Fig. 3D).

Impairment of the sll0783 mutant in PHB accumulation.
During normal cultivation with nitrogen-replete BG11 me-
dium, neither the wild type nor the s//0783 mutant accumulated
PHB granules (data not shown). After transfer to combined-
nitrogen-free medium, wild-type cells started to accumulate
PHB granules, as revealed by fluorescence microscopy of Nile
red-stained cells. Over time, the granule size and amount in-
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FIG. 3. Quantification of PHB content and the level of PHB pre-
cursor molecules during nitrogen starvation. (A) Spectroscopic quan-
tification of Nile red fluorescence in the wild type (filled squares) and
the s/[0783 mutant (open squares). (B) HPLC analysis of the PHB
content of the wild type (filled squares) and the s//0783 mutant (open
squares). (C) Acetyl-CoA quantification in the wild type (filled
squares) and the s//0783 mutant (open squares). (D) Fluorescence
microscopy of cells starved for nitrogen for 72 h and then stained with
Nile red.

creased. The s//0783 mutant initially started with the produc-
tion of PHB granules; however, the granules did not grow in
size and amount (Fig. 3D).

To quantify the microscopically visible difference in PHB
accumulation, the whole PHB content of the cells was deter-
mined by HPLC analysis (Fig. 3B). After 120 h of N starvation,
the wild type reached a PHB content of 5.7% (wt/wt, cell dry
weight) PHB, whereas the amount of PHB in the mutant was
about 10 times lower. Furthermore, the Nile red fluorescence
of the PHB granules was measured with a fluorescence spec-
trophotometer. The amount of fluorescence after 120 h of
nitrogen starvation was about five times lower in the sll0783
mutant than in the wild type (Fig. 3A) (the smaller difference
from the wild type compared to that shown by HPLC analysis
may be accounted for by the background Nile red fluorescence
of the membranes). To make sure that the reduced accumu-
lation of PHB in the s/l0783 mutant was not an indirect effect
of reduced CO, fixation or precursor limitation, the glycogen
and acetyl-CoA contents of the cells were determined. For
glycogen, there was no difference between the wild type and
the sll0783 mutant (data not shown). The level of acetyl-CoA
in the wild type only slightly increased during N starvation,
whereas in the mutant, the level almost doubled (Fig. 3C).
Therefore, the impaired PHB accumulation seen is not likely
to be a consequence of limitation of the precursor molecule
acetyl-CoA. This was further confirmed by the addition of
acetate to nitrate-starved cells, which did not restore PHB
accumulation in the sl[0783 mutant (data not shown).

To gain more insight into the impaired recovery of the mu-
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FIG. 4. Transcript abundance of the PHB synthesis genes in the
wild type (black bars) and the s//0783 mutant (spotted bars). Transcript
levels were determined by qRT-PCR with gene-specific primers. The
transcript levels of the wild type at time point zero were set to 1. All
values were normalized to the level of the reference gene rnpB. The
following four genes of the PHB synthesis pathway were examined:
(A) PHB synthase subunit one (sir1829), (B) PHB synthase subunit
two (slr1830), (C) B-ketothiolase (sir1993), and (D) acetoacetyl-CoA
reductase (slr1994).

tant from nitrogen starvation, the levels of PHB and glycogen
were analyzed during a recovery experiment. As shown in Fig.
2C, glycogen turnover was apparently not impaired in the
sl10783 mutant. Both the wild type and the s//0783 mutant
rapidly utilized glycogen in the first 12 h after the addition of
nitrogen and thereafter the glycogen level slightly increased
again (Fig. 2C). During the same period of time, the wild type
degraded the previously accumulated PHB reserves whereas
the mutant did not alter its low PHB content (Fig. 2D).

Expression of PHB genes. To evaluate the transcript abun-
dance of the four PHB synthesis genes, qRT-PCR with gene-
specific primers was performed (Fig. 4). In the wild type, all
four genes involved in PHB synthesis were expressed at low
levels under nitrogen-replete conditions. After 6 h of nitrogen
depletion, the transcript amounts of all four genes were ele-
vated. The highest induction was measured for acetoacetyl-
CoA reductase with 60-fold induction, whereas the genes for
PHB synthase showed 10-fold induction. In time, the transcript
abundance of these four genes decreased but remained above
the initial value.

In the s/l0783 mutant, the expression of these genes was
slightly different from that in the wild type. The mutant showed
a higher transcript abundance for all four PHB synthesis genes
under nitrogen-replete conditions. Following induction of ni-
trogen starvation, the transcript levels of all four genes were
transiently lower than in the wild-type strain, but during pro-
longed starvation, the transcript level of the acetoacetyl-CoA
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FIG. 5. Activation of PHB synthase following nitrogen step down.
Cells were transferred from nitrate-supplemented BG11 medium to
combined-nitrogen-free BG11_ medium, and PHB synthase activity
was measured in crude membrane fractions from cell lysates of the
Synechocystis strain PCC 6803 wild type (filled squares) and sll0783
mutant (open squares) during the course of nitrogen starvation.

reductase gene (slr/994) increased and surpassed the level in
the wild type (Fig. 4B).

PHB synthase activity. Critical evaluation of the data shown
above indicated that neither precursor deficiency nor deficient
expression of the PHB synthesis genes could explain the im-
paired PHB accumulation seen. Therefore, the activity of PHB
synthase was investigated. Wild-type cells grown in nitrate-
supplemented medium showed only very weak PHB synthase
activity. After the cells were shifted to nitrogen-depleted me-
dium, PHB synthase activity rose and reached a maximum
after 48 h. Over time, the activity decreased to 50% of the
maximal activity. Under nitrogen-sufficient conditions, the
sI10783 mutant, like the wild type, showed very low PHB syn-
thase activity. After the cells were shifted to nitrogen-depleted
conditions, the activity transiently increased after 24 h, but
already after 48 h of N starvation, the activity ceased and was
thereafter no longer detectable. This failure to maintain PHB
synthase activity matches the PHB-deficient phenotype of the
s10783 mutant (Fig. 5).

DISCUSSION

In this report, we describe a protein of unknown function
which is part of a cluster of seven genes. This cluster is scat-
tered throughout bacteria belonging to Proteobacteria, Acti-
nobacteria, and Cyanobacteria. The similarity of the phyloge-
netic relationships of cyanobacterial s//0783 homologues to the
corresponding phylogenetic relationships of the 16S rRNA
genes suggests that this gene cluster was probably acquired
early in cyanobacterial evolution but was maintained only in
those species that could take advantage of its functions. Strik-
ingly, almost all of the heterotrophic bacteria containing this
gene cluster are PHB producers and many of them are able to
fix nitrogen. This is in marked contrast to cyanobacteria, which
all are unicellular, nondiazotrophic organisms. However, there
is no clear common property of the habitats from which these
strains were isolated. The fact that Prochlorococcus marinus
MIT 9301 contains this gene cluster is remarkable: This strain
harbors the smallest genome of all known cyanobacteria due to
reductive evolution imposed by a static and extremely nutrient-
poor environment, causing the loss of dispensable genes (29).
Therefore, the s//0783 cluster must be of considerable selective
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advantage for this organism and is not likely to be a luxury
addition. The fortunate fact that the s//0783 mutant of Syn-
echocystis strain PCC6803 shows a robust phenotype allows us
to gain our first insights into the function of this gene cluster.

Microarray analyses of Synechocystis strain PCC 6803, which
were performed in the context of carbon dioxide utilization
and photorespiration, revealed that under CO,-limiting condi-
tions, the genes of this cluster are coherently repressed (9, 12).
In addition, microarray analyses of nitrogen-limited Synecho-
cystis strain PCC6803 cells showed that the entire gene cluster
is highly induced under nitrogen starvation. The appropriate
assumption that s//0783 and the downstream genes may form
an operon is corroborated by the transcript analysis of s//0783
and sll0784, which were shown here to be coexpressed. Fur-
thermore, their nitrogen starvation-induced transcription and
the identification of a transcriptional start site exhibiting an
imperfect NtcA site indicate that these genes may be regulated
by NtcA. This assumption is also in accord with the identifica-
tion of an S110783 homologous protein in Synechococcus strain
PCC 7942 which accumulates under conditions of nitrogen
starvation in an NtcA-dependent manner (1). Furthermore,
the conservation of NtcA recognition motifs in all of the in-
tergenic regions between the s//0783 and sir0801 homologues
in cyanobacteria indicates that the expression of this gene
cluster is controlled by NtcA.

In agreement with its nitrogen starvation-induced expres-
sion, the physiological function of s//0783 appears to be related
to nitrogen starvation acclimation, as suggested by the slower
recovery of the sll0783 mutant from nitrogen depletion (re-
vealed by pigment and cell density analysis). This mutant phe-
notype may be related to the reduced amount of PHB.
Whereas the wild type can use PHB as a source of carbon and
reductant for de novo synthesis of amino acids and pigment
molecules upon nitrate repletion, the mutant has to derive
these building blocks mostly from new CO, fixation. Appar-
ently, the efficient mobilization of glycogen in the mutant does
not compensate for the lack of PHB. This indicates that in
Synechocystis strain PCC 6803, PHB degradation yielding
acetyl-CoA may be more efficient in providing building blocks
for anabolic reactions than is glycogen degradation.

The absence of the s/[0783 product results in impaired PHB
accumulation in the course of nitrogen starvation, apparently
not because of a shortage of the PHB precursor molecule
acetyl-CoA but due to impaired PHB synthase activity. The
expression of the four genes required for PHB synthesis from
acetyl-CoA was far less impaired than the activity of the PHB
synthase enzyme, suggesting that regulation of the activity of
PHB synthase involves—directly or indirectly—the s/I0783
product. A kanamycin resistance cassette was integrated in the
s1l0783 gene in such a manner that the expression of the down-
stream genes was not knocked out in the mutant, as confirmed
by transcript analysis. Therefore, the pure absence of the
5110783 product is likely responsible for the observed pheno-
type. Since PHB synthase in the s//0783 mutant was active a
short time after the onset of nitrogen starvation but ceased
upon prolonged nitrogen starvation, the s//0783 product ap-
pears to be required to maintain PHB synthase in an active
state. However, knowledge of the regulation of PHB synthase
on the activity level is very limited, and therefore, it is unclear
how, precisely, the s//0783 gene product is involved in this
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process. Further studies are required to gain deeper insights
into the regulation of the Synechocystis strain PCC 6803 PHB
synthase, at the posttranscriptional level and in a wider per-
spective, to shed light on the function of the s//0783 gene
cluster in cyanobacteria, as well as in other bacterial groups.
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