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Inorganic phosphorus (P;) is one of the main growth-limiting factors of diazotrophic cyanobacteria. Due to human activity, the avail-
ability of P; has increased in water bodies, resulting in eutrophication and the formation of massive cyanobacterial blooms. In this
study, we examined the molecular responses of the cyanobacterium Anabaena sp. strain 90 to phosphorus deprivation, aiming at
the identification of candidate genes to monitor the P; status in cyanobacteria. Furthermore, this study increased the basic un-
derstanding of how phosphorus affects diazotrophic and bloom-forming cyanobacteria as a major growth-limiting factor. Based
on RNA sequencing data, we identified 246 differentially expressed genes after phosphorus starvation and 823 differentially ex-
pressed genes after prolonged P; limitation, most of them related to central metabolism and cellular growth. The transcripts of
the genes related to phosphorus transport and assimilation (pho regulon) were most upregulated during phosphorus depletion.
One of the most increased transcripts encodes a giant protein of 1,869 amino acid residues, which contains, among others, a phy-
tase-like domain. Our findings predict its crucial role in phosphorus starvation, but future studies are still needed. Using two-
dimensional difference in gel electrophoresis (2D-DIGE) and liquid chromatography-tandem mass spectrometry (LC-MS/MS),
we found 43 proteins that were differentially expressed after prolonged phosphorus stress. However, correlation analysis unrav-
eled an association only to some extent between the transcriptomic and proteomic abundances. Based on the present results, we

suggest that the method used for monitoring the P; status in cyanobacterial bloom should contain wider combinations of pho
regulon genes (e.g., PstABCS transport systems) in addition to the commonly used alkaline phosphatase gene alone.

N itrogen and phosphorus loading into aquatic ecosystems is a
global problem causing enhanced primary production of
photoautotrophic organisms (1-3). Among them, cyanobacteria
are major beneficiaries of turbid and eutrophic water. They em-
ploy numerous ecophysiological strategies such as the capability
for using various nutrient sources, gas vacuoles, photoprotective
pigments, and UV-absorbing compounds, which enable them to
survive and grow under eutrophic conditions and may lead to the
formation of harmful and toxic blooms (1, 4). The theory that
nutrient loading is a crucial factor causing harmful cyanobacterial
blooms is supported by numerous field and laboratory studies
showing that toxin production and growth rate both increase un-
der nutrient-replete conditions (2, 5-8).

The diazotrophic Anabaena is one of the most common bloom-
forming cyanobacterial genera in freshwater and brackish-water
ecosystems, alongside Microcystis and Nodularia, respectively (4,
9), and some strains are capable of producing the following toxins:
microcystins, anatoxin-a, anatoxin-a(S), and saxitoxins (4, 10).
The ecology of these cyanobacteria thus deserves more attention.
The ability to fix nitrogen gives diazotrophic cyanobacteria an
advantage in surviving in nitrogen-depleted environments, and
thus inorganic phosphorus (P;), the major phosphorus source ex-
ploited by cyanobacteria, plays a key role in limiting the growth of
diazotrophic cyanobacteria, alongside macronutrients and trace
elements (1, 11). In eutrophic water systems, cyanobacteria are
limited by P;, especially during dense summer blooms (11). High-
affinity P; transporter systems PstABCS, similar to those in Esch-
erichia coli, were found in numerous cyanobacteria and enable
phosphorus uptake over a wide range of concentrations (12). In
addition, several cyanobacterial genomes encode phosphorus ac-
quisition and assimilation mechanisms for alternative phospho-
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rus sources, such as organic phosphate, phosphonate, and phos-
phites (13—18), but the complete functioning of these mechanisms
is still unclear (19).

Anabaena sp. strain 90 (here Anabaena 90) was isolated in 1987
from a toxic cyanobacterial bloom in Lake Vesijarvi, Finland (20).
The strain produces many nonribosomally and ribosomally syn-
thesized bioactive compounds, including hepatotoxic microcystin
(20-27). The genome of Anabaena 90 contains two pstABCS oper-
ons and genes for several enzymes recognized as phosphonate
transporters and phosphatases, leading us to the hypothesis that
the strain may be capable of using various phosphorus sources
(27). Furthermore, two-component regulatory systems, including
the genes phoR, phoS and phoU (28), which are responsible for the
regulation of phosphorus transport and acquisition, have also
been recognized in the genome of Anabaena 90 (27).

The genomic variability of phosphorus acquisition genes is
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wide among cyanobacteria, and it was hypothesized that the re-
sponses to phosphorus starvation differ among strains (29). The
effects of phosphorus stress on single-cell cyanobacteria, such as
Prochlorococcus strains MIT9312, NATL2A, and SS120, Syn-
echococystis sp. strains PCC 6803 and PCC 6714, Microcystis
aeruginosa, and Synechococcus sp. strains WH 8102 and PCC 7002,
have been surveyed only to some extent (5, 6, 30-35). Transcrip-
tomic or proteomic studies with toxic, heterocystous freshwater
or brackish-water cyanobacteria related to phosphorus stress
have, as far as we know, not yet been performed. In this study, we
investigated how short-term phosphorus starvation followed by
prolonged depletion affected the transcriptome and proteome of
Anabaena 90. In addition, to gain fundamental insight into the P;
stress response, we aimed at the identification of specific marker
genes for various phosphorus concentrations that are suitable for
development of a monitoring method to follow the P; status in
cyanobacterial blooms.

MATERIALS AND METHODS

Growth experiment and sampling. Hepatotoxic Anabaena 90 belongs to
the University of Helsinki culture collection (HAMBI, UHCC). The strain
was isolated in 1987 from Lake Vesijirvi, Finland (20), purified axenic,
and cultured in Z8 medium with 17.1 mg/liter of phosphate (PO,>”) and
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nitrogen free (Z8X medium) at room temperature under continuous il-
lumination (36). In this study, Anabaena 90 was grown in six replicates in
tissue culture flasks containing 130 ml of Z8X medium at 20°C and illu-
mination of 8.4 to 12.9 umol photons m ™~ %s ™ '. When the cultures reached
an optical density at 750 nm (OD,5,) of 0.8, the cells were pooled, har-
vested, and transferred to culture flasks containing 120 ml of fresh mod-
ified Z8X without phosphate to let the cells utilize accumulated polyphos-
phate gathered while growing in P;-replete medium (Fig. 1A). After 6 days
in phosphate-free medium, the cells were harvested again and divided into
two culture flasks containing 120 ml of Z8X medium with 0.16 mg/liter of
phosphate and another containing Z8X medium with 17.1 mg/liter of
phosphate, which is the original concentration of phosphate in Z8X me-
dium. The cells were further cultured for 4 days.

During the experiment, the chlorophyll a concentration was measured
every second day by collecting cells from 1 ml of culture, followed by
methanol extraction at 65°C for 10 min (Fig. 1B; see also Fig. S1 in the
supplemental material). The chlorophyll a concentration was measured at
665 nm. Samples for RNA sequencing (RNA-Seq) analysis were collected
from three biological replicates (bottles 1 to 3) on day 0 (control) and after
growing the cells for 5 h in nonphosphate medium (5hNP), 6 days in
nonphosphate medium (6dNP), and 4 days in high-phosphate medium
(4dHP) or 4 days in low-phosphate medium (4dLP) (Fig. 1). The cells
were harvested by centrifugation at 4°C for 8 min at 7,000 X g. Immedi-
ately after being harvested, the cells were frozen in liquid nitrogen and
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stored at —80°C. For the proteomic analysis, cells from three biological
replicates (bottles 1 to 3) were collected by centrifugation on day 0 and
6dNP, 4dLP, and 4dHP. The pellet was resuspended in washing buffer (50
mM HEPES, 30 mM CaCl,-NaOH [pH 7.5]). After washing twice, the
cells were stored at —80°C.

RNA preparation and analysis by SOLiD. Total RNA was extracted
using the Ambion RiboPure-Bacteria kit (Life Technologies, Thermo
Fisher Scientific Inc., Waltham, MA) with the following modifications.
Cells were broken in RNAwiz-solution in MatrixE tubes (MP Biomedi-
cals, Santa Ana, CA) by FastPrep (FastPrep-24; MP Biomedicals) for 40 s
at a speed of 5 m s~ '. Total RNA was extracted into the water phase by
adding 0.4 volume of chloroform to the supernatant. DNA was digested
with RQ1 DNase (Promega Corp., Fitchburg, WI), and total RNA was
purified by phenol-chloroform extraction and ethanol precipitation.
RNA was extracted from total RNA using the MICROBExpress bacterial
mRNA enrichment kit (Life Technologies) and following the manufac-
turer’s instructions. Cyanobacterium-specific oligonucleotides (unpub-
lished; Oligomer) replaced half the amount of oligonucleotides provided
with the kit to obtain the best results for removal of rRNA. Appropriate
removal of rRNA and the quality of RNA were ensured by gel electropho-
resis and Bioanalyzer (Agilent Technologies, Santa Clara, CA) with the
RNA 6000 Nano kit (Agilent Technologies). The cDNA libraries were
synthesized by the Ovation RNA-Seq System V2 (NuGEN Technologies
Inc., San Carlos, CA). Sequencing by oligonucleotide ligation and detec-
tion (SOLiD) cDNA sequencing was carried out in the DNA Sequencing
and Genomics Laboratory, Institute of Biotechnology, University of Hel-
sinki.

RNA-Seq data analysis. The SOLiD data were mapped with the short-
read mapper segemehl using default parameters (37). Reads per feature
were counted, using HTseq counts in the intersection-nonempty mode
(38). Regions of continuous coverage not overlapping with annotated
genes were also used as features for the HTseq counts to include small
RNA (sRNA) candidates in the analysis. Differentially expressed genes
were detected by pairwise comparison of each condition’s libraries with
the log-phase libraries using DESeq2 (39). For the differential expression
analyses, all technical replicates were combined and outliers were replaced
by the trimmed mean of the nonoutlier libraries. The RNA-Seq data were
filtered with cutoff values of =0.05 for P and =1 or = —1 for base two
logarithmic fold change (log,FC) (see Table S2 in the supplemental ma-
terial). The differentially expressed genes were divided manually into
functional categories, using the published list of functional categories of
Anabaena 90 genes (27) based on the Comprehensive Microbial Re-
sources (CMR) database (see Tables S3 to S6 in the supplemental mate-
rial).

Protein extraction and quantitation. The cells were homogenized
with glass beads in lysis buffer [7 M urea, 2 M thiourea, 4% (wt/vol)
3(3-cholaminopropyl diethylammonio)-1-propane sulfonate (CHAPS),
20 mM dithiothreitol (DTT)] by shaking with FastPrep (FastPrep-24; MP
Biomedicals). The cell debris and glass beads were separated from the
soluble proteins by centrifuging the sample at + 4°C for 30 min at
18,000 X g. The protein sample was purified by trichloroacetic acid
(TCA)-acetone precipitation (10% TCA [wt/vol] and 20 mM DTT in
acetone), and the centrifuged proteins were washed twice with 20 mM
DTT in acetone. The air-dried protein pellet was dissolved in lysis buffer,
and the protein concentration was determined, using a 2-D Quant kit (GE
Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) accord-
ing to the manufacturer’s instructions.

Two-dimensional difference in gel electrophoresis (2D-DIGE). The
protein samples were labeled with an Amersham CyDye DIGE fluor min-
imal labeling kit (GE Healthcare) by following the manufacturer’s in-
structions. For the internal standard, equal amounts of protein samples
were pooled and treated in a manner similar to other samples. Before
labeling, the pH of each protein sample was adjusted to 8 to 9 by the
addition of 100 mM NaOH or 100 mM HCI. For isoelectric focusing
(IEF), the pooled protein samples were cup-loaded at the anodic end of
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the overnight-rehydrated Immobiline dry strip gels, 24 cm, nonlinear
(NL) pH gradient 3 to 7 (GE Healthcare). IEF was performed with the
IPGphor system (GE Healthcare) at 20°C and a current of 75 pA per strip.
The following voltages were applied: during the first 3 h, 150 V, and
during the next 3 h, 300 V followed by a linear increase to 1,000 V over 6
h and from 1,000 to 10,000 V within the next hour. During the last 5 h, the
voltage was held at 10,000 V, achieving a total running time of 18 h.

For the second-dimension separation, sodium dodecyl sulfate poly-
acrylamide gels (12% and 1.0 mm) were cast between low-fluorescent
glass plates, enabling accurate imaging of fluorescent dyes. Prior to a sec-
ond-dimension run, the IEF strips were incubated in equilibration buffers
(6 M urea, 2% [wt/vol] SDS, 50 mM Tris [pH 8.8], 0.02% bromophenol
blue, 30% [vol/vol] glycerol) for 15 min with buffer A containing 5 g of
DTT/liter and for another 15 min with buffer B containing 12.5 g of
iodoacetamide (IAA)/liter. Electrophoresis in the second dimension was
performed overnight at 25 mA and 1.5 W per gel. Water circulation at 4°C
was used for cooling the apparatus.

Imaging and image analysis. A typhoon scanner (GE Healthcare) was
used for gel imaging. The gels were scanned three times with band-pass
and wavelengths of 520 nm for Cy2, 580 nm for Cy3, and 670 nm for Cy5.
The photomultiplier tube (PMT) voltages were assessed individually to
every label for every gel so that the maximal difference between scanning
values in one gel was less than 15%. A 100 wm pixel size was used for
scanning. The gel images were analyzed with DeCyder 7.0 software, and
the Cy2 channel was selected as a standard. The images were cropped
manually to the same size, and the edges were rejected. Spot searching and
matching against a master gel were performed automatically and verified
manually. The differentially expressed protein spots were detected by one-
way analysis of variance (ANOVA) and the Student  test. Proteins with P
values less than 0.05 were chosen for further analysis.

Peptide mass fingerprinting and peptide identification. Selected pro-
tein spots were cut from silver-stained and dried gels, and in-gel trypsin di-
gestion was carried out, as described earlier (40, 41). The gel pieces were
rehydrated in 100 mM NH,HCO; and rinsed twice with acetonitrile, fol-
lowed by freeze-drying in a vacuum centrifuge. Trypsin (0.02 pg/pl; Pro-
mega) was added to the gel pieces until they swelled and became covered with
the liquid, and in-gel digestion was carried out overnight in a shaker at 37°C.
The peptides were extracted using pure 10% formic acid (HCOOH) and 50%
ACN-10% HCOOH solutions and lyophilized. The dried peptides were dis-
solved in 6 pl of 2% HCOOH and subjected to liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) analyses.

Peptides originating from intensive spots were analyzed with a QSTAR
Elite mass spectrometer (Applied Biosystems [Life Technologies]/MDS
Sciex, Concord, Ontario, Canada) connected in-line with an Ultimate
3000 high-performance liquid chromatography (HPLC) system (Dionex
Corp., Sunnyvale, CA). The peptides were separated on a C, ¢ precolumn
(5 by 0.3 mm, PepMap C,4; LC Packings B.V. [Dionex|, Amsterdam, The
Netherlands), and a C, 4 nanocolumn (15 cm by 75 wm, Magic 5 pm, 200
A, C, g Michrom BioResources Inc., Sacramento, CA), as described earlier
(42), with the exception of a linear 40-min gradient from 2% to 40%
solvent B that was used in this study. The peptides originating from low-
intensity spots were analyzed with a QExactive mass spectrometer
(Thermo Scientific, Waltham, MA) and connected in-line with an Easy-
nLC HPLC system (Thermo Scientific). The peptides were separated on a
C,g precolumn and a C, ¢ nanocolumn with the characteristics described
above using the separation protocol described in reference 42.

Data obtained with LC-MS/MS were analyzed using the in-house
Mascot (Matrix Science, London, United Kingdom) server and the data-
base of annotated Anabaena 90 proteins, supplemented with a list of com-
mon laboratory contaminants. During searches, carbamidomethylation
of cysteine was used as a fixed modification and oxidation of methionine
as a variable modification. One trypsin miscleavage was allowed. The pa-
rameters for mass tolerance were 50 ppm (peptides) and 0.01 Da (frag-
ments) for the QSTAR Elite results and 5 ppm (peptides) and 0.02 Da
(fragments) for the QExactive.
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RNA sequencing data accession numbers. All sequenced used in this
study were sent to NCBI Sequence Read Archive under BioProject acces-
sion number PRINA276792.

RESULTS AND DISCUSSION

Overview of the transcriptomic results. More than 155 million
(71.8%) of the sequenced reads were mapped to the annotated
Anabaena 90 genome, and 4,527 of the 4,739 protein-encoding
genes had at least one mapped read (see Table S1 in the supple-
mental material). The relatively high number of unmapped reads
was analyzed in more detail to investigate possible culture con-
taminations. With the blastn search against the NCBI nucleotide
database, a more sensitive approach was chosen compared to
mapping by segemehl. Over 83% of the best hits were assigned to
Anabaena sp. strain 90, while no significant signs of contamina-
tion could be identified. More than half of the annotated genes
without mapped reads belonged to the excision elements splitting
genes nifH and nifD of the nif operon (27). These elements are lost
from the developing heterocysts by homologous recombination
on initiation of dinitrogen fixation, and obviously these genes
were also silent in vegetative cells. The rest of the genes without
sequenced reads were mainly annotated to transposable and
phage elements and were not transcribed under the conditions
tested. Applying the cutoff values of =<0.05 for Pand =1 or =—1
for log,FC, a total of 34 genes in 5ShNP, 246 in 6dNP, 823 in 4dLP
and 156 in 4dHP were differentially expressed, compared with the
cells in the logarithmic growth phase (day 0) (Fig. 2; see also Ta-
bles S3 to S6 in the supplemental material). Only a minor variation
in the transcriptome patterns after 5 h of starvation in P;-free
medium (5hNP) was observed, representing exploitation of the
polyphosphate storages, and thus, the cells were not yet starved by
P; (Fig. 2A; see also Table S3). Furthermore, considerably less dif-
ferentially expressed genes were observed after 6 days of incuba-
tion in P;-free medium (Fig. 2B; see also Table S4) than at the next
sampling point (4dLP) (Fig. 2C; see also Table S5). Based on this,
we assumed that the polyphosphate storages, which were esti-
mated to be sufficient from two to four cell divisions (43), were
not completely used in 6dNP. On the other hand, the small
amount of P; added was insufficient for growth, due to the starva-
tion period, and thus, further changes in the transcriptomic level
were seen in 4dLP. In spite of the same P; concentration in the
medium as in the control and 4dHP, a surprisingly higher number
of differentially expressed genes was identified in 4dHP than in the
control (Fig. 2D; see also Table S6). This may have been due to the
denser culture on day 0, causing self-shading and forcing cells
already to prepare for the stationary growth phase.

All genes with statistically significant differentially expressed
transcripts were divided into categories according to their func-
tional roles (27). Similar to that in previously reported studies
with single-cell cyanobacteria such as Synechococcus, Microcystis,
and Prochlorococcus (6, 31, 32, 44), phosphorus depletion in our
study seemed to drive the culture to the stationary phase by reduc-
ing the expression of the genes related to central metabolism, pho-
tosynthetic apparatus, transcription, and translation. If culturing
had lasted longer, as in the preliminary experiment (see Fig. S1 in
the supplemental material), a lower chlorophyll a concentration
than in the high-phosphorus culture and yellowish coloration of
the starved culture could have most likely been seen. In turn, spe-
cific responses to phosphorus depletion were seen as an increased
expression of the phosphorus acquisition systems.
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Phosphorus transport and assimilation, nitrate/sulfonate
ABC transporter. The genes involved in the P; transport system
are well studied, not only for E. coli (12) but also for model cya-
nobacteria (28). P; uptake occurs through a PstABCS transporter
that is regulated by the two-component system with phosphory-
lation and dephosphorylation of PhoB and PhoR or their ortho-
logues SphS and SphR (28). A third enzyme participating in the
regulatory system is the putative negative regulator PhoU (or
SphU), whose function is only partially resolved. The same two-
component system also regulates the transport and assimilation of
organic phosphorus sources and some other genes, e.g., photosyn-
thesis and carbon fixation in cyanobacteria (16, 28). The activa-
tion of the above-described pho regulon was long believed to be a
specific response in phosphorus acclimation, but a recent study
showed that this particular regulon can also be activated at high
cell densities of Synechococcus sp. PCC 7002 (31).

The genome of Anabaena 90 contains two closely located oper-
ons encoding two PstABCS transporter systems (ANA_C11755-
ANA_C11758 and ANA_CI11763-ANA_CI11766) (27). One of
these pstABCS operons was highly upregulated, while the other
seemed to be unresponsive (Table 1). A similar difference between
pstABCS operons was also observed in a previous study of P; ac-
quisition by Prochlorococcus (29), suggesting an unknown regula-
tory system and function of this unresponsive pstABCS operon.
No variations in the expression of the well-known regulatory ele-
ments phoB, phoR, and phoU (ANA_C12727-ANA_C12729) were
found in this study, indicating that the protein amounts were rel-
atively stable under all conditions examined and that the regula-
tory function is mainly based on the phosphorylation state of these
proteins (28).

The genome sequence of Anabaena 90 indicates that the strain
is also capable of transporting and assimilating organic phospho-
rus sources (27). The putative phosphatase (ANA_C10776) was
almost 39-fold more highly transcribed in 4dLP than in the con-
trol (day 0), representing one of the most upregulated genes under
low-phosphorus conditions. This particular gene was also signif-
icantly upregulated in 6dNP. Furthermore, two other phospha-
tase genes were annotated from the Anabaena 90 genome. The
putative metallo-dependent phosphatase (ANA_C11412) showed
a 2-fold increased transcription, but the alkaline phosphatase
(ANA_C13296) was only slightly upregulated during phosphorus
depletion. The expression levels of these genes under phosphorus
depletion show that ANA_C10776 is mainly responsible for deg-
radation of organic phosphorus sources and the other two phos-
phatases are less valuable for this purpose, which is in accordance
with previous studies of other cyanobacteria (6, 19). Interestingly,
three genes that are involved in phosphonate transport (ANA_
C12412 to ANA_C12414) were downregulated under phosphorus
depletion. In Escherichia coli, Pseudomonas stutzeri, and the cya-
nobacterium Trichodesmium, the phosphonate gene cluster con-
sists of 10 to 14 genes (45, 46). From the genome of Anabaena 90,
only three genes of the phn gene cluster were annotated (27), pos-
sibly indicating alternative functions of these particular genes.
Moreover, downregulation of phn-genes gives a hint that these
genes are not under the pho-regulatory system.

A strong decrease in the putative nitrate/sulfonate ABC trans-
porter system (ANA_20529-ANA_C20532) was identified in
4dLP and may imply that this regulation releases more space on
the cell membranes for the use of phosphorus transport proteins.
Interestingly, this ABC transporter was more than 2-fold upregu-
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lated in 6dNP. At this time point cells were growing fast and im-
port of nutrients was highly induced. In turn, the growth rate in
4dLP was arrested, and the cells were even more strongly starved
by phosphorus, which led them to reconstruct their cell envelopes,
omitting a number of nonessential molecules and replacing these
with phosphorus transporter and assimilation complexes.
Expression of gene clusters of nonribosomal peptides. Nu-
trient limitation causes lower production of bioactive com-
pounds among cyanobacteria (6-8), and thus, a closer exami-
nation of the expression of the genes encoding nonribosomal
peptide synthetase (NRPS) peptides was carried out. Surpris-
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ingly, under low-phosphate conditions (4dLP), increased
abundance of many transcripts belonging to the microcystin,
anabaenopeptin, anabaenopeptilide, and hassallidin gene clus-
ters were identified, but the expressions of these genes were
strongly downregulated in 6dNP (see Tables S4 and S5 in the
supplemental material). For instance, 7 out of 10 genes from
the microcystin gene cluster were slightly or significantly up-
regulated in 4dLP, and only transcripts of mcyF and mcy] were
more abundant in 4dHP than in 4dLP (Fig. 3). The production
pathway of NRPS is complicated, and our results gives a hint
that regulation takes place at a level other than transcriptomics;
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TABLE 1 Expression of the genes related to phosphorus transport and assimilation

Log, fold change
Protein Gene Annotation 5hNP 6dNP 3dLP 3dHP Comment
Inorganic P transporters
PstS ANA_C10330 ABC-type phosphate transport system protein 0.126 0.720 —0.216 —0.211
ANA_C11755 Phosphate ABC transporter phosphate-binding periplasmic protein —0.548 3.127 3.859 —2.453
ANA_C11763 Phosphate ABC transporter phosphate-binding periplasmic protein 0.046 0.199 0.531 0.212
ANA_CI12513 Hypothetical protein 0.077 0.017 0.231 0.245
ANA_C13130 Phosphate binding protein —0.179 —0.394 0.336 0.059
ANA_C13210 Periplasmic binding protein of ABC-type phosphate transporter —0.262 0.126 0.415 —0.012
PstC ANA_C11756 Phosphate ABC transporter permease protein PstC —0.523 2.986 4.246 —1.235
ANA_Cl11764 Phosphate ABC transporter permease protein PstC —0.201 —0.231 —0.082 —0.261
PstA ANA_C11757 Phosphate ABC transporter permease protein PstA —0.114 1.498 3.017 —0.476
ANA_C11765 Phosphate ABC transporter permease protein PstA —0.261 0.063 0.041 —0.408
ANA_C11758 Phosphate ABC transporter ATP-binding protein 0.139 1.560 2.501 0.286
ANA_C11766 Phosphate ABC transporter ATP-binding protein —0.330 —0.144 0.049 —0.200
Phosphonate transporters
PhnD ANA_Cl12414 Phosphonate-binding periplasmic protein —2.111 —2.066 —2.877 —0.847
ANA_Cl12412 Phosphonate ABC transporter permease protein 0.091 0.454 0.438 0.393
PhnC ANA_C12413  ABC transporter-like protein —1.107 —0.746 —1.109 0.036
Degradation of organic
P sources
ANA_C10735 Hypothetical protein —0.046 2.416 4.529 0.186 Contains phytase-like domain
ANA_C10776 Putative phosphatase —0.226 3.031 5.273 —0.124
ANA_Cl11412 Putative metallo-dependent phosphatase 0.075 0.105 1.036 0.006
ANA_C13296 Alkaline phosphatase —0.423 0.042 0.573 —0.211
P storage and degradation of
P polymers
ANA_C10060 Polyphosphate kinase —0.207 0.354 0.177 —0.539
ANA_C12455 Polyphosphate kinase 2 0.230 0.659 0.637 0.475
ANA_C13783 Inorganic pyrophosphatase —0.392 —0.029 0.390 0.663
Others
ANA_C10291 Phosphate transport protein —0.366 —0.219 —0.579 —0.371
ANA_C11088 Phosphate ABC transporter ATP-binding protein 0.058 0.195 0.571 —0.032
ANA_C11754 Hypothetical protein 0.278 1.189 2.011 0.417 Operon structure with
ANA_C11755-ANAC_11758
P regulation
ANA_C12727 Phosphate regulon transcriptional regulator PhoB —0.485 —0.076 —0.942 —0.066
ANA_C12728 Phosphate regulon histidine kinase PhoR 0.166 —0.132 0.011 —0.426
ANA_CI12729 Phosphate transport regulatory protein PhoU 0.437 —0.020 0.908 —0.264
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FIG 3 Expression of the genes in the microcystin gene cluster. Most of the genes were upregulated under prolonged phosphorus stress, giving a hint that
regulation of microcystin production happens on some level other than the transcriptomic level. The asterisks indicate significant changes in the transcription

level compared with the control condition (P < 0.05).

thus, production of these compounds cannot be estimated by
quantifying the mRNA of certain genes or gene clusters.

Central metabolism. In addition to the specific acclimation
processes, general stress responses can be observed in cyanobac-
teria under nutrient depletion (6, 31). Under nutrient stress, the
cells reduce their energy demand by decreasing the activity of the
central metabolism (glycolysis, pentose phosphate pathway, gly-
cogenesis, and carbon fixation) and photosynthesis apparatus (5,
6, 47). The yellow-green coloration caused by the loss of photo-
synthesis pigments (bleaching or chlorosis) can clearly be seen
within a few days, but changes on the molecular level are detect-
able even within a few hours (6, 47). Additionally, under nutrient
deprivation, more prudent metabolic pathways (e.g., the pentose
phosphate pathway) are favored by the induction of the key genes
in a particular route (5, 48). It was also suggested that under ni-
trogen deprivation, the pentose phosphate pathway responds to
power minimization in the cells, instead of reducing the activity of
the photosynthetic apparatus (48).

The photosynthetic apparatus of Anabaena 90 consists of pho-
tosystems I and II, cytochrome b¢/f, electron transporters, F-type
ATPases, and the phycobilisomes, the light harvesting complexes,
containing allophycocyanins and phycocyanins (27). In the cur-
rent study, the expression of genes involved in photosystems I and
I as well as in the electron transport machinery and photopig-
ment biosynthesis was reduced in 6dNP and even more strongly in
4dLP (Fig. 4). The reduced transcription and protein levels of
the ribulose-bisphosphate carboxylase small and large subunits
(ANA_C11377 and ANA_C11339), the key enzymes in the Cal-
vin-Benson cycle, implement a strong reduction in carbon fixa-
tion activity. In contrast, the expression of genes participating in
the pentose phosphate pathway was also arrested, which further
supports lower carbohydrate production. In addition, many genes
participating in glycolysis and gluconeogenesis were less tran-
scribed, which is in line with several previously reported responses
to various nutrient stressors (6). The most often described general
responses in nutrient stress are a reduced expression of ribosomal
proteins and a global reduction in translation and transcription
(e.g., reference 6). Lower expression of the genes participating in
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these molecular functions was found in both 6dNP and 4dLP, and
the results strongly denote arrested growth under these conditions
(Fig. 4).

Expression patterns of hypothetical proteins. Hypothetical
proteins and proteins with unknown function are widely abun-
dant among cyanobacterial genome annotations, representing the
relatively incomplete knowledge of the metabolism and molecular
structure of cyanobacteria (13, 27). In this study, we found 5
(5hNP), 11 (6dNP), and 19 (4dLP) proteins with unknown func-
tion with more than 4-fold transcriptional changes compared
with the controls (log,FC >2 or <—2; P = 0.05). The hypothetical
protein ANA_C10735 was the third most upregulated gene in
4dLP, and a significant increase was already observed in 6dNP.
The BLAST search revealed that this giant protein of 1896 amino-
acid residues is a unique protein in GenBank, but it contains sev-
eral domains recognized from other organisms, mainly filamen-
tous cyanobacteria. The protein contains a phytase like domain
that participates in P; cleavage from organic phosphorus com-
pounds called phytic acids and also, several Ca-Na exchangers,
6-fold beta propeller segments and one domain found in proteins
participating in transport and uptake (Table 1). The other protein,
significantly upregulated under phosphorus depletion, was the
hypothetical protein (ANA_C11754). A protein domain search
did not lead to the identification of conserved domains in
ANA_CI11754, but the expression pattern of this gene indicates
that it constitutes most likely an operon structure with a highly
induced P; transporter (ANA_C11755-ANA_C11758) and is reg-
ulated by the pho regulon. The function and putative role of these
two proteins under phosphorus stress need to be investigated fur-
ther but it is difficult with the strain used since it has turned out to
be recalcitrant for genetic manipulation.

The three most downregulated genes in 4dLP (ANA_C13795 to
ANA_C13797) were annotated as corresponding to hypothetical
proteins, while the fourth most downregulated gene, which was
identified as the serralysin-like metalloprotease (ANA_C13798),
is located next to ANA_C13797. The expression profile of these
four genes suggests that they belong to the same operon. The pu-
tative operon was already strongly repressed in 5ShNP and further
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FIG 4 Number of differentially expressed genes participating in central metabolism. The growth was arrested under prolonged phosphorus stress by down-

regulating the expression of the genes participating in central metabolism.

in 6dNP. Among the three hypothetical proteins (corresponding
to ANA_C13795 to ANA_C13797) mentioned above, no con-
served domains were found and only those correspondingto ANA _
C13795 and ANA_C13796 had homologues among other cyano-
bacteria. Due to the operon structure expected, we speculate that
the three hypothetical proteins may be linked to a protease func-
tion encoded by ANA_C13798.

Differentially expressed intergenic regions under P;-de-
pleted conditions. Intergenic regions may give rise to sSRNAs, an-
other type of important regulatory factors with an important role
in physiological adaption and as a driver of interstrain divergence
in bacteria, including cyanobacteria (33, 34, 49-51). Studies of the
filamentous and nitrogen-fixing cyanobacterium Nodularia spu-
migena CCY9414 genome and its acclimation to stress conditions
point further sSRNAs crucial role in cell functioning, especially in
gene expression regulation (13, 52). Due to their importance as
regulatory factors, we searched intergenic regions differentially
expressed under phosphorus deprivation conditions. We found 6
putative intergenic regions that were differentially expressed in
the experiment, and most of them seemed not to be conserved
among cyanobacteria (Table 2). In addition, we identified one

sRNA that originated from an unannotated gene. This transcript
actually turned out to be the RNA component of RNase P, and the
gene should be called rnpB (Table 2). These examples clearly con-
firm that noncoding transcripts can be identified with this ap-
proach.

Proteomic analysis. After transcriptome analysis, we per-
formed a 2D-DIGE proteomic study to determine the response of
Anabaena 90 to phosphorus limitation at the protein level. We
detected differential regulation for 56 gel spots with a P value of
=0.05 (Fig. 5) and further analyzed these with LC-MS/MS. A total
of 43 proteins could be classified and analyzed further, of which
five were identified in two different isoforms (see Table S7 in the
supplemental material). Similar regulation of transcripts and pro-
teins was only to some extent recognized (Pearson’s correlation,
0.75), although 14 out of 38 genes were significantly downregu-
lated at both the transcriptome and proteome levels in 4dLP. Since
a weak correlation between the expression patterns of transcrip-
tomes and proteomes is commonly known, this finding was not
surprising.

Eighteen identified proteins showed upregulation in 4dLP. The
expressions of two different carbohydrate-selective porins (corre-

TABLE 2 Putative differentially expressed nonencoding regions under phosphorus deprivation

Log, fold change
Locus Feature identifier Length (bp) 5hNP 6dNP 4dLP 4dHP Comments
chANAO1 nc_chANAO1_508088 319 —0.48 =(0),19) —1.06 —0.60
chANAO1 nc_chANAO1_546813 470 —0.09 —0.14 —2.23 —0.75 Multiple copies in both chromosomes
chANAO1 nc_chANAO01_2756830 279 —0.01 0.06 —2.10 —0.03
chANAO1 nc_chANAO01_3690757 273 —0.49 0.54 —1.33 —0.11
chANAO2 nc_chANA02_535694 401 —0.12 0.82 —1.46 0.48 RNase P RNA (rnpB gene)
chANAO2 nc_chANAO02_648543 299 —0.60 0.02 —1.27 —0.45 Partial homologue on Chr 1 379896 to 379813
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FIG 5 Significantly differentially expressed proteins (P = 0.05, ANOVA) during the experiment. A heat map shows the relative abundance of 47 identified
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downregulated; in contrast, stress-related proteins are upregulated, representing general stress response of the bacteria. Pearson’s correlation factor between

transcriptomics and proteomics results was 0.75.

sponding to ANA_C13263 and ANA_C12730), as well as that of
the polysaccharide capsule biosynthesis protein CapD (ANA_
C12487), were increased under phosphorus stress. Increased poly-
saccharide production was also on the basis of the slimier compo-
sition of the samples during RNA and protein extraction, as well as
at the transcriptome level by increased transcription of several
glycosyltransferase genes (see Tables S4 and S5). In general, many
different stressors (e.g., salinity, light, and temperature) increase
exopolysaccharide concentrations in cyanobacterial cells, and it
has also suggested that unbalance in N/C/P ratio caused by nutri-
ent limitation triggers this phenomenon to ensure the proper
functioning of photosynthetic apparatus (53). Thus, increased
amount of polysaccharides seems to be an important response to
phosphorus starvation in heterocystous Anabaena sp. 90 cyano-
bacteria. A general response to starvation was indicated by an
increased abundance of amino acid hydrolases (corresponding to
ANA_C10014 and ANA_C20500), together with the outer mem-
brane efflux protein (corresponding to ANA_C13747) and acety-
lornithine aminotransferase (corresponding to ANA_C11005).
Moreover, we found three upregulated proteins of unknown
function and one hypothetical protein whose role under phospho-
rus stress remains unclear. In contrast, the expression of 20 pro-
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teins was decreased under prolonged phosphorus starvation
(4dLP), including 8 proteins related to protein synthesis and 7
related to central energy metabolism. The protein with the
highest fold change in this experiment was ribulose-bisphos-
phate carboxylase small chain (relative fold change was —1.99
in 4dLP). This is well in line with the strong repression detected
at the transcriptome level, giving further evidence for the
strong downregulation of the Calvin-Benson cycle under phos-
phorus depletion. Other downregulated proteins identified in
this study were related to amino acid biosynthesis (ANA_
C11005 and ANA_C12965) and protochlorophyllide reductase
(ANA_C12004). The findings were well consistent with tran-
scriptome analysis and with previously published phosphorus
acclimation proteomics studies of Prochlorococcus and Syn-
echocystis sp. PCC 6803 (5, 30) and reflect the universal stress
response of cyanobacteria.

Since the response to phosphorus stress is, at least to some
extent, species specific (29), further studies are necessary to vali-
date the suitability of the marker genes that can be reasonably used
for environmental monitoring. The currently used method, fol-
lowing the activity of alkaline phosphatase or quantifying the tran-
script abundance of this particular gene by quantitative PCR
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(qPCR) alone, may not be sufficient as markers to monitor the
status of P; in cyanobacterial blooms. Based on this and on previ-
ously published studies (6, 44), a wider range of genes from the
pho regulon should be used as markers to improve the adequacy of
the previously used method. In this study, we also identified pu-
tative genes that are differentially expressed under phosphorus
depletion, but their role in the phosphorus response among cya-
nobacteria is still unclear. Hence, we suggest that the role and
function of these genes need to be resolved and their suitability for
monitoring purposes needs to be evaluated. In addition, a time-
consuming and costly proteomic approach is poorly suitable for
monitoring the environmental P; status. However, the method
provides valuable clues toward a basic understanding of organism
behavior under various environmental conditions, which we still
have limited knowledge about concerning cyanobacteria.
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