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Abstract

The rpoZ gene encodes the small ® subunit of RNA polymerase. A ArpoZ strain of the cyanobacterium Synechocystis sp. PCC
6803 grew well in standard conditions (constant illumination at 40 pmol photons m~2 s~ ; 32°C; ambient CO,) but was heat
sensitive and died at 40°C. In the control strain, 71 genes were at least two-fold up-regulated and 91 genes down-regulated
after a 24-h treatment at 40°C, while in ArpoZ 394 genes responded to heat. Only 62 of these heat-responsive genes were
similarly regulated in both strains, and 80% of heat-responsive genes were unique for ArpoZ. The RNA polymerase core and
the primary o factor SigA were down-regulated in the control strain at 40°C but not in ArpoZ. In accordance with reduced
RNA polymerase content, the total RNA content of mild-heat-stress-treated cells was lower in the control strain than in
ArpoZ. Light-saturated photosynthetic activity decreased more in ArpoZ than in the control strain upon mild heat stress.
The amounts of photosystem Il and rubisco decreased at 40°C in both strains while PSI and the phycobilisome antenna
protein allophycocyanin remained at the same level as in standard conditions. The phycobilisome rod proteins,
phycocyanins, diminished during the heat treatment in ArpoZ but not in the control strain, and the nblA7 and nblA2 genes
(encode NbIA proteins required for phycobilisome degradation) were up-regulated only in ArpoZ. Our results show that the
o subunit of RNAP is essential in heat stress because it is required for heat acclimation of diverse cellular processes.
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Introduction chaperone for the B’ subunit [11], suggesting that the ® subunit
has a similar role as the essential eukaryotic RPB6 subunit of

DNA-dependent RNA - polymerases (RNAPs) - catalyze  the RNAP [12]. We have recently shown that in the ArpoZ strain of
transcription of genetic information from DNA to RNA. The gy, 00cystis, recruitment of the primary o factor, SigA, by the
core of the multi-subunit RNAP is conserved throughout all RNAP core occurs less frequently than in the control strain, and as

cellular life forms [1]. The RNAP core of the majority of consequence, many highly expressed genes are down-regulated
cubacteria, contains a catalytic center consisting of B and P’ in ArpoZ [10]

subunits [2], two identical o subunits that enhance transcription
efficiency and participate in promoter recognition [3], and a small
® subunit. In cyanobacteria, however, the RNAP core consists of
six subunits because B’ has been split into two parts, an N-terminal
vy subunit and a C-terminal B’ subunit [4]. For promoter
recognition and transcription initiation, the bacterial RNAP core
recruits a G factor. Bacteria encode one essential primary & factor
and varying number non-essential & factors [5]. Different ©
factors favor different promoters thus orchestrating the transcrip-
tional efficiencies of different genes.

The ® subunit of the RNAP core is encoded by the rpoZ gene.
Knock out strains of the ® subunit have been constructed in the
proteobacterium Escherichia coli [6], the actinobacteria Mycobac-
terium smegmatis [7], Streptomyces coelicolor [8] and Streptomyces
kasugaensis [9], and in the cyanobacterium Synechocystis sp. PCC
6803 [10], indicating that 7poZ is not an essential gene. Studies in
E. coli have revealed that the ® subunit acts as a molecular

The optimum temperature for Synechocystis is 30-32°C but cells
grow for a few days even at 43°C [13-15]. Pretreatment of
Synechocystis cells in mild heat stress leads to acquired thermo-
tolerance allowing survival in otherwise lethal temperatures up to
50°C [16-18]. Photosynthesis is a heat-sensitive process [19], and
photosystem II (PSII) is the most vulnerable component, for which
it takes hours to fully acclimate to an elevated temperature [20].
Transcriptomics and proteomics studies have revealed that heat
treatment induces expression of many heat shock genes and
numerous genes with unknown functions [20,21].

Previous studies have shown that group 2 & factors play roles in
acclimation to elevated temperatures. The group 2 o factor gene
sigB is rapidly up-regulated upon a heat shock [22,23] and the
SigB factor, in turn, up-regulates especially the expression of the
small heat shock protein HspA [14] and some other heat shock
proteins [24]. Although SigC does not regulate heat shock genes, it

PLOS ONE | www.plosone.org 1 November 2014 | Volume 9 | Issue 11 | e112599


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0112599&domain=pdf

is essential for heat acclimation processes as it is important for
sustained functional photosynthesis in elevated temperatures
[15,25]. Upstream of the o factors in the signaling cascades are
histidine kinases (Hiks). For heat stress, Hik34 has been recognized
as an important regulator, negatively controlling the expression of
some heat shock genes like the htpG gene and the groESLI operon
[26]. Furthermore the CIRCE/HrcA system has been shown to
regulate the expression of some heat shock genes including the
groESLI operon and the groEL2 gene [27].

In the present study, the ® subunit of the RNAP core was found
to be essential for the survival of cells even under mild heat stress.
The results show that mild heat treatment at 40°C induces
decrease of the RNAP content in the control strain but not in the
ArpoZ strain. Furthermore, twice as many genes responded to
heat treatment in ArpoZ than in the control strain (CS), and 80%
of the heat-responsive genes were unique to ArpoZ. Mild heat
stress induced reduction of light-saturated photosynthetic activity
in both strains but this reduction was more prominent in ArpoZ
than in CS. According to our results, many aspects of heat
acclimation occurred differently in ArpoZ than in CS, and a
combination of inappropriate responses in several cellular
functions, rather than a deficiency in the expression of a single
gene or operon, was the reason for the heat lethal phenotype of
ArpoZ.

Results and Discussion

The ArpoZ strain has difficulties in acclimation to
elevated temperature

In our standard growth conditions, continuous light at the
photosynthetic photon flux density (PPFD) of 40 umol m % s~ !,
and 32°C, the ArpoZ strain grows like CS [10]. At 40°C, CS
grows essentially like it grows at 32°C (Fig. 1A), the doubling times
during the first day being 11.6=0.2 h (Fig. 1) and 11.4%0.3 h [10]
at 40°C and 32°C, respectively. The ArpoZ strain grew more
slowly than CS during the first day at 40°C (Fig. 1A), with a
doubling time of 18.5%£2.0 h. A survival test indicated that the
ArpoZ strain contained only 3.5x10%%0.4x10? colony forming
units (CFUs) after 24-h growth at 40°C while CS contained almost
a hundred thousand times more CFUs, 3.4x107%0.1x10".
Transfer of cells back to the standard conditions did not rescue
ArpoZ cells after two days of incubation at 40°C, but cells died.
The initial growth of ArpoZ was slow at 38°C, with the doubling
times for the first day of 12.10.3 h and 15.2%0.8 h for CS and
ArpoZ, respectively (Fig. 1B). At 38°C, however, the ArpoZ cells
were able to acclimate, and similar doubling times, 25.4*0.5 h for
CS and 25.2%1.6 h for ArpoZ, were measured after the second
day (Fig. 1B). The ArpoZ+rpoZ strain, in which the 7poZ gene has
been re-introduced to the genome under the strong psbA2
promoter [10], grew similarly as CS at 40°C (Fig. 1A). This
indicates that the heat-sensitive phenotype of ArpoZ is due to the
lack of the ® subunit.

A DNA microarray analysis in standard conditions revealed that
many genes involved in carbon concentrating mechanisms (CCM)
and carbon fixation are down-regulated in the ArpoZ strain
compared to CS [10]. Because temperature rise decreases the
availability of inorganic carbon (the equilibrium concentration of
dissolved COy at 40°C is only 82% of that at 32°C), we tested if
growth can be rescued by improving the availability of soluble
inorganic carbon by increasing the pH of the growth medium to
8.3. Alkaline conditions have been previously shown to rescue
many mutants with deficiencies in carbon metabolism. The
growth of the heat-sensitive ¢ factor mutant AsigC can be rescued
by improving the availability of soluble inorganic carbon at 43°C
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Figure 1. Growth of the control strain (CS; black circles), the
ArpoZ strain (white squares), and a complementation strain
ArpoZ+rpoZ (white triangles) in mild heat stress. Cells were
grown at 40°C under continuous illumination of 40 umol photons
m 257" in BG-11 medium buffered with 20 mM Hepes, pH 7.5 (A), at
38°C, pH 7.5 (B) or at 40°C, pH 8.3 (C). At least three independent
biological replicates were measured, and the error bars, shown if larger
than the symbol, denote standard error of the mean (SEM).
doi:10.1371/journal.pone.0112599.9001

by rising the pH of the growth medium from 7.5 to 8.3 [15,25].
Furthermore, Synechocystis strains ANdhB, lacking a functional
NAD(P)H dehydrogenase complex, and ANdhD3/NdhD4, with
an inactivated COy uptake system, are able to grow at pH 8.3, but
not at pH 7.5 [28], and even a mutant deficient of the main
carboxysome operon can be grown in alkaline conditions [29]. In
contrast to mutants with deficiencies in carbon concentrating
mechanisms, the growth of ArpoZ cells at 40°C: was not rescued at
pH 8.3 (Fig. 1C), indicating that the heat-lethal phenotype of
ArpoZ is probably not only caused by deficiencies in CCM. The
growth rates of CS and ArpoZ were 10.6+0.2 h and 11.2+0.3 h,
respectively, when cells were grown in BG-11 medium without
added bicarbonate in standard conditions, confirming that ArpoZ
cells are able to cope with low carbon conditions. Furthermore, the
similarity of the growth rates in the presence and absence of added
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bicarbonate suggest that the bicarbonate addition to BG-11 has a
negligible effect on the inorganic carbon content of the medium in
growth experiments performed under ambient air.

Since ArpoZ survived only for a limited time at 40°C, all
subsequent experiments were done by growing cells first in
standard conditions to OD739~1, and then transferring the cells to
40°C for 24 h. The 24-h heat treatment was selected because
drastic difference between growth of mutant and CS was obvious
after the first 24-h (Fig. 1A). Both strains grew during the 24-h
treatment at 40°C. (OD73 increased from 1.0 to 1.5 in CS and to
1.4 in ArpoZ, respectively), suggesting that dense ArpoZ cultures
might tolerate high temperature better than dilute cultures.

Comparison of gene expression of the control and ArpoZ
strains at 40°C

To get a more comprehensive picture on why ArpoZ is not able
to acclimate to mild heat stress, gene expression changes were
studied by DNA microarray analysis. For DNA microarray
analysis, CS and ArpoZ were grown in standard conditions and
then treated at 40°C for 24 h before RNA was isolated. In
addition, the results from standard growth conditions [10] were
used as controls. All microarray data are available in GEO
(accessions GSE59451). In the control strain, 71 genes were at
least two-fold up-regulated upon heat treatment and 91 genes were
down-regulated to one half or less (Fig. 2A). Complete lists of up-
regulated (Table S1) and down-regulated (Table S2) genes in CS
are included as supplemental material. In ArpoZ, the heat
treatment induced up-regulation of 200 genes (Fig. 2A, Table
S3) and down-regulation of 194 genes (Fig. 2A, Table S4). Thus,
2.4 times more genes responded to mild heat treatment in the
mutant strain than in CS (Fig. 2A).

The differentially expressed genes were assigned to functional
categories according to Cyanobase (Fig. 2B), and a heat map was
constructed to further facilitate comparison between strains
(Fig. 3). The heat map includes genes that were up or down
regulated upon mild heat stress in ArpoZ, in CS or both, and in
addition transcript levels of these heat-responsive genes were
compared in ArpoZ and CS in standard growth conditions. All
results included in Fig. 3 are collected in Table S5.

Only 33 genes were down-regulated upon mild heat-treatment
in both strains (Fig. 2A, Table S6). Nearly 40% of them encode
hypothetical or unknown proteins (Fig. 2B, Table S6); genes with
an assigned name are included in Fig. 2A. For the genes with
known function, the decrease in the expression of the desB gene,
encoding an acyl-lipid desaturase, is most probably an acclimation
response compensating for temperature-induced increase in
membrane fluidity. Up-regulation of the desB gene in low
temperatures and adjustment of lipid saturation are well known
responses to low and high temperature [30,31]. The heat shock
genes have been shown to be rapidly but only transiently up-
regulated upon heat shock [21]. Up-regulation of heat shock genes
typically occurs within minutes and transcripts disappear during
the first hours of heat treatment. Accordingly, none of the heat
shock genes was up-regulated after a 24-h treatment at 40°C. The
hspA gene was up-regulated in ArpoZ in standard conditions [10]
but this difference between the strains disappeared after the mild
heat treatment. The groES heat shock gene was down-regulated in
both strains and in addition the htpG heat shock gene was down-
regulated in CS (Table S2) and the dnaj heat shock gene was
down-regulated in ArpoZ (Table S4). In addition to heat shock
proteins, some other proteins have been suggested to affect heat
responses. The ¢lpBI gene encoding a protease, and slr1674 (a
hypothetical protein) have shown to affect rapid heat responses,
whereas hik34 (encoding a histidine kinase) and hypA1 (encoding a
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hydrogenase formation protein) affect sustained thermotolerance
of PSII, and ¢pcC2 (encoding a phycobilisome rod linker
polypeptide) is essential for both responses [32]. The slr1674,
hypAI and clpB1 genes were up-regulated in ArpoZ compared to
CS at 40°C, whereas ¢pcC2 was 1.5 fold down-regulated.

The vast majority of genes up-regulated upon a mild heat
treatment in the control or ArpoZ strains belonged to functional
categories hypothetical or unknown (IFigs. 2B and 3, Table S6).
The other large group of up-regulated genes was transport and
binding proteins comprising 20 and 21 genes in CS and ArpoZ,
respectively (Figs. 2B and 3). Many of them, including ammoni-
um/methylammonium permeases, ABC-type basic amino acid
and glutamine transporter, a permease protein for urea transport-
er and a manganese transporter (Table S6), were up-regulated in
both strains. However, some transporters were up-regulated in one
strain only, like nitrate/nitrite transporter genes, which were
among the most highly up-regulated genes in ArpoZ, but were not
up-regulated in CS. Some other differences in central nitrogen
metabolism genes were detected in addition. The nblAl and
nblA2 genes encoding phycobilisome degradation proteins [33,34]
were up-regulated only in ArpoZ while ginB, encoding the
nitrogen metabolism regulator protein PII [35], was up-regulated
only in CS. Interestingly, Rre37, controlling some sugar catabo-
lism genes in parallel with SigE mainly during nitrogen starvation
[36], was up-regulated upon heat stress in both strains, but up-
regulation of its target genes glgP and glgX was only detected in
ArpoZ. Differential regulation of several genes involved in
nitrogen metabolism may suggest that acclimation of nitrogen
metabolism to elevated temperature fails to occur normally in
ArpoZ.

Seven genes showed opposite expression change in ArpoZ and
CS upon mild heat stress. Five genes were down-regulated in
ArpoZ and up-regulated in CS, but only one of these genes, trmD
encoding tRNA (guanine-N1-)-methyltransferase, has an assigned
function (Fig. 2A). On the other hand, two genes were up-
regulated in ArpoZ and down-regulated CS; these genes were
gcvP encoding glycine dehydrogenase and ccmR, which encodes a
repressor protein regulating many genes involved in carbon
concentrating mechanisms [37]. In standard growth conditions,
the cemR gene is down-regulated simultaneously with the down-
regulation of its target genes and operons [10] indicating complex
regulation of carbon concentrating mechanisms in ArpoZ.

According to DNA microarray results, more than 80% that
showed up or down regulation in ArpoZ did not respond similarly
to a mild heat treatment in CS (Fig. 2A). Up-regulation of
photosynthetic and respiratory genes was more common in ArpoZ
than in GS (Figs. 2B and 3). Furthermore, many genes for
biosynthesis of amino acids and cofactors, prosthetic groups and
carriers were up-regulated upon heat stress in ArpoZ strain but
only few in CS (Fig. 2B).

Although ArpoZ grew well in standard conditions, the DNA
microarray analysis revealed that 187 genes were at least two-fold
up-regulated and 212 genes down-regulated in ArpoZ cells
compared to CS in standard growth conditions [10]. Our next
question was whether the genes showing different response to
mild-heat treatment in ArpoZ and CS were similarly or differently
expressed in the standard conditions. The heat map reveals that
numerous genes up-regulated upon heat stress in ArpoZ were
actually down-regulated in ArpoZ compared to CS in standard
conditions (Fig. 3). For example, genes encoding NADH dehy-
drogenase subunits that were shown to be down-regulated in
ArpoZ in standard conditions [10] were up-regulated in ArpoZ
upon heat treatment but not in CS (Fig. 3). Furthermore, many
genes that were down-regulated upon mild heat stress in ArpoZ
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Figure 2. Genes responding to mild heat stress in the control (CS) or ArpoZ strains. (A) The Venn diagram shows genes down-regulated or
up-regulated in ArpoZ or CS upon 24-h treatment at 40°C. The gene was considered as differently regulated if log, of the fold change was =—1 or =
1 and the P value was <0.05. The numbers inside the sectors indicate the numbers of overlapping and unique genes in different pairwise
comparisons. Genes with known function that are down-regulated or up-regulated in both strains upon heat treatment are indicated, and also genes
showing opposite response to heat treatment in the studied strains are included if their function is known. (B) Distribution of mild heat stress
responsive genes to functional categories according to Cyanobase.

doi:10.1371/journal.pone.0112599.g002

were found to be up-regulated in ArpoZ compared to CS in  RNA polymerase and total RNA contents decrease in mild
standard conditions (Fig. 3). In standard conditions we showed heat stress more in CS than in ArpoZ
that recruitment of the primary o factor SigA occurs less

- ) ; ) Next we analyzed the RNAP content of cells in mild heat stress.
frequently in ArpoZ than in CS, which leads to down-regulation

. ’ : . The cells were grown under standard conditions and then
of many highly expressed genes in ArpoZ [10]. The physiological transferred to 40°C for 2, 6 or 24 h. Western blots showed a

experiments using group 2 © factor mutant strains have revealed clear decrease of RNAP during the high temperature treatment in

lhal. Sig].?» and SigC factors are imporlan.t for high temperature CS; after one day treatment, cells had lost 45% of the RNAP core
acclimation responses [14,15,25] and thus is tempting to speculate subunits o and B (Fig. 4AB). On the contrary, the ArpoZ strain

that the ® subunit not only affects the recruitment of SigA but also lost less than 10% of RNAP core subunits o and B (Fig. 4AB). In
the recruitment of the other ¢ factors.
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Figure 3. Comparison of heat stress responsive genes in CS
and ArpoZ. The left panel shows genes whose expression was at least
two-fold up-regulated or down-regulated either in the control or ArpoZ
strains or both upon heat treatment when the gene expression was
compared to the expression of the same strain under standard growth
conditions, and in addition gene expression of ArpoZ and CS were
compared in standard growth conditions. The heat maps show log, fold
change values (P<<0.05) on the scale from —2 (blue) to 2 (red); values
bigger than 2 are also shown in red and values smaller than —2 are
blue. If the P value was =0.05, the fold change was given the value 0.
Genes were arranged to categories according to Cyanobase, letters on
the left indicating the same categories as in Fig. 2B. On the right,
magnification of differently regulated genes in photosynthesis (top),
regulatory functions (middle), and transport and binding proteins
(bottom) is shown.

doi:10.1371/journal.pone.0112599.g003

addition, the amount of the primary & factor, SigA, decreased in
heat stress; after 24-h heat treatment 45% and 17% of SigA was
lost in CS and ArpoZ, respectively (Fig. 4C). The ® subunit
decreased similarly in CS as the other RNAP core subunits
(Fig. 4D). In accordance with decrease of RNAP in CS, the total
RNA content of CS cells decreased from 1.2 pg/ml in cultures
with OD750=1 [10] to 0.8 pg/ml after a 24-h treatment at 40°C
(Fig. 4E). In the ArpoZ strain, the RNA content was similar as in
CS in standard conditions [10]. The RNA content of ArpoZ
decreased only 17% during the 24-h heat treatment (Fig. 4E)
suggesting that the higher RNAP content of ArpoZ keeps
transcription in ArpoZ more active than in CS in mild heat
stress. However, the stability of transcripts is known to vary
according to environmental cues [38] and we cannot rule out the
possibility that the RNA contents of CS and ArpoZ are affected by
RNA stability at high temperatures.

More than 90% of the total RNA in cells consists of rRNA, and
analysis of total RNA by agarose gel electrophoresis revealed that
the rRNA content of CS was lower than that of the ArpoZ strain
(Fig. 4E). In E.coli, severe heat stress has shown to disturb
ribosome assembly [39] and on the other hand, ribosomes form
inactive 100S dimers when cells enter a non-growth mode in
stationary phase [40,41]. In our mild heat stress conditions, CS
grew as well as in standard conditions, indicating that translation
remained fully active although the rRNA content of the cells
decreased. Increase in temperature speeds up enzyme reactions
and a lower amount of ribosomes might provide fully active
translation in a slightly elevated temperature. In the case of ArpoZ,
further experiment are required to find out whether a high rRNA
content directly affects ribosome content and whether all
ribosomes are translationally active or not.

We used total RNA samples in DNA microarray analysis, and
the decrease in the RNA content of the cells during mild heat
stress might affect the DNA microarray results, as we do not know
whether the mRNA/rRNA ratio remained similar in all samples.
However, overall signal intensities in the DNA microarray raw
data did not reveal any systematic differences between the
treatments or the strains, suggesting that the mRNA/rRNA ratio
was not drastically different between samples. The method used
for data normalization was found to be important when time series
samples were analyzed [42]; in pairwise comparisons, performed
in the present study, the quantile method is regularly used.

Photosynthetic capacity of ArpoZ decreased in mild heat
stress

Photosynthesis is known to be a heat sensitive process. A 60-min
heat treatment at 42°C was shown to reduce photosynthetic
activity by 15% [43], and many parts of photosynthetic reactions,
including carbon fixation by Rubisco and photosynthetic light
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Figure 4. Contents of RNA polymerase and RNA in mild heat
stress in the control and ArpoZ strains. Total proteins were
isolated after 0, 2, 4 and 24 h treatments at 40°C, samples containing
50 ug of protein were separated with SDS-PAGE, and the amounts of
the o (A), B (B), SigA (C) and o (D) subunits of RNAP were determined by
western blotting. (E) Total RNA content of cells after 24-h heat
treatment. Total RNA content in 1-mL sample (ODy30=1) of CS (black
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Each result represents the mean of three biological replicates and the
error bars denote SEM. A 5-ul sample of isolated RNA was separated in
1.2% agarose gel and stained with ethidium bromide to visualize rRNA.
doi:10.1371/journal.pone.0112599.g004

reactions, especially the oxygen evolving complex of PSIIL, are
known to be heat sensitive [44]. As many genes belonging to the
category ‘‘photosynthesis and respiration”, showed differential
response to heat in CS and ArpoZ (Figs. 2B and 3), we studied the
acclimation of the photosynthetic machinery. To measure heat-
induced changes, cells were grown in standard conditions and
thereafter treated at 40°C for 24 h under constant illumination,
PPFD 40 pmol m™ 2 s™!

We detected the amounts of different photosynthetic complexes
during the 24-h treatment at 40°C with western blotting. A clear
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decrease of PSII (measured using an antibody against the PSII
core protein CP43) and 10 to 15% decrease of Rubisco (measured
using an antibody against RbcL)) occurred in both strains (Figs. 5A
and 5B), while the PSI content (antibody against PSI reaction
center protein PsaB) remained at the same level as in standard
growth conditions (Fig. 5C). In CS, the phycobilisome antenna
proteins phycocyanin and allophycocyanin remained constant
during the 24-h heat treatment at 40°C (Figs. 5D and 5E).
However, in ArpoZ the phycocyanin content of the cells decreased
(Fig. 5D) although allophycocyanin (Fig. 5E) remained at the same
level as in the control conditions. Interestingly, heat treatment
induced up-regulation of the nblA1 and nblA2 genes (encoding the
phycobilisome degradation proteins NbIA1 and NbIA2, respec-
tively) in ArpoZ but not in CS (Fig. 3). NbIA1 and NbIA2 proteins
form a heterodimer [33] that acts as an adaptor guiding the Clp
protease to phycobilisomes [45]. These findings suggest that up-
regulation of NbIA proteins in ArpoZ upon heat stress induces
degradation of phycobilisome rods that consist of phycocyanin.
After the 24-h treatment at 40°C, the light-saturated photosyn-
thetic activity of CS, measured by oxygen evolution, was 92% of
that measured in standard conditions (Fig. 6). In standard
conditions, light-saturated photosynthetic activity of ArpoZ was
circa 20% lower than in CS (Fig. 6A) and it further decreased in
mild heat stress being only 68% of that measured in CS after 24-h
treatment at 40°C (Fig. 6). The light-saturated PSII activities of
the cells grown in mild heat stress, measured using a quinone
electron acceptor, were 2.02+0.08 and 1.38%+0.16 pmol Oy/
OD7350/h in the control and ArpoZ strains, respectively, indicating
that PSII of the ArpoZ strain was vulnerable to heat-treatment.

Conclusions

The heat-lethal phenotype of ArpoZ strain emphasizes the view
that the small ® subunit of RNAP is an important core polypeptide
although cells can survive without it in optimal laboratory
conditions. The total RNA content of the cells remains higher in
ArpoZ than in CS during heat stress, and therefore the heat-lethal
phenotype of ArpoZ is probably not caused by a decrease in active
RNAP due to the proposed chaperone-like activity of the ®
subunit. Instead, our data suggest that numerous heat acclimation
processes malfunction in ArpoZ. As summarized in Fig. 7, these
acclimation processes include adjustment of transcription, photo-
synthesis and nitrogen metabolism. Gene expression respond
differently in ArpoZ and CS, and the data indicate that the small
o subunit affects expression of specific genes not only in standard
growth conditions but also during heat stress.

Materials and Methods

Strains, growth conditions and growth measurements
The glucose tolerant control strain of Synechocystis sp. PCC
6803 [46], the ® subunit inactivation strain ArpoZ and the
complementation strain ArpoZ+rpoZ [10] were grown in BG-11
medium supplemented with 20 mM Hepes pH 7.5. The OD734 of
liquid cultures was set to 0.1 (0.35 pg of chlorophyll (Chl) a/ml),
and the cells were grown (30 ml of cell culture in a 100-ml
Erlenmeyer flask) at 32°C, 38°C or 40°C in air level COy under
constant illumination at the PPFD of 40 pmol m %s™' and
shaking at 90 rpm. In some experiments, as indicated, BG-11
medium was supplemented with 20 mM Hepes, pH 8.3. Samples
of dense cultures were diluted with BG-11 before the optical
density was measured, so that OD73o did not exceed 0.4, and the
dilutions were taken into account when the final results were
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Figure 5. Changes in photosynthetic proteins during 24-h
treatment at 40°C in CS and ArpoZ. Total proteins were isolated
after 0, 2, 4 and 24 h treatments at 40°C, and solubilized proteins were
separated with SDS-PAGE. The PSII core protein CP43 (A), the large RbcL
subunit of Rubisco (B), PSI reaction center protein PsaB (C), and
phycobilisome proteins phycocyanin (D) and allophycocyanin (E) were
detected by western blotting with specific antibodies. Total proteins
loaded were 5 ug in A and C, 10 pwin B and 1.6 pug in D and E. Each bar
shows the mean of three biological replicates and the error bars denote
SEM.

doi:10.1371/journal.pone.0112599.9005

calculated. All measurements were conducted on at least three
independent biological replicates.

Survival rates at 40°C

OD73¢ was set to 0.1, and cells were grown at 40°C for 24 h.
The ODy39 was measured, cells were diluted with fresh BG-11
medium to OD759=0.1. Then culture was serially diluted to 1:10,
1:100, 1:1000 and 1:10 000; and twenty drops containing 10 ul of
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Figure 6. Acclimation of photosynthesis to mild heat stress in
CS and ArpoZ. Light-saturated photosynthetic activity of CS and
ArpoZ was measured in the standard growth conditions at 32°C and
after 24-h of high temperature treatment at 40°C with a Clark type
oxygen electrode. The results are means of three biological replicates
and the error bars denote SEM.
doi:10.1371/journal.pone.0112599.g006

the dilutions were spotted onto BG-11 plates. Plates were grown in
standard conditions for one week, the colonies were counted and
CFUs were calculated as CFUs/1-ml cell culture with
OD7 30 — 0.1.

DNA microarray analysis

For DNA microarray studies, OD-5, was set to 0.1, and the cells
were grown in standard growth conditions for three days. Then
the samples from standard conditions (OD750=1, 40 ml) were
harvested by centrifugation at 4500 g for 6 min at 4°C in pre-
cooled centrifuge tubes [10] or cells were treated at 40°C under
continuous illumination, PPFD 40 umol m~2 s~ ", for 24 h before
harvest. The RNA was isolated using the hot-phenol method as
described in [47], and further purified with RNeasy Mini Kit
(Qiagen) to remove DNA contaminations. A 8x15 K custom
Synechocystis sp. PCC 6803 array (Agilent) was used in microarray
experiments [48], and hybridizations and data collection were
done as described previously [49]. The data were normalized
using the quantile method and the t-test was used to identify
differentially expressed genes. A gene was considered differentially
regulated if logy of the fold change was =1 (at least two-fold up-
regulated) or =—1 (down-regulated to one half or less) and P<
0.05. Gene expression data were visualized with a heat map drawn
with the open source software Multiple Experiment Viewer [50].

Total RNA content of the cells

Cells were first grown in standard growth conditions and then
treated at 40°C  under continuous illumination, PPFD
40 pmol m™2s™', for 24 h before harvest. Total RNA was
1solated with the hot-phenol method [47] from 1-ml of cell culture
with OD730=1, and suspended in 12 pl of water. RNA
concentration was measured with NanoDrop spectrophotometer
and RNAS were visualized by running 5-pl samples on 1.2%
agarose gels and staining the gels with ethidium bromide.

Western blotting

Cells (25 ml; OD7350=1; 3.5 ug Chl @/ml) were harvested from
standard growth conditions, or treated at 40°C under continuous
illumination (PPFD 40 pmol m™ 2 s™") for 2, 6, or 24 h before
harvesting. Total proteins were isolated as described previously
[51]. Protein samples containing 1.6 pg (allophycocyanin, phyco-
cyanin), 5 pg (CP43), 10 pg (PsaB, Rubisco), 20 pg (the o subunit)
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or 50 pg (o, B, and SigA subunits of RNAP) of total proteins were
solubilized for 10 min at 75°C and separated by 10% NEXT GEL
SDS-PAGE (Amresco) according to the manufacturer’s instruc-
tions.
(Millipore). Antibodies against allophycocyanin of Porphyridium
cruentum (AS08 277), CP43 of Arabidopsis thaliana (AS11 1787),
PsaB of Arabidopsis thaliana (AS10 695), phycocyanin of
Porphyridium cruentum (AS08 278), and RbcL (AS03 037), and
custom polyclonal antibodies recognizing o, B, ® and SigA
subunits of Synechocystis RNAP [10] were purchased from
Agrisera. The Goat Anti-Rabbit IgG (H+L) alkaline phosphatase
conjugate (Zymed) and the CDP star chemiluminescence kit (New
England Biolabs) were used for detection. Immunoblots were
quantified with a FluorChem image analyzer (Alpha Innotech

Corp.).

Proteins were transferred to Immobilon-P membrane

Photosynthetic activity

Light-saturated photosynthetic activity i vivo was measured
(1 ml sample, OD730=1) with a Clark type oxygen electrode
(Hansatech Ltd.) at 32°C in BG-11 medium supplemented with
10 mM NaHCOs. The light-saturated PSII activity was measured
using 0.7 mM 2,6-dichloro-p-benzoquinone as an artificial elec-
tron acceptor, and samples were also supplemented with 0.7 mM
ferricyanide to keep the electron acceptor in oxidated form.

Supporting Information

Table S1 Genes at least two fold up-regulated in the
control strain after a 24-h treatment at 40°C.

(PDF)

References

1. Decker KB, Hinton DM (2013) Transcription regulation at the core: Similarities
among bacterial, archaeal, and eukaryotic RNA polymerases. Annu Rev
Microbiol 67: 113-139.

2. Vassylyev DG, Sekine S, Laptenko O, Lee J, Vassylyeva MN, et al. (2002)
Crystal structure of a bacterial RNA polymerase holoenzyme at 2.6 A
resolution. Nature 417: 712-719.

3. Ross W, Gosink KK, Salomon J, Igarashi K, Zou C, et al. (1993) A third
recognition element in bacterial promoters: DNA binding by the o subunit of
RNA polymerase. Science 262: 1407-1413.

4. Schneider GJ, Haselkorn R (1988) RNA polymerase subunit homology among
cyanobacteria, other eubacteria and archaebacteria. J Bacteriol 170: 4136—
4140.

PLOS ONE | www.plosone.org

Table S2 Genes down-regulated to half or less in the
control strain after a 24-h treatment at 40°C.

(PDF)
Table S3 Genes that were at least two fold up-regulated
in ArpoZ after a 24-h treatment at 40°C.

(PDE)

Table S4 Genes down-regulated to half or less in the
ArpoZ strain after a 24-h treatment at 40°C.

(PDE)

Table 85 List of genes included in Fig. 3 and their

expression data.

(PDF)

Table S6 List of genes that were similarly or oppositely
regulated in CS and ArpoZ after heat treatment.

(PDF)

Acknowledgments

Drs. Esa Tyystjarvi and Paula Mulo are thanked for useful discussions.

Author Contributions

Conceived and designed the experiments: LG KH TT. Performed the
experiments: LG JK SK MP. Analyzed the data: LG JK KH MP TT.
Wrote the paper: LG JK KH SK MP TT.

5. Wosten MM (1998) Eubacterial sigma-factors. FEMS Microbiol Rev 22: 127
150.

6. Gentry DR, Burgess RR (1989) rpoZ, encoding the omega subunit of Escherichia
coli RNA polymerase, is in the same operon as spoT. J Bacteriol 171: 1271
1277.

7. Mathew R, Mukherjee R, Balachandar R, Chatterji D (2006) Deletion of the
rpoZ gene, encoding the ® subunit of RNA polymerase, results in pleiotropic
surface-related phenotypes in Mycobacterium smegmatis. Microbiology 152:
1741-1750.

8. Santos-Beneit F, Barriuso-Iglesias M, Fernandez-Martinez LT, Martinez-Castro
M, Sola-Landa A, et al. (2011) The RNA polymerase omega factor RpoZ is
regulated by PhoP and has an important role in antibiotic biosynthesis and

November 2014 | Volume 9 | Issue 11 | e112599



20.

21.

22.

23.

24.

26.

27.

28.

30.

morphological differentiation in Streptomyces coelicolor. Appl Environ Microbiol
77: 7586-7594.

. Kojima I, Kasuga K, Kobayashi M, Fukasawa A, Mizuno S, et al. (2002) The

rpoZ gene, encoding the RNA polymerase omega subunit, is required for
antibiotic production and morphological differentiation in Streptomyces
kasugaensis. ] Bacteriol 184: 6417-6423.

. Gunnelius L, Hakkila K, Kurkela J, Wada H, Tyystjarvi E, et al. (2014) The

omega subunit of the RNA polymerase core directs transcription efficiency in
cyanobacteria. Nucleic Acids Res 42: 4606-4614.

. Ghosh P, Ishihama A, Chatterji D (2001) Escherichia coli RNA polymerase

subunit ® and its N-terminal domain bind full-length B’ to facilitate
incorporation into the oyp subassembly. Eur J Biochem 268: 4621-4627.

. Minakhin L, Bhagat S, Brunning A, Campbell EA, Darst SA, et al. (2001)

Bacterial RNA polymerase subunit ® and eukaryotic RNA polymerase subunit
RPB6 are sequence, structural, and functional homologs and promote RNA
polymerase assembly. Proc Natl Acad Sci U S A 98: 892-897.

. Inoue N, Taira Y, Emi T, Yamane Y, Kashino Y, et al. (2001) Acclimation to

the growth temperature and the high-temperature effects on photosystem II and
plasma membranes in a mesophilic cyanobacterium, Synechocystis sp. PCC6803.
Plant Cell Physiol 42: 1140-1148.

. Tuominen I, Pollari M, Tyystjarvi E, Tyystjarvi T (2006) The SigB o factor

mediates high-temperature responses in the cyanobacterium Synechocystis sp.
PCC6803. FEBS Lett 580: 319-323.

. Tuominen I, Pollari M, von Wobeser EA, Tyysgiarvi E, Ibelings BW, et al.

(2008) Sigma factor SigC is required for heat acclimation of the cyanobacterium
Synechocystis sp. strain PCC 6803. FEBS Lett 582: 346-350.

. Lehel C, Gombos Z, Torok Z, Vigh L (1993) Growth temperature modulates

thermotolerance and heat-shock response of cyanobacterium Synechocystis PCC-
6803. Plant Physiol Biochem 31: 81-88.

. Nishiyama Y, Los DA, Hayashi H, Murata N (1997) Thermal protection of the

oxygen-evolving machinery by PsbU, an extrinsic protein of photosystem II, in
Synechococcus species PCC 7002. Plant Physiol 115: 1473-1480.

. Lee S, Owen HA, Prochaska DJ, Barnum SR (2000) HSP16.6 is involved in the

development of thermotolerance and thylakoid stability in the unicellular
cyanobacterium, Synechocystis sp. PCC 6803. Curr Microbiol 40: 283-287.

. Mamedov M, Hayashi H, Murata N (1993) Effects of glycinebetaine and

unsaturation of membrane lipids on heat stability of photosynthetic electron-
transport and phosphorylation reactions in Synechocystis PCC6803. Biochim
Biophys Acta 1142: 1-5.

Rowland JG, Simon WJ, Nishiyama Y, Slabas AR (2010) Differential proteomic
analysis using iTRAQ) reveals changes in thylakoids associated with photosystem
I-acquired thermotolerance in Synechocystis sp. PCC 6803. Proteomics 10:
1917-1929.

Suzuki I, Simon WJ, Slabas AR (2006) The heat shock response of Synechocystis
sp. PCC 6803 analysed by transcriptomics and proteomics. J Exp Bot 57: 1573~
1578.

Imamura S, Yoshihara S, Nakano S, Shiozaki N, Yamada A, et al. (2003)
Purification, characterization, and gene expression of all sigma factors of RNA
polymerase in a cyanobacterium. ] Mol Biol 325: 857-872.

Tuominen I, Tyysgarvi E, Tyystjarvi T (2003) Expression of primary sigma
factor (PSF) and PSF-like sigma factors in the cyanobacterium Synechocystis sp.
strain PCC 6803. J Bacteriol 185: 1116-1119.

Singh AK, Summerfield TC, Li H, Sherman LA (2006) The heat shock response
in the cyanobacterium Synechocystis sp. strain PCC 6803 and regulation of gene
expression by HrcA and SigB. Arch Microbiol 186: 273-286.

. Gunnelius L, Tuominen I, Rantamiki S, Pollari M, Ruotsalainen V, et al. (2010)

SigC sigma factor is involved in acclimation to low inorganic carbon at high
temperature in Synechocystis sp. PCC 6803. Microbiology 156: 220-229.
Suzuki I, Kanesaki Y, Hayashi H, Hall JJ, Simon W], et al. (2005) The histidine
kinase Hik34 is involved in thermotolerance by regulating the expression of heat
shock genes in Synechocystis. Plant Physiol 138: 1409-1421.

Nakamoto H, Suzuki M, Kojima K (2003) Targeted inactivation of the hrcA
repressor gene in cyanobacteria. FEBS Lett 549: 57-62.

Zhang P, Battchikova N, Jansen T, Appel J, Ogawa T, et al. (2004) Expression
and functional roles of the two distinct NDH-1 complexes and the carbon
acquisition complex NdhD3/NdhF3/CupA/SIl1735 in Synechocystis sp PCC.
6803. Plant Cell 16: 3326-3340.

. Cameron JC, Wilson SC, Bernstein SL, Kerfeld CA (2013) Biogenesis of a

bacterial organelle: The carboxysome assembly pathway. Cell 155: 1131-1140.
Tasaka Y, Gombos Z, Nishiyama Y, Mohanty P, Ohba T, et al. (1996) Targeted
mutagenesis of acyl-lipid desaturases in Synechocystis: Evidence for the important

PLOS ONE | www.plosone.org

Heat Acclimation of S. 6803 Requires the ® Subunit of RNA Polymerase

31

32.

37.

38.

39.

40.

41.

42,

46.

47.

48.

49.

50.

51.

roles of polyunsaturated membrane lipids in growth, respiration and
photosynthesis. EMBO J 15: 6416-6425.

Mironov KS, Maksimov EG, Maksimov GV, Los DA (2012) A feedback
between membrane fluidity and transcription of the desB gene for the o5 fatty
acid desaturase in the cyanobacterium Synechocystis. Mol Biol 46: 147-155.
Rowland JG, Pang X, Suzuki I, Murata N, Simon W], et al. (2010) Identification
of components associated with thermal acclimation of photosystem II in
Synechocystis sp. PCC6803. PLoS One 5: ¢10511.

. Baier A, Winkler W, Korte T, Lockau W, Karradt A (2014) Degradation of

phycobilisomes in Synechocystis sp. PCC6803: Evidence for essential formation
of an NbIA1/NbIA2 heterodimer and its codegradation by a Clp protease
complex. J Biol Chem 289: 11755-11766.

. Baier K, Nicklisch S, Grundner C, Reinecke J, Lockau W (2001) Expression of

two nblA-homologous genes is required for phycobilisome degradation in
nitrogen-starved Synechocystis sp. PCC6803. FEMS Microbiol Lett 195: 35-39.
Garcia-Dominguez M, Florencio FJ (1997) Nitrogen availability and electron
transport control the expression of glnB gene (encoding PII protein) in the
cyanobacterium Synechocystis sp. PCC 6803. Plant Mol Biol 35: 723-734.

5. Azuma M, Osanai T, Hirai MY, Tanaka K (2011) A response regulator Rre37

and an RNA polymerase sigma factor SigE represent two parallel pathways to
activate sugar catabolism in a cyanobacterium Synechocystis sp. PCC 6803. Plant
Cell Physiol 52: 404-412.

Wang HL, Postier BL,, Burnap RL (2004) Alterations in global patterns of gene
expression in Synechocystis sp. PCC. 6803 in response to inorganic carbon
limitation and the inactivation of ndhR, a LysR family regulator. J Biol Chem
279: 5739-5751.

Tyysgarvi T, Tyystjarvi E, Ohad I, Aro EM (1998) Exposure of Synechocystis
6803 cells to series of single turnover flashes increases the psbA transcript level by
activating transcription and down-regulating pshbA mRNA degradation. FEBS
Lett 436: 483-487.

Al Refaii A, Alix JH (2009) Ribosome biogenesis is temperature-dependent and
delayed in Escherichia coli lacking the chaperones DnaK or Dna]. Mol
Microbiol 71: 748-762.

Wada A, Yamazaki Y, Fujita N, Ishihama A (1990) Structure and probable
genetic location of a “ribosome modulation factor” associated with 100S
ribosomes in stationary-phase Escherichia coli cells. Proc Natl Acad Sci U S A
87: 2657-2661.

Yoshida H, Wada A (2014) The 100S ribosome: Ribosomal hibernation induced
by stress. Wiley Interdiscip Rev RNA 5: 723-732.

Lehmann R, Machne R, Georg ], Benary M, Axmann I, et al. (2013) How
cyanobacteria pose new problems to old methods: Challenges in microarray time
series analysis. BMC Bioinformatics 14: 133.

. Fang F, Barnum SR (2003) The heat shock gene, htpG, and thermotolerance in

the cyanobacterium, Synechocystis sp. PCC 6803. Curr Microbiol 47: 341-346.

. Allakhverdiev SI, Kreslavski VD, Klimov VV, Los DA, Carpentier R, et al.

(2008) Heat stress: An overview of molecular responses in photosynthesis.
Photosynth Res 98: 541-550.

. Karradt A, Sobanski J, Mattow J, Lockau W, Baier K (2008) NblA, a key protein

of phycobilisome degradation, interacts with ClpC, a HSP100 chaperone
partner of a cyanobacterial Clp protease. J Biol Chem 283: 32394-32403.
Williams JGK (1988) Construction of specific mutations in photosystem II
photosynthetic reaction center by genetic engineering methods in Synechocystis
6803. Methods Enzymol 167: 766-766-778.

Tyystjarvi T, Herranen M, Aro EM (2001) Regulation of translation elongation
in cyanobacteria: Membrane targeting of the ribosome nascent-chain complexes
controls the synthesis of D1 protein. Mol Microbiol 40: 476-484.

Eisenhut M, von Wobeser EA, Jonas L, Schubert H, Ibelings BW, et al. (2007)
Long-term response toward inorganic carbon limitation in wild type and
glycolate turnover mutants of the cyanobacterium Synechocystis sp. strain PCC
6803. Plant Physiol 144: 1946-1959.

Hakkila K, Antal T, Gunnelius L, Kurkela J, Matthijs HCP, et al. (2013) Group
2 sigma factor mutant AsigCDE of the cyanobacterium Synechocystis sp. PCC
6803 reveals functionality of both carotenoids and flavodiiron proteins in
photoprotection of photosystem II. Plant Cell Physiology 54: 1827-1838.
Saeed Al, Sharov V, White J, Li J, Liang W, et al. (2003) TM4: A free, open-
source system for microarray data management and analysis. BioTechniques 34:
374-378.

Pollari M, Rantamiki S, Huokko T, Kérlund-Marttila A, Virjamo V, et al.
(2011) Effects of deficiency and overdose of group 2 sigma factors in triple
inactivation strains of Synechocystis sp. strain PCC 6803. J Bacteriol 193: 265
273.

November 2014 | Volume 9 | Issue 11 | e112599



