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Abstract

Synechococcus sp. PCC 7002 is known to be tolerant to most of the environ-
mental factors in natural habitats of Cyanobacteria. Gene expression can be eas-
ily studied in this cyanobacterium, as its complete genome sequence is
available. These properties make Synechococcus sp. PCC 7002 an appropriate
model organism for biotechnological applications. To study the gene expression
in Cyanobacteria, real-time quantitative PCR (qPCR) can be used, but as this is
a highly sensitive method, data standardization is indicated between samples.
The most commonly used strategy is normalization against internal reference
genes. Synechococcus sp. PCC 7002 has not yet been evaluated for the best ref-
erence genes. In this work, six candidate genes were analyzed for this purpose.
Cyanobacterial cultures were exposed to several stress conditions, and three dif-
ferent algorithms were used for ranking the reference genes: geNorm, Norm-
Finder, and BestKeeper. Moreover, gene expression stability value M and
single-control normalization error E were calculated. Our data provided a list
of reference genes that can be used in qPCR experiments in Synechococcus sp.

PCC 7002.

Introduction

Synechococcus sp. PCC 7002 is a unicellular, photohetero-
trophic, and euryhaline cyanobacterium, which can toler-
ate various light intensities, exposure to oxidative stress,
changes in nutrient supply, temperature, and salinity,
making it an ideal system for experiments that would be
difficult to be accomplished in less robust Cyanobacteria
(Rippka et al., 1979; Nomura et al., 2006a, b; Zhu et al.,
2010). This strain has the highest growth rate among all
Cyanobacteria investigated so far, with a doubling time of
2.6 h under certain conditions (Frigaard et al., 2004; Lud-
wig & Bryant, 2012). The complete genome of Synecho-
coccus sp. PCC 7002 is available in GenBank — NCBI
(accession number CP000951) and encodes around 3200
proteins; transcripts were identified for most of the open
reading frames. It is naturally transformable, and a system
for genetic complementation and gene overexpression is
available, making it a perfect candidate for studies in bio-
technological or industrial application, being also a model
organism for studies of cyanobacterial metabolism (Lud-
wig & Bryant, 2011; Xu et al., 2011). To study the global
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expression patterns in Cyanobacteria, microarrays have
been extensively used (Postier et al., 2003; Foster et al.,
2007; Ostrowski et al., 2010). However, if the expression
pattern of a specific set of genes is desired, the use of
real-time quantitative PCR (qPCR) is more suitable, as it
also involves high accuracy, specificity, and reproducibil-
ity at a lower cost (Ludwig & Bryant, 2011). qPCR is a
widely used, sensitive, and reproducible technique for
gene expression measurements. This fluorescence-based
method is used in molecular biology for quantification of
transcripts expressed at low levels in many different sam-
ples for a various number of genes (Silver et al., 2006;
Lee et al., 2007; Bustin et al., 2010; Zhang et al., 2013).
In qPCR, many factors can affect the results (technical
and biological variation), thus standardization is needed
to reveal significant changes in mRNA levels (Nolan
et al., 2006; Derveaux et al.,, 2010). To enable the com-
parison of transcript concentrations among different sam-
ples, data normalization is required. The most commonly
used method is normalizing to an endogenous reference
gene, because both gene of interest and reference gene are
measured during the same PCR reaction. This involves
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reporting the transcript ratios of the target gene to those
of the reference gene (Thellin et al., 1999).

An ideal reference gene is essential for cell function
and shows relatively constant expression between sam-
ples, experimental conditions, or time points (Bustin
et al., 2009; Guénin et al., 2009). Gene pairs that have
stable expression patterns relative to each other are
genes (Vandesompele
et al., 2002). The use of inappropriate internal reference
genes can lead to biased expression profiles especially
when a single gene is used for normalization (Pinto
et al.,, 2012). Statistical models with different normaliza-
tion algorithms are available to identify genes with

considered as suitable control

minimal variance: geNorm, NormFinder, or BestKeeper
(Vandesompele ef al., 2002; Andersen et al., 2004; Pfaffl
2004; Pfaffl et al., 2004).

In this work, we have evaluated the expression stability
of six typical candidate reference genes in Synechococcus
sp. PCC 7002 by qPCR under three stress treatments
which are often used in experiments: microaerobiosis,
incubation in darkness, and UV-B stress. Our results pro-
vide a valuable starting point for the selection of reference
genes that can be used in qPCR experiments concerning
Synechococcus sp. PCC 7002.

Materials and methods

Strains and culture conditions

Synechococcus sp. strain PCC 7002 was acquired from the
Pasteur Culture Collection of Cyanobacteria (PCC) and
grown at 38 °C under air bubbling in liquid medium A*
supplemented with vitamin B12 (final concentration of
0.04 mg L") under constant cool-white fluorescent illu-
mination at an intensity of 250 pmol of photons m > s~
(Stevens et al., 1973).

For sample collection, four independent cultures were
grown under three experimentally induced stress condi-
tions, until they reached exponential phase (ODgyp nm =
0.7-0.9), microaerobiosis, incubation in darkness, and
UV-B stress. The absorption spectra were measured using
a Shimadzu UV-1700 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan).

Table 1. Candidate reference genes tested in this study

Gene symbol Cyanobase code Protein description
rimM SYNPCC7002_A1245
rmpA SYNPCC7002_A0989
petB SYNPCC7002_A0842

16S SYNPCC7002_A2788
ppC SYNPCC7002_A1414
secA SYNPCC7002_A1259

16S ribosomal RNA
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Microaerobiosis was induced by bubbling the culture
flasks with argon for up to 120 min. To assure the con-
tinuous dark condition, the cultures were placed into a
Sanyo Versatile Environmental Test Chamber (Sanyo,
Osaka, Japan) and grown in standard conditions for
120 min, but without any light source. For the UV-B
treatment, cells were exposed for 120 min to 1.3 W m™*
UV-B light provided by a Philips TL 20W/12 RS fluores-
cent lamp, with an emission spectrum of 275-380 nm,
and a peak at 310-315 nm (Philips Lighting, Stockholm,
Sweden). Culture samples (12 mL of cell suspension)
were collected at 15, 30, 60, and 120 min after the stress
conditions were initiated. Cells were rapidly chilled on ice
and centrifuged (2 min, 12 000 g, 4 °C), and the pellets
were suspended in 250 pL TRIzol reagent (Invitrogen,
Carlsbad, CA) and stored at —20 °C until further use.

RNA extraction and cDNA synthesis

For total RNA extraction, the TRIzol reagent was used,
according to the manufacturer’s instruction. RNA con-
centration was measured with a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Waltham, MA). To
remove any trace of genomic DNA, samples were treated
with 1 U DNase (Ambion Turbo DN-ase, Austin, TX).
Synthesis of first strand ¢cDNA was performed using a
First Strand cDNA Synthesis Kit (Thermo Scientific, Wal-
tham, MA) using 1.5 pg of purified RNA as template and
random hexamer primers.

Primer design and transcription analysis by RT-
qPCR

The sequences of the six candidate reference genes were
obtained from cyANOBASE (accession numbers in Table 1),
and primers were designed using the GENEFISHER tool from
the BiBisErV server (Giegerich et al., 1996; Nakao et al.,
2010). The length of the amplicons for the designed
primers was set around 150 bp (Table 2). The size of the
PCR products for each primer pair was verified on 1%
agarose gel electrophoresis using 1x TAE buffer. qPCR
was performed with a BioRad iQ5 System (BioRad,
Berkeley, CA) using domed cap PCR tubes. For the reac-

16S rRNA processing protein: synthesis and modification
Protein subunit of ribonuclease P (RNase P)
Cytochrome bé: involved in electron transport and ATP generation

Phosphoenolpyruvate carboxylase (PEPC): central enzyme in carbon concentrating mechanism
Part of the Sec protein translocase complex
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Table 2. Specific primers, melting temperature (Tm), and amplicon length for the reference genes used for RT-gPCR analysis

Gene symbol Primer name Primes sequence 5'-3’ Tm (°C) Amplicon length (bp)

rimM 7002_rimM_F GATCGCCCCGAACTCGAAGC 58 152
7002_rimM_R TTCTGGTTGGCATCGGTGACTTC 58

rnpA 7002_rnpA_F GCCCCAACCAAAATTGGCATCAG 58 149
7002_rnpA_R TACCGCACAGCAATGACGATGTG 58

petB 7002_petB_F GGGTGGTTGATCCGTTCGATCC 58 151
7002_petB_R CGGTGATCGTCGCCATGATGAC 58

16S 7002_16S_F CGGGTTTGATGAGATTCGCTTGC 58 157
7002_16S_R AGTTGGGCACTCTAGGGAGACTG 58

ppC 7002_ppc_F CACCCTGCCCGAATTATCGGTAC 58 151
7002_ppc_R CCACGTAACGTCAGGAGTGACAG 58

secA 7002_secA_F GCCGAAATGAGAACCGGGGAAG 58 150
7002_secA R GAAACGGTGTACCTGCCCCATC 58

tions, SensiFast SYBR & Fluorescein Kit (Bioline, London,
UK) was used, with the reaction mix containing both for-
ward and reverse primers at a concentration of 400 nM
each, 10 pL of SensiFAST SYBR & Fluorescein Mix to a
final concentration of 1x, 4 puL of 5x diluted ¢cDNA and
H,0 added up to a final volume of 20 pL. The PCR pro-
file contained: one cycle of 95 °C for 3 min, followed by
45 cycles of 95 °C for 15 s, 55 °C for 30 s, and 72 °C for
30 s. Negative controls (reactions without cDNA tem-
plate) were included to detect the presence of any DNA
contamination. All the reactions were performed in tripli-
cate for each cDNA sample. C, (crossing thresholds) val-
ues were exported and gene-stability measure (M value)
and single-control normalization error (E value) were cal-
culated according to Vandesompele et al. (2002). The
equation model for E value calculation was extended, tak-
ing into account the three abiotic stress conditions that
were used to verify expression stability of the candidate
genes. Moreover, the gene stability was approached using
three different algorithms: geNorm, NormFinder, and
BestKeeper (Vandesompele ef al., 2002; Andersen et al.,
2004; Pfaffl et al., 2004).

Results and discussion

Choice of candidate reference genes

The candidate reference genes were selected based on
previously reported genes that have been used as con-
trols in qPCR and microarray studies in Synechococcus
sp. strain PCC 7002 and other Cyanobacteria (Sakamoto
et al., 1997; Engelbrecht et al., 1999; Hihara et al,
2001; Price ef al., 2004; Balasubramanian et al., 2006;
Nomura et al,, 2006b; Woodger et al., 2007; Cumino
et al., 2010; McNeely et al, 2011; Pinto et al, 2012).
Six candidate reference genes belonging to independent
metabolic pathways (to minimize the effect of co-regu-
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lation) were selected for further investigation: rimM
(GI: 170077861, locus tag: SYNPCC7002_A1245), rnpA
(GI: 169885279, locus tag: SYNPCC7002_A0989), petB
(GI:169885133, locus tag: SYNPCC7002_A0842), 16S
(GI: 169884305, locus tag: SYNPCC7002_A2788), ppC
(GI: 169885692, locus tag: SYNPCC7002_A1414), and
secA (GI: 169885544, locus tag: SYNPCC7002_A1259).

qPCR amplification specificity, efficiency and
analysis of C, values

A standard PCR amplification has confirmed that all six
primer pairs target single DNA fragments for each gene.
In the electrophoresis gel, single bands of the desired
molecular weight were observed (Supporting Information,
Fig. S1). qPCR was used to measure RNA transcription
variations of the candidate genes, in all the samples. After
45 cycles of amplification, melting curves were analyzed.
They displayed distinct peaks, suggesting specific melting
temperature and unique amplicons (data not shown).
Three replicates for each stress condition were examined,
with abnormal plots being excluded from further data
analysis. Control samples lacking cDNA did not produce
amplification, indicating that the template was not con-
taminated.

Raw C, values were extracted from BioRad iQ5 System
and analyzed. C, values varied between 10 and 37, the
lowest value being observed in case of the microaerobio-
sis, and the highest in the samples irradiated with UV-B.
The gene coding for 16S rRNA consistently displayed the
lowest median C, values (10-18), while the highest med-
ian value was obtained for the ppC gene, although it did
not show a significant difference when compared to other
median C, values. The raw expression values of candidate
genes across different experimental conditions were calcu-
lated using the comparative C, method (272G (Livak &
Schmittgen, 2001), and they can be observed in Table S1.
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Ranking and determination of optimal
reference genes

For each stress condition the C, values were used to ana-
lyze gene expression stability. To minimize bias, three dif-
ferent algorithms were used for this purpose: geNorm
(Vandesompele et al., 2002), NormFinder (Andersen
et al., 2004), and BestKeeper (Pfaffl et al, 2004). They
rank the candidate reference genes based on distinct sta-
tistical algorithms using stability value — M value (geN-
orm and NormFinder); or Pearson’s correlation
coefficient — r value (BesKeeper). This resulted in some
discrepancies between the rankings, but usually the same
genes were identified as having the most stable expression
under the tested conditions. Moreover, the M and E
parameters (Vandesompele et al., 2002) were separately
calculated to verify data generated by the three algorithms
and also for an easier understanding and interpretation of
the results.

The gene-stability parameter (M) is based on geometric
averaging of multiple control genes and it is calculated
through pairwise comparison and stepwise exclusion of
least stable gene (Jain et al, 2006; Pinto et al, 2012).
GeNorm determined a default limit M = 1.5, below
which candidate reference genes can be classified as stably
expressed, while lower value indicates an even greater sta-
bility of the gene expression (Vandesompele et al., 2002;
Ohl et al., 2005; Han et al., 2012). M values for most of
the expression stability calculated were under the limit
1.5 attesting the possibility of using them for normaliza-
tion. The only gene with the M value above 1.5 was petB:
1.53 under dark incubation in one of the three replicates.
The M values varied, from 0.37 for secA gene in UV-B
irradiation conditions to 1.53 for petB in dark incubation.
The most constant values were observed for secA (M
value varying between 0.38 and 0.84) and ppC (M value
varying between 0.45 and 0.84). Under microaerobiosis,
the rimM gene displayed the lowest M value (0.45)
(Fig. 1a). In dark incubation, the lowest M value was 0.57
in case of ppC gene (Fig. 1b), while under irradiation
with UV-B, this parameter was 0.45 for the secA gene
(Fig. 1c).

Under microaerobiosis, the three algorithms ranked the
rimM gene in the top position, suggesting that it could
be used for normalization under this particular stress
condition (Table 3). Under dark incubation, the ppC,
rnpA, and secA were shown to be the most suitable refer-
ence genes, with ppC being ranked the first according to
two of three algorithms (Table 3). For UV-B irradiation,
the algorithms ranked secA, ppC, and rnpA as the most
stable genes to be used for normalization (Table 3). For
more detailed information concerning the results acquired
with the three algorithms, see Fig. S2.
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Fig. 1. Average expression stability value M under: (a)
microaerobiosis (b) dark incubation and (c¢) UV-B irradiation, and
ranking of the candidate reference genes.

According to the results acquired by all three algo-
rithms and to the M values, the most suitable reference
genes for Synechococcus sp. strain PCC 7002 gene expres-
sion stability under all the tested conditions are ppC,
secA, and rnpA. Under microaerobiosis, secA and rimM
genes are recommended to be used for RT-qPCR normal-
ization. In dark incubation, the most stable reference
genes are ppC and rnpA, while for UV-B treatment, secA,
rnpA, and ppC are also stable (Table 3). To display small
variance among conditions, the use of two reference genes
is recommended. The E value (single-control normaliza-
tion error) was calculated for all the 15 pair combinations
of the six analyzed genes, to determine the most suitable
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Table 3. Genes ranked in order of their expression stability using the three algorithms: geNorm, NormFinder, and BestKeeper and calculated M
values under each experimentally induced stress condition. Bold characters = the top two positions for each treatment

GeNorm NormFinder
Gene symb. Micro-oxic Dark UV-B Micro-oxic Dark
rmM 1 4 6 3 5
mpA 3 1 3 1 3
petB 5 6 5 5 6
16S 6 5 4 6 4
ppC 2 2 1 4 1
secA 4 3 2 2 2

BestKeeper M value
Uv-B Micro-oxic Dark UV-B Micro-oxic Dark Uv-B
6 2 4 4 1 4 6
2 6 2 1 4 2 2
5 5 6 6 5 6 5
3 4 5 5 6 5 4
4 6 1 3 3 1 3
1 1 3 2 2 3 1

Table 4. Ranking of the 15 pairs of genes according to the £ value. In the far-right column, the results of the adapted equation for all the three

stress conditions are displayed

Gene combination Micro-oxic- Dark Dark-UV-B Micro-oxic-UV-B Micro-oxic-Dark-UV-B
ppC + secA 1 1 1 2
rmpA + secA 4 3 2 3
rnpA + ppC 3 2 7 1
rimM + rnpA 5 5 10 4
rimM + ppC 2 8 15 5
rimM + secA 6 6 9 6
16S + secA 8 7 5 9
mpA + 16S 7 9 6 13
16S + ppC 10 4 13 10
petB + secA 11 10 8 7
mpA + petB 12 11 4 8
rimM + 16S 9 15 12 15
petB + 16S 14 14 3 11
petB + ppC 13 12 11 12
rimM + petB 15 13 14 14

reference gene combination. For two ideal control genes,
the E parameter equals 1, although in practice it is gener-
ally larger than 1 (Vandesompele et al., 2002). E values
were calculated for all two-by-two combinations of candi-
date genes (Table 4). According to these calculations,
ppC + secA is the best choice as reference for normalizing
gene expression data under all three stress treatments, as
it had the best E values ranging from 1.4 to 1.5 (Table
S2). rnpA + ppC and rupA + secA were also found to be
optimal combinations to be used in pairwise normaliza-
tion with E values of 1.5-1.9. In general, combinations
including 16S or petB genes were ranked the lowest, as
the highest E values for every condition was calculated
for rimM + petB, with values ranging between 2.7-8.6.
This underlines our previous indications that 16S and
petB genes and their combinations are not the best choice
as reference genes in our own experiment.

As the experimental procedure included three stress
conditions, we adapted the E equation which calculates
the value of different gene combinations under two dif-
ferent conditions, for the calculation of pairwise variation
under three conditions. The results were consistent, con-
firming the previous findings, the combinations with the

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

best E values being, in this order, rnpA + ppC (1.74),
ppC + secA (1.77), and rnpA + secA (2.13) (Table 4). The
exact E values are presented in Table S2.

16S rRNA gene has been used in several qPCR studies
for data normalization so far (Sakamoto et al., 1997;
Engelbrecht et al., 1999; Hihara et al., 2001; Schafer et al.,
2006; Pinto et al., 2012). However, our results showed
that the expression rate of 16S rRNA gene is not stable,
and it has significantly higher copy number than other
genes. Therefore, it can be concluded that this gene is not
the best choice to be used for normalization in experi-
ments with Synechococcus sp. strain PCC 7002.

It should be noted that there are concerns with using
rRNA genes as control as rRNA may not be influenced
by the degradation machinery in a matter similar to
mRNA. rRNA genes are not always a good internal con-
trol as the rRNA is not representative of the mRNA and
there is a significant imbalance between the rRNA and
mRNA fractions (Solanas et al., 2001; Ludwig & Bryant,
2011). It had been suggested that this is not associated
with a certain condition but to a more general phenome-
non that would affect all the mRNA populations. For
example, a differential regulation of the RNA polymerases
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I and II, responsible for transcription of genes encoding
rRNA and mRNA, could produce an rRNA/mRNA
imbalance (Solanas et al., 2001). For accurate quantifica-
tion by qPCR, it is important to choose a reference target
whose transcription is regulated in a similar manner (Ra-
donic et al., 2004). Certain experiments on Synechocystis
sp. PCC 6803 showed that stress conditions could induce
the expression of genes coding for proteins involved in
translation of other proteins. In Synechocystis, genes for
ribosomal proteins are located in a putative ribosomal-
protein operon, thus stress can enhance their expression,
and this could explain the low C, values observed during
our experiments. Moreover, the crystallographic structure
of the large subunit of ribosomes has revealed that ribo-
somal proteins are located near the peptidyltransferase
center, suggesting that some stress conditions (e.g. salt
stress) might destabilize ribosomes and that de novo syn-
thesis of these proteins might be necessary to maintain
the activity of ribosomes (Kanesaki et al., 2002).The petB
gene was previously recommended as reference gene in
Cyanobacteria as it displayed stability in microarray stud-
ies (Hihara et al, 2001; Pinto et al, 2012). However,
according to our findings, this gene is not suitable for
qPCR analyses in Synechococcus sp. strain PCC 7002, as in
this study, the M values and also the three algorithms
have placed it among the weakest reference genes. The
diversity of these results suggests the importance of vali-
dating reference genes under multiple experimental con-
ditions.  Experiments demonstrate that statistical
significance is based on correct reference gene selection,
even when changes in reference gene expression are
minor, while use of unsuitable references can lead to
over- or underestimation of relative transcript abundance.
Even though a ‘universal’ set is difficult to be identified,
our experiments have shown that the most suitable refer-
ence genes for qPCR in Synechococcus sp. PCC 7002 are
ppC, secA, and rnpA. However, it is highly recommended
the use of gene pairs, the most stable combination being
ppC + secA. Genes petB and 16S rDNA are not recom-
mended to be used as reference genes in this organism.
To our knowledge, this is only the second paper about
the selection of proper reference genes in Cyanobacteria
(the other one being Pinto et al., 2012), and the first one
concerning the strain Synechococcus sp. PCC 7002. Con-
sidering the combined results, our findings emphasize the
fact that one reference gene which is proper for a certain
cyanobacterium may not be suitable for another one (for
example, gene 16S is recommended as a suitable reference
gene in Synechocystis and Nostoc, while in Synechococcus
sp. PCC 7002 it has one of the weakest scoring). More-
over, the gene rirnM has never been analyzed before with
respect to its quality of reference gene in Cyanobacteria,
even if it was used for this purpose in some occasions.
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Thus, we conclude that certain genes should be used with
caution in studies on Cyanobacteria, and only after verify-
ing their quality as reference gene.

Acknowledgements

Funding for this research was provided by the Romanian
Ministry of National Education, project PN 09-360201,
and by a grant of the Romanian National Authority for
Scientific Research, CNCS — UEFISCDI, project number
PN-II-ID-PCE-2011-3-0765.

References

Andersen CL, Jensen JL & Orntoft TF (2004) Normalization of
real-time quantitative reverse transcription-PCR data: a
model-based variance estimation approach to identify genes
suited for normalization, applied to bladder and colon
cancer data sets. Cancer Res 64: 5245-5250.

Balasubramanian R, Shen G, Bryant DA & Golbeck JH (2006)
Regulatory roles for IscA and SufA in iron homeostasis and
redox stress responses in the cyanobacterium Synechococcus
sp. strain PCC 7002. ] Bacteriol 188: 3182—3191.

Bustin SA, Benes V, Garson JA et al. (2009) The MIQE
guidelines: minimum information for publication of
quantitative real-time PCR experiments. Clin Chem 55: 611—
622.

Bustin SA, Beaulieu JF, Huggett J, Jaggi R, Kibenge FSB,
Olsvik PA, Penning LC & Toegel S (2010) MIQE précis:
practical implementation of minimum standard guidelines
for fluorescence-based quantitative real-time PCR
experiments. BMC Mol Biol 11: 74.

Cumino AC, Perez-Cenci M, Giarrocco LE & Salerno GL
(2010) The proteins involved in sucrose synthesis in the
marine cyanobacterium Synechococcus sp. PCC 7002 are
encoded by two genes transcribed from a gene cluster. FEBS
Lett 584: 4655—4660.

Derveaux S, Vandesompele ] & Hellemans J (2010) How to do
successful gene expression analysis using real-time PCR.
Methods 50: 227-230.

Engelbrecht F, Marin K & Hagemann M (1999) Expression of
the ggpS Gene, involved in osmolyte synthesis in the marine
cyanobacterium Synechococcus sp. Strain PCC 7002, revealed
regulatory differences between this strain and the freshwater
strain Synechocystis sp. strain PCC 6803. Appl Environ
Microbiol 65: 4822-4829.

Foster ]S, Singh AK, Rothschild L] & Sherman LA (2007)
Growth-phase dependent differential gene expression in
Synechocystis sp. strain PCC 6803 and regulation by a group
2 sigma factor. Arch Microbiol 187: 265-279.

Frigaard NU, Sakuragi Y & Bryant DA (2004) Gene
inactivation in the cyanobacterium Synechococcus sp. PCC
7002 and the green sulfur bacterium Chlorobium tepidum
using in vitro-made DNA constructs and natural
transformation. Methods Mol Biol 274: 325-340.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved



108

Giegerich R, Meyer F & Schleiermacher C (1996) GENEFISHER —
software support for the detection of postulated genes. Proc
Int Conf Intell Syst Mol Biol 4: 68-77.

Guénin S, Mauriat M, Pelloux J, Van Wuytswinkel O, Bellini C &
Gutierrez L (2009) Normalization of gRT-PCR data: the
necessity of adopting a systematic, experimental condi-
tions-specific, validation of references. ] Exp Bot 60: 487—493.

Han X, Lu M, Chen Y, Zhan Z, Cui Q & Wang Y (2012)
Selection of reliable reference genes for gene expression
studies using real-time PCR in tung tree during seed
development. PLoS One 7: 1-10.

Hihara Y, Kamei A, Kanehisa M, Kaplan A & Ikeuchi M
(2001) DNA microarray analysis of cyanobacterial gene
expression during acclimation to high light. Plant Cell 13:
793-806.

Jain M, Nijhawan A, Tyagi AK & Khurana JP (2006)
Validation of housekeeping genes as internal control for
studying gene expression in rice by quantitative real-time
PCR. Biochem Biophys Res Commun 345: 646—651.

Kanesaki Y, Suzuki I, Allakhverdiev SI, Mikami K & Murata N
(2002) Salt stress and hyperosmotic stress regulate the
expression of different sets of genes in Synechocystis sp. PCC
6803. Biochem Biophys Res Commun 290: 339—348.

Lee S, Jo M, Lee J, Koh SS & Kim S (2007) Identification of
novel universal housekeeping genes by statistical analysis of
microarray data. ] Biochem Mol Biol 40: 226-231.

Livak KJ & Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
2744CT Method. Methods 25: 402-408.

Ludwig M & Bryant DA (2011) Transcription profiling of the
model cyanobacterium Synechococcus sp. Strain PCC 7002
by next-gen (SOLiDT™) sequencing of cDNA. Front
Microbiol 2: 41.

Ludwig M & Bryant DA (2012) Synechococcus sp. strain PCC
7002 transcriptome: acclimation to temperature, salinity,
oxidative stress, and mixotrophic growth conditions. Front
Microbiol 3: 1-14.

McNeely K, Xu Y, Ananyev G, Bennette N, Bryant DA &
Dismukes GC (2011) Synechococcus sp. strain PCC 7002 nif]
mutant lacking pyruvate:ferredoxin oxidoreductase. Appl
Environ Microbiol 77: 2435-2444.

Nakao M, Okamoto S, Kohara M, Fujishiro T, Fujisawa T,
Sato S, Tebata S, Kaneko T & Nakamura Y (2010)
CyanoBase: the cyanobacteria genome database update 2010.
Nucleic Acids Res 38: D379-D381.

Nolan T, Hands RE & Bustin SA (2006) Quantification of
mRNA using real-time RT-PCR. Nat Protoc 1: 1559—-1582.

Nomura CT, Persson S, Shen G, Inoue-Sakamoto K & Bryant
DA (2006a) Characterization of two cytochrome oxidase
operons in the marine cyanobacterium Synechococcus sp.
PCC 7002: inactivation of ctaDI affects the PS L:PS II ratio.
Photosynth Res 87: 215-228.

Nomura CT, Sakamoto T & Bryant DA (2006b) Roles for
heme-copper oxidases in extreme high-light and oxidative
stress response in the cyanobacterium Synechococcus sp.
PCC 7002. Arch Microbiol 185: 471-479.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

E. Szekeres et al.

Ohl F, Jung M, Xu C et al. (2005) Gene expression studies in
prostate cancer tissue: which reference gene should be
selected for normalization? | Mol Med 83: 1014-1024.

Ostrowski M, Mazard S, Tetu SG, Phillippy K, Johnson A,
Palenik B, Paulsen IT & Scanlan DJ (2010) PtrA is required
for coordinate regulation of gene expression during
phosphate stress in a marine Synechococcus. ISME ] 4: 908—
921.

Pfaffl MW (2004) Quantification Strategies in Real-Time PCR.
A-Z of Quantitative PCR. (Bustin SA, Ed), International
University Line, La Jolla.

Pfaffl MW, Tichopad A, Prgomet C & Neuvians TP (2004)
Determination of stable housekeeping genes, differentially
regulated target genes and sample integrity: BestKeeper -
Excel-based tool using pair-wise correlations. Biotechnol Lett
26: 509-515.

Pinto F, Pacheco CC, Ferreira D, Moradas-Ferreira P &
Tamagnini P (2012) Selection of suitable reference genes for
RT-qPCR analyses in cyanobacteria. PLoS One 7: 1-9.

Postier BL, Wang HL, Singh A et al. (2003) The construction
and use of bacterial DNA microarrays based on an
optimized two-stage PCR strategy. BMC Genomics 4: 1-11.

Price GD, Woodger FJ, Badger MR, Howitt SM & Tucker L
(2004) Identification of a SulP-type bicarbonate transporter
in marine cyanobacteria. P Natl Acad Sci USA 101: 18228—
18233.

Radonic A, Thulke S, Mackay IM, Landt O, Siegert W &
Nitsche A (2004) Guideline to reference gene selection for
quantitative real-time PCR. Biochem Biophys Res Commun
313: 856-862.

Rippka R, Deruelles J, Waterbury JB, Herdman M & Stanier
RY (1979) Generic assignments, strain histories and
properties of pure cultures of cyanobacteria. ] Gen Microbiol
111: 1-61.

Sakamoto T, Higashi S, Wada H, Murata N & Bryant DA
(1997) Low-temperature-induced desaturation of fatty acids
and expression of desaturase genes in the cyanobacterium
Synechococcus sp. PCC 7002. FEMS Microbiol Lett 152: 313—
320.

Schafer L, Sandmann M, Woitsch S & Sandmann G (2006)
Coordinate up-regulation of carotenoid biosynthesis as a
response to light stress in Synechococcus PCC7942. Plant,
Cell Environ 29: 1349-1356.

Silver N, Best S, Jiang J & Thein SL (2006) Selection of
housekeeping genes for gene expression studies in human
reticulocytes using real-time PCR. BMC Mol Biol 7: 33.

Solanas M, Moral R & Escrish E (2001) Unsuitability of using
ribosomal RNA as loading control for northern blot
analyses related to the imbalance between messenger and
ribosomal RNA content in rat mammary tumors. Anal
Biochem 288: 99-102.

Stevens SE, Patterson COP & Myers J (1973) The production
of hydrogen peroxide by blue—green algae: a survey. J Phycol
9: 427-430.

Thellin O, Zorzi W, Lakaye B, De Borman B, Coumans B,
Hennen G, Grisar T, Igout A & Heinen E (1999)

FEMS Microbiol Lett 359 (2014) 102-109



Reference genes for Synechococcus sp. PCC 7002

Housekeeping genes as internal standards: use and limits. ]
Biotechnol 75: 291-295.

Vandesompele ], De Preter K, Pattyn F, Poppe B, Van Roy N,
De Paepe A & Speleman F (2002) Accurate normalization of
real-time quantitative RT-PCR data by geometric averaging
of multiple internal control genes. Genome Biol 3: R34.

Woodger FJ, Bryant DA & Price GD (2007) Transcriptional
regulation of the CO2-concentrating mechanism in a
euryhaline, coastal marine cyanobacterium, Synechococcus
sp. Strain PCC 7002: role of NdhR/CcmR. J Bacteriol 189:
3335-3347.

Xu Y, Alvey RM, Byrne PO, Graham JE, Shen G & Bryant DA
(2011) Expression of genes in cyanobacteria: adaptation of
endogenous plasmids as platforms for high-level gene
expression in Synechococcus sp. PCC 7002. Methods Mol Biol
684: 273-293.

Zhang L, He LL, Fu QT & Xu ZF (2013) Selection of reliable
reference genes for gene expression studies in the biofuel
plant Jatropha curcas using real-time quantitative PCR. Int |
Mol Sci 14: 24338-24354.

Zhu Y, Graham JE, Ludwig M, Xiong W, Alvey RM,

Shen G & Bryant DA (2010) Roles of xanthophyll

FEMS Microbiol Lett 359 (2014) 102-109

109

carotenoids in protection against photoinhibition
and oxidative stress in the cyanobacterium
Synechococcus sp. strain PCC 7002. Arch Biochem
Biophys 504: 86—99.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Agarose gel (1%) showing amplification of spe-
cific PCR products of expected size for the genes tested in
this study.

Fig. S2. Comprehensive gene stability value graphic
obtained by combining values calculated by the three
algorithm (geNorm, NormFinder, BestKeeper) used for
accurate ranking and normalization under: (a) microaero-
biosis (b) dark incubation (¢) UV-B irradiation.
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genes under the three stress condition.

Table S2. Average E values for the 15 pairs of genes.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved



