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Abstract

Background: The validity and reproducibility of gene expression studies depend on the quality of
extracted RNA and the degree of genomic DNA contamination. Cyanobacteria are gram-negative
prokaryotes that synthesize chlorophyll a and carry out photosynthetic water oxidation. These
organisms possess an extended array of secondary metabolites that impair cell lysis, presenting
particular challenges when it comes to nucleic acid isolation. Therefore, we used the NHMS5 strain
of Nostoc punctiforme ATCC 29133 to compare and improve existing phenol based chemistry and
procedures for RNA extraction.

Results: With this work we identify and explore strategies for improved and lower cost high
quality RNA isolation from cyanobacteria. All the methods studied are suitable for RNA isolation
and its use for downstream applications. We analyse different Trizol based protocols, introduce
procedural changes and describe an alternative RNA extraction solution.

Conclusion: It was possible to improve purity of isolated RNA by modifying protocol procedures.
Further improvements, both in RNA purity and experimental cost, were achieved by using a new
extraction solution, PGTX.

Background

Cyanobacteria are gram-negative prokaryotes that synthe-
size chlorophyll a and carry out photosynthetic water oxi-
dation [1]. Since they have simple nutritional
requirements, needing only air, water and mineral salts,
with light as the only energy source [2], their potential
industrial application is significant - from e.g. hydrogen
production [3,4] to various biotechnological purposes

[5].

In order to develop this biotechnological potential, it is
important to thoroughly understand different aspects of
cyanobacterial physiology and metabolism. As a part of
such a process, obtaining reliable gene expression data is
vital. Several methods, from Northern blotting to micro-
arrays, are routinely used to obtain such data. The validity
and reproducibility of the data obtained depend on the
quality of the extracted RNA and the degree of genomic
DNA contamination. However, cyanobacteria present
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particular challenges when it comes to nucleic acid isola-
tion - these organisms possess an extended array of sec-
ondary metabolites [6] that impair e.g. cell lysis and
nucleic acid purification [7].

In order to assess the quality of RNA preparations two
strategies are commonly followed: spectrophotometric
analysis and ribosomal integrity verification by electro-
phoresis.

From the spectrophotometric analysis three absorbance
values usually are taken into consideration - 230, 260 and
280 nm. The ratio between the absorbance at 260 nm and
280 nm is used to evaluate the purity of the nucleic acid -
for "pure" RNA a ratio around 2.0 is expected. A lower
ratio may indicate the presence of proteins and peptides
absorbing around 280 nm. Additionally, the ratio
between the absorbance at 260 nm and 230 nm is
expected to be 2.2 for "pure" nucleic acid samples. A lower
ratio might be the consequence of contamination by pep-
tides, phenols, aromatic compounds or carbohydrates.

The integrity of the ribosomal RNA sub-units (23S, 16S
and 5S for prokaryotes), the presence/absence of low
weight RNA degradation products and the presence/
absence of genomic DNA contamination are commonly
visualized using agarose gel electrophoresis. Ideally, all
expected ribosomal RNA sub-units should be observed,
with no signs of RNA degradation products or presence of
genomic DNA.

The guanidinium thiocyanate-phenol-chloroform extrac-
tion [8,9], commercially available as TRIzol (from Invitro-
gen) or TRI Reagent (from Molecular Research Center), is
a frequently used method for cyanobacterial RNA extrac-
tion. This method, from this point referred to as Trizol, is
usually associated with bead beating for physical disrup-
tion of the cells. In the present work we introduce the
PGTX reagent, a reduced cost alternative to Trizol, and
evaluate its use while exploring different extraction proto-
col variants.

Results and discussion

Extraction buffer (PGTX) formulation

The most important factor when planning the composi-
tion of the extraction buffer PGTX (detailed below) was to
give the extraction solution the ability to quickly inhibit
ribonuclease activity. Both phenol and guanidine salts are
very efficient protein denaturants, therefore ideal for fast
ribonuclease denaturation, and their combined use has
been previously described [8,9]. We also added 8-hydrox-
yquinoline since it acts both as phenol stabilizer (prevent-
ing oxidation) and as RNase inhibitor [10].

The poor miscibility of phenol with water allows for easy
phase separation at a later stage of the extraction proce-
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dure, but should be minimized at the beginning of the
process. In order to avoid premature phase formation,
glycerol was used to facilitate phenol solubility in the
buffer. Later on, phase separation is achieved by adding
BCP (bromochloropropane), as previously described
[11].

After phase separation, protection of the extracted RNA is
reduced, since the phenol and guanidine salt concentra-
tions will be lower. In order to avoid degradation from
this point on in the process, we used both sodium acetate
and EDTA as chelators to prevent divalent cation cata-
lyzed RNA degradation.

Triton X-100 is a non ionic detergent used for protein sol-
ubilisation, membrane permeabilisation and cell lysis. It
has been previously demonstrated that its use, in combi-
nation with chloroform and heat, is a viable strategy for
RNA extraction from both Gram-positive and Gram-nega-
tive bacteria [12]. This method has been further modified
by replacing chloroform extraction with an acid phenol
extraction [13]. For these reasons we included Triton X-
100 in the PGTX extraction solution.

The PGTX solution has the following composition (for a
final volume of 100 mL): phenol (39.6 g), glycerol (6.9
mL), 8-hydroxyquinoline (0.1 g), EDTA (0.58 g), sodium
acetate (0.8 g), guanidine thiocyanate (9.5 g), guanidine
hydrochloride (4.6 g) and Triton X-100 (2 mL), and the
final pH around 4.2. At room temperature, the PGTX
extraction mixture forms a monophasic solution.

Evaluation of RNA extraction yield, purity and integrity

The strategies followed for RNA extraction are summa-
rized in Table 1. During each experimental repetition,
RNA was extracted from 6 cell aliquots (further informa-
tion in Methods) for each of the methods investigated.
The extracted RNA yield and purity was then determined
by measuring absorbance in the 220 nm to 350 nm range
(Figure 1). From the resulting spectra, the concentration
of nucleic acids was estimated using the absorbance val-
ues at 260 nm, while the purity of each sample was deter-
mined by calculating the 260/280 and 260/230 ratios

(Figure 2).

The highest yields were achieved using the "PGTX beads"
and "Trizol beads" methods - averaging 1.70 ug/ul and
1.63 pg/ul respectively. For "PGTX 95" the yield was 1.29
pg/ul while for "Trizol 95" the calculated concentration
was 1.03 pg/ul. The "Trizol standard" procedure yielded
0.47 pg/ul while the previously published method "BPC"
resulted in a solution containing 0.82 pg/ul of nucleic
acids. The different yields are probably correlated with the
ability of each method to promote cell lysis. For instance,
when considering the use of Trizol, we observed that com-
bining it with bead beating is more effective than using
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Table I: Methods analysed
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Method Basic chemistry Physical stress Temperature stress Yield (ug/ul) 260/280 ratio 260/230 ratio
PGTX beads phenol, glycerol, guanidine, triton x bead beating N/A 1.70 2.1 1.9
Trizol beads phenol, guanidine isothiocyanate (proprietary)  bead beating N/A 1.63 2.0 1.7

PGTX 95 phenol, glycerol, guanidine, triton x N/A 95°C 1.29 2.1 23
Trizol 95  phenol, guanidine isothiocyanate (proprietary) N/A 95°C 1.03 2.1 1.9
Trizol std  phenol, guanidine isothiocyanate (proprietary) N/A N/A 0.47 1.9 1.6

BCP phenol, chloroform bead beating N/A 0.82 1.8 22

Description, for each method analysed, of basic chemistry and cell lysis strategy followed. Bead beating and heat were used as described in

Methods. (N/A — not applicable).

heat or Trizol alone (see Table 1 and Figure 2). We also
noted that, as opposed to bead beating, heating to 95°C
does not result in an equal RNA yield for Trizol (1.03 pg/
pl) and PGTX (1.29 ug/ul) - this difference is probably the
result of composition differences that allow PGTX to pro-
mote more extensive cell lysis.

For the methods using PGTX, 260/280 ratios had a value
around 2.0 - the expected value for a "pure" RNA sample.
The same was observed for Trizol based methods, with a
slightly lower ratio, close to 1.9, when following the pro-
cedure recommended by the manufacturer. For the "BPC"
method the 260/280 ratio was 1.8, indicating putative
DNA contamination.

401 —— PGTX beads

Trizol beads
/ —— PGTX 95

\ —— Trizol 95
301 Trizol std
BPC

20 ,\

Absorbance (arbitrary units)

T T T T u T
220 240 260 280 300 320 340

Wavelength (nm)

Figure |

Extraction contamination analysis. Absorption spectra
in the UV-region for purified RNA using 6 different extrac-
tion methods. For each method, 6 cyanobacteria aliquots
were used for RNA extraction. From all obtained RNA sam-
ples, | ul was analysed using the NanoDrop ND-1000 UV/Vis
spectrophotometer. The resulting lines shown are averaged
from values obtained for each extraction method.

Only for the "PGTX 95" and "BPC" methods were the
260/230 ratios around 2.2 - indicating a low levels of
contaminantion with peptides, phenols, aromatic com-
pounds or carbohydrates. For all other methods, these val-
ues ranged from 1.6 to 1.9. Noticeably, both the "Trizol
beads" and "Trizol standard" presented a slight brownish
coloration and an insoluble white precipitate (indicating
some form of contamination in the samples). In Figure 1
this can be seen as a tail of absorption stretching out to
350 nm and beyond in the spectra from the three Trizol
methods. Visible spectra up to 800 nm were also collected
and only showed continuously decreasing absorbance
(data not shown) and gave no further information about
the origin of the coloured contamination.

In order to verify integrity, four RNA samples for each of
the extraction methods were analysed using an automated
gel electrophoresis system (see Figure 3). For all methods
the expected 23S, 16S and 5S bands are observed - while
RNA integrity is kept for all extraction methods, the repli-
cates of "BPC" presented high molecular weight smears.
These were most probably genomic DNA, since they were
absent after DNase digestion (data not shown).

Detecting DNA contamination

DNA contamination of RNA preparations is not necessar-
ily detected by gel electrophoresis or similar methods. To
test if a detectable amount of genomic DNA was present
after simulated RT reactions (detailed in Methods), the
diluted RNA samples were used as template for PCR using
primers pairs for ftsZ (see Table 2). After 25 cycles of PCR
(Figure 4A) only the "BPC" method resulted in detectable
DNA contamination. But these findings were unexpected,
since we expect some level of genomic DNA contamina-
tion for all extraction methods. In fact, after increasing the
number of cycles from 25 to 36, more PCR products were
detected (Figure 4B). Overall, the least DNA amplification
was observed using the "Trizol standard" protocol, while
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Figure 2

Extracted RNA yield and purity. Yield and absorption ratios for the different extraction methods were determined. For
each method, 6 cyanobacteria aliquots were used for RNA extraction and | pl analysed using the NanoDrop ND-1000 UV/Vis
spectrophotometer. The resulting bars shown are the average, and the standard deviation, from values obtained for each
extraction method.
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Figure 3

RNA integrity checking. Gel image generated by the automated electrophoresis system (Experion, Biorad). Lanes M — RNA
molecular weight markers supplied with the Experion RNA StdSens analysis kit. Lanes PGTX beads — | pl of extracted RNA
from distinct extractions using the PGTX solution combined with mechanical cell disruption with glass beads. Lanes Trizol
beads — | pl of extracted RNA from distinct extractions using Trizol combined with mechanical cell disruption with glass
beads. Lanes PGTX 95 — | pl of extracted RNA from distinct extractions using the PGTX solution combined with high temper-
ature cell disruption. Lanes Trizol 95 — | pl of extracted RNA from distinct extractions using Trizol combined with high tem-
perature cell disruption. Lanes Trizol std — | pl of extracted RNA from distinct extractions using Trizol according to general
manufacturer's instructions. Lanes BPC — | pl of extracted RNA from distinct extractions using the BPC method. RNA integ-
rity was kept for all extraction methods.
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Table 2: Primers used
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Primer name

Sequence

ftsZ sense

ftsZ antisense

CGAGATTGTCCCTGGTCGG

TGGCTACTTCTGCTACGATTGGAG

rbcl tagged RT

CAACAGACGCACGACGCAGCAGACGAAACGGATATCTTCTAGAC

rbcL sense PCR

antisense TAG

CGTTCCGCATGACACCCCAGCC

CAACAGACGCACGACGCAGCAGAC

Sequence of primers used for this work. For genomic DNA detection fisZ specific primers were used. During reverse transcriptase one tagged
antisense oligonucleotide was used to prime cDNA synthesis. PCR amplification of the cDNA used one rbcl specific sense primer while the tag was

used as an antisense primer.

using the "BPC" method results in the highest genomic
DNA contamination.

Performing RT-PCR

Reverse transcriptase is known to be inhibited by endonu-
cleases, exonucleases and photosynthetic pigments
[14,15], making RT-PCR a suitable test to determine if the
extracted RNA is suitable for common downstream appli-
cations. Therefore, we performed RT-PCR using 1 pg of
RNA from each extraction method as template to synthe-
size and amplify rbcL specific cDNA (Figure 5). To allow
specific detection of mRNA, independent of genomic
DNA contamination, we used tagged primers [16,17].

A - 25 cycles of PCR

M  PGTX beads Trizol beads PGTX 95 M
- o

M Trizol 95 Trizol std BPC M
' [
Figure 4

Suggested protocol for RNA extraction

In light of the previous results, for the best combination
of yield and RNA extraction purity, we suggest the "PGTX
95" protocol outlined in Figure 6, a modification of the
original Trizol protocol. Briefly, to a cyanobacterial cell
pellet (not exceeding 100 mL) 1 mL of PGTX is added.
After resuspending the cells, the screw-cap tubes are incu-
bated at 95°C for 5 minutes. Immediately after, the sam-
ples are placed on ice, again for a period of 5 minutes.
After addition of 100 pl of bromochloropropane and
incubation at room temperature, the extraction mix is cen-
trifuged in order to promote phase separation. The aque-
ous phase is then retrieved and mixed with an equal

B - 36 cycles of PCR

PGTX beads M Trizolbeads M PGTX 95
S e e —y .. .. -4 - - LB
Trizol 95 M Trizol std M BPC

DNA contamination detection. Agarose gel separation of PCR products. For each of the six described methods, 20 ng of
RNA from 4 different RNA extractions were used to perform PCR (using the "ftsZ sense" and "ftsZ antisense" primers).
Resulting products were analysed after 25 (A) and 36 (B) cycles of PCR. Lanes M — double stranded DNA molecular weight
markers (GeneRuler 100 bp DNA Ladder, Fermentas). To different extents, all extractions showed signs of genomic DNA

contamination.
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Figure 5

RT-PCR suitable RNA extractions. Agarose gel separa-
tion of RT-PCR products. For each of the six described
methods, | png of RNA was used as template for RT primed
the "rbcl tagged RT" primer. Obtained cDNA was amplified
using the "rbcL sense PCR" and "antisense TAG" primers.
Lane | — template RNA obtained using the "PGTX beads"
method. Lane 2 — template RNA obtained using the "Trizol
beads" method. Lane 3 — template RNA obtained using the
"PGTX 95" method. Lane 4 — template RNA obtained using
the "Trizol 95" method. Lane 5 — template RNA obtained
using the "Trizol std" method. Lane 6 — template RNA
obtained using the "BPC" method. Lanes M — double
stranded DNA molecular weight markers (GeneRuler 100 bp
DNA Ladder, Fermentas). None of the extraction methods
negatively impacted reverse transcriptase activity.

volume of isopropanol, incubated at room temperature
and centrifuged to concentrate the precipitated RNA. The
RNA pellet is washed using 75% ethanol, air dried and
finally dissolved in RNA storage solution.

Cost analysis for the different Methods

The cost per sample for the different procedures was esti-
mated taking in consideration only the cost of each phe-
nol based disruption solution, based on Sigma-Aldrich
list prices for Sweden during February 2009. For the
"BPC" method, the use of purchased buffer saturated phe-
nol for RNA costs from €0.26 to €0.45 per extraction
(depending on volume of reagent purchased). For the
PGTX based methods the cost is €0.29 (assuming the
prices for molecular biology grade reagents in the smallest
available purchase volumes). For Trizol based extractions
the cost per sample is €2.35.

Conclusion

Cyanobacteria have an important amount of polysaccha-
rides that interfere in cell lysis and nucleic acid purifica-
tion [7,18], while being rich in nucleases and enzymatic
reaction inhibitors [14,15,19-22]. With this work we
show that variations of extraction protocol, even while
maintaining basic chemistry, can have an impact on RNA
yield and quality. While none of the extractions methods
negatively impacted reverse transcriptase activity, we
show that replacing bead beating with heating is feasible
and maybe even preferable, as the level of contamination

http://www.biomedcentral.com/1471-2199/10/79

Cell pellet

Homogenization Add I mL PGTX

Incubate 5 minutes
95C

Incubate 5 minutes
on ice

RNA extraction Add 100p! of bromochloropropane

and mix vigorously

Store samples 2 to 15 minutes
at room temperature

Centrifuge 15 minutes
12000 g, 4 C

RNA precipitation Transfer upper phase to new tube

and add equal volume of isopropanol

Store 5 to 10 minutes
at room temperature

Centrifuge 10 minutes
12000 g, 4 C

RNA wash Discard supernatant

and add/mix 1 mL, 75% ethanol

Centrifuge 5 minutes
8000 g, 4 C

RNA solubilization Discard supernatant

Air-dry RNA pellet

Dissolve using RNA storage solution

Figure 6
Extraction protocol outline. Schematic describing the
recommend RNA extraction procedure.

is lower and the method does not require the use of an
expensive bead beater.

Potentially even more cost reducing is PGTX - this extrac-
tion mixture has equivalent potential to Trizol, while hav-
ing only a fraction of the cost. We have also successfully
used (data not shown) PGTX to extract RNA from several
cyanobacteria (e.g. Synechocystis PCC 6803, Anabaena PCC
7120) and green algae (e.g. Chlamydomonas reinhardtii,
Chlamydomonas noctigama).

Methods

Cyanobacteria growth conditions

Due to its secondary metabolite complexity and the pres-
ence of exopolysaccharides, Nostoc punctiforme was
selected as target for RNA extraction. The hydrogen evolv-
ing NHM5 strain of Nostoc punctiforme ATCC 29133 [23]
was grown in 500 mL cylinder-shaped flasks. Briefly, 400
mL of BG11 was inoculated, under sterile conditions, to
an optical density of 0.2. The flasks were then connected
to an air supply by a sterilised PE tube. The incoming air
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was pre-moistened and filtered with a PTFE membrane fil-
ter and the airflow set to 400 mL/minute. The cultures
were illuminated with 58 W tri-phosphor fluorescent
lamps (Aura, Karlskrona, Sweden) at a light intensity of 60
pmol m2s-1. After 7 days of growth, circa 3.2 L of culture
were centrifuged and pooled. The concentrated cells were
aliquot into 2 mL screw-cap tubes and stored at -80°C
until used for RNA extraction.

RNA extraction using the "BPC" method

The extractions using the "BPC" method were performed
as previously described [24], except that no 0.1 mm beads
were used and the bead beating settings were not the
same. All procedures were carried out at room tempera-
ture and centrifugations at 10000 g. The concentrated cell
samples were centrifuged for 3 minutes and resuspended
in 800 ul of water and 600 ul of buffer saturated phenol
(pH 4.3). Addition of 0.5 g of 0.5 mm glass beads was fol-
lowed by homogenization using a Bertin Precellys 24
(maximum speed, 20 seconds, twice). The sample tubes
were then centrifuged for 10 minutes after which 750 pl of
aqueous layer was transferred to a fresh tube, mixed with
same volume of buffer saturated phenol (pH 4.3) and vor-
texed for 30 seconds. This was followed by centrifugation
for 5 minutes and removal of 700 pl of aqueous superna-
tant that was then mixed with same volume of chloro-
form, in fresh tubes. After vortexing for 30 seconds, the
samples were centrifuged for 5 minutes. At this point, 650
pl of aqueous layer were transferred to a fresh tube to
which 65 pl of 3 M sodium acetate and 650 pl of isopro-
panol were added. The tubes were vortexed for 30 seconds
and stored at -20°C for 10 minutes. After centrifugation
for 5 minutes, the supernatant was removed and the pellet
washed with 1 mL of 70% ethanol. One other centrifuga-
tion followed (5 minutes) and after removing the super-
natant and air drying the RNA 50 pl of RNA storage
solution (1 mM sodium citrate, pH 6.4, Ambion, Austin,
USA) was added. The samples were stored at -80°C until
analyzed.

Trizol protocol based RNA extractions

For the "Trizol std" method the protocol provided by
Molecular Research Center, was carried out without any
modification [25]. The "Trizol beads", "Trizol 95", "PGTX
beads" and "PGTX 95" extraction methods were based on
this protocol, but the homogenization step was replaced
either by bead beating (as described for the "BPC"
method) or incubation at 95°C for 5 minutes. For the
"PGTX" protocols, Trizol was simply replaced by the dis-
ruption mixture we propose in this paper.

RNA quantity and quality assessment

RNA concentration and purity was measured using the
NanoDrop ND-1000 UV/Vis spectrophotometer accord-
ing to manufacturer's instructions (NanoDrop Technolo-
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gies, USA). RNA integrity was verified using Biorad's
automated electrophoresis system Experion (RNA StdSens
analysis kit), according to manufacturer's instructions.

PCR and RT-PCR

For DNA contamination detection, 1 pg of RNA was
diluted in water to a total volume of 20 ul. Then, 1 pl of
RNase A/T1 Mix (Fermentas) plus 1 pl of RNase H (Fer-
mentas) were added and the samples incubated at 37°C
for 30 minutes. To inactivate the RNases, 28 ul of TE
buffer (pH 8.0) were added and the solution incubated at
70°C for 10 minutes. Using 1 pl of the described reverse
transcriptase simulated reaction as template, PCR was car-
ried out using specific primers for the division related
gene ftsZ (see Table 2), using Tag DNA Polymerase (Fer-
mentas), according to manufacturer's instructions.

To perform RT, 1 ng of RNA was used as template for
RevertAid H Minus M-MuLV Reverse Transcriptase (Fer-
mentas), according to manufacturer's instructions. In
order to avoid the interference of genomic DNA contami-
nation during the subsequent PCR step, a rbcL specific
tagged primer [26,27] was used to primer the RT reaction
(Table 2).

Abbreviations

cDNA: complementary deoxyribonucleic acid; DNA:
deoxyribonucleic acid; DNase: DNA ribonuclease; BCP:
bromochloropropane; GSP: gene specific primer; mRNA:
messenger ribonucleic acid; PCR: polymerase chain reac-
tion; RNA: ribonucleic acid; RT-PCR: reverse transcrip-
tion-polymerase chain reaction.
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