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ABSTRACT
Applicability of the real-time PCR assay in the amplification of cyanobacterial DNA from preserved samples

The study and monitoring of cyanobacterial blooms often involves the use of preserved samples to avoid cellular degradation.
However, preserved samples may not be suitable for molecular biology studies because preservation methods can interfere
with DNA quality/quantity. Real-time quantitative PCR analysis (QPCR) has been widely applied in molecular analysis and
is considered a promising method for monitoring purposes. This study intended to evaluate the applicability of the real-time
gPCR technique in samples that were subjected to different methods of preservation: (1) 15% Lugol’s iodine solution (2) 4%
formaldehyde and (3) 25% glutaraldehyde. The ability to amplify and quantify DNA extracted from Planktothrix agardhii
was assessed using the rpoC1 gene as the target fragment in both raw water samples and in vitro cultures.

No reliable DNA amplification was obtained from glutaraldehyde-preserved samples. Successful amplification was obtained
from Lugol’s and formaldehyde-preserved samples. In this case, however, the quantification that was achieved by real-time
PCR cannot be used to infer cell numbers, because the Ct values that were obtained from the Lugol’s and formaldehyde-
preserved samples were significantly higher than the Ct values that were obtained from the unpreserved samples. Therefore
real-time PCR can be used for the detection and identification of cyanobacteria in preserved samples but no reliable cell
quantification can be performed using this method.
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RESUMEN
Aplicabilidad del gPCR en tiempo real en la amplificacion de ADN de cianobacterias procedente de muestras fijadas

El estudio y la vigilancia de las floraciones de cianobacterias implican a menudo el uso de muestras conservadas, con el fin de
evitar la degradacion celular. Sin embargo, las muestras conservadas pueden no ser adecuadas para los estudios de biologia
molecular, ya que los métodos de conservacion pueden interferir con la calidad/cantidad del ADN. Este estudio pretende
evaluar la aplicabilidad de la técnica de gPCR en tiempo real en muestras sometidas a diferentes métodos de conservacion:
(1) 15% de solucion yodoyodurada de Lugol (2) 4% de formaldehido y (3) 25% de glutaraldehido. La capacidad para
amplificar y cuantificar el ADN extraido de Planktothrix agardhii se evalud utilizando un fragmento del gen rpoC1 en ambas
muestras de agua bruta y en cultivos in vitro.

No se obtuvo amplificacion fiable de ADN a partir de muestras conservadas en glutaraldehido. El fragmento de gen rpoCl se
amplifico con éxito en ADN extraido de muestras conservadas en solucion yodoyodurada de Lugol y formaldehido. En este
caso, sin embargo, la cuantificacion lograda por PCR en tiempo real no puede utilizarse para inferir el niimero de células;
ya que los valores de Ct obtenidos a partir de muestras conservadas en lugol y formaldehido fueron significativamente mds
elevados que los valores de Ct obtenidos a partir de las muestras sin conservantes. Por lo tanto, PCR en tiempo real se puede
utilizar para la deteccion y la identificacion de cianobacterias en muestras conservadas, pero sin cuantificacion fiable de
células.
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tothrix.

INTRODUCTION

Preserved phytoplankton samples represent a
resource of cyanobacterial DNA for molecular
studies, regardless of whether they have been
preserved for a short or long time. The evaluation
of the usefulness of preserved samples in the
real-time quantitative PCR (qPCR) method is
relevant for the implementation of this technique
in water quality monitoring. Several authors
have reported the amplification of nucleic acids
from preserved phytoplanktonic samples in di-
noflagellates (Godhe et al., 2002; Galluzzi et al.,
2004), microalgae and other protists (Auinger
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solucion yodurada de lugol, gPCR en tiempo real, Plank-

et al., 2008, Shuang et al., 2013). These studies
intend to bypass time-consuming microscopic
examinations (Galluzzi et al., 2004), establish
phylogenetic diversity (Godhe et al., 2002;
Galluzzi et al., 2004; Qiu et al., 2011; Shuang et
al., 2013), establish a direct link between mor-
phological and molecular screening approaches
(Auinger et al., 2008) or simply permit the
identification and quantification of species that
may be overlooked by microscopic identifica-
tion (Godhe et al., 2002; Lang & Kaczmarska,
2011). In cyanobacteria, reports addressing the
availability and PCR amplification of cyanobac-
terial DNA that was recovered from preserved
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Diagram describing the method that was used for culture and field sample preservation. Esquema del método de
preservacion utilizado para muestras de cepas y muestras de campo.
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samples are not available. This study addresses
two questions: Can the real-time PCR reaction
amplify DNA that is extracted from preserved
cyanobacteria samples, and if so, can the real-
time qPCR results of preserved samples be used
to establish a valid correlation with cyanobac-
teria densities in environmental samples?
Fixatives that are often used for the long-term
storage of phytoplankton material include Lu-
gol’s iodine (Hotzel & Croome, 1999; Utkilen
et al., 1999), formaldehyde and glutaralde-
hyde solutions (Menden-Deuer et al., 2001;
Bertozzini et al., 2005; Karlson et al., 2010).
In this study, we evaluated the applicability of the
real-time PCR technique in the amplification of a
target fragment in DNA that was extracted from
samples that were preserved with Lugol’s iodine
solution, formaldehyde and glutaraldehyde.

MATERIAL AND METHODS

Culture and field sample preservation
treatments

Cyanobacteria species and genetic marker

To evaluate the amplification by the real-time
PCR of cyanobacterial DNA that was extracted
from preserved samples, the culture experiments
were performed with nonaxenic monoclonal cul-
tures of Planktothrix agardhii. The gene that was
used for the PCR amplification was the rpoCl1
that encodes the characteristic cyanobacterial &
subunit of the DNA-dependent RNA polymerase
using the primers rpoC1_Plank_F271 (§’-TGT
TAAATCCAGGTAACTATGACGGCCTA-3’) and
rpoC1_P_agardhii_R472 (5’-GCGTTTTTGTCC
CTTAGCAACGG-3’), targeting a fragment of
202 bp (Churro et al., 2012).

Cyanobacteria cultures and field samples

The P. agardhii strains (Imecya 153A, 153B and
155) that were used in the experiments were
maintained in the Estela Sousa e Silva Algal Cul-
ture Collection in the Laboratory of Biology and
Ecotoxicology (LBE) at the National Health Ins-

titute Dr. Ricardo Jorge, Portugal. Further infor-
mation about the cultures can be found in Paulino
et al. (2009). The field sample that was used
in the experiments was obtained from an ongo-
ing monitoring program at the LBE that receives
samples periodically from a water reservoir with
recurrent blooms of P. agardhii.

Sampling

One-millilitre culture samples and 25-mL field
samples were preserved separately with three
working solutions that were made according with
Edler & Elbrichter (2010): 15% acidic Lugol’s
iodine solution at pH 3 (final concentration
of 1%); 4% neutral buffered formaldehyde at
pH 7 (final concentration of 0.4%); and 25%
glutaraldehyde at pH 7 (final concentration of
2%). The samples were kept in the dark for 24 h
or 6 months at room temperature untili DNA
extraction (Fig. 1).

Control samples

Because preserved samples and field samples
must be filtered to remove excess fixative solu-
tion or field water, a sample with no preservation
treatment was used as a control and filtered
through a syringe with a Swinnex® (Millipore)
holding a paper filter (Fig. 1). To test whether
the filtering step influenced DNA attainment,
the control sample was compared to the whole-
sample positive control, which was also used for
standard curve construction (Fig. 1). Both of the
non-treatment samples were stored at —20°C
for 24 h or 6 months until DNA extraction. No
differences were obtained between the filtered
(control) and the non-filtered (positive control)
samples, which were also stable after 6 months
(Fig. 2). Based on these tests, the Ct values
that were obtained from the amplification of
preserved samples were only compared to the Ct
values of the control sample.

gDNA extraction

The preserved samples were filtered through a sy-
ringe with a Swinnex®)(Millipore) holding a pa-
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per filter (Fig. 1). The filter was then placed into
a 2-mL Eppendorf tube, and DNA was extracted
by phenol-chloroform extraction as described in
Churro et al. (2012). The DNA of the control
and positive control was also extracted by the
same method to assure that all of the samples
had the same treatment. The gDNA was eluted
in 50 uL of DNase-free water and quantified
with a spectrophotometer. After quantification,
the 50-uL. DNA extracts were diluted in 950 pL.
of DNase-free water.

gDNA quantitation, quality and integrity

After extraction, the DNA concentration and pu-
rity were measured using a NanoDrop® ND-
1000 spectrophotometer (Thermo Fisher Scien-
tific, Wilmington, DE). The DNA was quantified
(ng/ul) using the spectrophotometric measure-
ment of UV absorption at a 260-nm wavelength.
The DNA purity was determined by the ratios
0OD260/0D280 and OD260/0D230. Values of
the OD260/280 ratio between 1.8 and 2.0 and
of the OD260/230 ratio between 2.0 and 2.2 were
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considered to indicate pure DNA (Vinod, 2004).
The integrity of the total gDNA that was ex-
tracted from the 20-mL preserved samples of P.
agardhii (Imecya 153B) culture was checked in a
0.6% wi/v agarose gel. The electrophoresis was
performed at 85 V in 0.5x Tris-borate EDTA
(TBE) buffer for 45 min. The gDNA migration
was visualized by exposure to ultraviolet light af-
ter GelRed™ staining.

Real-time qPCR analysis of preserved
samples

Standard curve construction

The standard curve construction for real-time
gPCR was based on the cell numbers from P,
agardhii cultures. Because the rpoC1 gene exists
as a single copy in the cyanobacteria genome,
one cell will correspond to one copy of this gene.
The culture cell density was estimated by Light
Microscopy (LM) using a Sedgwick-Rafter
chamber. As previously mentioned, at the time of
the culture sampling for preservation, an identical
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Figure 2. Stability of the control samples. (A) Ct values and (B) DNA concentrations at the time of preservation (0 M) and over
a 6-month period (6 M). White bar-positive control, grey bar-control (filter with no treatment). The lines represent the standard
deviation. No significant differences, Student’s ¢ test, df =4, p > 0.05. Estabilidad de las muestras de control. (A) valores de Ct
y (B) concentraciones de DNA en el momento de la conservacion (0 M) y durante un periodo de 6 meses (6 M). Barra blanca-
control positivo, barra gris-control (filtro sin ningiin tratamiento). Las lineas representan la desviacion estdndar. No hay diferencias

significativas, prueba t de Student, df =4, p > 0.05.
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1-mL sample was taken for the standard curves
(Fig. 1). This sample was diluted in 5 serial 10-
fold dilutions to construct the calibration curves.
The standard curve equations, reaction amplifi-
cation efficiencies and cell culture densities are
presented in Table 1.

qPCR conditions

The real-time qPCR assays were performed on
a Rotor Gene Q (Qiagen) using SYBR Green
I Dye. The following reagents were added in
a 12.5-uL reaction mixture: 6.25 pL of Sensi-
Mix™ SYBR NO-ROX kit real-time qPCR Mas-
terMix (Bioline), 0.1 uM forward and reverse
primers and 4 pL of template DNA. The thermal
cycling conditions consisted of an initial preheat-
ing step of 3 min at 94 °C followed by 40 cycles
of 20 s at 94°C, 20 s at 58°C and 20 s at 72 °C.
The specificity of the amplified PCR product was
verified by melting curve analysis at the end of
the 40 cycles by gradually increasing the tem-
perature from 60 to 95°C by 1°C every 5 s. The
threshold line was set at 0.05 of the signal fluo-
rescence for all of the PCR tests using the Rotor-
Gene Q series software.

Statistical analysis and replicates

The differences in the amplification were as-
sessed by comparing the cycle threshold values
(Ct). The non-treatment control group —control
and positive control— was used to determine the
expected Ct values. A statistical analysis was
performed using Student’s z-test, and a p value
<0.05 was considered significantly different.
All of the samples were run in triplicate in the
real-time PCR reaction. The tests were repeated
in 3 independent experiments.
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Figure 3. Migration of gDNA that was extracted from the
preserved and control samples in 0.6% (w/v) agarose gel elec-
trophoresis at 85 V in TBE buffer for 45 min. (1) Unpre-
served sample-control; (2) 15% Lugol’s-iodine-solution-
preserved samples; (3) 4% formaldehyde-preserved samples;
and (4) 25% glutaraldehyde-preserved samples. Ladder:
GeneRuler™ DNA Ladder Mix (Fermentas). Migracién de
DNA genomico extraido de muestras conservadas y muestra
control en gel de agarosa al 0.6% (w /v) a 85 V en tampon
TBE durante 45 min. (1) Muestra sin conservantes-control; (2)
solucion yodoyodurada de Lugol al 15%; (3) formaldehido al
4%; (4) glutaraldehido al 25%.

PCR inhibition and sensitivity

To test whether the DNA extracts from the pre-
served samples inhibited the PCR, the reaction
efficiency was accessed in the 5 serial 10-fold
dilutions of the preserved samples. If the sample
contained any PCR inhibitor, the amplification
of the 10-fold dilutions would not be linear be-

Table 1. Real-time PCR standard curve equations and reaction amplification efficiencies. Curva de calibrado y eficiencia de la

reaccion de la amplificacion en la PCR en tiempo real.

Strain Culture cell densities Standard curve Amplification R? Cell range

(Imecya) (Cells/mL) equation efficiency (cells/reaction)
Experiment I 155 152.07 - 10° y =-3.591og (x) + 31.42 0.90 0.997 60 828to 6
Experiment IT 155 231.74 - 10° y =-3.43log (x) + 31.19 0.96 0.998 92 698 to 9

Experiment I1I 153A 474.30 - 10°

y = -3.591og (x) + 34.09 0.90 0.995

189 692 to 19
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cause the inhibitor would be diluted and the tar-
get fragment might be better amplified in low-
concentration samples (Wilson, 1997). To com-
pare the sensitivity of real-time PCR with that of
conventional PCR in the amplification of the tar-
get fragment, the preserved samples were also di-
luted in 5 serial ten-fold dilutions and amplified
in both conventional PCR and real-time PCR.

Conventional PCR conditions

End-point PCR amplification of the rpoC1 gene
fragment was performed in a 25-pL reaction
mixture containing 1XxPCR buffer (Invitro-
gen™), 0.05 mM dNTPs (Invitrogen™), 0.2 uM
each primer (rpoC1_Plank_F271 and rpoC1_P
_agardhii_R472), 2 mM MgCl, (Invitrogen™),
8 uL of DNA extract and 1 U of Taqg DNA
polymerase (Invitrogen™). The amplification
was performed in a TGradient Thermocycler
(Biometra) consisting of an initial denaturation
step at 94 °C for 3 min, followed by 40 cycles
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of 20 s at 94°C, 20 s at 58°C and 20 s at 72°C
and a final extension step of 5 min at 72 °C. The
amplified rpoC1 fragments were visualized
by exposure to ultraviolet light in a GelRed™
-stained 1% w/v agarose gel after electrophoresis
at 85 V in 0.5 x Tris-borate EDTA (TBE) buffer
for 45 min.

RESULTS

Quantity, quality and integrity of gDNA

The total gDNA that was extracted from the
unpreserved samples and samples that were
fixed with Lugol’s iodine and formaldehyde was
mostly greater than 12 kb in length (Fig. 3).
Some fragmentation was detected in the control
and Lugol’s samples with visible fragments of
1000 and 650 bp (lanes 1 and 2, Fig. 3). In the
glutaraldehyde-preserved samples, there was no
visible DNA or signs of DNA degradation (lane
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Figure 4. Total genomic DNA that was extracted from short-term- (0 months-0 M grey bars) and long-term- (6 months-6 M
black bars) preserved culture samples in three independent experiments - (A) Planktothrix agardhii strain LMECYA 153A, (B and
C) P. agardhii strain LMECYA 155. PC-positive control (no treatment), C-control (filter with no treatment), L-15% Lugol’s iodine
solution, F-4% formaldehyde, G-25% glutaraldehyde. Cantidad total de DNA genomico extraido de muestras de cultivos conservadas
poco tiempo (0 meses-0 M barra gris) y en periodos largos (6 meses-6 M barra negra) en tres experimentos independientes - (A)
Planktothrix agardhii cepa LMECYA 153A, (B y C) P. agardhii cepa LMECYA 155. PC-control positivo (sin tratamiento), C-control
(filtro sin tratamiento), L-solucion yodoyodurada de Lugol al 15%, F-formaldehido al 4%, G-glutaraldehido al 25%.
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4, Fig. 3). Furthermore, a loss in DNA quan-
tity was also visible in the preserved samples
compared to that of the control samples (Fig. 3).

At the time of preservation, the DNA quantity
was determined spectrophotometrically and
decreased in the preserved samples compared
to that of the control (Fig. 4). The samples that
were preserved in Lugol’s iodine showed a DNA
loss of between 21 and 35 % more than that
of the control. For the formaldehyde-preserved
samples, the loss was between 35 and 40%.
In contrast, for the glutaraldehyde-preserved
samples, the DNA quantity was much higher
than that of the control. This result is most likely
unrealistic and misleading, given that no DNA
was visible in the total-gDNA electrophoresis.
Similar results were obtained in the 3 indepen-
dent experiments (Fig. 4A, B and C). After 6
months of preservation, the quantity of DNA
that was obtained from the preserved samples
was substantially low compared to that of both
the control and the same preserved samples at
the time of preservation (Fig.4). DNA losses
ranged between 58% and 77% for Lugol’s-
iodine-preserved samples and from 63 % to 79%
for formaldehyde-preserved samples.

The ratios OD260/0D280 and OD260/0D230
indicated good DNA quality from the control and
positive control samples (Table 2). The DNA that
was extracted from Lugol’s- and formaldehyde-
preserved samples exhibited greater variability
in quality ratios (Table 2). DNA isolated from
glutaraldehyde samples showed poor DNA qual-
ity (Table 2). The quality of the DNA that was
extracted from the short-term-preserved samples

was similar to that from the six-month-preserved
samples (Table 2).

Real-time qPCR amplification of the
preserved samples

The DNA that was extracted from the recently
preserved samples with the three tested fixatives
was successfully amplified by real-time PCR in
three independent experiments (Fig. 5A, B and
C). For the Lugol’s- and formaldehyde-preserved
samples, the replicates were consistent, indicat-
ing correct target fragment detection in each of
the 3 experiments (Fig. 5). Furthermore, a melt-
ing curve analysis of the amplified fragments
in the Lugol’s- and formaldehyde-preserved
samples exhibited single melting peaks with high
fluorescence, similar to that of the control. The
replicate consistency and fragment amplifica-
tion before PCR cycle 30 for the Lugol’s- and
formaldehyde-preserved samples caused the Ct
values to fall in the standard curve quantifica-
tion limits and enabled gene copy number quan-
tification for these samples. However, this
quantification was not realistic because the Ct
values of the preserved samples were signifi-
cantly higher than those of the control, which
resulted in an underestimation of gene copy
number (Fig. 5). In the glutaraldehyde-preserved
samples, although the replicates were consis-
tent, the Ct values were always measured after
PCR cycle 30, except for in one experiment
(Fig. 5A). The melting curve analysis for this
last sample presented low fluorescence peaks at
the melting temperature of the target fragment

Table 2. Genomic DNA quality. The values are present in the range of the OD260/0D280 and OD260/0D230 values that were
obtained in the three experiments. The reference ratio values for good-quality DNA are OD260/280 =1.8 and OD260/230=2.0.
Calidad del DNA gendmico extraido. Los valores estan apresentados en la gama de OD260/0D280 y OD260/0D230 obtenida en
los tres experimentos realizados. Los valores de refencia indicativos de DNA de buena calidad son 1.8 para la razon OD260/0D280
y 2.0 para la razon OD260/0D230.

Preservation time 0 months 6 months

Quality ratios 0D260/0D280 0D260/0D230 0D260/0D280 0D260/0D230
Positive control 1.84-1.91 2.1-24 1.85-1.93 2.12-2.2
Control 1.84-2.02 1.9-2.36 1.80-2.01 1.97-2.09
Lugol’s iodine 1.70-1.87 1.79-2.17 1.72-1.84 2.05-2.16
Formaldehyde 1.44-1.92 2.07-2.15 1.81-1.98 2.06-2.17
Glutaraldehyde 1.39-1.59 1.45-2.17 1.63-1.78 2.31-2.91
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Figure 5. Comparison between the average Ct values that were obtained from the real-time amplification of non-preserved and
preserved samples with 15% Lugol’s iodine solution, 4% formaldehyde and 25% glutaraldehyde in recently and six-month-preserved
samples in three independent experiments - (A) Planktothrix agardhii strain LMECYA 153A (189 692 cells/reaction) and (B and C) P.
agardhii strain LMECYA 155 (92 698 and 60 828 cells/reaction, respectively). The asterisk denotes significant differences, Student’s
t test, df =4, p < 0.05, between the Ct values of the preserved samples and the Ct values of the control at the time of preservation.
The lines represent the standard deviation. Comparacion entre los valores medios de Ct obtenidos de la amplificacion por la PCR
en tiempo real de muestras sin conservantes y muestras conservadas con solucion yodoyodurada de Lugol al 15%, formaldehido al
4% y glutaraldehido al 25% en muestras conservadas a corto y a largo plazo en tres experimentos independientes - (A) Planktothrix
agardhii cepa LMECYA 153A (189 692 células/reaccion), (B 'y C) P. agardhii cepa LMECYA 155 (92 698 and 60 828 células/reaccion,
respectivamente). El asterisco indica diferencias significativas, en la prueba t de Student, df=4, p < 0.05, entre los valores de Ct
de muestras conservadas y los valores de Ct del control en el momento de la preservacion. Las lineas representan la desviacion
estdndar.

when compared to that of the control. From the
3 fixatives that were used, the Lugol’s-preserved
samples presented a lower Ct value, followed by
the formaldehyde- and glutaraldehyde-preserved
samples (Fig. 5).
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After six months of preservation, no reliable
Ct values were obtained, except for in the formal-
dehyde-preserved samples in every experiment
(Fig. 5A, B and C) and in the Lugol’s-preserved
samples in one experiment (Fig. 5C).
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Figure 6. Sensitivity of the real-time PCR to target the rpoC1 gene in DNA that was extracted from P. agardhii strain LMECYA
153A when preserved in 15% Lugol’s iodine solution, 4% formaldehyde and 25% glutaraldehyde. The plotted bars represent
the average Ct values of 5 serial 10-Logarithmic dilutions for each fixative solution. The lines represent the standard deviation.
Sensibilidad de la PCR en tiempo real para amplificar el gen rpoCI en DNA extraido a partir de P. agardhii cepa LMECYA 153A
conservado con solucion yodoyodurada de Lugol al 15%, formaldehido al 4% y glutaraldehido al 25%. Las barras representan los
valores medios de Ct obtenidos de 5 series de 10 diluciones logaritmicas seriadas para cada solucion de preservacion. Las lineas
representan la desviacion estdandar.
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Real-time PCR inhibition and sensitivity

To test for the presence of co-purified DNA
PCR inhibitors, the real-time PCR amplification
parameters were analysed in the 5 serial 10-fold
dilutions of the preserved samples. In the am-
plification curves, the replicates of each 10-fold
dilution of the preserved sample with Lugol’s
and formaldehyde solutions were consistent,
indicating amplification reproducibility. Further-
more, linearity was obtained for the Lugol’s- and
formaldehyde-preserved sample dilution series.
For Lugol’s-preserved samples, the regression
equation was y = —3.596log (x) + 36.47, with
> = 0.997 and a reaction efficiency of 0.90. For
the formaldehyde-preserved samples, the regres-
sion equation was y = —3.197log(x) + 35.69,
with 7> = 0.977 and a reaction efficiency of 1.05.
No regression analysis could be drawn from the
log dilutions of the glutaraldehyde samples.

The Ct values of the five serial 10-fold di-
lutions for each preserved sample and the con-
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trol are presented in figure 6. The amplification
fluorescence at all of the concentrations ranged
from 189 692 to 190 cells per reaction in the
samples that were preserved with Lugol’s and
formaldehyde solutions (Fig. 6). In the samples
that were preserved with glutaraldehyde solution,
the amplification products were only detected in
the range of 189 692 to 1897 cells per reaction
(Fig. 6). Compared to conventional PCR, real-
time PCR was able to amplify the target frag-
ment at a lower concentration because the am-
plification products in conventional PCR were
only obtained in the range of 189 692 to 190
cells per reaction for the formaldehyde-preserved
samples and 189 692 cells per reaction for the glu-
taraldehyde-preserved samples (Fig. 7C and D).

Applicability in the environmentally preserved
samples

To analyse the real-time PCR amplification of
the target fragment in the preserved samples with
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Figure 7. Gel image of conventional PCR showing the amplification of the rpoC1 gene target sequence of the P. agardhii strain
LMECYA 153A DNA that was extracted from (A) control samples and samples that were preserved with (B) 15% Lugol’s iodine
solution, (C) 4% formaldehyde and (D) 25% glutaraldehyde. Lanes 1 to 5 refer to the 5 serial 10-fold dilutions of template DNA
equivalent to 379 384 to 38 cells/reaction. Ladder: GeneRuler™ DNA Ladder Mix (Fermentas); NTC: no-template control. Imagen
Gel de la PCR convencional que muestra la amplificacion del producto de DNA del gen rpoCl de la cepa P. agardhii LMECYA
153A sin conservantes. (A) Control, y conservado con (B) solucion yodoyodurada de Lugol al 15% (C) formaldehido al 4% y (D)
glutaraldehido al 25%. Los carriles 1 a 5 se refieren a 5 series de 10 diluciones logaritmicas seriadas equivalentes a 379 384 a 38
células/reaccion. “Ladder”: marcador de peso molecular GeneRuler ™ Mix Ladder (Fermentas); NTC: control sin molde.
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an environmental matrix and cell concentrations,
field samples were fixed with Lugol’s solution,
formaldehyde and glutaraldehyde. The Ct val-
ues for the preserved field samples are presented
in figure 8. Positive amplification was obtained
in the Lugol’s- and formaldehyde-preserved field
samples, and the rpoC1 fragment was success-
fully detected. Nevertheless, there was a signifi-
cant difference between the Ct values of the pre-
served samples and that of the non-treated sam-
ples (Fig. 8). The resulting quantification of the
target gene copy number in the preserved field
sample resulted in an underestimation of the copy
number compared to that of the control. Unlike
culture experiments, a positive amplification was
detected in the Lugol’s-preserved sample after 6
months, and no amplification was obtained from
the formaldehyde-preserved sample (Fig. 8).

DISCUSSION

The intent of sample preservation is to maintain
cell integrity and morphology, and the most com-
mon fixatives that are used clearly fulfil this func-
tion. These preservatives began to be used a long
time ago when nucleic acid availability was not
yet a concern. In fact, fixatives such as formalde-
hyde and glutaraldehyde cross-link and coagu-
late proteins to maintain cellular and organellar
structures, consequently trapping the DNA in the
cell and making the DNA unavailable for PCR
amplification (Douglas & Rogers, 1998; Kier-
nan, 2000; Srinivasan et al., 2002). In addition,
another reason for the lack of DNA availability
from preserved samples includes cell loss dur-
ing the preservation process. Several studies us-
ing formaldehyde-ciliate-fixed samples have re-
ported more than 70% cell loss compared to that
in Lugol’s-preserved samples (Stoecker et al.,
1994; Pitta et al., 2001; Modigh & Castaldo,
2005). Furthermore, the fixative inclusion in the
cells requires some time, and during the fixation
process, the DNases that are present in the cells
may destroy DNA (Noguchi et al., 1997; Srini-
vasan et al., 2002).

The results presented here demonstrate that
cyanobacterial DNA can be amplified by real-

time PCR using Lugol’s- and formaldehyde-
preserved culture samples and in samples with a
complex matrix, such as environmental samples.
High molecular weight gDNA was obtained
from Lugol’s- and formaldehyde-preserved
samples, and the observed fragmentation was
also present in the DNA from the non-preserved
sample, indicating that this fragmentation was
not caused by the preservation treatment. How-
ever, the difference in the intensity of gDNA
bands from these samples compared to that of
the control suggests that the DNA losses were
higher in the formaldehyde-preserved samples.
In fact, the DNA concentrations measurements
from the Lugol’s- and formaldehyde-preserved
samples also indicated severe DNA losses that
increased with the time of preservation. The
quality of the DNA that was extracted from
the preserved samples was also inferior to that
of the sample without treatment, suggesting
that fixation decreases the DNA quality. De-
spite these drawbacks, the target fragment was
successfully amplified in samples that were
preserved in Lugol’s and formaldehyde solutions
for a short time and for six months, thus making
real-time PCR analysis suitable for fragment
detection in preserved samples. However, due
to the increased Ct values, the quantification
resulted in an underestimation of the gene copy
number, meaning that, although the sample can
be quantified, the results of that quantification
are not realistic and cannot be related to the con-
centrations prior to fixation. Nevertheless, the
target fragment amplification after six months of
preservation presented variability in the results
between experiments, which may be related to
the fixative stability and sample degradation
over time. To understand whether the shift in
Ct values was also due to the inhibition of the
PCR reaction and not only to DNA loss, the
Lugol’s- and formaldehyde-preserved samples
were diluted, and the serial logarithmic dilutions
amplified linearly with efficiencies close to 1,
indicating that no PCR inhibitors were present in
the reaction. In the literature, the amplification
of DNA that is extracted from Lugol’s-preserved
phytoplankton samples has been performed
mainly with eukaryotic dinoflagellates, and
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Figure 8. Comparison of the average Ct values that were ob-
tained from the real-time amplification of environmental sam-
ples that were not preserved or preserved with 15% Lugol’s
iodine solution, 4% formaldehyde and 25% glutaraldehyde in
recently (0 M) and six-month-(6 M) preserved samples. The
asterisk denotes significant differences, Student’s ¢ test, df =4,
p < 0.05, between the Ct values of the preserved samples
and the Ct values of the control at the time of preservation.
The lines represent the standard deviation. Comparacion entre
los valores medios de Ct obtenidos de la amplificacion por la
PCR en tiempo real de muestras de campo sin conservantes y
muestras conservadas con solucion yodoyodurada de Lugol al
15%, formaldehido al 4% y glutaraldehido al 25% en muestras
de culturas conservadas a pronto y a largo. El asterisco in-
dica diferencias significativas, en la prueba t de Student, df =4,
p < 0.05, entre los valores de Ct de muestras conservadas y los
valores de Ct del control en el momento de la preservacion. Las
lineas representan la desviacion estdndar.

no information could be obtained regarding DNA
amplification from preserved cyanobacteria sam-
ples. In experiments using dinoflagellates and mi-
croalgae DNA from Lugol’s-preserved samples,
Godhe et al. (2002) and Marin ef al. (2001) were
unable to obtain amplification with conventio-
nal PCR. In fact, positive results with conven-
tional PCR have only been obtained with sin-
gle-cell PCR experiments (Bertozzini et al.,
2005; Auinger et al., 2008; Godhe et al., 2008;
Henrichs et al., 2008; Kavanagh et al., 2010).
However, when the real-time PCR technique was
applied, successful amplification was reported
for the amplification of dinoflagellate DNA
(Bowers et al., 2000; Tengs et al., 2001; Galluzzi
et al., 2004; Penna et al., 2007; Miyaguchi et al.,
2008). Penna et al. (2007) and Galluzzi et al. (2004)
reported that Lugol’s solution did not induce

DNA loss in preserved samples with up to
15 months of preservation and that preserved
samples were suitable for real-time PCR. How-
ever, similar to our results, previous reports in
dinoflagellates have reported increased Ct values
in Lugol’s-preserved samples, reflecting a loss in
the log cell concentration of 10-fold compared to
that of unpreserved DNA; this decrease was also
time dependent (Bowers ef al., 2000; Miyaguchi
et al., 2008). The reports regarding formaldehyde
fixation in human tissue have also described the
poor preservation of high-molecular-weight
DNA and have reported that up to 30% of
nucleic acids could be lost during fixation (Srini-
vasan et al., 2002). An identical result was also
reported by Bertozzini et al. (2005), in which
DNA recovery from formaldehyde-preserved
phytoplankton samples was lower compared
to that of un-preserved and Lugol’s-preserved
samples. Similar to our results, Miyaguchi et al.
(2008) and Hosoi-Tanabe & Sako (2005) also
reported the successful target amplification of
formaldehyde-preserved samples in real-time
PCR and that fragment detection was inferior
in formaldehyde-preserved samples compared
to that in Lugol’s-preserved and unpreserved
samples. Based on our results, no conclusions
can be drawn from the amplification of DNA
from glutaraldehyde-preserved samples. No
visible DNA was present in the total-gDNA gel
migration, and the DNA quantification values
were unrealistic and of poor quality. Most
likely, glutaraldehyde was carried over during
DNA extraction and interfered with the quality
ratios, resulting in low OD260/0D280 and
0OD260/0D230 values, as glutaraldehyde has
one absorbance peak at 235 and another at 280
nm (Jones, 1974; Gillett & Gull, 1972; Hopwood
et al., 1975). Consequently, the obtained Ct
values were high, reflecting low-concentration
DNA, and the observed amplification can be
misleading because the signal is too close to
residual fluorescence. In addition, no regression
analysis could be drawn from the log dilutions
of the glutaraldehyde samples. These results
suggest that most of the DNA was lost during
the preservation process, indicating that a much
higher concentration of starting material is
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necessary for successful amplification, making
the cell concentration in the context of preserved
cyanobacteria samples unrealistic. Information
about the use of DNA that is extracted from
phytoplankton when preserved in glutaraldehyde
is scarce. Using conventional PCR, Marin et al.
(2001) were unable to obtain a positive PCR
result with DNA from glutaraldehyde-preserved
samples, while using real-time PCR, Hosoi-
Tanabe & Sako (2005) were able to amplify
DNA from glutaraldehyde-preserved samples
and reported that the detection level was lower
than that of untreated samples. In contrast to
our results, studies of preserved samples of
plant and fungi obtained high-molecular-weight
DNA from glutaraldehyde-preserved samples
and DNA yields that were similar to those
of non-preserved samples, with positive PCR
amplification (Douglas & Rogers 1998).

CONCLUSIONS

In summary, Lugol’s-iodine- and formaldehyde-
preserved cyanobacterial samples can be anal-
ysed using real-time PCR without these fixatives
interfering with the reaction. The main factor
jeopardizing the amplification of DNA from
preserved samples seems to be the DNA loss
during the fixation process, rather than frag-
mentation or PCR inhibition. This DNA loss
occurs soon after fixation and increases over
time, meaning that to overcome this issue, the
preserved samples would have to be highly
concentrated to minimize the effects of DNA
loss. In this study, we used 25 mL of filtered
field samples from a P. agardhii bloom and
obtained a good fluorescence signal in real-time
PCR. In field surveys, usually 100- to 1000-mL
samples are preserved for monitoring proposes.
Such volumes should be more than adequate for
proper real-time PCR detection. Furthermore, it
is noteworthy that we have used a target gene
that exists in single copy in the cyanobacteria
genome; for genes presenting more than one
copy in the cell, such as the 16S rRNA and
microcystin synthetase genes, the availability of
the target fragment could be higher.

This study shows that it is possible to use the
real-time PCR technique in preserved cyanobac-
teria samples, thus providing access to molecu-
lar information that might be otherwise discrimi-
nated. Moreover, the high sensitivity of this tech-
nique, in contrast to that of conventional PCR,
can be very useful for the fragment target de-
tection of low-concentration samples that may
result from the preservation process. However,
the quantification that is achieved by the real-
time PCR of the preserved samples cannot be re-
lated to or used to infer copy gene numbers of
non-preserved samples. The use of this analysis
to detect a specific species or a specific geno-
type in samples that arrive as fixed to the lab-
oratory or that are preserved for some time can
greatly increase the knowledge of bloom occur-
rence, specificity and toxicity and thus open a
time capsule into water reservoir history.
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