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INTRODUCTION

Dissolved DNA (dDNA, which passes through a
0.2 µm pore filter) is a form of extracellular DNA and a
common constituent of the dissolved organic matter
(DOM) in all natural aquatic environments. Although
viruses are included in this <0.2 µm fraction, previous
studies have demonstrated that virus DNA only
accounts for less than 20% of the total dDNA pool
(Paul et al. 1991b, Weinbauer et al. 1993) and thus the
majority of dDNA is composed of either soluble or
particle-binding forms of naked DNA (Jiang & Paul
1995). Although the function of dDNA in aquatic envi-
ronments is still not fully understood, it is regarded as
an attractive nutritional source for aquatic microorgan-
isms (Turk et al. 1992, Jørgensen & Jacobsen 1996). In

this context, Siuda & Chróst (2000) have recently
demonstrated that 11 to 27.6% of the total phosphorus
concentration in German lakes is accounted for by
enzymatically liberated phosphorus from dDNA. In
addition to its nutritional importance, dDNA could also
be important as an extracellular genetic pool for
further bacterial horizontal gene transfer, via natural
transformation (Lorenz & Wackernagel 1994, Matsui et
al. 2001, 2003). Thus, as with physico-chemical water
characteristics (e.g. determination of nutrients), deter-
mination of dDNA concentration has become an
important parameter to characterize an aquatic eco-
system. 

Following the first determinations of dissolved nucleic
acid in marine (Pillai & Ganguly 1972) and freshwater
environments (Minear 1972), the amount of dDNA has
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been determined repeatedly in various aquatic envi-
ronments and found at concentrations from 0.5 to 88 µg
l–1 in fresh waters (e.g. Karl & Bailiff 1989, Paul et al.
1989, 1991a, Siuda & Güde 1996, Siuda et al. 1998). The
fluorometric assay, based on enhancement of the fluo-
rescence of dyes upon DNA binding, is widely used as a
simple and reliable method to determine the amount of
dDNA. Hoechst 33258 (bisbenzimide), and DAPI (4’,6-
diamidino-2-phenylindole) fluorescent dyes specific for
double stranded DNA (dsDNA), have been used for this
purpose. However, because of the sensitivity levels of
these dyes, at least 100 ng (for Hoechst 33258; DeFlaun
et al. 1986) and 50 to 60 ng (for DAPI; Siuda & Güde
1996) of DNA is necessary for reliable measurement. To
achieve this, dDNA must be adequately concentrated
from 0.1 to 10 l of sample water before analysis. The
concentration of dDNA from large volumes of water is
very time consuming and becomes a burden for routine
dDNA measurement. Moreover, long manipulation
times may influence the production and consumption
rates of dDNA in sampled water and thus bias the dDNA
determination. 

The aim of this study was to develop a rapid and
reliable procedure for routine measurement of dDNA.
For this purpose we used SYBR Green I (Molecular
Probes) to enhance the sensitivity of dDNA measure-
ment. SYBR Green I is a sensitive cyanine dye specific
to dsDNA originally developed for gel staining. It has
been applied in aquatic microbial ecology for studies
such as the determination of virus abundance (Noble &
Fuhrman 1998). In laboratory solution assays, the sen-
sitivity of SYBR Green I is 6 to 8 times greater than that
of ethidium bromide, a fluorescent dye commonly used
for gel staining (Vitzthum et al. 1999), and is thus
attractive for the determination of the dDNA concen-
tration in small volumes of water. We have also modi-
fied the ethanol dDNA precipitation method (DeFlaun
et al. 1986) by combining it with a centrifugal filter
device to reduce the time required for DNA desalting.
The overall process allowed us to determine the dDNA
concentration from a 10 ml water sample within a few
hours, and may facilitate the routine measurement of
dDNA in aquatic environments. 

MATERIALS AND METHODS

Sample collection. To test the applicability of SYBR
Green I for environmental samples, lake water sam-
ples were collected from 2.5 and 50 m depth at a
pelagic station (35° 10’ N, 135° 56’ E; ~57 m depth) in
the mesotrophic north basin of Lake Biwa during the
stratification period (3 July 2002). The detailed geo-
graphical and limnological characteristics of this sam-
pling station have been described by Gurung & Urabe

(1999). To test the effectiveness of the centrifugal filter
device, samples were also taken from the surface near
the shore in several freshwater environments of differ-
ent trophic status (10 to 27 November 2003). The
samples obtained were immediately transferred to the
laboratory and all experimental treatments were con-
ducted within 5 h of sampling.

Analytical measurements. Total phosphorus was mea-
sured according to Menzel & Corwin (1965). Total nitro-
gen was converted to nitrate by alkaline persulfate oxi-
dation (H3BO3 was omitted from the oxidization reagent)
and determined by an ultraviolet spectrophotometric
screening method (Eaton et al. 1995). Chlorophyll a (chl
a) was determined by standard fluorometric methods
(Wetzel & Likens 2000). Bacteria and virus-like particles
(VLPs) were enumerated directly under an epifluores-
cence microscope, using the DAPI staining method for
bacteria (Porter & Feig 1980) and the SYBR Green I
staining method for VLPs (Noble & Fuhrman 1998). The
trophic state index was calculated from the amount of
total phosphorus, according to Carlson (1977).

Concentration and purification of dDNA. The fresh-
water samples were each passed through a filter com-
bination consisting of a 10 µm pore filter (coated cellu-
lose acetate on non-woven polyester; Advantec) and a
0.2 µm pore filter (polycarbonate; Advantec) under a
vacuum of less than 150 mm Hg. Each filtrate was then
divided into 8 subsamples of equal volume. Three
were replicates and the next 3 were enriched with 10
to 20 µg l–1 final concentration of λHind III digested
DNA to assess recovery. Of the remaining 2, one was
treated with DNase I (final concentration 100 µg ml–1,
Sigma) and the other with a mixture of DNase I and
RNase A (final concentration 100 µg ml–1 each, Sigma)
to verify that the detected fluorescence was due to
DNA. The DNase I and/or RNase A treatments were
conducted at 37°C for 2 h with MgCl2 supplementation
(final concentration was 500 µM). 

Two commonly used dDNA concentration proce-
dures, the N-cetyl N,N,N-trimethylammonium bro-
mide (CTAB) nucleic acid precipitation method (e.g.
Karl & Bailiff 1989, Siuda & Güde 1996, Ishii et al. 1998)
and the ethanol (EtOH) precipitation method (e.g.
DeFlaun et al. 1986, Paul & Pichard 1995), were com-
pared for their suitability for fluorescence measure-
ment with SYBR Green I. 

CTAB nucleic acid precipitation was based on the
method of Karl & Bailiff (1989), as modified by Ishii et
al. (1998). Briefly, 2 ml of CTAB stock solution (5 g of
CTAB in 1 l of 0.5 M NaCl) was added to each 100 ml
of 0.2 µm filtrate. The filtrates supplemented with
CTAB were completely frozen at –20°C, thawed at
room temperature, and then the insoluble dDNA-CTA
complex was trapped onto 0.2 µm pore polycarbonate
filters. The filters were immersed in 4 ml of NaCl buffer
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(2 M NaCl, 6 mM Tris-Cl pH 8.0, 0.6 mM EDTA) at
65°C for 0.5 h, and then mixed with 4 ml of CIAA
(chloroform:isoamyl alcohol; 24:1) to dissolve the filter.
The soluble DNA sodium salts were separated from the
CIAA by brief centrifugation and the supernatant
collected was purified by ethanol precipitation (Sam-
brook & Russell 2000) and then re-dissolved in TE
buffer for final dDNA determination. 

The EtOH dDNA precipitation procedure was based
on the method of DeFlaun et al. (1986) as follows. Each
100 ml of 0.2 µm filtrate was supplemented with 10 ml
of salts solution (1.3 M NaCl and 0.135 M MgSO4 ·
7H2O) and 1 ml of 0.54 M CaCl2 · 2H2O solution. DNA
was precipitated by the addition of 220 ml of ethanol
and kept at –20°C for 48 h. The precipitated DNA salt
complex was collected by centrifugation (7000 × g for
20 min, at 4°C). The precipitated pellet was dialyzed
against distilled water at 4°C, the buffer being
changed twice per day until the precipitate was
removed (as determined by eye), and then against TE
buffer (10 mM Tris-Cl and 1 mM EDTA, pH 8.0) for
12 h. The dialyzed sample was used for the final dDNA
determination.

Purification of dDNA with a centrifugal filter
device. The dDNA in 10 or 100 ml of lake water filtrate
(<0.2 µm) was precipitated by the EtOH method as
described above. After 0, 24, or 48 h of DNA precipita-
tion, the DNA salt complex was collected by centrifu-
gation (7000 × g for 20 min, at 4°C). The precipitated
pellet was lightly dried at room temperature for 5 min
(complete desiccation resulted in difficult re-dissolv-
ing), re-dissolved in 5 ml of TE buffer and then con-
centrated with a 30 000-molecular-weight-cutoff cen-
trifugal filter device (CENTRIPLUS; Millipore) to about
100 to 200 µl. Since salts remaining in the concentrate
quench SYBR Green I fluorescence (Vitzthum et al.
1999, Matsui et al. unpubl. data), the concentrate was
further washed twice with 5 ml of TE in the same
device and the filter-retained dDNA concentrate was
used for the final dDNA determination. 

Determination of DNA. DNA concentration was
determined spectrofluorometrically by an increment
method (Paul & Myers 1982). This method accounts for
quenching effects in working dye solutions since all
standards are internal. The supplied concentrations of
SYBR Green I and Pico Green (Molecular Probes) were
diluted with TE buffer 1.6 × 10–4 and 5 × 10–3 times
respectively, and used as working fluorescent dye
solutions. Hoechst 33258 (Wako Chemical) working
dye solution (1.5 × 10–7 M in TE buffer) was prepared
following the method of Paul & Myers (1982). Two ml
of the working fluorescent dye solution were placed
in a 1 cm quartz cuvette in a spectrofluorometer
(RF5300PC, Shimadzu) with a slit width of 10 nm. Flu-
orescence excitation and emission spectra were settled

at 494 and 524 nm (SYBR Green I), 483 and 524 nm
(Pico Green) and 342 and 472 nm (Hoechst 33258),
respectively. λHind III digested DNA (Takara Shuzo)
was used as the standard for dsDNA. Each 2 to 10 µl of
dDNA sample and the standard DNA were serially
spiked into a working dye solution and the fluores-
cence was measured after each increment. The slope
of the regression line of the fluorescence intensity ver-
sus DNA added was used to determine the concentra-
tion of the dDNA sample. All measurements were cor-
rected for the fluorescence obtained from the DNase I
treated sample (Paul & Myers 1982). To evaluate the
specificity of the dyes for dsDNA, the fluorescence
intensity for each fluorescent dye was also evaluated
with fish sperm single stranded DNA (ssDNA; MB-
grade, Roche Diagnostics) and yeast RNA (Wako
Chemical), and the slopes of these regression lines
were compared. Variations in the dDNA concentra-
tions detected were examined by analysis of variance
(ANOVA), with post-hoc Fisher’s PLSD test using Stat
View 5.0 for Macintosh (SAS Institute). 

RESULTS AND DISCUSSION

Comparison of the specificity of fluorescence dyes

Fig. 1 shows the relationship of fluorescent signal
intensity against the amount of λHind III digested
DNA in 2 ml of 1.6 × 10–4 diluted SYBR Green I
solution. The correlation coefficient for the linear
regression was 0.999 over the range from 50 pg to
32 ng of λHind III digested DNA standards. Thus,
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Fig. 1. Regression of the fluorescence intensity against the
amount of λHind III digested DNA in 2 ml of 1.6 × 10–4 diluted 

SYBR Green I solution
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SYBR Green I can detect as little as 50 pg of DNA in 2
to 10 µl of sample and this is 200 times more sensitive
than Hoechst 33258 dye (Labarca & Paigen 1980). 

The selectivity of SYBR Green I for dsDNA, ssDNA
and yeast RNA was compared with those of Pico Green
and Hoechst 33258. SYBR Green I displayed 10 times
more fluorescence when bound to dsDNA than when
bound to fish sperm ssDNA and yeast RNA (Fig. 2).
Pico Green also showed high selectivity for dsDNA,
but the sensitivity was slightly lower than that of SYBR
Green I. In a previous study, Vitzthum et al. (1999) also
reported that the sensitivity of SYBR Green I for
dsDNA is 1.4 to 1.8 times higher than that of Pico
Green and the same tendency was observed in our
study. Hoechst 33258 displayed 10 times weaker fluo-
rescence with dsDNA compared to SYBR Green I and
Pico Green. Thus, SYBR Green I is an attractive dye for
dDNA determination with high sensitivity and selec-
tivity for dsDNA. We therefore tested the effectiveness
of this dye for environmental dDNA analysis further. 

Determination of environmental dDNA
concentration with SYBR Green I

An assay conducted as a pure laboratory experiment
is not completely applicable for use with environmen-
tal samples. A commonly used standard method, which

constructs a calibration series of standard DNA sepa-
rately (Paul & Myers 1982), does not allow for the fluo-
rescent interference sometimes present in DNA puri-
fied from natural water. To evaluate the effectiveness
of this new method, we therefore employed an incre-
ment method and measured freshwater dDNA using
both SYBR Green I and Hoechst 33258 (Fig. 3). The
recovery efficiency of the added λHind III DNA stan-
dards from samples of epilimnion and hypolimnion
lake water averaged 60.8 (±4.2)% for the CTAB
method and 88.6 (±4.7)% for the EtOH method. No sig-
nificant difference was observed between the dDNA
concentrations determined with SYBR Green I and
with Hoechst 33258 (p > 0.07, by ANOVA). Neither
SYBR Green I nor Hoechst 33258 were influenced by
the different dDNA precipitation procedures (CTAB vs
EtOH), or by the different sampling depths (epilimnion
vs hypolimnion). The DNase I treatment removed 90 to
99% of the DNA fluorescence in both the SYBR Green
I and Hoechst 33258 assays, and the addition of RNase
A did not reduce fluorescence any further (data not
shown). Thus, RNA only contributed a negligible frac-
tion of the fluorescence detected and we therefore cor-
rected all measurements using fluorescence obtained
from the DNase I treatment. 

These data indicate that SYBR Green I can be used
for the measurement of environmental dDNA. The
data obtained are comparable with those obtained
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Fig. 2. Specificity of fluorescence dyes for double stranded
DNA (dsDNA) (λHind III digest), single stranded DNA
(ssDNA) (fish sperm) and yeast RNA. Slope of the linear
regression (fluorescence intensity against increment of
nucleic acid) is shown. Error bars indicate the standard devi-
ations from the means of triplicate experiments. Where there 

are no error bars, the line was smaller than the symbol

Fig. 3. Concentration of dissolved DNA (dDNA) in epilimnion
and hypolimnion lake water. dDNA was concentrated by
either the CTAB-method or the EtOH-method and deter-
mined by either SYBR Green I or Hoechst 33258. Error bars
indicate the standard deviations from the means of triplicate
experiments. Where there are no error bars, the line was 

smaller than the symbol
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using Hoechst 33258 in previous studies. Of
note, the final concentration ratios of the lake
water filtrates were 100 times (for SYBR
Green I) and 10 000 times (for Hoechst 33258),
respectively. The measurement of dDNA by an
increment method requires 10 to 50 µl of
dDNA concentrate. Accounting for the effi-
ciency of dDNA recovery, 10 ml of water
sample should be sufficient for reliable dDNA
determination with SYBR Green I. Since the
EtOH method showed a higher dDNA recov-
ery efficiency than the CTAB method, we puri-
fied the dDNA from a 10 ml water sample
using EtOH precipitation and tested its effec-
tiveness at the next stage of our study. 

Purification of EtOH-concentrated dDNA
with a centrifugal filter device

The detection of as little as 50 pg of DNA
with SYBR Green I (Fig. 1) suggested that it is
possible to measure dDNA concentration
directly from intact lake water filtrate. How-
ever, the addition of non-treated lake water fil-
trate (3 July 2002) into a working dye solution
did not permit the measurement of dDNA
because of high background fluorescence in
the filtrate (data not shown). Thus, dDNA in a
0.2 µm filtrate must be selectively concentrated
and purified to avoid fluorescence interfer-
ence. The EtOH method is a widely used tech-
nique for dDNA concentration (DeFlaun et al. 1986)
and its dDNA recovery efficiency was higher than that
of the CTAB method in our study at Lake Biwa.
Although the principle is simple and reliable, the EtOH
method is time consuming (48 h for DNA precipitation
and 2 to 3 d for desalting by dialysis). To establish a
rapid and reliable dDNA determination method, we
applied a centrifugal filter device instead of dialysis, to
reduce the time for required DNA desalting. Fig. 4
shows the amount of dDNA detected in Lake
Kuwanuma (trophic state index, TSIPT = 32) and Lake
Agawanuma (TSIPT = 80), and the recovery efficiencies
using centrifugal filter devices. The dDNA concentra-
tion obtained and the recovery efficiency were not
influenced by the DNA precipitation period (0, 24, and
48 h) or by the initial volume of the sample (10 or
100 ml) (p > 0.08, by ANOVA). EtOH precipitation is a
commonly used technique in molecular biology and a
recent protocol noted that it is unnecessary to precipi-
tate the DNA at low temperature, and that 15 to 30 min
precipitation is sufficient (Sambrook & Russell 2000).
Although the DNA recovery efficiency was slightly
lower than that of previous studies (>90%; DeFlaun et

al. 1986), detection of dDNA from environments of dif-
ferent trophic status suggested the applicability of this
method for many freshwater environments. Further-
more, we determined the dDNA concentration in vari-
ous freshwater environments (Table 1) and found sim-
ilar concentrations to those reported in previous
studies (DeFlaun et al. 1986, Paul et al. 1989, 1991a).
As in the study of the Lake Biwa pelagic station, DNase
I treatment removed 90 to 99% of the DNA fluores-
cence, and the treatment with a mixture of DNase I
and RNase A did not reduce fluorescence further (data
not shown). These results may suggest that the dDNA
detected is an enzymatically hydrolysable form, while
the dDNA phosphorus contributes only 0.28% (Lake
Kasenuma) to 3.6% (Lake Biwa, north basin) of the
total phosphorus in the waters studied, contributing
much less than previously reported (Siuda & Chróst
2000). Simple correlation analysis showed high prod-
uct-moment correlation coefficients between dDNA
concentration and VLP numbers (r = 0.897, p < 0.01)
(Table 2). Some other variables (total nitrogen, bacter-
ial abundance and TSIPT) also correlated with dDNA
concentration (p < 0.05), while chl a and total phospho-
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Fig. 4. (A,C) Amount of dDNA detected and (B,D) the recovery effi-
ciency of the standard DNA (λHind III digest) added in (A,B) Lake
Kuwanuma and (C,D) Lake Agawanuma. dDNA was precipitated
from either 10 or 100 ml of filtrate for 0, 24, or 48 h by the EtOH-
method. Each precipitated dDNA sample was further desalted using a
centrifugal filter device instead of the usual dialysis. Error bars indi-
cate the standard deviations from the means of triplicate experiments
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rus did not. In previous studies of freshwater environ-
ments, Siuda et al. (1998) showed that when data from
14 Polish lakes and 7 German lakes were compiled,
dDNA concentration correlated significantly with
TSIPT and chl a, but not with bacterial abundance. Ishii
et al. (1998) found that dDNA concentration in a hyper-
eutrophic pond correlated significantly with rotifer and
ciliate abundance, while no significant correlations
were found for chl a and bacterial abundance. The
relationship between dDNA concentration and virus
abundance has only been reported in studies of marine
environments, though no significant correlations were
observed (Boehme et al. 1993, Weinbauer et al. 1993).
Although the data are limited, these observations may
suggest that the factors involved in the dynamics of
dDNA concentration vary from place to place. More
data are necessary in order to discuss this in context,
and the method described here would be helpful for
such routine dDNA measurement. One disadvantage

of this method is the expense of centrifugal filter
devices. Nevertheless, using SYBR Green I dye with
such a device allowed us to determine the dDNA
within 3 to 4 h from only 10 ml of water sample. Thus,
the method shown here may be useful for monitoring
the dDNA dynamics on the ‘same day’ in freshwater
environments.
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