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INTRODUCTION

Epifluorescence microscopy has been widely used
for determining the abundance of bacteria and viruses,
and still contributes to the clarification of the roles of
these microbes in trophic dynamics and biogeochemi-
cal fluxes in the oceans (Azam et al. 1983, Suttle et al.
1990, Ducklow & Carlson 1992, Weinbauer & Suttle

1997, Ducklow 1999, Nagata et al. 2000, Hansell &
Ducklow 2003, Reinhtaler et al. 2005). With this tech-
nique, fluorochrome-stained microbes that are col-
lected on filters are counted (Hobbie et al. 1977, Porter
& Feig 1980, Hara et al. 1991). Noble & Fuhrman (1998)
recommended concentrating the bacteria and viruses
on 0.02 µm pore-size Anodisc filters and staining them
with SYBR Green I for counting. Because of its bright
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than with SYBR Green I, suggesting greater persistence of the fluorescence signal with SYBR Gold.
These results indicate the suitability of SYBR Gold staining for use in the determination of bacterial
and viral abundance in natural seawater.
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and stable fluorescence, SYBR Green I stain is now
widely used in studies of aquatic microbial ecology
that employ epifluorescence microscopy (Arrieta et al.
2004, Hewson et al. 2004, Schwalbach et al. 2004,
Staroscik & Smith 2004, Weinbauer et al. 2004, Winter
et al. 2004) as well as flow cytometry (Marie et al. 1997,
Marie et al. 1999, Brussaard 2004).

SYBR Gold (Invitrogen), a fluorescent dye, detects
double- and single-stranded DNA and RNA and is
more sensitive than SYBR Green I for staining these
nucleic acids on gels (Tuma et al. 1999). In fact, stain-
ing cultured Escherichia coli cells (Weinbauer et al.
1998) and cyanophages (Chen et al. 2001) with SYBR
Gold produces more intense fluorescence than SYBR
Green I. Chen et al. (2001) noted that when viruses
stained with SYBR Gold were exposed to sustained
excitation, the fluorescence emitted lasted longer than
that of viruses stained with SYBR Green I. Viral counts
obtained with epifluorescence microscopy using SYBR
Gold staining in river water samples (n = 10) were
higher than those obtained using transmission electron
microscopy (Chen et al. 2001), suggesting a method-
ological advantage of SYBR Gold staining. Although
SYBR Gold staining has come into use in more recent
investigations (Fischer et al. 2004, Williamson & Paul
2004), the effect of fluorescence properties of SYBR
Gold stain on estimates of bacterial abundance has not
been well documented in comparison with SYBR
Green I.

Investigating the suitability of SYBR Gold staining,
only a few studies compared data on viral abundance
obtained with SYBR Green I and SYBR Gold, and the
results differed somewhat. Among samples of 8 differ-
ent isolates and 1 natural assemblage of viruses, com-
parison of flow cytometry data revealed significantly
higher counts of viruses stained with SYBR Green I
than with SYBR Gold (Brussaard 2004). In contrast, the
results of enumeration using epifluorescence micro-
scopy were basically indistinguishable when viruses
from a limited number of stored fresh- and seawater
samples (n = 3) were stained with each of the 2 SYBR
reagents (Wen et al. 2004). Thus, comparative data on
viral counts are very sparse, particularly those on nat-
ural aquatic samples, and to our knowledge such com-
parisons have not been made for bacterial counts.
Therefore, we compared bacterial and viral abun-
dance data and the effect of several variables on the
results to further elucidate the suitability and ad-
vantages of SYBR Gold staining for enumerating bac-
teria and viruses using epifluorescence microscopy.

Variables considered for both viral and bacterial
counts included season and depths at which samples
were collected from the ocean and the period of sus-
tained excitation under epifluorescence microscopy.
With regard to bacterial counts, we examined the stor-

age period and procedures for the preservation of sam-
ples with formaldehyde. Viral counts during storage
were not compared between the 2 stains because
results of such comparison were reported by Wen et al.
(2004). In addition, to obtain information on the opti-
mization of the SYBR Gold technique, the pore size of
the Anodisc filter suitable for concentrating bacteria
and the type of anti-fade mounting material used in
preparing the glass slides for both bacterial and viral
counts were investigated with this stain. All experi-
ments were made using natural seawater samples.

MATERIALS AND METHODS

Sample collection. Between April 2003 and May
2005, at a site 2 km off the Manazuru Peninsula in
Sagami Bay, Japan (35° 09’ N, 139° 10’ E), seawater
samples were collected using Niskin bottles at depths
between 0 and 100 m. Disposable 2 ml cryogenic vials
or 50 ml centrifuge tubes (Corning, Cat. No. 430659 or
430291, respectively) were washed with the sample
seawater 3 times and then filled. Samples were fixed
with formaldehyde at a final concentration of 0.74%
immediately after collection. This fixative was filtered
with 0.02 µm pore-size Anodisc filters before use to
prevent contamination of bacteria and viruses in this
fixative. Those samples were subsequently treated
with one of the following procedures: (1) storage in
darkness at 4°C until analysis, (2) preparation of glass
slides followed by storage at –20°C, or (3) flash-
freezing in liquid nitrogen followed by storage at
–80°C.

Counts of bacteria and viruses. Bacteria and viruses
from samples stained with either SYBR Green I or
SYBR Gold were counted using the SYBR Green I pro-
tocol of Noble & Fuhrman (1998) with slight modifica-
tions. Seawater samples (1 to 3 ml) were filtered
through an Anodisc filter, 0.02 µm pore-size (What-
man), backed by a 0.45 µm pore-size cellulose mem-
brane filter (Millipore). The Anodisc filter was dried,
placed in a petri dish on a drop of SYBR Green I or
SYBR Gold stain (final dilution 2.5 × 10–3) with the side
of the filter that retained the bacteria and viruses fac-
ing upwards, and kept in the dark for 15 min. The orig-
inal SYBR Green I and SYBR Gold reagents have an
OD494 (optical density) of 1.2 and 1.0, respectively,
when diluted 400-fold with sterilized distilled water.
The stained Anodisc filter was completely dried and
mounted on a glass slide with a drop of anti-fade
mounting reagent. The reagent used was either 50%
glycerol, 50% phosphate buffered saline with 0.1%
p-phenylenediamine (GPP), or a commercially avail-
able anti-fade mounting reagent, SlowFade Light 
(Invitrogen).
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In addition to using the SYBR reagents, bacterial
counts for the storage experiment were also performed
using the original 4’,6’-diamidino-2-phenylindole
(DAPI) staining protocol (Porter & Feig 1980) in which
seawater was stained with DAPI (final concentration
1.0 µg ml–1) for 20 min and then filtered onto a 0.2 µm
pore-size polycarbonate Nuclepore filter (Whatman).

An Axioskop 2 plus epifluorescence microscope
equipped with an HBO 100 mercury lamp (Carl Zeiss)
was used for counting bacteria and viruses on filters
mounted on glass slides and covered with a coverslip.
Blue (excitation from 465 to 505 nm, 510 nm cutoff;
emission from 515 to 565 nm) and UV (excitation from
353 to 377 nm, 395 nm cutoff; emission from >397 nm)
optical filter sets were used when counts were done
under microscopy using the SYBR and DAPI methods,
respectively. A minimum of 20 randomly selected
fields were examined, producing a count of at least 400
bacterial cells or viral particles; each count in a micro-
scopic field was done within 10 to 15 s of commence-
ment of excitation.

Comparisons of variables affecting bacterial and
viral counts. For comparisons of the 2 stains for sam-
ples collected at different ocean depths and seasons,
bacterial counts in seawater collected during various
periods from April to November 2003 and at depths
between 0 and 100 m were compared (n = 26). Samples
were fixed and kept at 4°C for preparation of glass
slides with SlowFade Light within 2 d, after which
counts were done immediately. Samples collected at
the same depths from November 2004 to May 2005
(bacterial counts n = 32; viral counts n = 38) were also
used for comparisons of the 2 stains. These samples
were fixed and kept at 4°C for 30 min, slides were pre-
pared with GPP, and then the counts were done imme-
diately.

For a time course investigation of the decrease in
bacterial counts during storage, samples collected at
a depth of 10 m in November and December of 2004
and January 2005 (n = 3) were placed with several
polypropylene tubes (volume, 50 ml), fixed in 0.74%
formaldehyde, and stored at 4°C. Sub-samples were
then taken at each time point from the samples that
had been stored in tubes, and bacteria were stained
with either the SYBR Green I, SYBR Gold, or the
original protocol for the DAPI method (Porter & Feig
1980). Quadruplicate slides were prepared for each
stain type and counts were done immediately.
Approximately 15 to 30 ml of seawater sample was
used from 1 tube for washing tips and for filtering
samples in the process of preparing glass slides (n =
12 for 3 methods) at each time point. The residue of
sample from that tube was not further used. The sam-
ples stored in each of the other tubes were used at
each subsequent time point.

Comparisons of the decrease in bacterial counts
between the 2 stains after storage of formaldehyde-
fixed samples were made using the following 2 meth-
ods: glass slides prepared immediately for storage at
–20°C, and flash-freezing of samples in liquid nitrogen
for storage at –80°C. Samples collected from the same
depth in May, June, and August 2005 (n = 3) were
placed in polypropylene tubes (volume, 2 or 50 ml) and
fixed with formaldehyde for 30 min. Glass slides for
each storage method were prepared in quadruplicate
and bacteria were counted after 30 d. When samples
were flash-frozen in liquid nitrogen for storage at
–80°C, tubes with a volume of 2 ml were used for stor-
ing the sample to prevent breakage during this pro-
cessing. The tips were washed as described above and
1 to 2 ml of samples in another tube was used for filter-
ing the sample at either the initial time point or 30 d
later. The residue of the sample in the tube used at the
initial time point was not further used. The sample that
was stored at –80°C in another tube was used at a later
point in time.

To investigate the duration of bacterial and viral
florescence while counts were being made under sus-
tained excitation, a seawater sample collected at a
depth of 10 m during December 2004 was used. Bacte-
ria and viruses from this sample were treated with the
2 SYBR stains, GPP was applied to the slide and counts
were made in 10 randomly selected microscopic fields.

Optimization of SYBR Gold staining. To obtain
information on the optimization of the SYBR Gold
staining technique, we investigated the impact of
Anodisc filter pore size and the type of anti-fade
mounting material used in preparing the glass slides.
Bacteria in seawater samples collected at depths
between 0 and 100 m from November 2004 to January
2005 (n = 21) were concentrated on 0.2 and 0.02 µm fil-
ters, stained with SYBR Gold, and then enumerated.

For comparison of counts between slides prepared
with the 2 anti-fade reagents, we used a sample col-
lected at a depth of 10 m in January 2005 to perform
bacterial or viral counts from stained slides that were
prepared with either the anti-fade mounting reagent
GPP or SlowFade Light. Counts were compared
according to the duration of sustained excitation. Bac-
teria and viruses were counted from 10 randomly
selected microscopic fields.

Statistical analysis. Statistical analysis for a time
course investigation of the decrease in bacterial counts
in samples fixed with 0.74% formaldehyde during stor-
age at 4°C was performed using a 1-way ANOVA for
the counts obtained with each method at each time
point, followed by Dunnett’s multiple comparison test.
Two-tailed Student’s t-tests were also performed to
investigate the decrease in bacterial counts after stor-
age with the following 2 methods: glass slides pre-
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pared immediately for storage at –20°C, and flash-
freezing of samples in liquid nitrogen for storage at
–80°C. Values of p < 0.05 were considered statistically
different.

RESULTS

Bacterial and viral counts from natural samples

Counts using epifluorescence microscopy of bacteria
stained with SYBR Gold were significantly correlated
with those prepared with SYBR Green I stain (r2 = 0.99,

n = 58, p < 0.001) (Fig. 1), as were viral counts (r2 = 0.97,
n = 38, p < 0.001). The SYBR Gold:SYBR Green I ratios
of bacterial and viral counts, 0.99 ± 0.09 (mean ± SD)
and 1.0 ± 0.1, respectively, show that the counts of each
microbe using the 2 SYBR reagents were not signifi-
cantly different. In addition, the ratio of bacterial
counts using SYBR Gold staining was 1.0 ± 0.1 (n = 21)
when comparing 0.2 with 0.02 µm pore-size Anodisc
filters, indicating that pore size made no significant
difference to results of bacterial counts.

Storage of samples fixed with formaldehyde

In the samples fixed with formaldehyde that were
stored at 4°C, the relative bacterial counts obtained

226

 

1

10

10

100

1 10 100

r2  = 0.99A

C
ou

nt
s 

w
ith

 S
Y

B
R

 G
ol

d 
st

ai
n

(x
10

5  
ce

lls
 m

l-1
)

Counts with SYBR Green I stain
(x105 cells ml-1)

1

100

1 10 100

B

C
ou

nt
s 

w
ith

 S
Y

B
R

 G
ol

d 
st

ai
n

(x
10

6  
pa

rt
ic

le
s 

m
l-1

)

Counts with SYBR Green I stain
(x106 particles ml-1)

r2  = 0.97

Fig. 1. Relationship between counts of (A) bacteria and
(B) viruses stained with either SYBR Green I or SYBR Gold.
Solid line represents regression equation derived from all
samples used for the comparison. Dashed line represents
assumption that counts from the 2 SYBR staining reagents are 

identical

20

40

60

80

100

120
A

20

40

60

80

100

120

0 20 40 60 80 100 120 140

R
el

at
iv

e 
co

un
ts

 (
%

)

B

20

40

60

80

100

120

Time (d)

C

Fig 2. Changes in bacterial counts obtained with SYBR
Green I (D), SYBR Gold (n), and DAPI staining methods (h) in
samples fixed with formaldehyde during storage at 4°C. Sam-
ples were collected in (A) November and (B) December 2004
and (C) January 2005 at a coastal site. Dotted line represents
assumption that counts of stored samples are identical to ini-

tial counts at time zero. Error bars = ±SD (n = 4)



Shibata et al.: SYBR Gold stain for enumerating bacteria and viruses

from SYBR Gold staining decreased in parallel with
those from SYBR Green I staining (Fig. 2). There were
no significant differences in the relative counts
between SYBR Green I and SYBR Gold staining at any
time point in any of the storage experiments. In con-
trast, the relative counts obtained from the DAPI
method were significantly lower than those from SYBR
Green I staining from Day 74, 84, and 7 onward in the
fixed samples collected in November and December
2004 and January 2005, respectively (Dunnett’s multi-
ple comparison test, p < 0.05). The difference became
more pronounced with the length of the storage
period.

During storage under this condition, bacterial
counts using the 3 methods decreased quickly in the
early part of the storage period and then more slowly.
The fastest decline was observed between time zero
and the second time point; counts by the 3 methods
dropped, on average, by 34% within 7 d, 7.3% within
4 d, and 18% within 3 d in samples collected in
November and December 2004 and January 2005,

respectively. The rates of decline for these periods
were between 0.018 and 0.059 d–1. The slowest
decline was observed between the penultimate and
last time points; the SYBR counts decreased, on aver-
age, by 5.4% within 51 d, 3.2% within 61 d, and 14%
within 82 d in samples collected in November and
December 2004 and January 2005, respectively.
Between these same time points (penultimate and last
time points), the DAPI counts decreased by 7.2%
within 51 d, 9.1% within 61 d, and 11% within 82 d
in samples collected in November and December
2004 and January 2005, respectively. The rates of
decline for these periods were between 0.00052 and
0.0017 d–1 and 0.0014 and 0.0015 d–1 for the SYBR
and DAPI counts, respectively.

In samples fixed with formaldehyde and stored for
30 d, bacterial counts obtained with either SYBR Green
I or SYBR Gold staining did not decrease significantly
compared with counts made at time zero (Fig. 3) when
glass slides were prepared immediately for storage at
–20°C or when samples were flash-frozen in liquid
nitrogen for storage at –80°C.
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Bacterial and viral counts according to time of
excitation

Under sustained blue excitation, counts of bacteria
and viruses stained with SYBR Green I following treat-
ment of slides with GPP decreased to 49 and 9%,
respectively, of their initial values within 15 min,
whereas those stained with SYBR Gold decreased to 93
and 79%, respectively (Fig. 4). Thus, these results indi-
cate that decreases upon excitation occurred more
quickly with SYBR Green I stain than with SYBR Gold. 

A comparison was made using slides that were pre-
pared with 2 types of anti-fade mounting material. Re-
sults of counts made under sustained excitation by bac-
teria and viruses stained with SYBR Gold revealed the
influence of anti-fade mounting materials (Fig. 5). When
slides were prepared with GPP, counts of bacteria and
viruses stained with SYBR Gold decreased to 88 and
82%, respectively, of their initial values after 15 min. In
contrast, with SlowFade Light, counts of bacteria and
viruses stained with SYBR Gold decreased to 46 and 7%,
respectively. These results indicate that under sustained
excitation the use of GPP resulted in greater stability of
counts than SlowFade Light.

DISCUSSION

Reliability of bacterial and viral counts

Our comparisons showed that counts of bacteria or
viruses stained with SYBR Gold did not differ signifi-
cantly from those stained with SYBR Green I. This
result of viral counts was consistent with those of Wen
et al. (2004), who reported that epifluorescence counts
of viruses stained with the 2 SYBR reagents were sta-
tistically indistinguishable in both stored fresh and
seawater samples. The equivalence of results for the 2
SYBR stains is also supported by the similar binding
specificities of the fluorochromes for double-stranded
DNA, single-stranded DNA, and RNA (Invitrogen;
Tuma et al. 1999). Thus, we demonstrated the reliabil-
ity of bacterial and viral counts using SYBR Gold
staining with epifluorescence microscopy.

That there was no significant difference between
counts of bacteria concentrated on 0.2 and 0.02 µm
pore-size Anodisc filters demonstrated the suitability
of the filter with larger pores for concentrating bacteria
from aquatic samples. The filtration rate of such filters
is approximately 3-fold faster than filters with 0.02 µm
pores (data not shown), making possible the speedy
filtration of samples for bacterial counts.

Our finding of statistically indistinguishable counts
of viruses stained with SYBR Green I and with SYBR
Gold differs from recent comparable data on viruses
counted by flow cytometry (Brussaard 2004), which
show significantly higher counts with SYBR Green I
staining than with SYBR Gold staining. However, it
would be inappropriate to make a simple comparison
between the 2 sets of results, as counting procedures
differed between the 2 studies. Differences included
pre-treatment (not done in our study), the dilution level
of the SYBR reagents (1:20 000 [Brussaard 2004] vs.
1:400 [our study]), counting instrument used (flow
cytometry vs. epifluorescence microscopy), and the
samples tested (mainly isolates vs. natural assem-
blages). Therefore, in our study, it should be noted that
the reliability of both viral and bacterial counts
obtained with SYBR Gold staining was shown using
epifluorescence microscopic examination of natural
seawater samples.

Decrease in bacterial counts in fixed samples 
during storage

The results from our comparison demonstrated that
bacterial counts obtained with SYBR Gold and SYBR
Green I stains did not differ significantly in samples
fixed with formaldehyde that were stored at 4°C; how-
ever, these counts decreased with storage time. These
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decreases were consistent with the results of previous
studies, which reported that bacterial counts obtained
using the original DAPI or Acridine Orange (AO)
methods decreased with the length of the storage
period in aldehyde-fixed samples, and that counts
decreased sharply by 7 to 75% within 40 d (Turley &
Hughes 1992), 26 to 31% within 15 d (Turley & Hughes
1994), 24 to 50% within 7 to 29 d (Gundersen et al.
1996), and >30% within 40 d (Vosjan & Noort 1998).
The sharp decrease (by 7.3 to 31% within 3 to 7 d)
observed in the early storage period of our experiment
appears to be slightly higher than those decline levels
reported previously. Our observations were made for a
shorter time span (3 to 7 d) than in other studies (7 to
40 d); however, our results can be considered to be in
line with those of previous studies because the rate of
decrease declined with increases in the storage period
even in the early storage period.

With the original DAPI staining protocol, there was a
more rapid decrease in counts in relation to storage
time than with the SYBR methods, and, thus, relative
differences became more pronounced between the
DAPI and SYBR counts with increasing storage time.
These results suggest an advantage of SYBR staining
over DAPI methods for counting bacteria. However,
storage of formaldehyde-fixed samples at 4°C could
result in an underestimation of bacterial abundance in
natural environments because counts decrease over
time regardless of the counting method used (Turley &
Hughes 1992, Gundersen et al. 1996), as was also sug-
gested by Wen et al. (2004) when counting viruses.

One important finding of our study is that bacterial
counts from fixed samples stained with SYBR Green I
or SYBR Gold did not decrease significantly during
storage when glass slides were prepared immediately
for storage at –20°C, or when samples were flash-
frozen in liquid nitrogen for storage at –80°C. Samples
so treated could be stored without a decrease in counts
for at least 30 d, with the potential for a longer storage
duration. The result in the former storage condition is
consistent with a previous result obtained from glu-
taraldehyde-fixed samples, which showed that there
was no significant loss of counts from glass slides
stored under a similar condition (n = 58) when these
recounts had been completed within 70 d by the AO
method (Turley & Hughes 1992). However, the specific
temperature for storage and the time period for each
recount of each sample were not shown clearly in this
previous study. Our results systematically confirmed
the effectiveness of this procedure, i.e. preparing glass
slides immediately using formaldehyde-fixed samples
and storing them at –20°C.

In addition, we demonstrated the effectiveness of
another procedure for storing samples using flash-
freezing in liquid nitrogen. That procedure is very use-

ful when there is not sufficient time to process a lot of
samples such as during a scientific research cruise.
These storage procedures would resolve the problem
of underestimation of bacterial abundance due to a
decrease in bacterial counts in fixed samples. It is also
notable that decreases in viral counts could be pre-
vented by similar storage procedures prior to enumer-
ation with either epifluorescence microscopy (Wen et
al. 2004) or flow cytometry (Brussaard 2004).

Stability of bacterial and viral counts under
sustained excitation

Bacterial and viral counts obtained with SYBR Gold
stain were more stable than those with SYBR Green I
stain regardless of the duration of excitation. The fluo-
rescence-quenching characteristic of the 2 SYBR stains
is consistent with the report by Chen et al. (2001), who
noted that fluorescence emitted from viruses with
SYBR Gold stain lasted longer than that with SYBR
Green I under sustained excitation. To our knowledge,
however, there have been no experimental data on
comparisons of the influence of the stability of fluores-
cence emitted from bacteria and viruses with the 2
SYBR stains on their counts by epifluorescence micro-
scopy. Our results strongly suggest that bacterial and
viral counts using SYBR Gold staining remain stable
for longer than that with SYBR Green I staining under
sustained excitation. This fluorescence property of
SYBR Gold facilitates clear microscopic visualization
regardless of excitation time.

Anti-fade mounting materials influenced the fading
properties of bacteria and viruses stained with the
SYBR reagents under sustained excitation, even
though bacterial and viral counts with SYBR Gold
staining were statistically indistinguishable immedi-
ately after excitation regardless of the mounting mate-
rial used (data not shown). Our results showed that
bacterial and viral counts using SYBR Gold staining
remained stable for longer with GPP than with Slow-
Fade Light. Noble & Fuhrman (1998) stated that the
use of GPP minimized the fading of SYBR Green I flu-
orescence. Similarly, our results strongly suggest that
GPP is also the more effective anti-fade material to
prevent fading of SYBR Gold fluorescence.

CONCLUSIONS

Bacterial and viral counts obtained with SYBR Gold
stain were statistically indistinguishable from counts
with SYBR Green I stain. However, counts obtained
with SYBR Gold were stable for longer than with SYBR
Green I stain under sustained blue excitation. This pro-
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longed endurance of fluorescence would assist in
microscopic observation and enumeration of microbes.
If counting is not done immediately after fixation of
samples with formaldehyde, the best procedure for
preventing a decrease in counts during storage is to
prepare the slides immediately and store them at
–20°C, or to flash-freeze samples with liquid nitrogen
and store them at –80°C. Similar procedures have
already been recommended for storing samples for
viral counts (Brussaard 2004, Wen et al. 2004). In stud-
ies to optimize the methodology with SYBR Gold, we
found that filtration through a 0.2 µm pore-size
Anodisc filter is applicable for bacterial counts and that
GPP is an effective material when preparing glass
slides to prevent the fading of SYBR Gold fluores-
cence. From these results, we consider that SYBR Gold
staining processed according to these procedures is
suitable for determining aquatic bacterial and viral
abundance with epifluorescence microscopy and that
it offers the advantage of prolonged endurance of
fluorescence.
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