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natural samples have, however, not been consistent (7, 12, 29,
43). The few reports on methodologies suggest that optimal
detection of virus particles depends on various factors. For
example, the study by Marie et al. (27) indicated that the type
and concentration of fluorescent stain, the solution used to
dilute the sample, the incubation temperature, and the addition of a detergent may all influence the quality of the fluorescent signal. Chen et al. (12) tested the use of the fluorescent
dye SYBR Gold for viruses infecting the cyanobacterium Synechococcus spp. Analyses of unfrozen samples showed that
staining with SYBR Gold resulted in a higher fluorescence
than SYBR Green I. Nevertheless, Marie et al. (27) reported
that samples frozen in liquid nitrogen gave better results than
unfrozen samples. There are no data available yet on the use of
SYBR Gold in combination with freezing. Nor are there currently studies published reviewing the methods used in flow
cytometric analyses of viruses without the use of antibodies.
In order to optimize the flow cytometric detection and enumeration of free viruses, a detailed evaluation of a broad range
of factors (storage conditions and staining specifications) that
potentially affect the quality of the fluorescent signal and subsequently the counting efficiency is presented here. Tests were
performed on a variety of different viruses, including four representatives of marine phytoplankton viruses, one freshwater
phytoplankton virus, one virus infecting a cyanobacterium,
four characterized coliphages, three uncharacterized marine
heterotrophic bacteriophages, and two natural mixed marine
virus communities.

It has been well established that viruses are abundant and
important components in aquatic ecosystems (1, 18, 32, 41, 44)
since they have been shown to be a major source of mortality
for bacteria and eukaryotes (4, 6, 31, 36, 38, 40). Because of
their relatively short infection cycles, virus populations are
highly dynamic and result in rapid changes in both total numerical abundance and diversity (5, 11, 13–15, 24, 33–35, 37,
43, 45). Assays for rapidly counting viruses with high precision
are, therefore, beneficial for studies of viral ecology in the
laboratory as well as the field.
Viruses have traditionally been enumerated by culturebased methods (e.g., plaque counts and most-probable-number
assays) and transmission electron microscopy (1, 3, 15, 39).
These techniques were either selective for viruses infectious
for a specific host or very time-consuming. The introduction of
high-fluorescence-yield nucleic-acid-specific stains in combination with epifluorescence microscopy (19, 20, 30) significantly
improved the quantitation of viruses. With the recent introduction of flow cytometric detection and enumeration of free
viruses (7, 27, 29), speed of analysis and accuracy of counting
was further improved. This method no longer relies on the
skills of the operator. Direct comparison showed that epifluorescence- and flow cytometry-based virus counts were highly
comparable (27). Brussaard et al. (7) have shown that a variety
of viruses of different morphologies and genome sizes could be
detected by flow cytometry. In combination with SYBR Green
I as the fluorescent stain, flow cytometry has been used successfully to count viruses from laboratory experiments (8, 9)
and in natural samples (11, 12, 24, 25, 27, 43).
The methods used for flow cytometric analyses of viruses in

MATERIALS AND METHODS
Virus strains. The viruses CeV-01B, MpVUF10-38, PoV-01B, and PpV-01B,
which infect the photosynthetic unicellular organisms Chrysochromulina ericina,
Micromonas pusilla, Pyramimonas orientalis, and Phaeocystis pouchetii were
kindly provided by G. Bratbak (University of Bergen, Bergen, Norway); PBCV-1,
which infects Chlorella sp., was provided by J. Van Etten (University of Nebraska); and S-PMS2, which infects Synechococcus sp., was provided by W.
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The development of sensitive nucleic acid stains, in combination with flow cytometric techniques, has allowed
the identification and enumeration of viruses in aquatic systems. However, the methods used in flow cytometric
analyses of viruses have not been consistent to date. A detailed evaluation of a broad range of sample preparations to optimize counts and to promote the consistency of methods used is presented here. The types and
concentrations of dyes, fixatives, dilution media, and additives, as well as temperature and length of incubation, dilution factor, and storage conditions were tested. A variety of different viruses, including representatives
of phytoplankton viruses, cyanobacteriophages, coliphages, marine bacteriophages, and natural mixed marine
virus communities were examined. The conditions that produced optimal counting results were fixation with
glutaraldehyde (0.5% final concentration, 15 to 30 min), freezing in liquid nitrogen, and storage at ⴚ80°C.
Upon thawing, samples should be diluted in Tris-EDTA buffer (pH 8), stained with SYBR Green I (a 5 ⴛ 10ⴚ5
dilution of commercial stock), incubated for 10 min in the dark at 80°C, and cooled for 5 min prior to analysis.
The results from examinations of storage conditions clearly demonstrated the importance of low storage
temperatures (at least ⴚ80°C) to prevent strong decreases (occasionally 50 to 80% of the total) in measured
total virus abundance with time.
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TABLE 1. Treatments to which virus samples were subjected in order to optimize enumeration of viruses in solution by flow cytometrya
Treatment

Levels

a
Viruses used included four marine phytoplankton viruses (CeV, MpV, PoV, and PpV), one freshwater phytoplankton virus (PBCV), one virus infecting a
cyanobacterium (S-PMS2), four characterized bacteriophages (Lambda, T2, T4, and T7), three uncharacterized marine bacteriophages (T-HS1C A, 16, and
T-D1B), and two natural marine virus communities. dH2O, distilled water.

Wilson (Marine Biological Association, Plymouth, United Kingdom). The coliphages Lambda, T2, T4, and T7, which infect the heterotrophic bacterium
Escherichia coli were kindly provided by G. Bratbak (culture collection of the
Department of Microbiology, University of Bergen). The marine bacteriophages
T-HSIC A, 16, and T-D1B, which infect Listonella pelagia, Vibrio parahaemolyticus strain 16, and Flavobacterium sp., respectively (22, 23, 42), were kindly
provided by J. Paul (University of South Florida). Natural seawater samples
collected from Dutch coastal waters (NS1) and the southern North Sea (NS2) in
autumn were also analyzed.
Treatments. Samples were subjected to different treatments (Table 1), including type of fixative and percentage fixative used, storage temperature and length
of storage, type and concentration of the stain and dilution solution, pH of the
Tris-EDTA (TE) buffer, length and temperature of incubation, addition of detergents, and dilution factor. The treatment used as a reference was fixation with
glutaraldehyde (0.5% final concentration, EM-grade; Merck) for 30 min at 4°C,
followed by freezing in liquid nitrogen (N2; ⫺196°C) and storage at ⫺80°C (7,
27). When thawed at 35°C for a few minutes (samples should still be cool),
samples were diluted in TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8) and
incubated with SYBR Green I (5 ⫻ 10⫺5 dilution of commercial stock; Molecular Probes) at 80°C for 10 min in the dark.
Two fixatives, glutaraldehyde and formaldehyde, were tested at different concentrations. Dilution solutions tested were Tris (pH 8), TE buffer (pH 7 to 8.9),
distilled water, phosphate-buffered saline buffer, and sterile seawater (0.2 m

filtered). Fluorescent stains tested were SYBR Green I and SYBR Gold (Molecular Probes). To mimic the effect of dilution of seawater virus samples in TE
buffer, sterile filtered seawater was added at different final concentration. The
effect of citrate and various detergents (Triton X-100, Tween 80, NP-40, and
sodium dodecyl sulfate [SDS]) was also tested.
Sample analysis. Samples were analyzed by using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, Calif.) equipped with a 15-mW 488-nm aircooled argon-ion laser and a standard filter setup. The trigger was set on green
fluorescence. To avoid coincidence of viral particles (i.e., two or more particles
being simultaneously within the sensing zone), the samples were diluted such
that the event rate was between 100 and 1,000 viruses s⫺1. Yellow-green fluorescent latex microspheres (0.85 m in diameter; Polysciences, Inc., Warrington,
Pa.) were added as an internal reference to all samples. Readings were collected
in logarithmic mode (at least 5,000 events per sample) and analyzed with
CYTOWIN (freely available at http://www.sb-roscoff.fr/phyto/cyto.html). The
data were converted to linear values and normalized to the bead internal standard. Green fluorescence (GFL), total counts, and side scatter (SSC) were
recorded. Because viruses are generally smaller than the wavelength of the laser
light used (7), the SSC signal cannot be used as an indicator of size and granularity but is very useful as a discriminator of the virus populations (7, 21).
Differences in cytograms (plotting GFL versus SSC) for the different viruses
tested are shown in Fig. 1. The windows indicated were used to discriminate the
virus of interest and to determine the total virus count and examine specific

FIG. 1. Cytograms (4 decades log scale) of green fluorescence versus side scatter (arbitrary units, a.u.) for 12 different virus cultures (see
Materials and Methods) and two natural virus samples (NS 1 and 2) tested under reference conditions (glutaraldehyde fixed at 0.5% final
concentration, frozen in liquid nitrogen, diluted in TE-buffer pH 8, stained for 10 min at 80°C with SYBR Green I at a final dilution of 5 ⫻ 10⫺5
the commercial stock). At least 2000 events are plotted for each virus type, except for NS 1 and 2, for which 5000 events were plotted. The windows
mark the selected regions for analysis, and contain the viruses of interest. Total virus counts were obtained by correcting the total counts for noise
(which typically has the lowest green fluorescence) with sterile and filtered (0.2 m pore-size) seawater or medium as blank.
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Fixative glutaraldehyde (%) .........................................................................0.1, 0.5, 1, or 2
Fixative formaldehyde (%) ...........................................................................0.4, 0.8, 2, or 4
Storage temp (°C)..........................................................................................4, ⫺20, ⫺80, or ⫺196 (N2)
Storage time at 4, ⫺20, and ⫺80°C ............................................................1 h or 1 mo
Storage time at 4°C .......................................................................................1 h, 2 wk, or 1 or 6 mo
Dye SYBR Green I (10⫺5)...........................................................................0, 0.5, 1, 5, 10, 15, or 25 (of the commercial stock)
Dye SYBR Gold (10⫺5)................................................................................5, 10, or 25 (of the commercial stock)
Incubation temp .............................................................................................20, 40, 60, 80, or 90°C
Incubation time (min) ...................................................................................1, 4, 7, 10, 13, 16, or 19
Dilution solution ............................................................................................TE, Tris, PBS, dH2O, or seawater
pH of TE buffer .............................................................................................7, 7.4, 7.8, 8, 8.4, or 8.85
Dilution with seawater (%) ..........................................................................0, 1, 2, 5, 10, 20, or 50
Addition of detergents ..................................................................................Triton X-100, Tween 80, NP-40, and SDS at a 0.1% (vol/vol) final concn
Addition of citrate (concn [mM])................................................................0, 1, 2, 5, 10, 20, or 50
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TABLE 2. Statistical ANOVA of four different treatments (freezing, fixation, heating, and addition of detergent) for all viruses tested
together or separated into two groups (phytoplankton viruses and heterotrophic bacteriophages)a
Virus included in statistical
analysis

Levels

Fixationc
Heating at 80°Cd
Liquid nitrogen (N2)
Triton additione
Group vs 80°C
Group vs fixation
80°C vs fixation
Virus type in group
Virus type vs fixation
Virus type vs 80°C

2 (phytoplankton viruses and
heterotrophic phages)
2 (yes/no)
2 (yes/no)
2 (yes/no)
2 (yes/no)
Interaction
Interaction
Interaction
13
Interaction
Interaction

Fixationc
Heating at 80°Cd
Liquid nitrogen (N2)
Triton additione
Virus type vs 80°C
Virus type vs fixation
Virus type vs N2
80°C vs fixation
80°C vs N2

2 (yes/no)
2 (yes/no)
2 (yes/no)
2 (yes/no)
Interaction
Interaction
Interaction
Interaction
Interaction

Fixationc
Heating at 80°Cd
Liquid nitrogen (N2)
Triton additione
Virus type vs 80°C
Virus type vs fixation
80°C vs fixation

2 (yes/no)
2 (yes/no)
2 (yes/no)
2 (yes/no)
Interaction
Interaction
Interaction

b

All viruses

Phytoplankton viruses

Heterotrophic bacteriophages

Log
Counts

GFL

SSC

ⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱ
ⴱⴱⴱ

ⴱ
ⴱⴱ

ⴱ
ⴱⴱ
ⴱⴱⴱ
ⴱⴱⴱ
ⴱⴱ
ⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ
ⴱ
ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ
ⴱⴱⴱ
ⴱⴱⴱ
ⴱ

a
A four- or five-way ANOVA with interaction terms and two levels for each treatment was used. The treatments that were found to significantly affect total viral
counts, GFL, or SSC of the stained virus particles are indicated by asterisks: ⴱ, P ⬍ 0.05; ⴱⴱ, P ⬍ 0.01; and ⴱⴱⴱ, P ⬍ 0.001. SYBR Green I was used as nucleic
acid-specific dye (diluted ⫻10⫺5 of the commercial stock).
b
Virus types were a nested factor within the virus groups.
c
Final glutaraldehyde concentration of 0.05%.
d
Incubation at 80°C for 10 min, followed by cooling for 5 min or incubation at 20°C for 15 min.
e
Final Triton X-100 concentration of 0.1% (vol/vol).

staining characteristics. Total virus counts were obtained by correcting the measured total counts for noise (typically having the lowest GFL) with sterile and
filtered (0.2-m pore size) seawater or medium as blank. Tests with virus-free
lysate (filtered to ⬍30 kDa) showed results comparable to tests with sterile and
filtered seawater or medium.
The marine bacteriophage yielded low fluorescence signals (Fig. 1) at the
normal settings of the green fluorescence photomultiplier. Increasing the voltage
of the photomultiplier improved the results slightly but simultaneously increased
the noise. Consequently, there was no real improvement in the signal-to-noise
ratio.
Statistical analyses of different treatments were performed by using Systat 10
software. To fulfill the assumptions of analysis of variance, all data were log
transformed. Either a two-way analysis of variance (ANOVA) with viruses as a
random factor (block) and treatment on 2 to 13 levels or a four- or five-way
ANOVAs with interaction terms and two levels for each treatment was used. A
probability of P ⬍ 0.05 was taken to conclude that the treatment differed significantly in its effect on the measured value.

RESULTS
The standard deviations for GFL, total counts, and SSC
among replicates (n ⫽ 5) were ⬍5% for the phytoplankton
virus (PpV) and ⬍12% for bacteriophages Lambda and 16.
These results show that a detailed comparison of staining characteristics and measured abundance for the different treatments and viruses is valid. Furthermore, combining four dif-

ferent viruses (CeV, MpV, PpV, and S-PMS2) in one sample
provided identical results compared to the analysis of individual viruses. This indicates that the results obtained with individual viruses can be interpolated to mixed-virus situations
such as those found in nature.
The statistical variance analyses of the different treatments
are summarized in Table 2 and 3. The analysis of four treatments (freezing, fixation, heating, and addition of detergent)
for all viruses in the present study indicates that there were
significant differences for total virus counts, GFL, and SSC
signals between the group consisting of phytoplankton viruses
and the group consisting of heterotrophic bacteriophages (Table 2). Therefore, these two virus groups were also analyzed
separately in order to obtain insight into the factors and extent
to which the groups differed.
Fixatives. Fixation had a significant positive effect on GFL
and SSC compared to that of unfixed samples (Table 2). A
more detailed statistical analysis showed that the improved
GFL signal was due to the heterotrophic bacteriophages and
that the improved SSC signal was due to the phytoplankton
viruses (Table 2). The extent to which the viruses were positively affected by fixation depended on the type of virus (inter-
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TABLE 3. Statistical ANOVA of different treatments tested in
detail for phytoplankton viruses and heterotrophic bacteriophages
together (6 to 10 viruses tested per treatment)a
Factor treatment

Levels

Incubation
Incubation
Fixation
Fixation
SYBR Green 1
SYBR dyes
SYBR Gold
Dilution
TE solution
Dilution factor
Additives
Additives
Storage
Storage
Storage

Temp
Time
Glutaraldehyde
Formaldehyde
Dye concn
Gold vs Green I
Dye concn
Solution
pH
Addition of seawater
Detergents
Citrate
T⫽1h
T ⫽ 1 mo
4°C

5
7
4
4
6
2 (yes/no)
3
5
6
7
5
7
4
4
4

Log
Counts

GFL

SSC

ⴱⴱ
ⴱ
ⴱ
ⴱ
ⴱ
ⴱ
ⴱⴱ
ⴱ
ⴱⴱⴱ
ⴱⴱ

ⴱ
ⴱ
ⴱ

ⴱ

ⴱⴱ

a
A two-way ANOVA with viruses as a random factor (block factor) and a
treatment on two to seven levels was used. The treatments that were found to
significantly affect total viral counts, GFL, or SSC of the stained virus particles
are indicated by asterisks: ⴱ, P ⬍ 0.05; ⴱⴱ, P ⬍ 0.01; and ⴱⴱⴱ, P ⬍ 0.001. Levels
are as described in Materials and Methods.

action effect). There was no difference in signal for up to 1 h of
fixation (0.25, 0.5, 1, 3, and 18 h tested), and no significant
difference between fixation at room temperature and 4°C was
recorded. The type of fixative (glutaraldehyde or formaldehyde), as well as the final concentration of fixative (0.1 to 2%
for glutaraldehyde and 0.4 to 4% for formaldehyde) were tested
(Table 3). The use of formaldehyde rather than glutaraldehyde
occasionally led to reduced virus counts (for example, the
marine phages T-HSIC showed a 20% reduction). The total
counts were slightly reduced at concentrations of formaldehyde of ⬎0.4% (reductions typically ⬍10%, but a 55% reduction was recorded for T-HSIC A). Although no significant
trend was observed for the different concentrations of glutaraldehyde, reductions in virus abundance were occasionally observed at concentrations of ⬎1% (e.g., S-PMS2 and Lambda).
Incubation temperature. Heating of the samples to 80°C
prior to analysis significantly increased the total virus count
(Table 2) and improved the staining characteristics (GFL and
SSC). Measured virus abundance was most enhanced for the
group of heterotrophic bacteriophages (up to eightfold for 16
and T-D1B). Heating showed significant interactions with the
type of virus and fixation (Table 2). Five different temperatures
in the range of 20 to 90°C were tested in order to find the
optimal temperature for staining of virus samples (Table 3). In
general, heating the samples to 80 to 90°C showed the best
results. Analysis of the length of the incubation period (1, 4, 7,
10, 13, 16, and 19 min) showed a significant effect for GFL
(Table 3), with the signal increasing until 10 min.
Dyes. The concentration of SYBR Green I (ranging in dilution from 5 ⫻ 10⫺5 to 25 ⫻ 10⫺5 of the commercial stock)
significantly affected total virus counts (Table 2B), showing 5 to
45% reductions in measured virus abundance when 1 ⫻ 10⫺4
to 25 ⫻ 10⫺5 of the commercial stock was stained compared to
the optimal dilution of 5 ⫻ 10⫺5 of the commercial stock. The
addition of SYBR Green I after the samples were heated
(instead of prior to heating) negatively affected the GFL sig-

FIG. 2. Total virus counts obtained after staining with SYBR Gold
(final dilution of 5 ⫻ 10⫺5 the commercial stock). The data were corrected for blanks and normalized to SYBR Green I at an identical dye
concentration (dotted line). NS 2 represents a natural virus sample.

nal and the total counts for the viruses that infect heterotrophic bacteria. For example, marine bacteriophages 16 and
T-D1B showed a 50 to 70% reduction in GFL and a 40 to
50% reduction in counts.
Staining with another sensitive nucleic acid-specific stain,
SYBR Gold, resulted in slightly (but significantly) lower GFL
signals of the stained viruses (Table 3). No significant effect
was recorded for the total virus counts when all tested viruses
were taken into account, but for some of the individual viruses
and a natural sample, staining with SYBR Gold resulted in
reduced total counts compared to staining with SYBR Green I
(Fig. 2). The GFL signal decreased with increasing concentrations of dye (from 5 ⫻ 10⫺5 to 25 ⫻ 10⫺5 of the commercial
stock; P ⬍ 0.05, Table 3). To allow comparison with published
work on cyanophages using SYBR Gold, the virus S-PMS2
(infecting Synechococcus sp.) was specifically tested in more
detail (Table 4). Staining with SYBR Gold, compared to staining with SYBR Green I, resulted in significantly lower total
counts. At dilutions of ⬎5 ⫻ 10⫺5 of the commercial stock,
both the total virus count and the GFL signal were further
reduced (Table 3). Heating the sample affected the total

TABLE 4. Statistical ANOVA of four different treatments (type of
dye, freezing, concentration of dye, and heating) tested
for cyanophage S-PMS2 by using SYBR Gold
as a nucleic acid-specific dyea
Factor treatment

Levels

vs SYBR Green (dye)
Dye concn
Heating (80°C)
Liquid nitrogen (N2)
Dye vs concn
Dye vs N2
Concn vs 80°C
Concn vs N2
80°C vs N2

2
3
2 (yes/no)
2 (yes/no)
Interaction
Interaction
Interaction
Interaction
Interaction

Log
Counts

GFL

SSC

ⴱⴱⴱ
ⴱⴱ
ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱⴱ
ⴱⴱⴱ

ⴱⴱⴱ

a
The treatments that were found to significantly affect total viral counts, GFL,
or SSC of the stained virus particles are indicated by asterisks: ⴱ, P ⬍ 0.05;
ⴱⴱ, P ⬍ 0.01; and ⴱⴱⴱ, P ⬍ 0.001. See Materials and Methods for a description
of the levels.
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counts, as well as GFL and SSC signals, positively. Freezing the
samples in liquid nitrogen prior to analysis also had a significant positive effect on the measured total virus abundance.
Dilution solution. To avoid coincidence during flow cytometric analysis, the virus samples were normally diluted. The
choice of solution (seawater, Tris buffer, TE buffer, phosphatebuffered saline buffer, or distilled water) had a significant effect
on the measured virus abundance (Table 3), showing highest
counts when diluted in TE or Tris buffer. The lowest counts
were obtained when the virus sample was diluted in distilled
water or seawater. Dilution in TE buffer also yielded the best
GFL signal, while the pH of the TE buffer (7, 7.4, 7.8, 8, 8.4, or
8.85) had no significant effect (Table 3), although individual
viruses reacted very differently (e.g., PpV showed 40% reduction in total count at a pH of ⬍8).
Additives. The ratio of TE buffer to seawater is influenced by
the dilution factor of the marine virus sample. To simulate the
effect of various percentages of seawater samples at different
dilutions, sterile and filtered (0.2-m pore size) seawater at
final concentrations of 1, 2, 5, 10, 20, and 50% (vol/vol) was
added to highly diluted virus samples (⬎1,000 times diluted in
TE at pH 8). With increasing concentrations of seawater, a
significant decline in GFL signal and in total counts was recorded (Table 3). To test whether these effects were due to the
high salt concentration, sodium chloride (NaCl) was added to
the samples at final concentrations of 2, 5, and 10% (vol/vol).
No significant effects were recorded as a result of the NaCl
additions.
The addition of Triton X-100 (0.1% [vol/vol]) had no signif-

icant effect on total virus counts or staining characteristics
(Table 2) but was occasionally found to improve the coefficient
of variance of the GFL signal. It was hypothesized that detergents would facilitate the permeabilization of the viral particles
and would therefore enhance the GFL signal upon staining. A
significant effect on the total virus counts was recorded (Table
3) by using Triton X-100, Tween 80, NP-40, and SDS (all at
0.1% [vol/vol] final concentrations). However, there was no
significant effect when the anionic surfactant SDS, negatively
affecting the abundance of the heterotrophic bacteriophages
(reductions up to 95%), was omitted from the statistical analysis. The problem with the addition of surfactants was the
generation of high levels of noise. As long as the viruses have
GFL signals well above the level of the produced noise (for
example, many of the phytoplankton viruses), this will not be
bothersome. However, it could present a problem when virus
samples with relative low GFL levels are analyzed. Sufficient
blanks should be taken to allow subtraction of the noise from
the total virus counts in the samples.
Another factor that was hypothesized to affect the discrimination and enumeration of viruses by flow cytometry is citrate.
No significant effect of citrate addition (final concentrations of
1, 2, 5, 10, 20, or 50 mM) was recorded in the present study
(Table 3).
Storage. A range of temperatures—4, ⫺20, ⫺80, and
⫺196°C (deep freezing in liquid nitrogen)—for storage was
tested for 7 of the 12 viruses studied. Storage temperature
significantly affected total virus counts (Table 3), although
large differences in total count were recorded among the different viruses tested (Fig. 3). The optimal storage protocol was
deep freezing in liquid nitrogen (followed by storage at ⫺80°C
for convenience). The present study clearly demonstrates that
storage of virus samples should be conducted at very low temperatures (Table 3, Fig. 3 and 4). Some of the samples stored
at 4°C for a few hours resulted in only ca. 10% of the measured
abundance compared to samples deep frozen in liquid nitrogen
and stored at ⫺80°C (Fig. 3A). Figure 3B shows that 1 month
of storage at 4 or ⫺20°C led to high reductions in total virus
counts (down to a few percent of the total count at t ⫽ 0). Also,

FIG. 4. Effect of storage at 4°C on measured virus abudance (fixed
with glutaraldehyde at 0.5% final concentration). Samples were stored
for 1 h, 14 days, 1 month, and 6 months. Total virus counts were corrected for blanks and normalized to samples frozen in liquid nitrogen
and directly analyzed (dotted line). The samples for CeV at 6 months
were lost. NS 1 and 2 represent natural virus samples.
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FIG. 3. Effect of storage temperatures on virus abundance. Fixed
virus samples (glutaraldehyde at 0.5% final concentration) were stored
at 4°C, ⫺20°C, and ⫺80°C (directly or after having been deep frozen
in liquid nitrogen, N2, prior to storage). Samples were analyzed after
1 h (A) and 1 month (B). Total virus counts were corrected for blanks
and normalized to samples frozen in liquid nitrogen and directly analyzed (dotted line). NS 1 and 2 represent natural virus samples.
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the GFL signal was significantly reduced for the samples stored
at 4°C (Table 3). Because it is not uncommon to store samples
at 4°C before analysis, a separate statistical analysis was performed to test for variance in the length of storage time at this
temperature. Total counts and SSC signal were negatively affected by storage duration (Table 3), showing reductions in
total virus counts of 80% within 14 days (Fig. 4).
DISCUSSION

when those samples were 10-fold diluted. Studies using low
dilution factors for virus samples (17) can thus be expected to
underestimate the total virus concentration. Although a high
dilution factor reduces the negative effect of seawater, the
statistically optimal event rate should not become too low
(optimal between 100 and 800 per s [27, 29]; unpublished
results using different virus samples). In case the virus event
rate becomes too low, one has to switch to a higher flow rate.
Staining the viruses with the nucleic-acid-specific dye SYBR
Gold did not significantly enhance total virus counts compared
to SYBR Green I, and in fact some individual virus samples,
such as the natural sample NS 2, showed lower total counts
when stained with SYBR Gold. Chen et al. (12) used SYBR
Gold at a dilution of 2.5 ⫻ 10⫺4 the commercial stock to stain
viruses (including viruses infecting Synechococcus sp.). The
present study shows that at this concentration the measured
virus abundance is significantly reduced compared to a dilution
of 5 ⫻ 10⫺5 the commercial stock. This concentration is also
optimal for SYBR Green I and the use of relatively high
concentrations of dye is therefore not suggested for routine
use. In addition to counting performance, virus staining characteristics with SYBR Green I were significantly better than
with SYBR Gold, indicating the preference of using SYBR
Green I for standard analysis. Other fluorescent dyes tested (7,
27) have not been shown to improve staining quality nor estimated total virus counts.
Chen et al. (12) used a high concentration of glutaraldehyde
(2.5% final concentration) to fix virus samples (natural as well
as viruses infecting Synechococcus sp.). This is not recommended as it was found to reduce the total cyanophage count
in the present study. The phytoplankton virus abundances were
lower when fixed with glutaraldehyde at final concentrations ⬎
0.5%. The tests with glutaraldehyde versus formaldehyde in
the present study were not conclusive, but the natural seawater
samples showed higher GFL signals when fixation was performed with glutaraldehyde. This will allow better separation
of viruses with a relative low green fluorescence upon staining.
Formaldehyde is generally used in studies using epifluorescence to enumerate viruses (2, 20, 30), because it has a lower
background noise on the 0.02 m pore-sized Anodisc filters.
The use of flow cytometry, however, does not restrict one to
formaldehyde fixation. Because fixation with glutaraldehyde is
a slower process than with formaldehyde, time should be given
to fix the viral nucleic acids effectively (10). A fixation time of
15 to 60 min was found to be most efficient in the present study,
as total virus counts began to decline after fixation for several
hours, even at 4°C. Long fixation (12 h) of the virus samples
before freezing, as is described in the study by Evans et al. (17),
is therefore not advised.
The temperature at which the virus samples were stored
postfixation was found to be critical. Nonfrozen samples showed
a rapid loss of counts, and thus storage at 4°C is strongly
discouraged. Studies using nonfrozen fixed virus samples can
be expected to underestimate the total virus concentration
(12), with the extent depending on the length of time at 4°C
(frequently, total virus counts were down to 20% within 14
days storage). A few other studies have reported reductions of
viral abundances in fixed samples upon storage at 4°C (16, 27,
46), but a comparison of storage temperatures has not been
tested before. When comparing total virus counts of different
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The development of sensitive nucleic acid stains, in combination with flow cytometric techniques has allowed identification and enumeration of very small particles such as viruses in
aquatic systems (7, 8, 11, 12, 24, 25, 27, 29, 43). So far, however,
studies using flow cytometry to count viruses in aquatic ecosystems have not used consistent methods. The present study
was executed to optimize the flow cytometric enumeration of
viruses and promote consistency of the methodology used.
Total virus counts, green fluorescence (GFL) and side scatter
(SSC) of the viral particles were recorded for a variety of
different viruses (including representatives of phytoplankton
viruses, cyanobacteriophages, coliphages, marine heterotrophic bacteriophages, and natural mixed marine virus communities) that where subjected to a range of different treatments
potentially influencing detection and quantitation of virus particles.
Virus abundance. In general, total virus counts were significantly and positively affected when samples were frozen in
liquid nitrogen, heated at 80°C (10 min, followed by 5 min
cooling down of the sample), and diluted in TE-buffer. It is
recommended to add the fluorescent dye prior to heating of
the sample, because staining of the heterotrophic bacteriophages was less intense when the fluorescent dye was added
after heating. Marie et al. (27) did not find any effect of heating
and time of addition of the dye, however this study performed
the analyses with a virus infecting the phytoplankter Phaeocystis pouchetii (i.e., PpV). Consistent with these results, in the
present study there was no increased counting efficiency detected upon heating for this virus. With the majority of the
viruses in marine environments being bacteriophages, and two
of the tested marine heterotrophic phages showing significant
reduction in total virus counts at 60°C (12 to 65% reduction
compared to sample heated at 80°C), even a reduction in
temperature to 65°C as used by Evans et al. (17) can be expected to underestimate the total natural virus concentration.
Natural samples normally have to be diluted before flow
cytometric analysis in order to avoid coincidence. Dilution in
TE-buffer (pH 8) gave the best results for virus enumeration in
conjunction with staining quality, as was also demonstrated by
Marie et al. (27). Dilution in seawater (0.2-m pore size filtered and autoclaved) should be avoided because of the reduction in total virus counts and a reduction in the staining signal.
Since counting efficiency was reduced with increasing percentages of seawater, the dilution factor of marine virus samples in
TE-buffer should be as high as possible (preferably at least ⬎
50) while keeping statistically significant virus counts. In the
present study there was a 40% reduction in estimated viral
abundance for the marine heterotrophic bacteriophage and
natural samples diluted 2-fold (50% final concentration of
seawater). Measured virus abundance was still 15% reduced

1511

1512

BRUSSAARD

studies, it is important to take the type of storage into account.
Actually, only the samples that were frozen in liquid nitrogen
upon fixation (whether stored at ⫺80°C or not) did not show
significant declines in total virus numbers over time (tested up
to 6 months). For optimal results and to standardize methodology it is recommended for future studies to freeze virus
samples in liquid nitrogen.
Staining characteristics. Working close to the limits of staining methodology and the technical performance of a flow cytometer, the level of green fluorescence (GFL) is crucial for
optimizing the detection of free viruses (7). The GFL signals of
the stained viruses were positively affected by heating the samples prior to analysis, and by incubation time (optimal signal
after 10 min). It is hypothesized that heat treatment affects the
permeability of the viral capsid and denatures the nucleic acids
(at least partly), thereby improving the staining characteristics
of the dye. Fixation improved the staining of the heterotrophic
bacteriophages, presumably the permeabilized membranes of
the virus particles provided better access for the dye.
Additives such as citrate have been reported to improve
both the staining quality and the stability of the SYBR Green
I fluorescence when used for cell cycle analysis of phytoplankton (28). This could not be confirmed for viruses (present
study). Addition of detergents, which potentially make the
virus capsid permeable and thus allowing easier penetration of
the dye into the cells (26, 27), did not significantly improve of
the staining characteristics either. To the contrary, high levels
of noise were generated with the addition of detergents. The
use of Triton X-100 for the analysis of natural samples (12, 17),
typically containing high percentages of low-staining bacteriophages, is therefore not recommended. When working with
controlled mixed systems with relative high staining signals,

however, the addition of detergent may improve the separation
of the different virus populations.
Evaluating the effects of a broad range of variables on the
staining specifications of aquatic viruses shows that there can
be large variations between different viruses. Intrinsic features
such as the packaging degree of the nucleic acids, and the GC
content of the viral genome can be expected to affect the entry
and binding of the fluorescent dye, and help to explain the
different responses to the methodological variables. Whether
the phage genome was circular (Lambda and T4) or linear
(T7), appeared unimportant for staining characteristics.
Conclusions. When studying a specific virus type, it is best to
determine the combination of variables that results in optimal
staining features and counting performance. In the field, environmental parameters may potentially affect the staining or
counting efficiency and so it is recommended that investigators
document the best protocol for their specific system under
study (sampling location). Since this will frequently not be
possible, the most practical solution is to be consistent in the
methodology used to enumerate viruses. The present evaluation of sample treatments, using not only various specific cultured phytoplankton viruses and heterotrophic bacteriophages
but also natural marine samples, indicates that one specific set
of variables provided the best results for flow cytometric detection and enumeration (Fig. 5). In summary, virus samples
are best fixed with glutaraldehyde (0.5% final concentration,
15 to 30 min at 4°C), frozen in liquid nitrogen, stored below
⫺80°C, diluted in TE buffer (pH 8), stained with SYBR Green
I at a final dilution of 5 ⫻ 10⫺5 the commercial stock, and
incubated for 10 min in the dark at 80°C (allow cooling down
of sample for 5 min prior to analysis).
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