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ABSTRACT: A new nucleic acid stain, SYBR Green I, can be used for the rapid and accurate determi-
nation of viral and bacterial abundances in diverse marine samples. We tested this stain with formalin-
preserved samples of coastal water and also from depth profiles (to 800 m) from sites 19 and 190 km off-
shore, by filtering a few ml onto 0.02 um pore-size filters and staining for 15 min. Comparison of
bacterial counts to those made with acridine orange (AO) and virus counts with those made by trans-
mission electron microscopy (TEM) showed very strong correlations. Bacterial counts with AO and
SYBR Green | were indistinguishable and almost perfectly correlated (r* = 0.99). Virus counts ranged
widely, from 0.03 to 15 x 107 virus mI™!. Virus counts by SYBR Green | were on the average higher than
those made by TEM, and a SYBR Green I versus TEM plot yielded a regression slope of 1.28. The cor-
relation between the two was very high with an r* value of 0.98. The precision of the SYBR Green |
method was the same as that for TEM, with coefficients of variation of 2.9%. SYBR Green I stained
viruses and bacteria are intensely stained and easy to distinguish from other particles with both older
and newer generation epifluorescence microscopes. Detritus is generally not stained, unlike when the
alternative dye YoPro [ is used, so this approach may be suitable for sediments. SYBR Green [ stained
samples need no desalting or heating, can be fixed with formalin prior to filtration, the optimal staining
time is 15 min (resulting in a total preparation time of less than 25 min), and counts can be easily per-
formed at sea immediately after sampling. This method may facilitate incorporation of viral research

into most aquatic microbiology laboratories.
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INTRODUCTION

Viruses are now known to be an important compo-
nent of the marine microbial food web (Bergh et al.
1989, Bratbak et al. 1990, Proctor & Fuhrman 1990,
Fuhrman & Suttle 1993, Fuhrman & Noble 1995).
There are few studies of total virus distributions (Hara
et al. 1991, Wommack et al. 1992, Cochlan et al. 1993),
and even fewer that focus upon offshore ocean waters.
Current research in this area requires the ability to
count viruses directly. In the past, preparation of sam-
ples for counting by transmission electron microscopy
(TEM) has been the standard method (Bergh et al.
1989, Borsheim et al. 1990). However, this method
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involves intensive, time-consuming preparation, and
expensive ultracentrifugation and electron microscopy
equipment not available to many research laborato-
ries. In addition, electron microscopy techniques can-
not be performed in the field. In recent years, DAPI
(4',6-diamidino-2-phenylindole) has evolved as a stain
useful for enumeration of virus particles by epifluores-
cence microscopy (Suttle et al. 1990, Hara et al. 1991,
Proctor & Fuhrman 1992). However, DAPI is not suffi-
ciently bright to be used with direct visual observation
on many microscopes, and methods like photomicro-
graphy or image intensification have been used (Hara
et al. 1991, Fuhrman et al. 1993). Newer microscopes
may allow direct visual counts with this stain (Wein-
bauer & Suttle 1997). Many labs do not possess such
microscopes and would prefer to have a brighter stain
available. One such stain, Yo-Pro I, has been sug-
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gested for such studies (Hennes & Suttle 1995, Wein-
bauer & Suttle 1997). The stain intensity is quite bright,
but the initial report indicated incompatibility with
regularly used aldehydes as fixatives, it requires extra
dilution and rinsing steps to remove salts, and the opti-
mal staining time is reported to be 2 d. A proposed
improvement upon this method, by Xenopolous & Bird
(1997), involves the microwaving of Yo-Pro I stained
samples for a few minutes to allow dye penetration.
These authors report fixation with aldehydes is possi-
ble, but the suggested protocol involves several extra
steps in treatment of the sample, and few marine sam-
ples have been tested.

Here, we present a new stain for enumeration of virus
particles, SYBR Green I (Molecular Probes, Inc.; molec-
ular formula is proprietary), referred to throughout the
rest of this article as SYBR 1. Reported previously for
use with flow cytometry (Marie et al. 1997), SYBR I ap-
pears to be a viable tool for enumerating viruses and
bacteria in seawater. This stain, which yields virus
counts comparable to TEM in a broad variety of sam-
ples, has the advantages of being usable in conjunction
with seawater and ordinarily used fixatives, and its
staining time is only 15 min. In addition to the method-
ological advantages that SYBR I confers, it is inexpen-
sive and its manufacturer claims it to be much less car-
cinogenic than other typical nucleic acid stains.

MATERIALS AND METHODS

Sample collection. Water samples were collected by
10 I Niskin bottles mounted on a Seabird rosette (on
board ship), or by bucket (from Santa Monica Pier, CA,
USA, and Denmark) and transferred into acid-rinsed
50 ml polypropylene tubes. Samples were taken from a
range of marine environments (eutrophic to oligo-
trophic deep water): Santa Monica Pier surface water,
1 May 1997 (34° 05' N, 118° 30" W}, 19 km offshore in
San Pedro Channel, midway between Long Beach,
CA, and Santa Catalina Island, 24 May 1997 (33° 33' N,
118° 24" W, depth profile A, surface to 800 m), an open
ocean site ca 190 km offshore, directly west of Del Mar,
CA, 25 May 1997 (32° 53" N, 120° 44' W, depth profile
B, surface to 750 m), and a freshwater pond sample
from Hellebaek, Denmark, 14 April 1997, and were
immediately fixed with 0.02 pm filtered 2% formalin
(final concentration) and stored at 4°C.

Virus and bacterial counts — tranmission electron
microscopy (TEM). Viruses and bacteria were counted
by ultracentrifugation (120000 x g, 3 h, 20°C) of 4 ml
seawater samples (2% formalin-preserved) onto car-
bon stabilized Formvar-coated 200-mesh copper grids
(Ted Pella, Inc.) (Bersheim et al. 1990, Cochlan et al.
1993). For water samples from below 100 m, 4 ml sam-

ples were spun 2 to 4 consecutive times (by removing
supernatant fluid after the first spin and adding 4 ml
fresh sample) in order to sediment enough particles
onto the grids for counting. Grids were then stained
with 1% (w/v) uranyl acetate for 30 s. Viruses and bac-
teria were enumerated on a JEOL 100 CXII TEM.
Taper corrections were implemented into the final cal-
culations (Mathews & Buthala 1970, Suttle 1993).
Viruses were counted at 27000x and bacteria at
10000 x and 8000 x (80 keV).

Acridine orange direct counts (AODC). Counts of
bacteria were performed from 2 % formalin-preserved
samples (Hobbie et al. 1977). Briefly, a few ml of sea-
water was stained with acridine orange (0.1% w/v)
filtered at 20 kPa onto (replicate) 0.2 pm pore size poly-
carbonate (Nuclepore) filters, and counted by epifluo-
rescence microscopy under blue excitation with an
Olympus Vanox or BH2 microscope.

Epifluorescence microscopy with SYBR I. SYBR I
has a proprietary formula and its manufacturer (Mole-
cular Probes, Inc., Eugene, OR, USA) does not report
its molecular weight or concentration. The SYBR I used
for this study (Lot #3142-1), when diluted 1000-fold in
sterile water, had an OD,g, (optical density) of 0.42.

When possible, preparation was done under subdued
light. SYBR I was diluted 1:10 of the supplied concen-
tration with 0.02 pm filtered deionized water. For each
new filter, 2.5 ul of the 10% SYBR I working solution
was added to a 97.5 pl drop of 0.02 pm filtered, sterile
deionized water on the bottom of a clean plastic Petri
dish (final dilution 2.5 x 107%). Using a Millipore 25 mm
glass filter holder, a fixed sample of 1 to 5 ml was fil-
tered through a 0.02 pm pore size Al,O; Anodisc 25
membrane filter (Whatman), backed by a 0.8 pm cellu-
lose mixed ester membrane (Millipore type AA) at ap-
proximately 20 kPa vacuum. The Anodisc membrane
was filtered to dryness, removed with forceps with the
vacuum still on, and laid sample side up on the drop of
the staining solution for 15 min in the dark. After the
staining period, the filter was picked up and any re-
maining moisture was then carefully wicked away by
touching the back side of the membrane to a Kimwipe
(any droplets on the top plastic rim of the filter were
also blotted). The Anodisc filter was mounted on a glass
slide with a drop of 50% glycerol, 50% phosphate
buffered saline (PBS, 0.05 M Na,HPO,, 0.85% NaCl,
pH 7.5) with 0.1 % p-phenylenediamine (Sigma Chem.
Co., made fresh daily from frozen 10% aqueous stock)
on a 25 mm square cover slip, then immersion oil was
placed above the cover slip. This mountant minimized
fading and was preferred to other mountants. Moun-
tants that were acceptable (in decreasing order of pref-
erence) included 0.5% ascorbic acid in 50% glycerol/
50 % PBS, SlowFade (anti-fade product sold by Molecu-
lar Probes, Inc.) and pure glycerol. Slides were usually
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counted immediately but could be stored frozen for at
least a few weeks. For each filter, 10 to 20 fields were
selected randomly and a total of >200 viruses and >200
bacteria were counted on an Olympus Vanox or BH2
epifluorescence microscope with 100x objectives
(Achromat, S Plan Achromat, or D Plan Apochromat
UV), under blue excitation. Virus particles were dis-
tinctly shaped 'pinpricks’ and fluoresced bright green,
and bacterial cells could easily be distinguished from
viruses because of their relative size and brightness.
Photomicrography was done from a Santa Monica
Bay seawater sample, photographed with the Vanox
microscope and D Plan Apochromat UV lens on Kodak
Ektachrome film (400 ASA), with a 30 s exposure.

RESULTS

A seawater sample collected from Santa Monica Pier
and stained with SYBR I shows that the bacteria are
intensely stained, virus-like particles are brightly

stained and countable, and only the nuclei of protists
such as diatoms are stained, with autofluorescence
readily showing chloroplasts (Fig. 1). Detritus is not
significantly stained by SYBR I in our observation.

In coastal samples collected between 31 October
1996 and 15 January 1997, we found that SYBR I bac-
teria counts were essentially identical to acridine
orange counts, with SYBR I[/AODC of 103 + 4.2%
(mean £ SD, n = 20) and an r? of 0.99. No further com-
parison was performed.

Virus counts by both SYBR I and TEM showed very
similar patterns from both depth profiles. Virus abun-
dances generally decreased with depth (Fig. 2). In both
profiles, a dramatic decrease in viral numbers occurred
at about 50 m, the lower part of the euphotic zone
(Fig. 2). The average decrease in total virus abundance
throughout the water column was matched by a similar
decrease in bacterial numbers. At the open ocean site,
the maximum virus abundance was observed at 25 m,
rather than at the surface (Fig. 2B). Bacterial counts as
determined by SYBR I generally decreased with depth

Fig. 1. SYBR Green I stained sample from Santa Monica Bay, CA, USA, 1 May 1997. The larger bright green particles are counted
as bacteria (large arrow) and the smaller, more numerous ones are counted as viruses (small arrow). The nucleus of the large
pennate diatom (80 pm long) is brightly stained, with red autofluorescence indicating chloroplasts
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Fig. 2. (A) Depth profile A (surface to 800 m). Seawater collected from site 19 km offshore on 24 May 1997 (B) Depth profile B

(surface to 750 m). Seawater collected from open ocean site 190 km offshore on 25 May 1997. (#) Virus counts with SYBR Green [;

(0) virus counts done by transmission electron microscopy (TEM}. (B) Bacterial counts with SYBR Green I. (0} Virus:bacteria ratio
(VBR)

in both depth profiles, although at the site 19 km off-
shore there was a subsurface maximum of bacterial
abundance at 25 m (Fig. 2A). The virus:bacteria ratio
(VBR) in both depth profiles was 14.2 + 3.6 (pooled
average = SD) within the euphotic zone. However,
below the euphotic zone, the VBR dropped to about
half (6.7 + 2.3, pooled average + SD; Fig. 2).

A direct comparison of the 18 seawater samples
shows that SYBR | and TEM-based virus counts are
highly correlated (r? = 0.98, n = 18, p < 0.001) (Fig. 3).
There was a tendency for the SYBR I counts to be
higher, indicated by the slope of the linear regression
being 1.28 (forced through zero at intercept) (Fig. 3).
Scatter was relatively high at low abundances, proba-
bly because when viral abundances are very low as in
deep waters, it is difficult to prepare TEM samples due
to an increase in the number of uliracentrifugation
spins necessary to sediment enough particles onto the
grids for counting. The average coefficient of variation
for the 2 types of estimates was the same for both TEM
and SYBR I at 2.9%. A single seawater sample from
surface waters of Santa Monica Bay collected during a
‘red tide' and aged 2 wk was used to provide a high
virus abundance comparison of counts by TEM and by
SYBR I: counts were 1.53 + 0.05 x 108 virus ml™' (mean
+SD, n=2) by SYBRIand 1.18 + 0.01 x 108 virus ml™
by TEM. In freshwater samples of pondwater from

Denmark in April 1997, virus and bacterial counts
were 2.2 + 0.02 x 107 and 4.4 + 0.04 x 10° ml"! (n = 4),
respectively, although not compared to TEM. The
viruses and bacteria appeared to be even more in-
tensely stained than those from seawater.

DISCUSSION

Estimates of virus and bacterial abundances for both
depth profiles are consistent with other reported val-
ues in similar marine environments (Bergh et al. 1989,
Borsheim et al. 1990, Bratbak et al. 1990, Proctor &
Fuhrman 1990, Cochlan et al. 1993, Hennes & Suttle
1995). Even though the 2 depth profiles were ca
175 km apart, their patterns of viral and bacterial
abundances were very similar The VBR was similar to
average values published by Paul et al. (1991) and
Cochlan et al. (1993). The VBR was greater than 10
within the euphotic zone, and was much reduced at
lower viral and bacterial densities.

In the comparison of methods, virus abundances as
determined by SYBR I were highly correlated to, yet
were about 28% higher than, those by TEM. In recent
studies by Hennes & Suttle (1995) and Weinbauer &
Suttle (1997), Yo-Pro I based virus counts were found
to average about 2.3 and 1.5 times higher than counts
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Fig. 3. Comparison of virus counts using SYBR Green I and
transmission electron microscropy (TEM) for a diverse set of
marine samples. Error bars indicate the standard deviation of
duplicate samples; where they are not seen, the standard
deviation was less than the size of the symbol. Line indicates
linear regression (forced through zero). Inset figure is the
same, but also includes a high abundance coastal seawater
sample

by TEM, respectively, a wide range. In this study,
SYBR I based virus counts were found to be about 1.3
times higher than those by TEM. It is possible that
TEM based virus counts underestimate viral abun-
dance as viruses could be lost when uranyl acetate is
wicked away from the grids and viruses may be
obscured by other larger, darkly stained particles on
the grids. Also, filamentous viruses which would be
countable with SYBR I might not be recognizable by
TEM. At lower viral densities, TEM counts were gen-
erally similar to those by SYBR I, and at higher viral
densities the TEM counts were clearly lower than
those for SYBR I (Figs. 2 & 3). This trend is also consis-
tent with work published by both Hennes & Suttle
(1995) and Weinbauer & Suttle (1997) when comparing
Yo-Pro I to TEM. Both of these studies have also made
some comparisons with DAPI, an alternative stain for
epifluorescence microscopy. However, DAPI is rela-
tively dim, and requires high quality optics for quanti-
tative visualization of viruses. In contrast, viruses and
bacteria stained with SYBR I are brightly stained, and
can be easily distinguished (Fig. 1). An additional
problem addressed by Hennes & Suttle (1995) is the
incompatibility of Yo-Pro I with sea salts as well as reg-
ularly used aldehydes such as formalin. A recent study
(Xenopolous & Bird 1997) has proposed an improve-
ment upon the method by Hennes & Suttle (1995)
which involves microwaving the sample to reduce the
necessary penetration time of the viruses with Yo-Pro I

117

to minutes as opposed to 2 d. This proposed improve-
ment is reported to circumvent the incompatibility with
aldehydes, but it still requires rinsing and additional
steps of heating and cooling, and has not been well
tested with marine samples. The ability of SYBR I to
stain virus and bacterial particles is apparently not
inhibited by the use of such fixatives, and the staining
period is short (15 min)} and requires no additional
steps or equipment. Also, SYBR I is reported to stain
both RNA and DNA. Even though RNA viruses are
likely to make up only a minor fraction of the total pool
of viruses based on information from surveys such as
that by Frank & Moebus (1987), the total virus abun-
dance may be determined with this stain. In the
process of method optimization, one early problem was
fading of the epifluorescence signal within about 30 s
which occurred when a more dilute concentration of
SYBR I (1 x 107%) was used (in conjunction with the
Molecular Probes, Inc., anti-fade product, SlowFade).
Subsequently, we have found that our recommended
concentration of SYBR I (2.5 x 1073 dilution) vields
brighter and more stably fluorescent viruses and that
fading of the samples is best retarded with the use of a
glycerol/PBS/phenylenediamine mixture.

It has been suggested (Stockner et al. 1990) that a
portion of the heterotrophic marine bacterial popula-
tion may be uncounted because they pass through a
0.2 pm pore size filter, the traditionally used type for
routine bacterial counts. The use of the 0.02 pm pore
size filters will prevent the loss of any very small bac-
teria. We find that it is relatively easy to distinguish
between small marine bacteria and viruses, as indi-
cated by the agreements between acridine orange and
SYBR I for bacteria and TEM and SYBR I for viruses
(Fig. 2). Note that even if all of the small bacteria
(<0.3 pm) were counted as viruses, it would not signif-
icantly affect the total virus counts because there are
proportionally so many more viruses than small bac-
teria.

Based on our results, we recommend the use of SYBR
I nucleic acid stain in conjunction with 0.02 ym pore
size Anopore filters for routine viral and bacterial
abundance estimates from seawater. In addition, we
see no reason why it should not work with freshwater
samples. Furthermore, the observation that detritus is
not stained suggests that this approach may be suit-
able for sediment studies. Recently, it has been quite
difficult to incorporate viruses and virus mediated
processes into research in aquatic food webs. Here we
present a method which allows reasonably equipped
microbiology laboratories to perform quick and simple
enumerations of virus particles in natural samples.
Virus counts with SYBR I can be performed easily in
the lab or on board ship and can help elucidate the
roles of viruses in aquatic systems.
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