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INTRODUCTION

Viruses are the most abundant biological entity in
marine and fresh waters and play important roles in
nutrient fluxes, food-web dynamics and the main-
tenance of microbial diversity through selective lysis of
host cells (reviewed by Fuhrman 1999, Wommack &
Colwell 2000, Weinbauer 2004). Transmission electron
microscopy (TEM) has been a powerful tool with which
to determine the frequency of viral-infected cells
(FVIC) and to enumerate the number of viral particles

inside the cells (burst size); in turn, these variables
have been used to evaluate prokaryotic mortality
owing to viral infection and viral production rates
(Bettarel et al. 2004, Pradeep Ram et al. 2005). 

For TEM analyses, viruses and cells are stained
using heavy metals because biological materials
mainly consist of light elements, being hardly visible
under TEM. Among heavy metal stains, uranyl acetate
(UA) has been used widely as an effective enhancer of
the contrast of intracellular viral images against light
background, facilitating the determination of FVIC
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ABSTRACT: We examined whether tungstate compounds (sodium phosphotungstate and sodium
silicotungstate) can be used as a safe alternative to uranyl acetate (UA) for the purpose of detecting
and counting viruses inside aquatic prokaryotic cells using transmission electron microscopy (TEM).
Tungstate compounds used as negative stains at neutral to slightly acidic pH are less effective in the
detection of viral particles inside the cells. However, the use of tungstate compounds at low pH
(3 or 4) substantially improved viral images, being positively contrasted inside the cells. With this
improvement, the estimates of the frequency of viral-infected cells derived by the tungstate method
agreed well with those determined by the use of UA for both lake and marine waters. We also found
that the average burst size of the lake sample differed little between tungstate and the UA approach;
however, the average burst size in a marine sample was underestimated by the tungstate method
because of the failure to resolve highly packed viral particles. The above results suggest that the use
of tungstate compounds at low pH can be a useful alternative to the UA approach for estimating
the frequency of viral-infected cells in aquatic samples, but results on the burst size need to be
interpreted cautiously when the burst size is high.
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and burst size (Proctor & Fuhrman 1990, Weinbauer et
al. 1993, Jacquet et al. 2005, Pradeep Ram et al. 2005).
However, UA contains the fissile isotope (U-235) and
radioactive nuclides that emit α-particles (U-235 and
U-238; IAEA 1996), is highly toxic, and is a product
derived from depleted uranium associated with the
nuclear fuel cycle. Recently, strict regulations for the
use, storage and transport of UA have begun to be
enforced in some countries such as Japan and Aus-
tralia; this tendency could be extended to other coun-
tries, with concerns about nuclear security increasing
worldwide. Thus, there is a need to develop a method
that does not rely on the use of UA. 

One potential approach is to use tungstate com-
pounds, which are non-radioactive, non-fissile and less
toxic. Investigators have used tungstate compounds for
negative staining of viruses and prokaryotic cells
(Dykstra & Reuss 2003). However, to our knowledge,
the effectiveness of the use of tungstate compounds for
determining FVIC and burst size in aquatic samples
has yet to be tested. The goal of this study was to
examine the applicability of the tungstate staining
technique as a means to detect and enumerate viral
particles residing in prokaryotic cells in lake and
marine waters.

MATERIALS AND METHODS

A freshwater sample was collected at a depth of 5 m
(epilimnion) in mesotrophic Lake Biwa, Japan
(35° 212.93’ N, 135° 59.90’ E; see Nishimura et al. 2005
for site descriptions), using a Niskin-X bottle on 29
August 2005. A plastic bucket was used to collect a
surface marine water sample from a productive
embayment, Hiroshima Bay, Japan (34° 16.30’ N,
132° 16.00’ E; see Kamiyama et al. 2003 for site descrip-
tions), on 2 August 2006. The water samples were pre-
filtered through a 200 µm mesh screen, followed by
prefiltration through GF/F filters (Whatman) to remove
large particles that can potentially obstruct the visual-
ization of prokaryotic cells when observed under TEM. 

The samples were fixed with formaldehyde (2% final
concentration) and stored at 4°C. Prokaryotic cells were
collected on electron microscope grids (400 mesh,
carbon-coated Formvar film) by centrifugation (Himac
CP 75β, Hitachi; P40ST Swing-Out-Rotor at 70 000 × g
for 20 min at 4°C) according to Sime-Ngando et al.
(1996). Triplicate grids were prepared for each sample.
Each grid was stained at room temperature (~20°C)
for 30 s with UA (2%, pH 4) (Sime-Ngando & Pradeep
Ram 2005) or for 60 s with sodium phosphotungstate
(PTA, Agar Scientific) (2%) or sodium silicotungstate
(SST, Sigma) (2%). The pH of PTA and SST solutions
was adjusted to 3, 4, 5, 6, or 7 using 1 N NaOH. 

The grids were rinsed twice with 0.02 µm filtered
distilled water to remove excess stains, and dried on
filter paper. The samples were examined using a
JEOL-JEM 1010 transmission electron microscope
operated at 80 kV at a magnification of 20 000 to
60 000× in order to distinguish between prokaryotic
cells with and without intracellular viruses. A prokary-
ote was considered infected when at least 5 viruses,
identified by shape and size, were clearly visible inside
the host cell. At least 500 prokaryote cells were
inspected per grid to determine FVIC. Burst size was
estimated by enumerating viral particles inside
infected cells.

RESULTS AND DISCUSSION

The FVIC values (expressed as % of total prokary-
otic cells) determined using the conventional UA tech-
nique for Lake Biwa and Hiroshima Bay waters were
3.7 ± 0.1 and 2.1 ± 0.1%, respectively (mean ± SD,
n = 3) (Fig. 1), the former being significantly greater
than the latter (p < 0.003, ANOVA). The FVIC was then
measured using PTA and SST. There was no signifi-
cant difference in FVIC between PTA and SST mea-
surements (p > 0.05); however, both varied depending
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Fig. 1. Comparison of frequency of viral-infected cells (FVIC)
(expressed as % of total prokaryotic cells) determined by
TEM using tungstate stains sodium phosphotungstate (PTA)
and sodium silicotungstate (SST) at variable pH (range 3 to 7)
with that obtained by uranyl acetate (UA). Samples were
collected from Lake Biwa and Hiroshima Bay, Japan. Error

bars = +SD (n = 3)
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on the pH. In Lake Biwa and Hiroshima Bay waters,
FVIC determined at low pH (3 and 4) was on average
1.68-fold (Lake Biwa) to 1.60-fold (Hiroshima Bay)
greater than that obtained at higher pH (5, 6 and 7)
(Fig. 1). The maximum FVIC was obtained using PTA

at pH = 4, with values of 3.4 ± 0.1 and 1.9 ± 0.1% for
Lake Biwa and Hiroshima Bay samples, respectively;
these values did not differ significantly from those
obtained using UA (p > 0.05). 

The estimates of burst size determined using UA
were 14 ± 11 (mean ± SD, n = 40) and 64 ± 46 (n = 22)
for Lake Biwa and Hiroshima Bay waters, respec-
tively (Fig. 2), the latter being significantly greater
than the former (p < 0.001). For PTA and SST, we
determined the burst size only for samples stained at
low pH (3 and 4) because viral particles inside the
cells were hardly resolved at high pH (5, 6 or 7). In
Lake Biwa water, the burst size determined by the
use of PTA (15 ± 11 and 11 ± 7 for pH 3 and 4, respec-
tively) and SST (13 ± 8 and 13 ± 6 for pH 3 and 4,
respectively) did not differ significantly (p > 0.05)
from that obtained using UA. However, in water from
Hiroshima Bay, the burst sizes derived for samples
stained with PTA (25 ± 19 and 18 ± 15 for pH 3 and 4,
respectively) and SST (19 ± 12 and 17 ± 9 for pH 3
and 4, respectively) were significantly lower than
those derived using UA (p < 0.0004). 

Tungstate compounds have been often used at neu-
tral to slightly acidic pH (6 to 7) as negative stains (i.e.
darker objects and brighter background); however,
PTA and SST have been shown to be stable enough at
acidic pH to positively stain objects (Brenner & Horne
1959, Quintarelli et al. 1971, Curry et al. 2006). In our
study, we found that PTA and SST, used as negative
stains at neutral pH, are less effective in the detection
of viral particles inside cells (Fig. 1). The failure to
resolve viruses inside the cells was largely a result of
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Fig. 2. Comparison of burst size estimates obtained using
tungstate stains (PTA and SST, at pH 3 and 4) with that
obtained by the conventional UA staining technique. Samples
were collected from Lake Biwa and Hiroshima Bay. #: esti-
mates differ significantly (p < 0.0004, ANOVA) from those
obtained with the UA staining technique. Error bars = +SD

(n ≈ 22 to 40)

Fig. 3. Electron micrographs of prokaryotes stained by different techniques. (A) PTA at pH 6 (Lake Biwa). Viral particles inside
the cells are hardly detectable, even though viral-like particles outside the cells are visible. Detection of viruses inside cells was
substantially improved by lowering the pH for tungstate staining, as indicated in (B) PTA at pH 3 (Lake Biwa), (C) SST at pH 3
(Hiroshima Bay), (D) PTA at pH 4 (Hiroshima Bay) and, (E) SST at pH 4 (Lake Biwa). (F) Lake Biwa sample stained by the

conventional UA technique. Scale bars = 100 nm
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the inference by heavily negatively stained prokary-
otic components (Fig. 3A). However, the use of PTA
and SST at low pH (3 or 4) substantially improved the
quality of viral images, which were positively resolved
inside the cells (Fig. 3B–E). This improvement resulted
in higher estimates of FVIC at low pH (3 or 4), which
did not differ significantly from those determined by
the use of UA (Fig. 1). These results suggest that the
use of PTA and SST at low pH (3 or 4) could be
regarded as a useful alternative to the UA approach in
order to visualize and enumerate viral-infected cells in
marine and fresh waters. 

When tungstate compounds are used at low pH, it
presumably interacts with positively charged basic
groups of proteins. Lowering the pH might result in
greater stain absorption, but this could also lead to
partial degeneration of cell morphology and structure
(Quintarelli et al. 1971). Although the intracellular
viruses could be detected inside prokaryotic cells
using tungstate stains, we noticed that the clarity and
resolution are compromised when compared with the
images obtained by the conventional UA approach
(Fig. 3F). This problem was particularly significant
when counting a large number (>50) of viruses in a
single cell, which was occasionally encountered in
the Hiroshima Bay sample. This failure to resolve
heavily packed viral particles explains the lower
detection of average burst size when using the
tungstate approach, determined for the Hiroshima
Bay sample (Fig. 2). Overall, our results suggest that,
when used at low pH, PTA and SST are reasonably
good alternatives to the UA approach for the purpose
of determining FVIC in marine and  fresh waters.
However, results of burst size should be interpreted
cautiously, particularly for those samples with high
burst sizes. Further refinement of the tungstate
approach is needed for clearer visualization of intra-
cellular viruses
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