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ABSTRACT: A method was developed to analyse virus-like particles (VLPs) in seston-rich waters and
to quantify their dynamics in a coastal marsh of the Bay of Biscay, French Atlantic coast. The method
combined clarification and concentration steps with electron microscopy to obtain information on
particle abundance, type and size distribution (e.g. presence of tailed phages, Fuselloviridae, etc.).
The mean recovery rates of T2-phages using this method were 71 to 79%, higher than other
published rates. The transmission electron microscopy (TEM) counts were validated with T2 plaque
lysis assay and epifluorescent (DAPI-stained) particle counting: the TEM method was valid for
environmental particle concentrations above 1 to 2 × 106 VLP ml–1; TEM counts were lower than T2plaque counts (TEM/lysis median = 0.293) but higher than DAPI counts (TEM/DAPI median = 2.39).
The method was used to evaluate the coupling between viral and bacterial dynamics in a marsh pond
during 2 months. The VLP abundance varied from 1 to 30 × 106 ml–1 and the viral population was
dominated by small particles (20 to 64 nm). Tailed phages, identified as bacteriophages, were always
less abundant than non-tailed VLPs (4 to 23% of total virus), yet their dynamics were better linked
with bacterial development than those of total virus. Our results demonstrate that the best way to
characterise bacterial lysis from virus in seston-rich coastal environments would be to study the
dynamics of tailed phages and virus size-classes rather than the commonly applied total VLPs.
KEY WORDS: Virus enumeration · Seston-rich water · TEM · DAPI · Virus-bacteria dynamics
Resale or republication not permitted without written consent of the publisher

INTRODUCTION
The recycling of dissolved organic primary production back into biomass by aquatic bacteria, as a part of
biological transformations occurring within the microbial loop, was described during the 1970s and 1980s
(e.g. Pomeroy 1974, Azam et al. 1983). The role of
viruses in the structure and function of aquatic microbial webs was taken into account only after high viral
abundance in sea waters had been reported (106 to
108 ml–1; Bergh et al. 1989, Bratbak et al. 1990, Proctor
& Fuhrman 1990, Suttle et al. 1990). Recently, in using
a revised model of Jumars et al. (1989), Wilhelm &
Suttle (1999) estimated that 6 to 26% of photosyntheti-
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cally fixed particulate organic carbon was recycled
back to dissolved organic matter (DOM) by viral lysis
(which liberates dissolved and particulate organic matter as well as virions). Thus, as much as one-fourth of
the organic carbon in the sea flows through the viral
shunt. In contrast, heterotrophic flagellates and other
bacterivores only recycle 9% (Wilhelm & Suttle 1999).
During the last decade, viral ecologists have studied
a variety of aquatic habitats, mainly rivers and lakes
(Maranger & Bird 1995, Mathias et al. 1995), estuarine
waters (Cochlan et al. 1993), coastal waters (Boehme et
al. 1993), deep-sea waters (Hara et al. 1996), deep-sea
sediments (Danovaro & Serrest 2000), sea ice (Maranger et al. 1994) and solar salterns (Guixa-Boixareu et
al. 1996). In reviewing these and other works, Wommack & Colwell (2000) found that virus concentrations
are relatively high in productive and nutrient-rich
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environments, and greater in spring through autumn
than in winter.
Viruses have not yet been studied in coastal marine
marshes, which are important ecosystems for both sustainable use (e.g. mariculture) and conservation. In the
Atlantic region of SW France, oysters are cultured in
semi-enclosed coastal marsh ponds (‘claires’). These
ponds exhibit high concentrations of suspended
particulate matter, nutrients and DOM (Robert et al.
1982). Together, they support bacterial abundances
10-fold higher than in the open sea (Frikha et al. 1987,
Crottereau & Delmas 1998), as well as high concentrations of phytoplankton (1 to 17 µg chl a l–1; Delmas et
al. 1992) and protozoa (0.1 to 20 × 106 flagellates and
0.5 to 8 × 104 ciliates l–1; Dupuy et al. 2000). In order to
assess virus abundance in these seston-rich waters, we
needed to develop a method to separate seston (particles ≥0.2 µm) from virus particles.
The purpose of the present paper is to report on the
validation of a separation method where a clarification
step precedes the concentration of virus for counting.
The viruses were quantified by comparing transmission electron microscopy (TEM; Bergh et al. 1989,
Hara et al. 1991) and epifluorescence microscopy
(Proctor & Fuhrman 1992). Cultured T2-bacteriophages and plaque assay served as references. The
protocol was then applied to field samples from an
experimental marsh pond to monitor the change of
virus abundance and size-class proportions in relation
to bacteria.

MATERIALS AND METHODS
Virus strains. T2-bacteriophage (ATCC 11303-B2,
5 × 1010 PFU ml–1) was purchased from Institut Pasteur
(Paris). A viral suspension titer of 1 × 1010 PFU ml–1 was
obtained by propagating the phage in Escherichia
coli B (strain ATCC 23848) and then concentrating it
through ultracentrifugation.
Field sampling. Water was collected from an experimental oyster pond of the CNRS-IFREMER research
station on the French Atlantic Coast (L’Houmeau, Bay
of Biscay). The pond is one of a series of 200 m2 experimental basins, 1 m deep, located in the coastal marsh
Marais du Plomb near the city of La Rochelle (46° 10’ N,
1° 15’ W). The coastal ponds were dug in clay sediments 15 yr ago. Their flat bottoms are composed of
thin layers of silt resulting from sedimentation of
marine particles brought by turbid coastal waters and
the destabilisation of surrounding terrestrial banks.
During spring and summer, half of the water of each
basin was drained off at each spring ebb tide and the
basins were refilled during the following high tide with
coastal water, the flow of which is regulated through

locks. The first sampling was made 1 d after the arrival
of the seawater in the pond. The ponds represent semiclosed ecosystems with a lunar renewal cycle (28 to
30 d). Our experimental pond did not contain any
oysters or other bivalves during the experimental
period.
In June and July 1996, at the beginning, middle and
end of each lunar cycle, a volume of 2 l was sampled
in the morning at half-depth (0.5 m) using a Van
Doorn bottle, pooled from 4 locations of the pond.
From the pooled sample, a 100 ml sub-sample was
preserved with 2% (final concentration) glutaraldehyde (Sigma grade I) and stored at 4°C until
analysis. Samples for enumeration of bacteria were
fixed with a borate-buffered formaldehyde 2% (final
concentration).
Concentration and purification of virus-like particles (VLPs). To eliminate bacteria and other microorganisms, 100 ml samples were distributed into 37 ml
tubes and clarified by centrifuging for 15 min at
4000 rpm (3000 × g at the maximum radius, rmax; LE 70
Beckman ultracentrifuge, SW 28.1 rotor). VLPs were
then concentrated by pelleting the supernatant of each
tube for 3.5 h at 28 000 rpm (150 000 × g at rmax; SW 28.1
rotor) and resuspending the pellets in 100 µl of TN
buffer (0.02 M Tris-HCl, 0.4 M NaCl, pH 7.4). The efficiency of this method was tested with T2-bacteriophages using 37 ml of untreated pond water. Since the
T2-phage is not marine, double-distilled autoclaved
water and LB Medium (NaCl 10 g l–1, bactotryptone
10 g l–1, yeast extract 5 g l–1 in Milli-Q water) served as
reference media.
Quantification and size distribution of viral suspension. The VLPs of the environmental samples were
quantified through TEM and epifluorescence microscopy (DAPI method).
For the TEM method, a drop of 20 µl of viral suspension
was spread on a parafilm surface. A carbon-collodion
coated grid (collodion coating face down) was placed
on the drop. Virus thus migrate by capillarity to the
grid surface. Without any rinsing, the grid was then
negatively stained by transfer for 3 min onto a drop of
phosphotungstate (PTA; pH 7). Excess PTA was then
drained off with a pointed piece of Whatman paper.
Observations were made with a Jeol 100 CX transmission electron microscope operating at 100 kV, calibrated with a graphite grid. Either 2 or 3 grids were
prepared for each sample. At least 6 to 10 photographs
were taken at a magnification of 50 000×, in order to
count at least 100 particles sample–1. The mean coefficient of variation (CV) for replicate grid counts was
29.4%. To evaluate the viral abundance, a conversion
factor (F ) was applied to the average count for each
photograph. For a magnification of 50 000× and a
3.05 mm grid, F was 3.26 × 106 photographs grid–1.
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RESULTS

where lysis is the number of PFU ml–1 as determined
by plaque assay and DAPI the number of particles
> 0.02 nm ml–1 observed by epifluorescence microscopy. This regression is highly significant (r2 = 0.989,
p << 0.001, df = 17) and the slope is unity (t-test for the
null hypothesis, H0: slope = 1; p = 0.241, df = 17;
Fig. 1A). The observed ratio between untransformed
DAPI and lysis counts varied from 9 to 22% (median =
0.152, mean = 0.158, CV = 27%).
TEM analysis was feasible only when T2-titers in the
fraction deposited on the grid exceeded 2.5 × 108
PFU ml–1. When the viral concentration in that fraction
was lower, it was impossible to visualise enough particles on a square of the electron microscope screen, and
the particle distribution was contagious. The overall
relation between TEM and lysis counts was: log(TEM)
= 4.800 + 0.448 log(lysis) (r2 = 0.775, p << 0.001, df =
13). The observed TEM/lysis ratio varied from 0.07 to
9.33 (median = 0.293, mean = 1.72, CV = 158%). The
median here best represents the general tendency of
the results, since most of the ratios (73.3%) were <1,
while those >1 generally corresponded to the lowest
observed concentrations (≤1 × 108 PFU ml–1; Fig. 1B).
When comparing TEM and DAPI counts, the
relationship appeared similar to that obtained with
TEM-lysis data: log(TEM) = 4.947 + 0.474 log(DAPI)
(r2 = 0.790, p << 0.001, df = 13; Fig. 1C). In fact, the
slopes of these 2 regressions were not significantly different (t-test for comparison of slopes: H0: β1 = β2; p =
0.847; df = 28), while the intercepts differed from each
other (t-test for comparison of elevations : H0: α1 = α2;
p = 0.0011; df = 27).
Six environmental samples from the pond were also
quantified by TEM and DAPI methods. The data were
plotted together with the T2-phage data (Fig. 1D). The
TEM-DAPI regression of these combined data
(log(TEM) = 4.938 + 0.476 log(DAPI); r2 = 0.800, p <<
0.001, df = 27; Fig. 1D) was not significantly different
from the regression of the T2-phage data alone (t-test
for comparison of slopes: H0: β1 = β2; p = 0.987, df = 34;
t-test for comparison of elevations: H0: α1 = α2; p =
0.904, df = 33). For these combined data, the observed
ratio of TEM/DAPI varied between 0.40 and 41.2. Most
values (71.4%) ranged between 1 and 10 (median =
2.39, mean = 7.39, CV= 163%). As for the DAPI/lysis
calibrations, the high ratios (TEM/DAPI > 3) generally
were associated with the lowest concentrations (≤1 ×
108 DAPI-virus ml–1; Fig. 1B).

Comparison of TEM, DAPI and plaque lysis methods
to estimate viral abundance

Concentration method

For T2 calibration dilutions between 107 and 1010
PFU ml–1, the overall relation between DAPI and lysis
counts was: log(DAPI) = –0.556 + 0.970 log(lysis),

To evaluate the virus recovery efficiency of the rotor
and the resuspension of the particles, a known concentration of T2-phage was pelleted using the same

The ultrastructure of the VLPs was also noted and
particles were classified according to form and size.
We identified 2 major groups: tailed particles, which all
are bacteriophages (Order Caudovirales, Ackermann
2001), and untailed particles. The latter contain lemonshaped bacteriophages (Family: Fuselloviridae; Murphy et al. 1995), some other untailed bacteriophages,
and viruses of eukaryotes. In this study, the term
‘bacteriophages’ is restricted to tailed and lemonshaped phages. The untailed bacteriophages could not
be distinguished from the other untailed viruses and
were therefore excluded from the bacteriophage
category. The term ‘total virus’ includes all VLPs
observed.
For the epifluorescence method, samples were filtered
onto a 0.02 µm pore size Anodisc membrane (Whatman) stained with Irgalan black solution (Geigy). The
stain was obtained by incubating the membranes for
24 h in a 2% w/v Irgalan black (powder dissolved in
boiling water, then adjusted to make a 2% v/v acetic
acid solution). The stained filters were mounted on a
filtering tower with a pre-moistened nitrocellulose
backing filter (pore size 0.45 µm). The viral particles
were then stained with a DAPI-solution (4’, 6diamidino-2-phenylindole) according to Suttle (1993).
Viral abundance was estimated by counting the
particles under an epifluorescence microscope (Leica
DMIRB) at a final magnification of 1000×.
To obtain an estimation of viral abundance from the
TEM and DAPI methods, viral abundances were calibrated with the plaque lysis method (Adams 1959).
The plaque lysis method is considered to give an accurate evaluation of active viruses. Serial dilutions of T2bacteriophage were quantified by the TEM and DAPI
method, and simultaneously titered by the plaque lysis
method. Calibration curves were obtained from linear
regressions of log(TEM) vs log(Plaque Forming Units)
and log(DAPI) vs log(PFU) counts.
Statistical comparisons were analysed according to
Zar (1996) using log-transformed values. The log transformation did not change the results of any of the tests.
Bacterial abundance. Bacteria were counted by
epifluorescence microscopy with DAPI (final concentration 2.5 mg l–1) according to Porter & Feig (1980).
Different bacterial morphotypes were noted.
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Fig. 1. Calibration curves of DAPI and TEM counts of T2-phages compared to T2 plaque assays (f in A and B), and of T2 TEM
counts compared to T2 DAPI counts (C). In (D), total TEM-DAPI count data of natural virus sampled from the experimental oyster
pond (e) are added to the data of (C). For statistical comparisons of the regression lines (B) with (C) as well as (C) with (D), see text

method as for the field samples. Two methods were
used for quantification: TEM and plaque assay
(Table 1). Preliminary assays with T2-phage showed
that there was no significant loss of phages due to clarification. Plaque assays yielded recovery rates of 70.8 ±
12.9% and 74.1 ± 24.5%, respectively, for T2-phages
inoculated in LB medium or distilled water without
clarification, and 78.8 ± 9.9% in LB medium with clarification. Clarification loss was minimal (0.21 ± 0.05%
in LB medium). TEM assays yielded similar recovery
rates (77.3 ± 2.5% with clarification), yet somewhat
higher clarification loss rates (2.55 ± 0.56%). Moreover, the TEM assay allowed the distinction of full
phages (most likely healthy virions) and defective
phages. The latter were empty, disrupted or tailless
phages.

In seawater, the recovery rate of T2-phages was
very low (e.g. 22.9 ± 5.4% for plaque-assayed
phages and 35.0 ± 11.3% for TEM-assayed phages).
Nevertheless, the clarification loss was comparable to
that of phages inoculated in LB medium (0.17 ±
0.04% and 2.34 ± 0.21%, respectively). In the TEM
assays, we found a large percentage of defective particles (nearly 2/3 of all recovered particles). The
microphotographs of the latter revealed a rather
great proportion of engorged and partially disrupted
particles, as compared to the T2-particles in LB
medium.
Very few detached tails were seen (nearly none in
LB medium and some in seawater). They were not
quantified, but were less abundant than tailless
particles.

Montanié et al.: Virus-like particle analysis with TEM

109

ral classes thus reflected the dynamics of
the whole viral population. In mid-July,
the third-largest size class (65 to 84 nm)
was also important: it made up 22% of all
the VLPs, against 28% for the 20 to 44 nm
and 34% for the 45 to 64 nm class.
The proportion of bacteriophages (i.e.
tailed and lemon-shaped bacteriophages)
increased progressively during each
cycle from 4–5% to 19–23%, in particular
SW
towards the end (Fig. 7). At the beginning
of each lunar cycle, the tailed phages
were almost exclusively small particles
22.9 ± 5.41
(45 to 64 nm). Later, the tailed-phage size
26.5 (n = 1)
spectrum diversified: at mid-cycle (20
0.17 ± 0.04
June and 18 July, respectively), large
phages were rather abundant (phages
35.0 ± 11.3
≥105 nm making up 30% in June and
13.8 ± 6.41
36.4% in July, respectively, of total
21.2 ± 5.21
phages). At the end of the first cycle, 4
2.34 ± 0.21
ND
size classes (from 45 to 124 nm) were well
ND
represented. At the end of the second
cycle, 3 size classes prevailed (from 45 to
104 nm), but the smallest size class
remained dominant (Fig. 5, Table 2). LSV were
observed when the salinity exceeded 34 PSU; they represented 5 to 30% of the total phages.
Bacteria increased steadily during each cycle, from 6
to 7 × 106 cells ml–1, to 49 × 106 cells ml–1 in the first
cycle, and to 22 × 106 cells ml–1 in July. During June,
growth was sustained to the end of the cycle through a
4-fold explosion of cocci (78% of total bacteria at the
last sampling day); during July, growth levelled off
toward the second half, with cocci then only represent-

Table 1. Evaluation of the virus concentration method. A T2 phage suspension was inoculated into 3 media (bacterial medium [LB], distilled H2O,
untreated pond water [SW]). Particles were ultracentrifuged with or without
a preliminary clarification step. Shown are the overall recovery rate (the
means ± SE of the ratio of T2 particles in the final pellet, after untracentrifugation, over the initial T2 count) and of the clarification loss rate (ratio of the
T2 particles in the clarification pellet over the initial T2 count). The average
initial T2 counts in LB and SW were 99.1 and 85.4%, respectively, of their
inoculum titers. The T2 particles were counted by plaque assay (top) and by
TEM assay (bottom); n = 3, except where stated otherwise
LB

H2O

T2 plaque assay
Recovery rate (%)
With clarification
Without clarification
Clarification loss (%)

78.8 ± 9.91
70.8 ± 12.9
0.21 ± 0.05

–
74.1 ± 24.5 (n = 2)
–

T2 TEM assay
Recovery rate (%)
Full, tailed particles
Defective particles
Clarification loss (%)
Full, tailed particles
Defective particles

77.3 ± 2.5
65.6 ± 2.4
11.7 ± 4.1
2.55 ± 0.56
1.16 ± 0.54
1.38 ± 0.37

–
–
–
–
–
–

Viral and bacterial dynamic into coastal ponds
The VLP abundance in the environment was obtained from TEM ultraconcentrate titers by applying
the TEM/lysis regression line (Fig. 1B) and the mean
TEM recovery rate of VLPs (77.3%; Table 1).
In June and July 1996, salinity increased continuously during the 2 lunar sampling cycles, from 31.0 to
37.8 practical salinity units (PSU; June 1996) and from
34.6 to 38.9 PSU (July 1996). Temperature decreased
during the second half of June and then increased
steeply during July. Irradiance was relatively high and
constant in June but declined during the last week. In
July, the irradiance increased again, with a peak at
mid-month (Fig. 2).
Tailed as well as untailed VLPs were each categorised into 6 size-classes based on shape and diameter of the icosahedral capsid (Fig. 3). Two separate
categories were the lemon-shaped bacteriophages
(LSV; Guixa-Boixareu et al. 1996), and ‘Others’ (bacilliform and pleomorphic particles, Table 2).
In the pond, total VLP abundance varied between
106 and 30 × 106 particles ml–1 over the 2 mo sampling
period. During June, total VLP abundance increased
rapidly and then levelled off. By contrast, during July,
the values were high from the beginning and then declined (Fig. 4). The viral community was dominated by
small viruses (size-classes 20 to 44 nm and 45 to 64 nm;
Fig. 4). The viruses < 65 nm always made up between
70 and 90% of the total viruses in June and between 62
and 83% in July (Table 2). The dynamics of these 2 vi-

Fig. 2. Environmental parameters for the experimental pond
site during 2 lunar renewal cycles of summer 1996. Temperature and salinity at mid-depth (0.4 m) and irradiance in air
measured with an Aanderaa 2770 pyranometer
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Fig. 3. Virus-like particles (VLPs) from an experimental oyster pond of the Bay of Biscay during
summer (scale bar = 50 nm). (a) Bacilliform (left)
and enveloped (right) virions; (b) large icosahedral virion (150 nm); (c) spherical virions, large
(160 nm) and small (45 nm) forms; (d) icosahedral
virions, intermediate (90 nm) and small (30 to
40 nm) forms; (e) small-tailed phages (capsid
diameter = 50 nm), 2 empty capsids at upper left
center are dark-colored, all other capsids are full;
(f) and (g) lemon-shaped virus; (h) 2 intermediate-sized tailed phages (70 nm); (i) large
(110 nm) and small (50 nm) tailed phages

Table 2. Size-class distribution of VLP in experimental oyster pond samples taken in 1996. Shown are proportions of total virus
(left) and of bacteriophages (tailed plus lemon-shaped virus [LSV]; right). ‘Others’ are non-icosahedral particles: LSV, bacilliform
and pleomorphic virus
Date

Total virus (% by size class in nm)
Bacteriophages (% by size class in nm)
20–44 45–64 65–84 85–104 105–124 >124 Others 20–44 45–64 65–84 85–104 105–124 >124 LSV

June lunar cycle
6 Jun
65.0
20 Jun
43.5
3 Jul
31.8

25.0
26.5
40.8

0
10.0
11.9

5.0
12.5
6.6

5.0
5.5
5.2

0
0.5
1.0

0
1.5
2.8

0
0
0

100
30.0
34.2

0
10.0
24.4

0
0
17.1

0
20.0
14.6

July lunar cycle
4 Jul
54.7
18 Jul
28.5
31 Jul
32.9

29.1
34.3
46.0

8.7
22.6
9.4

2.8
3.6
2.8

1.7
6.6
1.8

0.3
2.9
2.8

2.8
1.5
4.2

0
0
0

90.9
18.2
68.8

0
27.3
10.4

0
9.1
10.4

0
9.1
2.1

0
0
10.0 30.0
4.9 4.9
0
27.3
0

9.1
9.1
8.3
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Fig. 4. Dynamics of virus-like particles (VLP) in an experimental oyster pond during 2 lunar renewal cycles in summer
1996. Total virus abundance and 6 size classes as identified by
TEM image analysis are shown. Each data point represents a
mean from 2 or 3 grids (variability of replicate grid counts:
mean CV = 29.4%)
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Fig. 5. Dynamics of bacteriophages in an experimental oyster
pond during 2 lunar renewal cycles in summer 1996. Total
bacteriophage abundance, 5 size classes of tailed phages and
lemon-shaped viruses (LSV) as identified by TEM image
analysis are shown. Untailed bacteriophages are excluded.
Each data point represents a mean from 2 or 3 grids
(variability of replicate grid counts: mean CV = 29.4%)

ing 59% (Fig. 6). The virus/bacteria ratio varied
between 0.19 and 4.36 (ratio of a:b, Fig. 7).

DISCUSSION
Methods
TEM was used to quantify and identify the viruses in
the pond water. Many investigators have used TEM to
estimate viral abundances in aquatic environments
(Wommack & Colwell 2000). Moreover, since TEM is
currently the only method available for sizing viruses
and determining their ultrastructure, we first needed
to improve and validate this method. Viruses were thus
identified on the basis of the size of particles, capsomer
morphology and on staining characteristics. Furthermore, we visualised potential viral infectivity by distinguishing between full and empty particles (i.e. replete
or devoid of nucleic acid) and, in the case of the T2 calibration curve, between the presence or absence of a
tail (to identify defective particles). The plaque assay
method is a classical virological method to evaluate
suspension titers of cultured viruses. However, in field
samples, plaque counts cannot evaluate all active

Fig. 6. Percentage of bacterial morphotypes (cocci and rods)
during 2 successive lunar renewal cycles in an experimental
oyster pond in summer 1996. Not shown are dividing cells
(FDC)

viruses because of the specificity of the host cells used.
Therefore, we also compared the TEM counts with an
epifluorescence method.
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Fig. 7. Comparison of the development of total virus (a),
bacteria (b), bacteriophages (c) and the ratio of bacteriophages/total viruses (d) during 2 successive lunar cycles in
an experimental oyster pond in summer 1996

Our improved TEM method allows to reduce the
interference of high concentrations of suspended
matter (mineral particles, cells, detritus, DOM) and
salts with the VLP’s visualisation on the microscopic
grids. Three steps were used: (1) a clarification before
the ultracentrifugation; (2) resuspension of the ultracentrifuged pellet in an artificial medium; (3) TEM
grids were prepared with a sub-sample of the resuspended pellet. Thus, the grids did not need to be rinsed
in order to remove salts. Hennes & Suttle (1995)
reported a 2.2 to 7.2-fold loss of viruses during their
rinsing step in marine samples. Furthermore, the distribution of the particles was rather uniform, while the
PTA stain was not always uniformly distributed across
the grid surface. Hara et al. (1991) also used a small
drop of virus suspension placed on a grid and
negatively stained with uranylacetate solution; they
counted only the central part of the grid, where the
particle distribution was homogenous.
Our results show that on average up to 80% of VLPs
could be recovered when testing the method with T2phages inoculated in LB medium or in distilled water.
This indicates that at least 20% of the T2-phages disappeared during the treatment process. Since we did
not see a sufficient number of separated T2-phage
tails, we could not use tail counts to account for these
losses. Tails may have been degraded due to treatment, may not have been centrifuged entirely, or may
not have been deposited on the grids in the same way
as heads or defective particles. Furthermore, serial
dilutions of our T2-virus increased the percentage of
potentially inactive phages (from 11 to 30% based on
electron microscopic observation). This range is com-

parable to proportions of inactive virus found by Proctor & Fuhrman (1992). They report a range of 13 to
48% of potentially inactive viruses in environmental
samples and 1 to 11% of T-phages in lysates. Our
recovery rate is high, since other studies have reported
recovery rates of only 13 to 60% (Suttle & Chan 1994).
The mean loss of particles due to clarification was
not important, and we did not find differences in the
overall recovery rates due to the clarification treatment. Nevertheless, the clarification loss estimated
through TEM assay was higher than through plaque
assay (2.55 and 0.21%, respectively). This is because
the TEM counts include defective, non-infective, as
well as infective particles, while the plaque assays only
reveal infective particles.
The low recovery rate of T2-phages (on average
< 35%) indicates that these phages did not survive well
in seawater. The TEM observations confirmed this
hypothesis, since we observed a much higher proportion of defective particles as well as disrupted particles
(Table 2) as compared to T2-phages inoculated in LB
medium. Conversely, the clarification losses of T2phages are comparable in seawater and LB medium
(0.21 vs 0.17% and 2.55% vs 2.34% for plaque and
MET counts, respectively). We did not have a marine
virus available for testing the method. Most likely, a
marine virus inoculated in its natural medium (seawater) would behave similar to the T2-phage inoculated
in a medium (LB) in which it obviously survives well.
We conclude that our tests with T2-phage were valid to
verify our method.
Thus, our observations showed that the clarification
step was useful for counting viruses in seston-rich
seawater: viruses were easily counted because they
were not obscured on the grid by particulate matter
and other dark-stained particles, a general problem
indicated in reviews by Fuhrman (1999) or Wommack
& Colwell (2000).
Concerning the intercalibration methods, a slope of
unity between DAPI and lysis counts (Fig. 1A) indicates that the relative difference between the 2
methods (cf. the observed mean DAPI/lysis ratio of
0.158) was constant and independent of the virus concentration. By contrast, the slopes of the TEM/lysis and
TEM/Dapi calibrations differed from unity (Fig. 1B,C),
showing an increasing ratio at titers below 109 TEMcounted particles ml–1 in the concentrated fraction
(corresponding to an environmental concentration of
about 1 to 2 × 106 VLP ml–1). We attribute this error to
the increasing tendency of the particles to aggregate
when lower concentrations are applied on the TEM
grid. Moreover, the error is magnified by the fact that
the conversion factor for TEM is greater than for optical microscopy (DAPI). At <108 particles ml–1, the distribution was too contagious to yield representative
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electron microscopic observations. This could have
been compensated by increasing the number of fields
observed, or scanning the entire grid, which would
have required unreasonably long sample processing
times.
Some workers reported opposite TEM/DAPI trends:
at viral abundances exceeding 106 ml–1, TEM were
80% of DAPI counts (Hara et al. 1991, Weinbauer &
Suttle 1997), while <106 VLP ml–1, the TEM and DAPI
counts were comparable (Weinbauer & Suttle 1997). By
contrast, TEM exceeded DAPI counts of VLP in a
seawater microcosm experiments (TEM/DAPI 7 – 63;
Guixa-Boixereu et al. 1999). Assessments of T2 virus
added to artificial seawater produced variable results:
Paul et al. (1991) reported TEM/DAPI ratios between
0.5 and 3. Our TEM counts of T2 and of VLP in marine
water tended to be higher or equal to DAPI counts,
with most TEM/DAPI ratios included in the range
reported by Paul et al. (1991).
Recently other fluorochromes have been used to estimate viral abundance: Yo-Pro and SYBR-green 1; YoPro counts were on average 1.5- to 2.3-fold higher than
TEM counts (Hennes & Suttle 1995, Weinbauer & Suttle 1997) and SYBR-green 1 about 1.3-fold higher
(Noble & Fuhrman 1998). It would indeed have been
useful to include additional calibration by one of these
fluorochromes, in particular with the modified EMYO-Pro protocol (Xenopoulos & Bird 1997) as recommended by Betharel et al. (2000). However, since the
calibrations showed valid linear relations, we considered that additional fluorochrome calibrations would
not yield more information than obtained by the TEM
method (abundance together with size and identification of the VLPs).

Field observations
We examined the influence of tailed phages on the
dynamics of bacteria in an oyster pond ecosystem. The
VLP’s abundance (1 to 30 × 106 ml–1) was in the range
of data of estuarine surface water (2.6 × 106 to 3 ×
108 ml–1; Wommack & Colwell 2000). Tailed VLPs were
less abundant than non-tailed VLPs, which has been
generally observed in marine waters (Børsheim et al.
1990, Hara et al. 1991). Most investigators believe that
the majority of VLPs in marine samples are bacteriophages. For instance, Børsheim et al. (1990) justified
this hypothesis because they found a high VLP proliferation rate in an incubation experiment where only
50% of the viruses in the upper size classes (≥60 nm)
and none in the < 60 nm size-class had tails.
Our results contradict this hypothesis, because total
VLP abundance in the pond did not appear to be
directly linked to bacterial abundance; however the
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bacteriophage abundance was positively related to the
evolution of bacterial numbers and to the ratio of bacteriophages/total viruses (Fig. 7). The latter observation would indicate that untailed bacteriophages
(excepting Fuselloviruses) did not play a major role in
bacterial lysis. This is not surprising, because 96% of
all known bacteriophages are tailed (Wommack & Colwell 2000). Moreover, very small virus (20 to 44 nm)
represented the dominant fraction at the beginning of
each sampling period (68% in June, 54% in July) and
then always remained at about 28%. These very small
viruses were non-tailed. In general, marine bacteriophages in this size-class are rare (Børsheim 1993).
Other very small non-tailed bacteriophages (e.g.
Microviridae, Leviviridae) tend to be specific to enterobacteria (Murphy et al. 1995).
Thus our results suggest that the best way to characterise bacterial lysis by the viral community would be
to study the dynamics of tailed VLP and virus sizeclasses together with total viral abundance. Investigators using only total VLP counts likely overestimated
the role of virus on bacterial dynamics. In fact, we suggest that viruses specific to non-bacterial hosts (such as
the above mentioned very small VLPs (20 to 44 nm)
will need to be better identified and studied, in order to
confirm their specificity to eukaryotes.
The limitation of bacterial growth during the second
sampling cycle was linked to a regular increase of the
ratio of bacteriophages/total viruses as well as a dominance of 45 to 64 nm tailed phages (about 68%), while
the ratio between bacterial cocci and rods changed
little. By contrast, in late June the bacterial population
growth corresponded to a greater diversity of tailed
phages (4 size classes, as opposed to only 3 in July) and
dominance of the larger-tailed phages (66% ≥ 65 nm).
Moreover, cocci forms became dominant over rods,
which stayed constant. Thus, the growth of cocci in
June appeared to be linked to the greater abundance
of the large-tailed phages. This association may be
related to a preferential development of large-tailed
phages within cocci: Weinbauer & Peduzzi (1994)
reported a positive relation between cocci and large,
tailed intracellular phages (65% of viruses in cocci
were > 60 nm).
The LSV viruses appear to belong to the family of
Fuselloviridae, in agreement with the description of
their multiplication cycle by Murphy et al. (1995).
These are viruses of Archaebacteria and UV irradiance
stimulates their replication and the release of particles
without cell lysis (Zillig et al. 1988). We also have
found square Archaebacteria in this coastal pond.
They occurred during the year following this study. A
link between the LSV found in 1996 and the Archaebacteria found in 1997 cannot be excluded but requires
further investigation.
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In summary, we have developed a new method to
concentrate viruses and quantify VLPs by TEM in
coastal marine marsh water characterised by high concentrations of particulate matter. This method enabled
us to describe the virus-bacteria dynamics in a coastal
marine wetland pond. The first results indicate that
tailed phages appear to be the principal bacterial
predators in this environment. They are to be completed by detailed investigations of the virus-host
interactions and other factors influencing bacterial
dynamics in coastal marshes, such as the predatory
action of protozoa and the study of the burst-size of
bacteria.
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