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a b s t r a c t

This study examined the distribution of virioplankton and bacterioplankton in two coral reef systems
(Ahe and Takaroa atolls) in the Tuamotu Archipelago, in comparison with the surrounding oligotrophic
ocean. Mean concentrations of 4.8 � 105 and 6.2 � 105 cells ml�1 for bacteria and 8.1 � 106 and
4.3 � 106 VLP (virus-like particle) ml�1 were recorded in Ahe and Takaroa lagoons, respectively. Chloro-
phyll-a concentrations and dissolved organic matter were higher in Ahe whereas 3H thymidine incorpo-
ration rates were higher in Takaroa. First data on lytic and lysogenic strategies of phages in coral reef
environments were discussed in this paper. The fraction of visibly infected cells by viruses was negligible
regardless of the lagoon station (mean = 0.15%). However, the fraction of lysogenic cells ranged between
2.5% and 88.9%. Our results suggest that the distribution patterns of virioplankton are apparently not cou-
pled to the spatial dynamics of the bacterioplankton communities.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

There is no doubt of the ecological importance of bacterioplank-
ton in coral reef systems but the role of virioplankton in these eco-
systems has, to our knowledge, yet to be studied. Viruses are the
numerically dominant biological entities in the ocean and viral
infection is a major structuring process in the dynamics of marine
microbial communities (Fuhrman, 1999; Suttle, 2005). Viral lysis of
autotrophic and heterotrophic microorganisms influences the rate
of nutrient cycling through microbial food webs (Proctor and Fuhr-
man, 1990; Fuhrman, 1999). Recent studies of marine systems
have shown that virus mediated mortality of bacterioplankton is
greater in nutrient rich habitats where contact rates with potential
hosts are high (Weinbauer, 2004).

Most virioplankton in the environment infect bacterioplankton
(bacteriophages or, simply, phages) and, in general, the distribu-
tions of viral populations often mirror the bacterial distributions
(Hewson et al., 2001; Middelboe et al., 2003). Variability amongst
coral reef bacterial communities has been investigated at a variety
of spatial and temporal scales (Moriarty, 1979; Moriarty et al.,
1985; Paul et al., 1986; Hoppe et al., 1988; Gast et al., 1998) and
All rights reserved.
significant variations in abundance, activity and composition have
been observed over small spatial and temporal scales (Paul et al.,
1986; Gast et al., 1998; van Duyl and Gast, 2001; Frias-Lopez
et al., 2002; Rohwer et al., 2002). The role of virioplankton in coral
reef systems remain relatively unexplored (Seymour et al., 2005;
Mari et al., 2007; Dinsdale et al., 2008), as well as the presence
and the roles of viruses associated with healthy and diseased corals
which warrant further investigation (Weil et al., 2006; Patten et al.,
2008). Nothing is known on the mode of viral infections and the
life strategy of virioplankton in coral reef systems.

In addition to their role in the mortality of phyto-and bacterio-
plankton, viral lysis products (e.g., dissolved organic matter
(DOM)) from cells through the viral shunt can be taken up by pro-
karyotes, thereby stimulating the growth of heterotrophic bacte-
rioplankton (Wilhelm and Suttle, 1999; Thingstad, 2000).
Tropical coral lagoon systems are also an interesting environment
for the study of carbon cycling, as they are often characterized by
low nutrient (DOM) and chlorophyll concentrations (Rochelle-
Newall et al., 2008). The recycling of DOM by heterotrophic bacte-
rioplankton is one of the major organic matter transformation
pathways and could explain bacterial and viral distributions (Del
Giorgio and Davies, 2003). Virioplankton are, therefore, believed
to have a significant effect on aquatic environments.

French Polynesia is made up of several groups of islands in the
South Pacific gyre with 84 atolls surrounded by oligotrophic
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waters. The lagoons are of great importance to the economy of
French Polynesia, where farming of pearl oyster, Pinctada margari-
tifera, is the major source of export earnings (Andréfouët et al.,
2012). Though originally benthic, P. margaritifera is now reared
on suspended ropes and the resulting interactions with pelagic
communities raise questions about the ability of planktonic food
webs to sustain this increased animal production. In atoll lagoons,
the primary production is mainly achieved by picophytoplankton
(Charpy, 1996; Charpy and Blanchot, 1996), whereas the biomass
is dominated by low-producing bacteria (Torréton and Dufour,
1996). As both picoplankters are in a size range unavailable to oys-
ters (Pouvreau et al., 1999), phagotrophic protists may act as an
intermediate between the dominant picoproduction and bivalves
(Loret et al., 2000).

To determine the potential role of virioplankton in bacterio-
plankton dynamics in coral reef systems, the spatial distribution
of virus-like particles (VLP) and bacterial communities was deter-
mined in the pelagic zone, as well as the dissolved organic carbon
and the chlorophyll-a concentrations within two atoll lagoons in
the Tuamotu Archipelago. The fraction of lysogenic bacterial cells
(FLC) and the fraction of infected bacterial cells (FIC) were also
determined to infer the prevalence of these two modes of infection.
A broad study was made of the VLP and bacterial communities in
the benthic zone where there is very little data on virioplankton
dynamics at tropical latitudes, especially in coral reef systems.
2. Methods

2.1. Study sites and sampling

This study was conducted in two atolls (Ahe and Takaroa) lo-
cated 500 km northeast of Tahiti in the north of the Tuamotu
Archipelago between August 20 and 30, 2009 (Fig. 1; see details
in Thomas et al., 2010). Ahe lagoon is 142 km2 in area with a max-
imum depth close to 70 m and can be defined as a semi-enclosed
atoll. There is one deep passage to the ocean in the northwest
and there are several reef-flats (inferior to 50 cm depth) along
the reef rim. Four stations were sampled (A1, A3, A9, A11) situated
from the south-west (the deepest A1 with more extensive oyster
farming) to the north-east (A11 being the shallowest station with
less extensive oyster farms). Water samples were collected at three
depths for A1 (1, 10 and 20 m) and at five depths for the others (1,
10, 20, 30 and 40 m). Takaroa lagoon is 85 km2 in area with a mean
depth of 26 m (max depth = 47.5 m). Four stations were sampled
(T1, T2, T3, T4) situated from the east (less deep) to the west, with
samples taken at three depths (1, 10 and 20 m). The average water
residence time is estimated at 76 d in Takaroa, twice that reported
for Ahe (34 d) by Andréfouët et al. (2001) and Pagès et al. (2001).
Dumas et al. (2012) recently characterized the spatial variation
of residence and flushing time in different weather conditions.

The sampling stations were selected to test the spatial distribu-
tions of bacterioplankton and virioplankton in the lagoon. For com-
parison, samples were also taken at three depths (1, 10, and 20 m)
outside the two lagoons (about 3.5 km away) in the euphotic
oceanic zone.

At each sampling station, a CTD profiler (YSI 600 XM) was de-
ployed to measure temperature and depth. Water samples for
nutrient and viral and bacterial parameters were collected in the
morning using a 5-l Niskin bottle at each depth, placed directly
in acid-washed polyethylene bottles and kept in the dark at
in situ temperatures until processed in the laboratory within 2 h.
Dissolved organic carbon (DOC) analyses were performed on
30 ml subsamples collected in pre-combusted (450 �C overnight)
glass vials, preserved with 35 ll 85% phosphoric acid. Samples
were stored in the dark until analysis using a Shimadzu TOC VCPH
analyzer (Rochelle-Newall et al., 2008). Chlorophyll concentrations
were determined fluorometrically after filtration of samples onto
Whatman GF/F fiberglass filters and directly extracted using meth-
anol (Yentsch and Menzel, 1963). For bacterial and viral parame-
ters, samples were fixed with prefiltered (0.02 lm) buffered
formaldehyde (2% final concentration), stored in liquid nitrogen
(�162 �C) and analyzed on return to Montpellier University.

Sediment cores were taken by diving near station A11 (Ahe
atoll; 5 m depth) using a PVC tube with 30 mm internal diameter
(n = 4). Cores were processed immediately after collection, with
subsamples taken using 5 ml sterile syringes (n = 3). The top centi-
meter of the core layer was carefully extracted for bacterial and
viral analyses.

2.2. Enumeration of virioplankton and bacterioplankton

For water samples, the abundance of bacterioplankton was
determined by epifluorescence microscopy using fluorochrome
40,60-diamidino-2-phenylindole (DAPI) (Porter and Feig, 1980).
The number of virus-like particles (VLPs) contained in triplicates
of 50–200 ll samples were determined after particles had been re-
tained on 0.02 lm pore-size membranes (Anodisc) and stained
with SYBR Gold (Patel et al., 2007). On each slide, 300–600 bacte-
rioplankton and VLPs were counted in 15–20 fields with final num-
bers giving a precision of <10% at 95% confidence limit.

Morphologies of virioplankton were also determined using
transmission electron microscopy (TEM) (Bettarel et al., 2010). Vir-
ioplankton contained in 5 ml aliquots of formalin-fixed samples
were harvested by ultracentrifugation onto grids (400 mesh Cu
electron microscope grids with carbon coated Formvar film) using
a Centrikon TST 41.14 swing-out rotor at 120,000g for 2 h. Grids
were then stained for 30 s with uranyl acetate (2%, w/w) and VLP
were counted and measured using a JEOL 1200EX TEM at 80 kV
and a magnification of 40,000. The viral populations were divided
into three virus capsid sizes: <60 nm; 60–90 nm; >90 nm. Three
morphotypes were distinguished for classifying tailed virioplank-
ton (Caudovirales) according to their shape. Tailed virioplankton
with isomeric heads and long non contractile tails were classified
as Siphoviridae. Tailed virioplankton with isomeric heads and con-
tractile tails were classified as Myoviridae. Tailed virioplankton
with short tails were classified as Podoviridae (Bettarel et al., 2011).

For the sediment samples, viruses and bacteria were extracted
and analysed according to the procedure of Danovaro et al.
(2001) and analyzed according to the procedures described above.
Aliquots of the fixed sediment samples (1 ml) were diluted with
tetrasodium pyrophosphate (Ppi-NaCl; 4 ml; 10 mM final concen-
tration) and incubated for 20 min at 4 �C. Samples were then son-
icated three times (100 W for 1 min), diluted 200–1000 times with
0.02 lm filtered formaldehyde (2% final concentration). This proce-
dure has been shown to extract most VLPs and bacteria from the
sediment (Danovaro et al., 2001).

2.3. Bacterial production (BP)

For both sediment and overlying water, heterotrophic bacte-
rial production was determined by [methyl-3H]-thymidine incor-
poration (Kirscher and Velimirov, 1999). For water samples,
duplicates and one control (zero time) were incubated with
(methyl-3H)-thymidine (47 Ci mmol�1, Amersham) in the dark
at in situ temperature. Incubation time was 60 min, with a final
thymidine concentration of 20 nM (saturation condition). It was
assumed that isotope dilution was negligible at this concentra-
tion (Robarts and Zohary, 1993). Radioactivity was counted by li-
quid scintillation.

For the sediments, two replicates and one control were incu-
bated with labeled thymidine used at saturation point, at a final



Fig. 1. Location of the stations studied in the two atolls in the Tuamotu Archipelago in French Polynesia (A). Positions of the sampling stations in Ahe (B) and Takaroa (C)
lagoon. OA and OT are defined as oceanic stations, respectively in Ahe and Takaroa atoll system.
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concentration of 1000 nM (Haglund et al., 2003). 0.5 g sub-samples
of wet sediment were incubated in 10-ml centrifugation tubes at
in situ temperature. Incubation was stopped with formaldehyde
after 60 min. Samples were then centrifuged (8500g) for 20 min,
the supernatant was discarded and the pellet was washed three
times with 5 ml of 80% ethanol. Finally, pellets were washed twice
with 5 ml of ice-cold TCA (5%), filtered onto a 0.2 lm pore size
membrane filter, transferred to vials with 3 ml of 2 N NaOH and
heated for 2 h in a water bath at 100 �C. After cooling, 1 ml of the
supernatant was transferred to a scintillation vial and a scintilla-
tion cocktail was added. For comparison with the literature, bacte-
rial production was estimated using a conversion factor of
2 � 1018 cells produced per mole of thymidine incorporated
(Haglund et al., 2003).

2.4. Viral infection of bacterioplankton

Two different viral infection strategies were investigated: the
frequency of bacteria killed by lytic phages (lytic infection) and
the frequency of lysogenic cells (lysogenic infection). To determine
the percentage of lytic bacterial cells (fraction of infected cells;
FIC), bacterioplankton contained in duplicate 8 ml aliquots of for-
malin-fixed samples were harvested by ultracentrifugation at
70,000g for 20 min onto 400 mesh Cu grids, stained for 30 s with
uranyl acetate (2% w/w) and examined at �40,000 by TEM at
80 kV to distinguish between virus-infected and uninfected bacte-
rial cells (Weinbauer and Höfle, 1998). At least 500 bacterial cells
were inspected per grid. To estimate virally-induced bacterial
mortality (VIBM), the fraction of infected cells (FIC) was calculated
from the fraction of visibly infected cells (FVIC) (expressed as a
percentage) using the formula: FIC = 7.11 � FVIC (Weinbauer
et al., 2002). Only samples from the water columns were analyzed
for viral infection. The fraction of lysogenic bacteria (FLC) was esti-
mated following the method described by Mei and Danovaro
(2004), based on the prophage induction in the bacterioplankton
from the pelagic zone. For each sample, three subsamples (10 ml)
were taken and mitomycin C (1 lg ml�1 final concentration, Sigma
Chemical Co, No. M-0503) was added to 2 of these, the untreated
subsample serving as a control. Both samples were formalin-fixed
after being incubated for 12 h (Mei and Danovaro, 2004; Wein-
bauer et al., 2003). Prophage induction was calculated as the differ-
ence in viral abundance between mitomycin C treated (Vm) and
control incubations (Vc). The fraction of lysogenic bacterioplank-
ton cells (FLC) was calculated as: FLC (%) = 100 [(Vm � Vc)/
(BS � BACt0)], with BS = burst size (number of virus per bacteria)
and BACto = bacterial abundance at the start of the experiment,
i.e. before the addition of mitomycin C (Weinbauer et al., 2003).

2.5. Statistical analysis

The measured concentrations and distributions of bacterio-
plankton and virioplankton were compared between the two la-
goons and within the water columns. Data were not
systematically normally distributed and thus, the non parametric
Mann–Whitney test was used to test differences in biological
parameters and physico chemical parameters between the two
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atolls. All values are reported as means ± standard deviation (SD)
unless otherwise stated. All statistical analyses were performed
using Sigma Stat version 3.5.

3. Results

3.1. Physical and chemical conditions

The water temperature was comparable in the two atoll la-
goons, with a mean of 27.2 �C. In the oceanic zone, values were
not significantly different from those recorded in the atolls
(26.8 ± 0.58 �C; Table 1). Chlorophyll-a concentrations were signif-
icantly different between the two atolls (p = 0.001), with higher
values found for Ahe (0.32 ± 0.10 lg l�1). In oceanic zones, chloro-
phyll concentrations were significantly lower than those in the la-
goons (0.13 ± 0.04 lg l�1; p = 0.003) (Table 1). Mean values of DOC
concentrations were low and not statistically different (p > 0.05)
between the stations and the lagoons (107.6 ± 53.9 lM for Ahe
and 87.4 ± 8.6 lM for Takaroa). No significant difference was ob-
served between the concentrations in the lagoons and the oceanic
zones (82.9 ± 3.9 lM). Mean concentrations of these physico-
chemical parameters did not vary significantly according to depth
whatever the stations.

3.2. Planktonic bacterial and viral abundance

Total bacterial abundances differed significantly between Ahe
(6.2 � 105 cells ml�1) and Takaroa atolls (4.8 � 105 cells ml�1)
(p = 0.028) (Table 2). Concentrations of bacterioplankton were sig-
nificantly higher in the lagoons (5.6 � 105 cells ml�1) than in the
ocean (2.9 � 105 cells ml�1) (p = 0.001). Virus like particle (VLP)
concentrations were significantly different between Ahe
(4.3 � 106 VLP ml�1) and Takaroa atolls (8.1 � 106 cells ml�1)
(p < 0.001). However, there was no correlation between the viral
and the bacterial concentrations (r = �0.05; p < 0.774; n = 30).
Table 1
Values of temperature (Temp; �C), concentrations of chlorophyll-a (Chlor-a; lg l�1) and dis
oceanic stations.

AHE

Depth (m) Temp (�C) Chlor-a (lg l�1) DOC (lM)

Atoll stations
A1
1 27,47 0,44 95,3
10 27,45 0,50 168,5
20 27,43 0,28 97,8

A3
1 27,3 0,34 90,0
10 27,29 0,34 96,2
20 27,28 0,39 88,4

A9
1 27,17 0,27 84,8
10 27,13 0,16 83,6
20 27,12 0,15 259,5

A11
1 27,16 0,27 73,3
10 27,12 0,31 73,5
20 27,11 0,36 80,7
Mean 27.25 0.32 107.6
Std 0.14 0.10 53.9

Ocean station
OA
1 26,1 0,14 80,0
10 27,12 0,13 88,7
20 27,1 0,19 83,0
Mean 26.77 0.15 83.9
Std 0.58 0.03 4.4
There was a significant difference in virioplankton abundance be-
tween the lagoon and ocean sites (p = 0.174) with a lower mean
in oceanic sites (4.2 � 106 VLP ml�1). The mean virus-to-bacteria
ratio (VBR) was 7.6 for Ahe, significantly lower than the ratio
(17.6) observed for Takaroa (p < 0.001) (Table 2). No significant dif-
ference in VLP abundance was noted according to the depth and
the stations studied inside a lagoon (Figs. 2 and 3). Virioplankton
smaller than 60 nm were clearly dominant at all stations studied
inside the lagoon and in the oceanic zones (Table 3). They ac-
counted for nearly 95% of the total community for all stations, with
the exception of station A11 (87.3%) located in the northern part of
the Ahe atoll. There were relatively few virioplankton larger than
90 nm at all stations (Table 3). Almost 75% of the total viral com-
munity belonged to the Siphoviridae. No significant difference be-
tween the viral morphotypes was observed between lagoon
stations and oceanic zone. The rest of the community comprised
virioplankton from the Myoviridae and Podoviridae families.

3.3. Benthic bacterial and viral abundances

Mean of benthic bacterial concentrations were
68 ± 62 � 105 cells ml�1 (n = 4), nearly 10 times more abundant
than planktonic bacterial cells observed in the same station
(A11). Mean abundances of benthic viruses were 40 times
(197 ± 3 � 105 VLP ml�1; n = 4) more abundant than virioplankton.
The mean virus-to-bacteria ratio (VBR) was higher in the benthic
zone (51.0 ± 36.4) than in the water column (11.6 ± 0.4) in the
same station. The mean rate of 3H thymidine incorporation was
1000-fold higher in the sediments (10 ± 3.9 � 103 pmol l�1 h�1)
than in the overlying waters (10.5 pmol l�1 h�1).

3.4. Planktonic bacterioplankton activity

The 3H thymidine incorporation rates in bacterial cells were sig-
nificantly lower (p < 0.001) in the Ahe lagoon (mean = 5.9 ± 3.1
solved organic carbon (DOC; lM) at each depth sampled in the two atolls. OA and OT:

TAKAROA

Depth (m) Temp (�C) Chlor-a (lg l�1) DOC (lM)

T1
1 27,12 0225 99,9
10 27,28 0165 99,9
20 27,28 0243 95,6

T2
1 27,18 0145 76,6
10 27,25 0158 93,2
20 27,25 0159 85,9

T3
1 27,24 0215 79,5
10 27,25 0213 75,0
20 27,19 0239 84,3

T4
1 NA 0135 79,9
10 NA 0159 89,2
20 NA 0143 89,0
Mean 27.23 0.18 87.4
Std 0.05 0.04 8.6

OT
1 NA 0089 82,9
10 NA 0104 85,5
20 NA 0156 77,3
Mean NA 0.12 81.9
Std NA 0.04 4.2



Table 2
Mean and standard deviations (n = 3 or 4 according to the depth) of viral and bacterial parameters for the pelagic zone of the different lagoon stations and oceanic zones in Ahe
and Takaroa.

SITE Bacteria conc. (105 cells ml�1) Virus conc. (106 VLP ml�1) VBR 3H thymidine incorporation (pmol l�1 h�1) Burst size FIC (%) FLC (%)

AHE
A1 5.6 (2.8) 4.9 (1.4) 9.9 (3.7) 10.5 (5.0) 76 0.27 88.9 (17.1)
A3 6.1 (1.5) 0.6 (1.1) 7.4 (4.2) 4.6 (1.4) 19 0.23 7.9 (1.2)
A9 5.8 (1.9) 4.7 (1.0) 8.7 (3.3) 5.4 (2.2) 30 0.34 Nd
A11 7.1 (0.7) 3.8 (1.1) 5.3 (1.3) 4.9 (0.8) 20 0.47 Nd
Mean (lagoon) 6.2 4.3 7.6 5.9 42.1 0.32 Nd
Std (lagoon) 1.7 1.1 3.4 3.1 31.6 0.11 Nd
OA (ocean) 3.8 (1.1) 2.1 (0.4) 5.8 (2.9) 4.6 (4.5) 0 0 2.5 (0.8)

TAKAROA
T1 5.4 (1.9) 7.1 (0.7) 14.0 (4.7) 13.4 (4.5) 26 0.31 7.4 (1.0)
T2 4.6 (0.9) 7.7 (3.2) 16.0 (3.9) 8.1 (1.1) 30 0.35 Nd
T3 3.6 (1.2) 7.5 (3.1) 21.5 (8.2) 8.8 (0.7) 0 0 Nd
T4 5.6 (2.2) 7.8 (6.3) 12.6 (9.5) 15.3 (15.4) 25 0.28 Nd
Mean (lagoon) 4.8 8.1 17.6 9.3 20.2 0.23 Nd
Std (lagoon) 1.6 2.5 5.2 3.2 13.6 0.16 Nd
OT (ocean) 1.9 (1.1) 6.4 (1.1) 39.1 (18.4) 6.7 (3.2) 0 0 8.0 (2.2)

VBR: virus to bacteria ratio; FIC: frequency of infected cells; FLC: frequency of lysogenic cells.
OA and OT: oceanic stations.
Nd: not determined.
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pmol l�1 h�1) than in the Takaroa lagoon (mean = 9.3 ± 3.2
pmol l�1 h�1). The mean values for the oceanic zones, were lower
(4.6 and 6.7 pmol l�1 h�1), but not significantly different from
those observed in lagoons (p = 0.289).

3.5. Life strategies of virioplankton

In the water column, the fraction of infected cells (FIC) ranged
from 0% to 0.5% (mean = 0.15%). No significant difference of FIC
was observed regardless of the station (p = 0.85) and the atoll
(p = 0.75). At the oceanic stations, no bacterial cells were infected
at any site or depth sampled. The burst size (the number of VLP
counted in a bacterial cell) varied significantly with the highest
values observed in Ahe lagoon (mean = 42.1) compared to Takaroa
lagoon (17.6). The mean burst size was 28.2 ± 21.5 (Table 2).

The fraction of lysogenic cells (FLC) differed significantly be-
tween the stations inside an atoll, with the fraction of lysogenic
cells in the total bacterial community ranging from 2.5% (station
A11) to 88.9% (station A1) (Table 2). Unlike the results for lytic
infection, all the bacterial communities from the ocean stations
had a significant fraction of lysogenic cells (2.5–8%).

After compiling all the data, no significant correlation was ob-
served between bacterial and viral abundance or between 3H-thy-
midine incorporation rates and bacterial abundance. Bacterial
abundances and chlorophyll concentrations were not significantly
correlated, regardless of site, nor were the bacterial abundances
and the DOC concentrations. The only significant correlation ob-
served was between the 3H thymidine incorporation rates and
DOC concentrations in the Takaroa atoll (r = 0.594; p < 0.04).

4. Discussion

Many studies have dealt with the viral compartment in tropical
ecosystems (Seymour et al., 2005; Dinsdale et al., 2008; Weinbauer
et al., 2010) by exploring the relationship between bacterial and
viral distributions. This study provides new data on these two bio-
logical components in two coral reef systems, and especially on a
variety of viral parameters. To the best of our knowledge, this
study provided the first data on lytic and lysogenic strategies of
phages in coral reef environments. Other secondary results re-
ported viral and bacterial parameters in the benthic compartment
(at one site), knowing that this domain is seldom studied in these
systems (e.g., Paul et al., 1993; Patten et al., 2008).
Bacterial numbers in the water column overlying coral reefs
(e.g., in the northern Great Barrier Reef) are around 2–
6 � 105 cells ml�1 (Moriarty, 1979). Levels of bacterial production
and activity are generally higher above coral reefs than in the sur-
rounding waters (Moriarty et al., 1985; Hoppe et al., 1988) owing
to the high concentrations of dissolved and particulate organic
matter that are released into the overlying reef waters by corals
(Ferrier-Pages et al., 1998; van Duyl and Gast, 2001) and benthic
algae (Ducklow, 1990). The relationship between production (3H
incorporation rates) and DOC concentrations was only observed
in this study in the Takaroa atoll (r = 0.594; p = 0.04; n = 30). In
the Ahe lagoon, the high concentrations observed in A9 at a depth
of 20 m are potentially due to sedimentary release of potentially
low bioavailabilily DOC. Similarly, at station A1, located closer to
the atoll rim, the inputs of coral mucus derived DOC should not
be ignored (Wild et al., 2004). Rochelle-Newall et al. (2008), work-
ing in a barrier reef system proposed that the shifts in the degree of
coupling between dissolved primary production and hence, DOC
concentrations and bacterial activity in the water column were
due to inputs from coral reef mucus or from other inputs of terres-
trial origin. In our work, it is probable that the terrestrial inputs
were minimal, as evidenced by the low DOC concentrations. Mari
et al. (2007) and Weinbauer et al. (2010) also pointed out that
the residence time of a water mass can also impact bioavailability
of DOC to bacteria. Although it is difficult to accurately pinpoint
the sources of these relatively high DOC concentrations, it is prob-
able, given the relatively constant bacterial abundance and activity
measurements at these two stations that the DOC was not of high
bioavailability. This highlights the more productive environment in
the Takaroa versus the Ahe atoll, probably owing to a higher water
residence time than that calculated for the Ahe atoll (Andréfouët
et al., 2001; Dumas et al., 2012). Lower bacterial abundances were
reported in the oceanic stations compared to the atoll stations, cor-
roborating the results from previous studies (e.g., Torréton, 1999).
However, no relationship was found in this study between bacte-
rial abundance and chlorophyll-a concentrations although bacte-
rial production is often linked to primary production in reef
systems (Rochelle-Newall et al., 2008) and many other pelagic
environments (e.g., Cole et al., 1988).

Concentrations of virioplankton were similar to those occurring
in near-shore oceanic coral reefs (Seymour et al., 2005; Mari et al.,
2007; Dinsdale et al., 2008; Patten et al., 2011). In Ahe and
Takaroa atolls, the abundances of virioplankton (min–max, 1.1–
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Fig. 2. Distribution of the concentrations of virus like particles (VLP ml�1) and bacteria (cells ml�1) in the different stations at different depth in the Ahe lagoon (A, B, C and D,
respectively for A1, A3, A9 and A11) and in oceanic zone (E for OA) in August 2009.
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72.0 � 107 VLPs ml�1) were within the usual range (107–108 ml�1)
observed for temperate productive systems (Weinbauer, 2004).
VLP concentrations were significantly higher (p < 0.05) in the la-
goon than in the oceanic zones, confirming that viral abundances
tend to be greater in productive, nutrient rich environments
(Weinbauer et al., 1993). The results also showed that VLPs were
more abundant in the Takaroa lagoon than in the Ahe lagoon, sug-
gesting that virus abundance may be linked to the water residence
time. Most (95%) virioplankton from pelagic environments in this
study were smaller than 60 nm in diameter. Similar results were
reported in the sea at various latitudes, including the French Atlan-
tic coast (Auguet et al., 2006), Southern California (Cochlan et al.,
1993), the Adriatic Sea (Weinbauer and Peduzzi, 1995), the Albo-
ran Sea (Alonso et al., 2001), the Great Barrier Reef (Davy and
Patten, 2007), and the Bach Dang estuary in Vietnam (Bettarel
et al., 2011), indicating relative homogeneity in viral capsid size
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on a global scale. Most of the virioplankton belonged to the
Siphoviridae characterized by a long flexible tail, confirming that
96% of all isolated phages have a tail (Ackermann, 2001).

VLP and bacterioplankton abundances did not show significant
variability in most of the water columns (Figs. 2 and 3), and the
slight variability in abundance with depth was generally close to
the average coefficient of variation of viral and bacterial counted
using epifluorescence microscopy (average CV = 20%). It was not,
therefore, possible to detect any statistically significant relation-
ship between bacterial and viral abundances in this study.

The mean virus-to-bacteria ratio (VBR) was significantly lower
in Ahe than in Takaroa (p < 0.001) (7.6 and 17.6, respectively). This
is consistent with the hypothesis that the VBR is likely to increase
in environments that favor fast bacterial growth and high



Table 3
Distribution of the three caudate virus forms and of three virus size in the different
stations A (Ahe lagoon) and T (Takaroa lagoon) and in the two oceanic zones in August
2009.

Station % Myoviridae % Siphoviridae % Podoviridae

A1 10.0 78.0 12.0
A3 12.8 71.8 15.4
A9 14.2 66.7 19.1
A11 11.1 75.6 13.3
OA 12.7 74.5 12.8
T1 14.5 75.0 10.5
T2 11.3 75.1 13.6
T3 8.6 79.3 12.1
T4 10.2 83.6 6.2
OT 7.5 87.5 5.0

Small (<60 nm)% Median (60–90 nm)% Large (>60 nm)%

A1 90.0 10.0 0.0
A3 95.1 4.9 0.0
A9 93.1 6.9 0.0
A11 87.3 10.9 1.8
OA 94.3 5.7 0.0
T1 90.4 5.8 3.8
T2 94.6 1.8 3.6
T3 92.9 7.1 0.0
T4 92.0 6.0 2.0
OT 95.0 3.3 1.7

OA and OT: oceanic stations. Number of viruses counted for this analysis varied
from 95 to 112 according to their abundance.
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Fig. 4. Distribution of virus like particle and bacteria in lagoon and ocean of the two
atolls (Ahe and Takaroa). Regression coefficient between the two variables:
r = 0.008; p = 0.963; n = 36.
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production (Wommack and Colwell, 2000; Bonilla-Findji et al.,
2009). This result also confirms that the Takaroa atoll can be de-
fined as a more productive lagoon system than the Ahe atoll. In
most aquatic environments, viral abundance is closely correlated
to bacterial biomass (Drake et al., 1998; Filippini and Middelboe,
2007) and activity (Heldal and Bratbak, 1991; Middelboe et al.,
2003). These positive relationships suggest that viral replication
relies strongly on the host abundance and metabolism (Danovaro
et al., 2008). Nevertheless, bacterial abundance distribution
appeared to be independent of the virus abundance in Ahe and
Takaroa (Fig. 4), with no coupling between the patterns of the
two variables (regression coefficient r = 0.008; p = 0.963; n = 36).
As concluded by Dinsdale et al. (2008), these results suggest that
the characteristics of these relationships are not static but may
be associated with the local conditions in each atoll. The reason
for this lack of coupling may also be due to the dominance of
virioplankton from sources other than bacterioplankton, such as
cyanobacteria (Synechococcus and Prochlorococcus), which are of
the same order of magnitude as the abundance of bacterioplankton
at the study sites (Thomas et al., 2010; Boury et al., 2012).

The two major viral reproductive strategies are lysogeny (bacte-
ria containing inductible prophages) and lytic viral infection (bac-
teria in a lytic stage of infection). Our results indicate that
virioplankton are not the main agent of bacterial mortality via
the lytic cycle. Fractions of infected bacterial cells (FIC) were all ex-
tremely low (mean = 0.15%), among the lowest recorded in both
marine and freshwater systems [see Table 6 in Weinbauer
(2004)], regardless of the depth sampled. Nevertheless, to deter-
mine how many bacterial cells need to die to maintain the standing
stock of virioplankton, it is also necessary to know how many vir-
ioplankton are released when one cell lyses. This is the burst size.
An average burst size of 25 has been calculated for natural marine
communities (Wommack and Colwell, 2000), and this study con-
firms this for the few infected cells analyzed by TEM (mean burst
size 28.2 ± 21.5). This low percentage of infected cells may be
attributed to the virucidal properties of solar radiation, especially
UV wavelengths, which are often reported to have a significant ef-
fect on viral stocks and infectivity (Bettarel et al., 2006). High FLC
was reported for some stations (close to 8% at stations A3 and
T1), with the highest value at station A1 (88 ± 17%; Table 2).

Lysogeny is thought to be a strategy for virus propagation in
systems with poor growth conditions for their bacterial hosts that
would be unfavorable for their replication (Weinbauer et al., 2003;
Fuhrman, 1999). Mitomycin C and UVC radiation are the most
powerful agents inducing the lytic cycle in lysogenized bacterial
communities (Ackermann and DuBow, 1987). Weinbauer and
Suttle (1999) found that solar radiation caused prophase induction
in 86% of the samples. This may well explain the low percentages
of FLC reported in the oceanic zone in the study (2.5–8%), where
there was probably continuous prophase induction due to the high
solar radiation, releasing virioplankton (lytic cycle) outside the
bacterial cells. Weinbauer (2004) reported that lysogeny in natural
communities as determined by prophage induction due to
mitomycin C ranged from not detectable to almost 100. Given
the small dataset in this study, it is only possible to suggest that
lysogeny is an advantage in situations where the bacterial abun-
dance is insufficient, especially owing to the oligotrophic nutrient
concentrations. This conclusion clearly merits further study in
coral reef systems.

The potentially small contribution of virioplankton to the con-
trol of bacterioplankton may be associated with strong predation
pressure from protists. The lack of coupling between bacterio-
plankton and virioplankton and the very low FIC% observed in this
study suggest that the release of labile organic material from dead
bacterial cells (viral shunt) did not appear to be the major factor
source of nutrient regeneration. This conclusion differs from re-
sults published for temperate coastal regions demonstrating the
viral shunt is an essential source of labile organic carbon in many
ecosystems (Fuhrman, 1999; Wilhelm and Suttle, 1999; Suttle,
2005).

Bacterial and viral parameters were also studied in the benthic
compartment at one site of Ahe. Few data are available about coral
reef sediment (e.g., Paul et al., 1993; Patten et al., 2008), especially
for bacterial production. Our values of benthic bacterial production
(5.2 � 1011 cells l�1 d�1) were within the range of values from mar-
ine littoral sediments (1.5 to 8.7 � 1011 cells l�1 d�1; Gulf of Riga;
Tuomi et al., 1999). These values were significantly lower than
those reported from freshwater sediments in tropical zones
(1.9 � 1012 cells l�1 d�1; Bettarel et al., 2006). When compared to
the pelagic bacterial production at the same station A11
(3.1 � 108 cells l�1 d�1), benthic bacterial production was higher
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and seemed to be as significant as in elemental cycling by
heterotrophic metabolism. As for all other studies where virus
have been studied in both water column and sediment compart-
ments (Hewson et al., 2001; Mei and Danovaro, 2004; Weinbauer,
2004), abundances in sediment exceeded those in water column by
2000. Mei and Danovaro (2004) recently calculated from the liter-
ature that a mean benthic-to-pelagic ratio of 20 for viral abun-
dance in both marine and freshwater systems. In this study, the
counts gave a ratio of 40. High abundances of virus in sediments
suggest that they are important players in benthic systems but
the limited observations available on the role of viruses in sedi-
ment tend to be conflicting (Filippini and Middelboe, 2007). In
freshwater sediment, Filippini et al. (2006) and Bettarel et al.
(2006) reported high viral abundance and an absence of infected
bacterial cells. The high VBR found in Ahe atoll (mean of 51) con-
firms that viruses in benthic environments are an apparently dy-
namic and potentially ecologically relevant element, within reef
ecosystems.

The characteristics of the bacterial and viral communities in the
two atolls depend on the characteristics of the seawater, which are
affected by regional oceanographic differences, including local cir-
culation, effects of lagoons, run-off from the land and the commu-
nity structure in the benthic environment, including the activities
of the many large oyster farms. Given increasing concern about
the widespread decline of the world’s coral reefs (Hoegh-Guldberg,
1999; Knowlton, 2001; Gardner et al., 2003), it would be advisable
to take into account the potential importance of virioplankton
within these systems. Although these results should be interpreted
with caution since they were obtained during only one season, the
distribution patterns of virioplankton are apparently not coupled
to the spatial dynamics of the bacterioplankton communities. Viral
infection is, therefore, probably not the major agent responsible for
bacterial mortality in these coral reef systems.
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