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A B S T R A C T

Viruses that cause lysis of Synechococcus spp. are present throughout the year in the western Gulf

of Mexico. The effect of sunlight on loss rates of cyanophage infectivity was determined by incu-

bating natural cyanophage communities and cyanophage isolates (strains S-PWM1 and S-PWM3)

in UV-transparent bags at the surface, and at depth, on several occasions throughout the year. Decay

rates of infectivity of natural cyanophage communities at the surface, at Port Aransas, Texas, USA,

ranged from undetectable to 0.335 h−1, with the highest rates occurring during the summer. During

the spring and winter, decay rates of cyanophage isolates and natural cyanophage communities were

generally similar, but during summer, decay rates of isolates were as much as twofold higher than

the natural communities. In situ incubations at two offshore stations during a bloom of Synecho-

coccus spp. produced decay rates of 0.53 and 0.75 d−1, integrated over the mixed layer and averaged

over 24 h. Based on a burst size of 81 viruses produced per lysed cell (measured for natural

cyanobacterial communities in the Gulf of Mexico), cyanophages imposed mortality rates of 1 and

8%, respectively, on Synechococcus spp. In contrast, in nearshore incubations in the winter and

spring, cyanophages were responsible for removing <1% of the Synechococcus cells on a daily basis.

Only an estimated 2 to 3% of contacts led to viral infections (based on theoretical contact rates

between host cells and cyanophages, and estimates of cyanophage mortality), regardless of the time

of year or concentrations of viruses and hosts. These results indicate that natural cyanophage

communities tolerate damage by solar radiation better in summer than in winter. Moreover, net

decay rates of cyanophage infectivity in sunlight were similar, whether host cells were present or not,

indicating that detectable cyanophage production did not occur during daytime in situ incubations.
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Introduction

Viruses are an abundant and dynamic component of marine

microbial communities and range in concentration from

<105 ml−1 to >108 ml−1 [3, 4, 10]. The range in viral abun-

dances reported for the Gulf of Mexico is similar to the

highest levels associated with the most productive environ-

ments [2, 13, 26, 27, 39]. Not only are viruses abundant, but

they are significant agents of microbial mortality. Estimates

using a variety of approaches indicate that, on average, ca.

10–20% of the bacterial community and 5–10% of Synecho-

coccus cells are infected by viruses at any given time [4, 10,

34]. In some cases, viral-mediated mortality on microorgan-

isms is comparable to that imposed by flagellate grazing [9,

33]. Consequently, viral lysis may alter carbon flow to higher

trophic levels [8, 23].

The realization that viruses are abundant and important

agents in the mortality of aquatic microorganisms has led to

studies to determine the factors responsible for, and the rates

of, viral removal in marine waters [12, 38], with the idea that

viral removal rates must be balanced by viral production.

Not surprisingly, marine viruses are susceptible to a suite of

destructive processes, including adsorption to particles [38],

elevated temperature [7], exposure to solar radiation [25, 38,

47], and grazing by heterotrophic nanoflagellates [11]. Vi-

ruses are particularly sensitive to solar radiation. Calcula-

tions suggest that, in some environments, sunlight can de-

stroy the infectivity of viruses in the surface mixed layer daily

[7, 38]. Recent evidence, however, indicates that much of

this damage may be repaired by photoreactivation [43]. The

decay of viral infectivity does not imply the destruction of

viral particles, as measured destruction rates of viral particles

are typically much less than decay rates of infectivity [40,

47]. Clearly, the fate of infectious particles is ecologically

most important, as infectivity is the mechanism through

which viruses exert ecological and biogeochemical influence.

However, the lack of suitable host systems precludes mea-

surement of the total number of infectious viruses in natural

viral communities. Consequently, the approach that a num-

ber of investigators have taken is to use marine viral isolates

as model systems to trace the fate of infectious viruses in

nature [25, 38, 47]. Because there is considerable variation

among isolates in their sensitivity to environmental condi-

tions [22, 25, 38] and in the extent to which host cells can

restore infectivity to UV-damaged viruses [45], the concern

remains whether loss rates of infectivity in viral isolates are

representative of those in natural viral communities. Clearly,

the best approach is to follow indigenous popula-

tions of viruses that infect specific hosts, as has been done for

viruses which infect the photosynthetic picoplankter Mi-

cromonas pusilla [7].

Another group of viruses that is potentially useful for

inferring dynamic processes in natural viral communities is

that which infects cyanobacteria of the genus Synechococcus.

These viruses can occur at concentrations in excess of 105

ml−1 [35] and are diverse and dynamic components of natu-

ral marine viral communities [36, 37, 42, 46]. Moreover,

unlike viruses infecting M. pusilla (which are large icosahe-

drons belonging to the Phycodnaviridae) [5, 6], cyanophages

are morphologically similar to the three families of tailed

bacteriophages that are abundant in marine viral commu-

nities [36, 42]. Therefore, processes affecting these viruses

should be similar to those affecting other bacteriophages,

making cyanophages excellent models for determining the

mechanisms associated with viral production and destruc-

tion in nature (without the need to follow the dynamics of

added surrogate viruses).

In this study, the rates of destruction of natural cyano-

phage communities and cyanophage isolates in the western

Gulf of Mexico were examined. There were two objectives of

this study. The first was to measure the in situ destruction

and production rates of natural communities of cy-

anophages which infect Synechococcus spp. This was done to

determine if production rates of infectious viruses during the

day were adequate to balance measured rates of viral de-

struction. The data also permit one to infer the impact of

cyanophages on mortality rates of Synechococcus spp. The

second objective was to determine if the decay rates of cy-

anophage isolates are representative of natural cyanophage

communities.

Materials and Methods

Sampling and Sampling Locations

On eight dates between November 1994 and November 1995, 20-

liter water samples containing natural populations of Synechococcus

spp. and cyanophages were collected near dawn, just below the

surface, from the University of Texas Marine Science Institute boat

harbor (27°508N, 97°028W) or nearby Island Moorings Marina

(27°488N, 97°068W), placed in polyethylene carboys, and trans-

ported to the laboratory. In addition, on 26 and 28 June 1995, a

submersible pump was used to collect predawn samples from 1 m

depth at Station E (27° 008 N, 96° 148 W) and Station F (27° 328 N,

96° 458 W) in the western Gulf of Mexico. Seawater was left whole

or filtered through either a 0.22-µm pore-size polyvinyl difluoride

membrane filter (Durapore, Millipore, Ltd.) (boat harbor) or a

0.2-µm pore-size Nuclepore polycarbonate cartridge filter (Stations

282 D.R. Garza, C.A. Suttle



E and F), to remove zooplankton grazers, bacteria, and host cells,

while leaving the natural viral communities intact.

During experiments, surface photosynthetically active radiation

(PAR; 400–700 nm) was measured every 5 s and integrated over 15

min intervals with a Licor Li-1000 datalogger equipped with a

cosine collector. At Stations E and F, attenuation coefficients of

305-, 320-, 340- and 380-nm radiation, as well as PAR, were de-

termined with a Biospherical PUV-500 profiling radiometer.

Synechococcus spp. and Cyanophages

The cyanobacterium Synechococcus sp. strain DC2 (= WH7803) was

obtained from the Center for Culture of Marine Phytoplankton at

Bigelow Laboratory and grown at 25°C in artificial seawater under

5–20 µmol quanta m−2s−1 continuous photosynthetically active ra-

diation [36]. The cyanophage isolates S-PWM1 and S- PWM3 were

previously isolated from the Gulf of Mexico, using Synechococcus

sp. strain DC2 as the host organism [36]. The viruses were ampli-

fied by adding cyanophage S-PWM1 or S-PWM3 to a 1–l culture of

exponentially growing Synechococcus sp. DC2, at a virus to host-cell

ratio of 1. After complete lysis (usually 1 to 2 days post-infection)

lysates were filtered through a 0.45-µm pore-size polyvinyl difluo-

ride membrane filter (Durapore, Millipore), to remove host-cell

debris, and stored at 4°C. Viral titer in the lysate was measured by

MPN assay (see below) and was ca. 108 infectious units ml−1.

Enumeration of Synechococcus and Infectious Cyanophages

Synechococcus spp. was enumerated by direct count, using an

Olympus IMT-2 epifluorescence microscope equipped with a 100

W mercury lamp and a green excitation filter set. Seawater samples

(10–20 ml) were gently filtered (<17 kPa vacuum) onto 0.2-µm

pore-size black polycarbonate membrane filters, then mounted on

glass slides with a drop of immersion oil. A minimum of 20 fields

and 200 cells were counted for each filter.

The titer of naturally occurring cyanophages and viral isolates

was estimated by a most-probable-number (MPN) assay using Syn-

echococcus sp. DC2 as the host organism [36]. Titer was determined

by adding 200 µl of exponentially growing cells to each well of a

microwave-sterilized [20], 96-well microtiter plate (Corning

#25803). Samples to be titered were subjected to a 7-step, 10×

dilution series, using artificial seawater as the diluent [6]. A 100-µl

aliquot from each step of each dilution was added to each of the 16

wells on the microtiter plate. The number of wells in which lysis

occurred was scored and the viral titer was determined using a

BASIC program [15]. Data are presented as means and standard

deviations of triplicate samples.

Decay and Production Rates of Natural
Cyanophage Communities

Decay rates of natural cyanophage communities in the dark were

determined for triplicate seawater samples collected from Aransas

Pass, adjacent to the boat harbor. Unfiltered seawater (225 ml) was

added to sterile, 250-ml polycarbonate flasks and kept in the dark

at 4, 14, 18, and 25°C for 35 days. On five occasions, a 1-ml aliquot

was withdrawn from each sample and cyanophage titer was as-

sayed. The decay rate of infectivity at each temperature was deter-

mined from the slope of the linear regression between the natural

logarithm of cyanophage titer and time [7].

In situ decay rates of natural viral communities and cyanophage

isolates were determined in triplicate samples collected before dawn

from the boat harbor on five dates between October 1994 and

November 1995, and at Stations E and F during June 1995. Sea-

water samples were gently filtered (<17 kPa vacuum) through 0.22-

µm pore-size polyvinyl difluoride filters, or left whole. Aliquots (30

ml) of either filtered or whole seawater were placed in thrice-rinsed,

250-ml, UV-transparent polyethylene Fisherbrand bags (320 and

305 nm radiation attenuated by 9 and 12%, respectively). The

filtered and unfiltered samples were heat-sealed in the centers of

the bags, then attached to PVC frames [19]. The frames were

floated at the surface and suspended at several depths (Fig. 1), from

dawn to dusk, on sunny days. Cyanophage isolates (ca. 104 infec-

tious units ml−1) were prepared in a similar manner and incubated,

in parallel, in filtered and unfiltered seawater. Dark controls were

kept at in situ temperature for the duration of the incubation.

Following incubation, samples were kept in the dark at 4°C until

the abundance of cyanophages was titered (within 6 h).

Viral decay rate (K) at any depth (z) was calculated as: Kz = [ln

(Ct0) − ln (CtE) / t, where Ct0 and CtE are the cyanophage titers at

the start and end of the incubation, respectively, and t is the du-

ration of the incubation in hours. Light-mediated decay rates were

normalized to changes in viral titer in the dark [38].

Decay rates with depth for natural cyanophage communities

were better described using an equation comprising two exponen-

tial functions, Kz = ae(−k1z) + be(−k2z) (Stations E and F), where K is

the viral decay rate (h−1) at depth (z), and a and b are the decay

rates at the surface which are attributed to wavelengths with at-

tenuation coefficients in the water column of k1 and k2, respec-

tively.

The Impact of Viral Infection on Synechococcus

The impact of cyanophage infection on the mortality of Synecho-

coccus spp. was estimated by measuring the decay of infectious

cyanophages and assuming that viral production balanced removal

[36]. Dividing the estimated viral production by the measured

burst size of 81 cyanophages per lytic event (measured for natural

Synechococcus communities in the Gulf of Mexico; Weinbauer, un-

publ. data) yielded the number of host cells in which lysis must

have occurred in order to balance the measured viral removal.

These rates were compared to the calculated contact rates between

Synechococcus spp. and cyanophages (see below). As the infection

rate cannot exceed the encounter rate between viruses and host

cells, the calculated contact rates are an estimate of the maximum

infection rate.

Contact rates between Synechococcus and cyanophages were cal-

culated as in Suttle and Chan [37], using the model of Murray and

Jackson [24]. Briefly, contact rates R (encounters ml−1 d−1) were

calculated as: R = (Sh 2p d Dv) V P, where Sh is the Sherwood
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number of Synechococcus (1.01; dimensionless), d is cell dia (1.5 ×

10−4 cm), Dv is diffusivity of the cyanophages (3.456 × 10−3 cm2

d−1), V is the concentration of cyanophages (ml−1), and P is the

concentration of Synechococcus (ml−1). The contact rates between

cyanophages and Synechococcus spp. represented by this model are

the maximum values, determined by diffusive processes [24].

Results
Seasonal Changes in the Decay Rates of Natural Cyanophage
Communities and Viral Isolates

In near-surface incubations, the decay rates of infectivity for

cyanophage isolates and natural communities varied season-

ally; they were generally lower in the winter and spring than

in the summer (Fig. 2). The changes were more pronounced

for the cyanophage isolates than for natural cyanophage

communities. Seasonal changes in decay rates for both

groups were ca. 0.1 h−1 during the fall through spring; the

decay rates of the isolates in summer were considerably

higher than those of the natural viral communities. This is

shown clearly when the decay rates of the cyanophage iso-

lates and natural cyanophage communities, determined at

the same time, are plotted (Fig. 3). Although the light-

dependent decay rates at the surface clearly varied seasonally,

they were not strongly correlated with PAR (r = 0.62, data

not shown).

The Effect of Temperature on Cyanophage Decay Rates

Decay rates of infectivity of a natural cyanophage commu-

nity in the dark ranged from 0.034 d−1 at 4°C to 0.126 d−1 at

25°C (Fig. 4), corresponding to turnover times of 29 and 8

days, respectively. Decay rates (y) were similar at 4 and 14°C,

but increased sharply at higher temperatures (T). Changes in

decay rate with temperature were well described by a sec-

ond-order polynomial equation: y = 2.99 × 10−4(T)2 − 4.5 ×

10−3(T) + 0.051, (r2 = 1.0). The equation was used to esti-

mate dark decay rates when they were not determined, or

when they were too slow to be measurable over a diurnal

incubation.

Fig. 1. (A) Experimental procedure for measuring the production

and decay of natural cyanophage communities in situ. Approxi-

mately 1 liter of seawater was collected and either filtered (FSW) to

remove host cells or left whole (NSW). Filtrate and unfiltered

samples were heat-sealed in UV-transparent, polyethylene bags,

which were attached to PVC frames (B) and deployed in situ during

the day (C).

Fig. 2. Decay rates of natural cyanophage communities and cy-

anophage isolates S-PWM1 and S-PWM3 at the surface. Error bars

represent 1 standard deviation; values associated with each bar

indicate the number of replicate incubations. Data for filtered and

unfiltered natural viral communities were combined, as were data

from the viral isolates, since there were no significant differences in

decay rates between the combined groups.
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Viral Production and Decay

During in situ diurnal experiments in the boat harbor,

changes in the abundances of viruses infecting Synechococcus

strain DC2 were only detected for the filtered seawater treat-

ment at one depth on 24 January. They were undetectable at

all depths for the filtered and unfiltered treatments on 21

March (data not shown). The abundance of Synechococcus

spp. was similar (ca. 2 × 104 ml−1) on both dates, whereas

cyanophages were more abundant in January (9.8 × 103

ml−1) than March (2.4 × 103 ml−1) (Table 1). Although

decay rates were too slow to be measured, estimates based on

temperature were 0.048 d−1 and 0.068 d−1 for January and

March, respectively.

In contrast to experiments in the boat harbor, changes in

cyanophage abundance were detected during experiments in

June at Stations E and F (Table 1). A monospecific bloom

(based on light and epifluorescence microscopy) of Synecho-

coccus (ca. 105 ml−1) was present at Station E; cyanophages

were even more abundant (ca. 106 ml−1). The abundance of

Synechococcus at Station F was similar to that at Station E,

but cyanophages were less numerous (ca. 1.7 × 105 ml−1).

At Station E, solar radiation was responsible for signifi-

cant cyanophage mortality, destroying more than 90% of the

original titer in the natural cyanophage community at the

surface during diurnal incubations (Fig. 5). Cyanophage ti-

ters were not significantly different in parallel incubations

using either whole seawater or seawater in which Synecho-

coccus cells were removed by filtration, indicating no mea-

surable cyanophage production during the incubations. Sta-

tion F incubations showed a similar pattern, with >90% of

the initial titer lost in sunlight-exposed samples.

Light-mediated decay rates of infectivity in natural cy-

anophage communities, averaged over the incubation pe-

riod, decreased from 0.28 h−1 and 0.33 h−1 at the surface to

0.09 h−1 and 0.08 h−1 at 15 m (Stations E and F, respectively)

(Fig. 5). The decreases were described by an equation that

included a component that was responsible for most of the

surface decay (0.17 and 0.22 h−1) and had attenuation co-

efficients of 0.67 and 1.33 m−1 (Stations E and F, respec-

tively). It was similar to that for UV-A (320–400 nm) (Table

2). A second component that was responsible for less of the

decay at the surface (0.12 and 0.14 h−1, at Stations E and F,

respectively) had a much lower attenuation coefficient (0.03

m−1). At Station E, decay rate with depth was described by

0.17e(0.67 × −z) + 0.12e(0.03 × −z), where 0.17 and 0.12 are decay

rates at the surface attributable to damaging radiation with

attenuation coefficients of 0.67 m−1 and 0.03 m−1, respec-

tively (Table 2). Similarly, at Station F, the decrease in decay

rate with depth was described by 0.22e(1.33 × −z) +

0.14e(0.03 × −z).

Decay rates attributable to solar radiation, averaged over

24 h and integrated over the surface mixed layer (a/

−k1(e(−k1 z) −1)) + (b/−k2 e(−k2z) −1)), were 0.75 and 0.53 d−1

at Stations E and F, respectively (Table 1). The higher

Fig. 3. Relationship between the decay rates of natural cyano-

phage communities and isolates. The solid line represents a 1:1

ratio where the decay rates of isolates and the natural community

would be the same. Data were collected over the course of the year

from side-by-side incubations.

Fig. 4. Dark decay rates (Kd) of natural cyanophage communities

versus temperature (T). Data represent means and standard devia-

tions for natural cyanophage communities taken from triplicate

water samples. Where error bars are not shown, the standard de-

viation was less than the width of the symbol. The equation for the

regression is Kd = 2.99 × 10−4 (T2) − 4.5 × 10−3 (T) + 0.051,

r2 = 1.00, where T is temperature (°C).
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Table 1. Description of experimental sites including biological and physical characteristics

1995 Location

Mixed
depth
(m)a T (°C)

Cyanophages
(ml−1)

Synechococcus
spp. (ml−1)

Cyanophage
decay rate

(d−1)b

%
Synechococcus

spp. lysed
(d−1)c

R
(encounters
ml−1 d−1)

%
Synechococcus

spp. encountered
(d−1)d

Efficiency of infection
(% of encounters

leading to infection)e

24 Jan Boat harbor
(27°508 N, 97°028 W) 2 14.7 9.80 × 103 2.44 × 104 0.048 0.02 578 2.37 1.01

21 Mar Boat harbor
(27°508 N, 97°028W) 2 18.5 2.35 × 103 1.95 × 104 0.068 0.01 111 0.57 1.78

26 Jun Gulf of Mexico (Stn. E)
(26°478 N, 96°388 W) 10.4 21.4 1.05 × 106 1.20 × 105 0.75 8.09 304,789 254 3.18

28 Jun Gulf of Mexico (Stn. F)
(27°358 N, 96°718 W) 28.2 23.7 1.68 × 105 1.00 × 105 0.53 1.11 40,638 41 2.72

a Defined as the pycnocline from multiple CTD casts.
b Decay rate for cyanophage infectivity, averaged over 24 h and integrated for the surface mixed layer. Rates are corrected for dark decay rates. Where dark decay rates were too slow to be measured, they
were estimated from temperature using the equation y = 2.99 × 10−4 (T)2 − 4.5 × 10−3 (T) + 0.051, where T = temperature (see text).
c Assuming a burst size of 81 (measured empirically by Weinbauer, unpubl. data).
d % of cells encountered was determined as R divided by Synechococcus spp. abundance.
e Efficiency of infection was determined as % of Synechococcus spp. lysed per day divided by % of Synechococcus spp. contacted per day.
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average decay rate at Station F was largely because the pyc-

nocline was deeper at Station F (ca. 28 m) than at Station E

(ca. 10 m).

The Effect of Viruses on the Mortality of Synechococcus spp.

In order to balance the measured loss rates of infectious

cyanophages, the percent of the Synechococcus population in

which lysis occurred was estimated to range from 0.01% at

the boat harbor to 8.09% at Station E (Table 1). For ex-

ample, on 21 March and 26 June, cyanophage decay rates

were 0.068 and 0.75 d−1, respectively. This corresponded to

the loss of 160 and 786,000 cyanophages ml−1 d−1. Assuming

a burst size of 81 (measured for cyanobacteria in the Gulf of

Mexico, Weinbauer, unpubl. data), balancing viral decay

rates would require lysis of 2 and 9,700 cells ml−1 d−1, or

0.01% and 8.09% of the Synechococcus population, respec-

tively.

Calculated encounter rates for 21 March and 26 June

revealed that ca. 0.6% and 254% of the Synechococcus cells

were contacted daily by infectious cyanophages. Therefore,

contact rates were adequate to support the inferred infection

rates. In fact, on average, only about 2.2% of the encounters

resulted in infection (Table 1), implying that most of the

Synechococcus population was resistant to infection or that

the efficiency of infection was low.

Discussion

This study shows that the infectivity of natural communities

of viruses which infect Synechococcus sp. (Strain DC2) is

destroyed by light-dependent and light-independent pro-

cesses. Loss rates of infectivity for cyanophage isolates and

natural communities were greatest in summer and early fall,

when insolation was highest. However, the sensitivity of

natural cyanophage communities to solar radiation, (relative

to that of individual isolates) also decreased when insolation

was greatest, implying selection for UV-tolerant cyanophage

communities. In addition, the destruction of cyanophage

infectivity was not balanced by viral production during

dawn-to-dusk incubations, suggesting that viral production

was occurring at night. These findings are considered in

detail below.

Seasonal Changes in Tolerance of Natural Viral Communities to
Solar Radiation

Decay rates of marine phage isolates are proportional to

solar radiation [36] and can be used as a standard against

which decay rates of natural communities can be compared.

The data in this study show that during summer the decay

rates of natural cyanophage communities were as little as

one-half of those measured for cyanophage isolates; during

winter the decay rates between natural communities and

isolates were similar. Seasonal changes in the tolerance to

Fig. 5. Depth profile of light-mediated decay rates of natural cy-

anophage communities averaged over the entire incubation at Sta-

tions E and F. Data represent mean and standard deviation of

triplicate samples. The curves represent the best fits through the

combined data for 0.22-µm filtered (FSW) and untreated natural

seawater (NSW) and are derived from an equation comprising two

attenuation coefficients for damaging radiation (see text).
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solar radiation of the natural cyanophage communities, rela-

tive to that of the isolates, reflects changes in the natural viral

communities, as the same stock of viral isolates (S-PWM1

and S-PWM3) were used in all experiments. Furthermore, in

all cases Synechococcus strain DC2 (WH7803) was used to

determine the titer of infectious cyanophages, under similar

conditions of light and temperature.

There are two major implications of finding that the tol-

erance of natural cyanophage communities to UV radiation

changes during the year. The first is that the decay rates of

viral isolates added to seawater are not necessarily represen-

tative of those in the natural community. Although it is

recognized that viruses differ in their sensitivity to solar

radiation [7, 38], it was assumed that the relative decay rates

between isolates and natural communities would remain

similar. If decay rates of isolates were assumed to be repre-

sentative of the natural community throughout the year,

viral-mediated mortality in the summer would have been

overestimated by as much as a factor of 2 (e.g., 16% vs. 8%

per day). During the winter, however, decay rates of the

isolates were close to those of the natural community. Al-

though seasonal changes in UV sensitivity can affect the

accuracy of estimates of decay rates of natural viral commu-

nities, inferred from measured decay rates of viral isolates, it

is encouraging that decay rates of infectivity in natural com-

munities and isolates were within a factor of 2 of each other.

Higher loss rates of infectivity in natural cyanophage

communities in the summer were likely caused by seasonal

increases in insolation. UV-A (320 to 400 nm), UV-B (290 to

320 nm) and even longer wavelengths directly and indirectly

destroy infectivity [28, 47]. Moreover, sunlight is a major

factor causing loss of infectivity in marine bacteriophages

[38] and algal viruses [7]. In clear oceanic waters, sunlight

can be responsible for most of the decay of infectivity inte-

grated over a 200-m water column [38]. In coastal environ-

ments, where light attenuation is higher, sunlight can still be

responsible for most of the decay when mixed depths are

<10 m. The extent and severity of the damage to viruses

caused by sunlight depends on several variables, including

the destructive potential of each wavelength and the pen-

etration depth of damaging radiation. In addition, recent

studies have shown that much of the loss of infectivity in

bacteriophages caused by sunlight can be restored by host

cells via photoreactivation [43–45].

The mechanism responsible for increased resistance of

cyanophages to solar radiation is unknown, but could in-

volve modifications leading to increased stability of the viral

DNA. As viral replication is rapid and exponential, nonle-

thal, beneficial mutations are quickly propagated through a

population [21]. Conversely, viruses which are most sensi-

tive to solar radiation will be selectively destroyed or inac-

tivated when insolation is high. Given the small size of viral

particles, it is unlikely that selection could result in a mecha-

nism to decrease the penetration of damaging radiation

through viral capsids. An alternative hypothesis is that se-

lection has resulted in cyanophage communities that encode

additional host-cell-mediated repair mechanisms during

seasons when insolation is greatest.

Decay Rates of Natural Cyanophage Communities

Sunlight-dependent decay rates of natural cyanophage com-

munities incubated at the surface varied throughout the

year, but were highest in summer and early fall (ca. 0.35 h−1;

Fig. 2). They were undetectable during January and March.

As UV is responsible for most of the viral decay caused by

sunlight [38], one would expect to see less of an impact

during the winter. The strong seasonal variation likely re-

sulted from changes in light quality, as well as quantity.

Seasonal changes in UV reaching the earth’s surface are

greater than those of longer wavelengths due to higher at-

mospheric attenuation of UV as the solar angle increases [14,

Table 2. Attenuation coefficients (m−1) for light and cyanophage decay at Stations E and F in the Gulf of Mexicoa

Location
(Gulf of Mexico)

Attenuation coefficients of ligh (m−1)

Attenuation coefficients of decay (m−1)b

PAR
(400–700 nm) 380 nm 340 nm 320 nm 305 nm K1 K2

Station E
(26°478N, 96°388W) 0.21 0.48 0.99 1.45 2.22 0.67 0.03
Station F
(27°C358N, 96°718W) 0.17 0.54 1.13 1.70 2.24 1.33 0.03

a Visible and UV light was measured with a Biospherical PUV-500 submersible radiometer.
b The coefficients are for the equation describing the attenuation of decay with depth (see Materials and Methods).
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17]. This may be why seasonal changes in the decay rates of

the viral isolates were not well correlated with the amount of

PAR received (r = 0.62, data not shown).

The effect of solar radiation on decay rates of natural

cyanophage communities was also examined offshore (Sta-

tions E and F). The decrease in decay rates with depth was

not adequately described by a single attenuation coefficient

for damaging radiation, but by an equation that included

two attenuation coefficients (Fig. 5). Most of the changes in

decay rates with depth were explained by an attenuation

coefficient that was similar to that of UV-A (320–400 nm)

(Table 2). However, another component involved in the

decay decreased much more gradually with depth. The pen-

etration of UV-B during these experiments was shallow, with

>99% of 305 nm radiation attenuated by 5 m, consistent

with the rapid decrease in decay rates between the surface

and 5 m (Fig. 5). Although other studies have found that the

decay of viral infectivity with depth can be explained by a

single coefficient which varies with water type [30, 40],

wavelengths longer than UV-B can contribute significantly

to the decay of viral infectivity [38]. The difference between

this study and others may have resulted from changes in

water quality with depth because of changes in attenuation

coefficients caused by the surface Synechococcus bloom and

the complex physical structure of the water column (data

not shown).

Decay rates of natural cyanophage communities in the

dark were found to range from 0.034 d−1 at 4°C to 0.126 d−1

at 25°C (Fig. 4), corresponding to turnover times of 30 to 8

d, respectively. Consequently, light-independent decay rates

increased ca. 4-fold from 0.04 d−1 in winter to 0.16 d−1

during summer, in response to seasonal changes in water

temperature from about 10 to 28°C (data not shown). Light-

independent decay of infectivity has been shown for marine

bacteriophages [22, 38, 47] and Micromonas pusilla virus

(MpV) communities [7], with different viruses decaying at

different rates. The turnover times measured for the natural

cyanophage communities are similar to those reported for

natural MpV communities over the same temperature range

(17 to 8 d) [7], but are lower than the average of 2 d reported

for a variety of marine and nonmarine bacteriophage isolates

[34].

It is interesting that the temperature-dependent decay

rates of natural communities of cyanophages and MpV are

similar, even though the two groups of viruses are morpho-

logically different, while cyanophage communities decay

more slowly than morphologically similar bacteriophage iso-

lates. Such observations further suggest that natural viral

communities can be more resistant to decay than viral iso-

lates. The virucidal activity of seawater involves bacteria [18,

22], adsorption to heat-labile particles [38], and grazing by

flagellates [11]. Consequently, seasonal and spatial variation

in these factors, as well as in temperature and salinity, would

also affect light-independent decay rates. This is evident in

the data of Moebus [22], which show considerable variation

in decay rates of marine phage isolates added to seawater

collected from different locations and at different times.

Impact of Viral Mortality on Synechococcus Communities

In the present study, the estimated cyanophage-mediated

mortality for natural communities of Synechococcus spp.

ranged from <1 to ca. 8% of the Synechococcus community

per day, similar to previous reports [37, 42]. Investigators

have estimated the impact of viruses on marine microbial

mortality by determining the number of visibly infected bac-

teria and cyanobacteria [29], the destruction rates of viral

particles [9, 12] and infectivity [7, 38], and the production

rates of viral nucleic acids [32]. Estimates indicate that, on

average, viruses are responsible for the mortality of ca. 3% of

the standing stock of Synechococcus and 10–20% of bacterial

biomass on a daily basis [34].

During dawn-to-dusk incubations, significant differences

were not observed between decay rates of infectious cy-

anophages in unfiltered seawater and in seawater in which

host cells were removed by filtration (Fig. 5), indicating that

detectable production of infectious cyanophages was not oc-

curring. A possible explanation is that viral production oc-

curred at night. The marine cyanophage S-BBS1 has a lytic

cycle of ca. 12 h under continuous irradiance in artificial

seawater [36]. In addition, the lytic cycle of viruses that

infect freshwater cyanobacteria is prolonged in the dark [31].

If these observations are also true for natural cyanophage

communities, host cells infected during the night would not

produce new viruses until about 12 h after sunrise. They

would not have been detected in these experiments. Timing

cyanophage production to occur at the onset of darkness

makes sense from an evolutionary perspective, given that

cyanophage infectivity is very sensitive to sunlight. Viruses

that are produced at dusk will have the entire night to con-

tact a suitable host. Moreover, once within the host, the viral

genome will be protected from damaging solar radiation by

the DNA repair mechanisms of the host cell. Evidence of

cyanophage production at night was obtained during diel

studies of in situ cyanophage abundance that were con-

ducted during the Synechococcus bloom at Station E [41].
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If it is assumed that the decay of viral infectivity that

occurred during daylight must be balanced by production

over a diel cycle, then the estimated 24 h production rates of

infectious cyanophages, integrated over the mixed layer,

were 0.75 and 0.53 d−1 at stations E and F, respectively

(Table 1). The percent of the Synechococcus community that

had to be lysed on a daily basis in order to balance these loss

rates were 8% at Station E and 1% at Station F. These esti-

mates assume that the measured burst size, at Station E, of

81 viruses produced for each Synechococcus cell lysed (Wein-

bauer, unpubl. data) is accurate, and that all of the viruses

produced were infectious.

The inferred infection rates in this study are much less

than the calculated encounter rates between Synechococcus

spp. and infectious cyanophage. At Station E, Synechococcus

cells were estimated to encounter an infectious cyanophage

more than twice a day (Table 1). Yet, in order to balance the

measured cyanophage destruction rate, only ca. 3% of these

encounters would have needed to result in infection (Table

1). At Station F, the percent of Synechococcus encountered

daily by cyanophages was considerably less than at Station E.

Nonetheless, only 2.7% of the encounters would have had to

result in infection in order for viral production to have bal-

anced decay. In all experiments, regardless of time and lo-

cation, the encounters that resulted in infection ranged from

ca. 2 to 3.7% (Table 1). These results imply that most Syn-

echococcus were resistant to infection by most cyanophages,

or that the efficiency of infection was very low (i.e. many

encounters were required before infection was successful).

The Paradox of High Cyanophage Concentrations in
Surface Waters

High concentrations of infectious cyanophages in surface

waters in the presence of high levels of solar radiation has

been termed a paradox [40]. This is because the high mor-

tality rates of Synechococcus that would be required to bal-

ance the loss rates of viral infectivity would be difficult to

sustain. For example, in this study, balancing the viral decay

rates measured at the surface (ca. 0.3 h−1) with viral pro-

duction at the surface would require lysis of ca. 37% of the

Synechococcus cells on a daily basis. In other situations, when

infectious cyanophages are similarly abundant but concen-

trations of Synechococcus are considerably less [37], balanc-

ing decay and production at the surface is untenable. Recent

observations have shown that restoration of infectivity to

UV-damaged viruses by host-cell-mediated photoreactiva-

tion is an important mechanism for maintaining high bac-

teriophage concentrations in surface waters [42, 43, 44].

Photoreactivation is also likely to be important for main-

taining high cyanophage abundances, as cyanobacteria are

able to repair damaged DNA by this mechanism, as well [1,

16]. However, the decay rates that were measured in this

study, as well as in other studies, would include repair by

photoreactivation as the abundance of infectious cy-

anophages was titered under photoreactivating conditions.

When decay is integrated over the water column, the mor-

tality imposed on the Synechococcus community in the water

column is relatively modest. This emphasizes that mixing of

host and viral populations from deeper waters is an impor-

tant factor allowing for the persistence of high concentra-

tions of viruses at the surface.

Results from this study demonstrate that the infectivity of

natural cyanophage communities is sensitive to both solar

radiation and light-independent mechanisms. As the turn-

over times of viruses must be supported by the lysis of Syn-

echococcus cells, viral infection and cell lysis are important

factors in the ecology of Synechococcus communities in na-

ture. Further, seasonal effects influence the light environ-

ment. As a result, so will the relative importance of light-

dependent and light-independent decay processes. This is

further complicated by the finding that natural cyanophage

communities are more resistant to solar radiation in the

summer than in winter. The balance that exists between

populations in nature, and the viruses which infect them, are

complex. Understanding them is essential in order to deter-

mine the role of viruses in planktonic communities. This is

clearly a worthwhile goal as it becomes more and more

apparent that viruses mediate a quantitatively important

pathway of nutrient cycling in the sea.
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