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ABSTRACT: It is now well established that viruses are an abundant component of marine ecosystems 
and they are being increasingly recognised and accepted as important contnbutors to element cycling 
within the microbial loop. However, some of the key questions regarding the ecological significance of 
viruses in the marine environment still remain largely unanswered. Thus, particular interest is 
currently focused on the extent to which lytic production or lysoyeny predominates and the nature of 
factors in the marine environment, particularly nutrient availability and mult~plicity of .infection (MOI), 
which might influence the lysisflysogeny 'decision' The present evidence is still insufficient to unam- 
biguously assess the relative ecological significance of lysogeny versus lysis and progress in this area 
will rely on the development and application of new techniques. This review attempts to collect recent 
information relating to this central question, focusing particularly on those viruses which infect the 
bacterioplankton and nano- and picophytoplankton. 
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INTRODUCTION 

Viruses in the marine environment are being in- 
creasingly recognised and accepted as important con- 
tributors to element cycling within the microbial loop. 
A variety of approaches have been used to characterise 
the viruses which infect members of the bacterioplank- 
ton and phytoplankton, and to establish their temporal 
abundance and ecological significance. These ap- 
proaches range from the conventional microbiological 
techniques to the use of the transmission electron mi- 
croscope (TEM), the most widely used tool (e.g. Bms- 
heim et al. 1990), DNA-specific fluorescent stains (e.g. 
Hennes et al. 1995), radiolabelled probes (e.g. Steward 
et al. 1992a, 1996, Fuhrman & Noble 1995) and more 
recently, virus-specific DNA probes (e.g. Chen et al. 
1996). Despite the application of these techniques, the 
ecological impacts of viruses within oceanic environ- 
ments remain largely unquantified. 
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In this review we address the question of what 
factors influence the lysis/lysogeny decision, and re- 
view some of the new techniques recently being devel- 
oped which could ultimately be used to answer this 
question. Much of the information discussed relates to 
bacteriophages infecting either the bacterioplankton 
or prokaryotic components of the picophytoplankton 
(e.g.  cyanobacterial Synechococcus strains). However, 
where possible, viruses infecting eukaryotic species of 
phytoplankton are also considered. Indeed, the major- 
ity of concepts and techniques may be equally applica- 
ble to both groups of viruses. 

VIRAL REPLICATION, LYSIS OR LYSOGENY? 

There are 2 predominant mechanisms of bacteria- 
phage replication, lysis and lysogeny, and the relative 
importance of each in the marine environment is cur- 
rently unknown and subject to considerable specula- 
tion, as are the environmental factors which determine 
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whether lysogeny is established or whether lysogens 
re-enter the lytic cycle. Furthermore, lysis/lysogeny 
will be important factors in the potential for the genetic 
exchange, and in this context horizontal gene transfer 
by marine lysogenic bacteriophages has recently been 
demonstrated (Chiura & Takagi 1994, Chiura & Kato 
1996). 

It is often stated that 90% of viruses are temperate 
(Freifelder 1987), however, the present limited knowl- 
edge of relevant bacteriophage-host systems does not 
permit such a generalisation to be made for the marine 
environment. It is known that many bacteriophages 
occurring in aqueous environments are temperate. 
Approximately 4 %  of Escherichia coLi isolates from 
sewage and faeces are lysogenic (Dhillon & Dhillon 
1981) as are many strains of lactic acid streptococci 
used in cheese making (Jarvis et al. 1978) and a tem- 
perate bacteriophage has been recently isolated which 
lysogenizes the marine cyanobacterium Phormidium 
persicinurn (Ohki & Fujita 1996). 

Induction of the lytic cycle commonly occurs follow- 
ing stimulation of the lysogenic cell by an environ- 
mental factor such as ultraviolet Light or other DNA- 
damaging agents, although it has been recently 
demonstrated that polyaromatic hydrocarbons may 
induce lysogenic marine microbial communities (Jiang 
& Paul 1996). In surface seawater, ultraviolet light is 
not widely held to be a significant factor in inducing 
lysogenic bacteriophages, in contrast to many previ- 
ously well-characterised phage-host systems. It has 
been demonstrated that direct sunlight has no effect on 
virus production in coastal seawater incubated in clear 
polyethylene bags (Wilcox & Fuhrman 1994), however, 
viral decay rates are known to dramatically increase 
following exposure to direct sunlight (Suttle & Chen 
1992, Noble & Fuhrman 1997). Changes in tempera- 
ture acting as an inducing factor have only been 
observed with specifically isolated temperature-sensi- 
tive mutants from enteric host-phage systems (e.g. 
Edgar & Lielausis 1964) and consequently it seems 
unlikely that temperature per se will exert a significant 
effect on the termination of lysogeny in the marine 
environment. 

Several studies have reported on the relative impor- 
tance of lysis and lysogeny in the marine environment. 
Jiang & Paul (1994) screened 51 bacterial isolates, from 
a variety of coastal and oceanic environments, for the 
presence of inducible prophages and discovered that 
22 isolates were either lysogenic or bacteriocinogenic 
and that lysogeny was more frequent in offshore iso- 
lates than in isolates from more nutrient-rich coastal en- 
vironments. However, only bacterial strains which were 
culturable were utilised in this study and consequently 
may not be representative of the bacterial community 
as a whole. Wilcox & Fuhrman (1994) demonstrated 

that when they exposed natural bacterial communities 
to continuous sunlight, lytic infection, rather than the 
induction of lysogens, was responsible for the majority 
of bacteriophage production in coastal seawater. Dur- 
ing a similar study in the Gulf of Mexico, Weinbauer & 
Suttle (1996) used mitomycin C and UV-C radiation 
(wavelength 254 nm) to induce lysogens in natural 
communities of bacteria and estimated that only 0.07 to 
4.4 % of the total bacterial population were lysogenic. 
Moreover, they found no significant difference be- 
tween oligotrophic water in the centre of the Gulf of 
Mexico and shelf waters off the Texan coast (USA). In 
contrast, Jiang & Paul (1996) observed that a much 
higher proportion (average 34 %) of an estuarine bacte- 
rial population was lysogenized when they used a vari- 
ety of inducing agents; these included mitomycin C! UV 
radiation, sunlight, temperature, pressure and poly- 
aromatic hydrocarbons. Different approaches have 
been used in each of the above studies to determine the 
relative importance of lysogenic or lytic viral produc- 
tion in various ocanic environments, therefore, it is not 
surprising that results differ among investigators. 

Classically, 2 principal factors determine whether a 
temperate phage establishes lysogeny, namely nutri- 
tional conditions and multiplicity of infection (MOI). 
In the majority of cases examined, high MO1 favours 
lysogeny and low MO1 promotes lysis. Indeed, there 
may also be interactions between the 2 parameters 
with nutritional conditions determining the MO1 re- 
quired for lysogenization (see Herskowitz & Banuett 
1984). 

NUTRITIONAL CONDITIONS 

Kokjohn et al. (1991) observed that a phage infecting 
starved host Pseudornonas aeruginosa cells, developed 
a pseudolysogenic relationship. A greater frequency of 
lysogens has been observed in bacteria isolated from 
the offshore environment (lower nutrient conditions) 
compared to more nutrient-rich coastal environments 
(Jiang & Paul 1994). In contrast, Jiang & Paul (1996) 
observed that prophage induction occurred more fre- 
quently from natural bacterial populations in coastal 
and estuarine environments than offshore environ- 
ments. 

Several studies have implicated phosphate as the 
principal trigger responsible for the switch from lytic 
production to lysogeny. Wilson et al. (1996) demon- 
strated that, following cyanophage infection, only 
9.3 % of phosphate-depleted infected Synechococcus 
sp. WH7803 (a marine phycoerythrin-containing cyano- 
bacterium) cells lysed in contrast to 100% of infected 
phosphate-replete cells, and it was suggested that ma- 
rine cyanophages may establish lysogeny in response 
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to phosphate-depleted growth of host cells. Bratbak et 
al. (1993) demonstrated, in mesocosm enclosures in a 
Norwegian fjord, that restricted phosphate availability 
inhibited the development of viruses in Emiliania hux- 
leyi, a marine coccolithophorid, while nitrate availabil- 
ity appeared to have no effect on virus development. 
They suggested that viruses may be more sensitive to 
phosphorus limitation than nitrate limitation since 
viruses have a high nucleic acid to protein ratio. Tuomi 
et al. (1995) demonstrated that when phosphate was 
added back to phosphate-depleted seawater (2.5 1 
volume) there was a significant drop in bacterial abun- 
dance; they suggested that 1 sub-population of bac- 
teria lysed when viral activity was stimulated by an 
increase in phosphate availability and that increased 
nutrient availability induced temperate viruses from 
lysogenic bacterial populations. 

During a seawater mesocosm enclosure experiment, 
Wilson et  al. (1997) observed that there was an appar- 
ent collapse of a Synechococcus spp. bloom, following 
phosphate addition to a phosphate-limited enclosure, 
and came to similar conclusions as Tuomi et al. (1995). 
However, in contrast, Wikner et  al. (1993) demonstra- 
ted that nucleic acids from host cells are the major 
source of nucleotides for marine bacteriophages (cf. T- 
even phages of enteric bacteria which derive phage 
DNA phosphorus from the surrounding medium; Koz- 
loff & Putnam 1950), suggesting that marine bacterio- 
phages should not be especially sensitive to phosphate 
limitation. Wikner et al. (1993) proposed that this meta- 
bolic strategy may be common among marine viruses 
as an adaptation to a nutrient-deficient environment. 
Although these reports appear contradictory in their 
conclusions, there does seem to be a link between the 
supply of phosphate and viral infection kinetics in sea- 
water. However, it should be noted that no definitive 
experiments have been done to examine the signifi- 
cance of nutrients as a trigger in natural marine com- 
munities. 

MULTIPLICITY OF INFECTION (MOI) 

There is no direct evidence to suggest that MO1 de- 
termines the establishment of lysogeny in the marine 
environment. It is extremely difficult to calculate MO1 
values in situ without the ability to recognise subsets of 
the microbial community that are susceptible to infec- 
tion by viruses. Fluorescently labelled virus probes 
have been used to identify and quantify groups of bac- 
teria in mixed microbial communities (Hennes et al. 
1995), however, this technology has not been applied 
to determine MO1 in these communities. Further stud- 
ies will need to be performed on established virus/host 
systems in culture although many of these systems will 

select for predominantly lytic viruses. Using a more in- 
direct approach, correlation studies indicate that there 
is a higher virus to bacteria ratio (VBR) in eutrophic 
waters as compared to more oligotrophic waters (for 
review see Bratbak & Heldal 1995). If MO1 values are 
directly inferred from the VBR using this information, 
then it would indicate that there is a higher MO1 
in eutrophic waters compared to more oligotrophic 
waters; hence, lysogeny might be favoured in eu- 
trophic conditions (as observed by Jiang & Paul 1996). 

In a study of the interactions between marine Syne- 
chococcus spp. populations and cyanophages across a 
transect in the Gulf of Mexico, Suttle & Chan (1994) 
demonstrated that lytic cyanophages lysed a signifi- 
cant portion of the Synechococcus population on a 
daily basis. In addition, these workers demonstrated 
that there was a threshold in the Synechococcus abun- 
dance of ca 103 cells ml-', above which the concentra- 
tion of infectious cyanophages increased 100-fold and 
cyanophage concentrations often exceeded those of 
their hosts. Presumably MO1 will increase during these 
conditions hence, increasing the proportion of lyso- 
genic Synechococcus host cells. A similar observation 
was made with the eukaryotic phytoplankter Micro- 
monas pusilla and its corresponding virus A4pV, during 
a field study in coastal water in the Gulf of Mexico 
(Cottrell & Suttle 1995a). A stable coexistence of A4. 
pusilla and the lytic virus was observed and viral abun- 
dance was greater than that of its host. In a similar 
study in coastal water off the north-eastern United 
States, Waterbury & Valois (1993) suggested that Syne- 
chococcus communities are dominated by cells resis- 
tant to their CO-occurring phages, and that these lytic 
phages are maintained by infecting the relatively rare 
sensitive cells in these communities. Waterbury & Val- 
ois (1993) consequently suggested that sensitive cells 
persist as a minority population because they possess a 
growth advantage over their resistant counterparts. 
Resistance to the predominant CO-occurring phages 
could arise through 2 primary mechanisms. Firstly, 
resistance might occur as a result of mutation leading 
to loss of the phage receptor. Phage receptors, where 
characterised, are conlmonly components of nutrient 
transport systems (for reviews see Konisky 1979, Heller 
1992) and consequently such mutants would be 
impaired for growth and explain why their phage- 
sensitive counterparts are maintained in the popula- 
tion. Secondly, it is known that lysogenic host cells 
may confer supennfection immunity to closely related 
viruses thus preventing further infection. Hence, lyso- 
genic cells may predominate in the Synechococcus pop- 
ulation as the MO1 increases throughout the bloom. 

In contrast to systems where there is a CO-existence 
of the virus and its host, some phytoplankton species 
exhibit sudden and dramatic bloom collapses in which 



Aquat Microb Ecol 13: 95-100, 1997 

viruses have been implicated. It has been well docu- 
mented that the collapse of E~niliania huxleyi blooms is 
associated with a large increase in virus abundance 
(Bratbak et al. 1993, Brussaard et al. 1996, Wilson et al. 
1997) and the collapse of blooms of the red tide alga 
Heterosigma akashiwo have also been attributed to 
viruses (Nakasaki et al. 1994a, b). The discovery of a 
virus infecting the nuisance-bloom alga Phaeocystis 
(Jacobsen et al. 1996) may explain the collapse of 
spring blooms of thls organism (van Boekel et al. 1992). 
It is unclear what mechanisms are involved in the 
virus-induced collapse of these blooms. It has been 
suggested that lysogenicflatent viruses are induced by 
an environmental 'trigger' towards the end of the 
bloom, however, the nature of this trigger is still un- 
knowr,. Thc large :=crease in free viruses following the 
collapse of a bloom will undoubtedly result in a high 
MOI, hence ensuring that remaining 'seed' popula- 
tions of phytoplankton are lysogenic/latent. 

DEVELOPMENT OF NEW TECHNIQUES FOR 
STUDYING VIRAL ECOLOGY 

Traditional methods of estimating virus abundance 
and productivity have relied primarily on TEM (Bsrs- 
heim et al. 1990, Proctor & Fuhrman 1990), however, 
TEM analysis can be very laborious and time consum- 
ing. Radiotracer analysis, a promising new tool for 
measuring virus productivity, was developed by Stew- 
ard et al. (1.992b), however, there were initial problems 
with inaccuracy due to variable and potentially biased 
losses of viruses. The incorporation of radiotracers 32P- 
orthophosphate and 3H-thymidine into viral particles 
has since been used successfully (Steward et al. 1992a, 
1996, Fuhrman & Noble 1995) where results were com- 
parable to similar studies using TEM analysis to esti- 
mate virus production (e.g. Weinbauer et al. 1993). 
Other methods have included inhibition experiments 
(Heldal & Bratbak 1991, Bratbak et al. 1992), where 
new virus production was inhibited by the addition of 
potassium cyanide, however, this resulted in overesti- 
mation of virus production. Measurement of dissolved 
esterase activity in seawater has also been used as an 
indirect indicator of viral production via phytoplankton 
lysis (Brussaard et al. 1995). The main disadvantage 
with each of the methods mentioned above is lack of 
speciflcity. It is difficult to attribute specific roles to 
individual viruses if they are always studied as a 
diverse, mixed population where different host/virus 
systems may interact completely differently within a 
given environment. 

In an attempt to study specific virus populations, 
Hennes et al. (1995) successfully used fluorescently 
stained viruses as probes to interrogate specific bacte- 

ria and cyanobacteria in mixed microbial communities. 
These workers used the brightly fluorescent cyanine- 
based dyes, YOYO-1 and POPO-1, which have very 
high binding CO-efficients for nucleic acids (Hirons et 
al. 1994) and can be used to stain and visualise indi- 
vidual viruses by epifluorescence microscopy (Hennes 
& Suttle 1995). With the recent advent of the applica- 
tion of these dyes to the enumeration of marine bacte- 
rial populations, using flow cytometry (Li et al. 1995, 
Marie et al. 1996), there now exists the possibility for 
the simultaneous enumeration of specific infective 
viruses. Enteric bacteriophages (Hercher et al. 1979), 
large fragments of fluorescently labelled DNA (Good- 
win et al. 1993), HIV-1 DNA and mRNA in HIV-1- 
infected cells (Patterson et al. 1993), and HIV-1 anti- 
gens in cells positive for HIV-1 (Holzer et al. 1993) 
have all been detected by flow cytometry; therefore, 
detection of fluorescently labelled viruses by flow 
cytometry constitutes an attractive method for rapidly 
detecting and enumerating virus/host interactions in 
seawater. 

Finally, the most promising approaches for assessing 
the significance and frequency of lysogeny in the ma- 
rine environment are based on the application of mol- 
ecular techniques. Several methods have been devel- 
oped to detect human enteric viruses in environmental 
samples, including the coastal marine environment; 
this constitutes an area of research extensively funded 
by public health organisations. Approaches using gene 
probes have been used (Gerba et al. 1989, Ogunseitan 
et al. 1992). However, most of the methods for detect- 
ing human enteric viruses in the marine environment 
are based on polymerase chain reaction (PCR) technol- 
ogy (Straub et al. 1994; for reviews, see Lopez-Pila et 
al. 1993, Sobsey 1993) and its derivatives, e.g. reverse 
transcriptase PCR (Tsai et al. 1993, 1994, 1995, Gilgen 
et al. 1995) and antigen capture PCR (Graff et al. 1993). 
Similar methods have only very recently been used to 
interrogate oceanic virus populations. Early molecular 
studies looked at the clonal variation between isolated 
viruses such as Micromonas pusilla Virus (MpV) and 
marine cyanophages (Cottrell & Suttle 1991, Wilson et 
al. 1993 respectively). Subsequent studies have cen- 
tred on looking at the genetic diversity of specific 
groups of viruses (Cottrell & Suttle 1995b, Kellog et al. 
1995) and phylogenetic analysis between different 
genera of viruses using nested PCR with degenerate 
primers based on DNA polymerase genes sequenced 
from viruses which infect 3 genera of microalgae 
(Chen & Suttle 1995, 1996, Chen et al. 1996). Results 
from such studies demonstrate that viruses which 
infect members of marine microbial communities are 
diverse and widely distributed. Molecular analyses 
will undoubtedly permit the study of individual virus 
populations and the assessment of their impact on host 
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populations and may thus allow an accurate evaluation 
of the factors affecting the lysis/lysoyeny 'decision' 
and its ecological significance for oceanic microbial 
communities. 
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