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Abstract The ecological role of viruses in aquatic envi-
ronments is gaining interest due to their abundance and
overall diversity. Much focus has been on bacteriophages
since they were found to play an important role in the
diversification and sustainment at both the micro- and
macro-scale. However, the discovery of virophages coex-
isting with giant viruses in a diverse set of eukaryotic hosts
has recently gained attention. Virophages are small double-
stranded DNA viruses found parasitizing giant viruses of
eukaryotes. Since the discovery of the first virophage
(Sputnik) many virophage signatures have been detected
from a variety of environmental samples with specific
infection cycles. In addition, these parasites display
important roles in equilibrating microbial biomass, nutrient
cycling and population dynamics. Moreover, virophage-
induced evolution between giant viruses and their hosts
have also been described. Considering the ongoing dis-
covery of virophages and their dynamics in aquatic
ecosystems, this review intends to provide an update of the
virophage signatures identified to date, also tending to
provide insight on the mechanisms of coinfection as well as
their role as agents of biodiversity and nutrient cyclers in
water environments.
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Introduction

In nature, the unforgiving cycle of prey and predator antics is
well known to all life forms in every possible environment.
Some smaller, more discrete organisms can predate from the
inside out such as eukaryotic and prokaryotic viruses (DeB-
ruyn et al. 2004). The invaluable insight gained on the roles of
viruses in the medical and environmental fields has shown the
imperativeness of viruses in the maintenance of diversity at
both the micro- and macroscopic levels. Furthermore,
understanding the natural order in how microbial communi-
ties regulate chemical and nutrient cycles to maintain a bal-
ance is important in reiterating that the importance of viral
studies, particularly in water environments cannot be over-
stated (DeBruyn et al. 2004; Ram et al. 2011).

Considering the remarkable abundance of viruses in
nature, it is easy to assume the expansive existence of viral
diversity (Yutin et al. 2009). The nucleo-cytoplasmic DNA
viruses (NCLDV) were first described in 2001 (Colson et al.
2013) and seems to constitute a monophyletic group of
viruses that contained double-stranded genomes (dsDNA)
extending from 100 kbp to 1.26 Mbp (Hingamp et al. 2013).
Genomic data have shown that many of the hallmark genes
found that the NCLDV genomes are complex and contain
transferable short element transpovirons (Yutin et al. 2013;
Koonin and Dolja 2014). Another unique feature of giant
viruses is their infections by virophages (Yutin et al. 2013)
that can only replicate within the intracellular viral factory
of a large nucleo-cytoplasmic DNA virus that is currently
infecting a eukaryotic host of its own (Zhou et al. 2013).

Considering the novelty of virophages and their ultimate
role in aquatic ecosystems, the aim of the present work is to
pay tribute to the possible modes of virophage coinfection
and their impact on virus—host dynamics and to provide an
overview of the virophages discovered to date.
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The virus of a virus: revelation of the virophage

Virophages are viruses that infect other viruses (Fischer
and Suttle 2011; Taylor et al. 2014). These novel viruses
are approximately 50—100 nm in size with an icosahedral
morphology (Zhou et al. 2013). Three of the most well-
characterized virophages have 20- to 25-kbp double-
stranded DNA genomes (Yutin et al. 2013). A unique
property of the virophage is the way in which replication
occurs. Virophages can only replicate within the intracel-
lular viral factory of a large nucleo-cytoplasmic DNA virus
(hereafter referred to as giant viruses) that is currently
infecting a eukaryotic host of its own (La Scola et al. 2008;
Zhou et al. 2013). As a result, virophages replicate exclu-
sively through coinfection (Desnues and Raoult 2010). The
virophage is therefore a parasite that flourishes by
exploiting the host’s machinery (Desnues and Raoult
2012), resembling in degenerated and anomalous mor-
phologies of the giant virus (Pearson 2008; Sun et al. 2010;
Desnues et al. 2012; Katzourakis and Aswad 2014).

The enzymes required for virophage replication are
ascertained from the giant virus and not the host organism
(Zhou et al. 2013). Giant viruses have similar genomic and
physical sizes as small bacteria (Van Etten et al. 2010).
Despite their dependency on the host for replication, giant
viruses encode their own transcriptional and part of their
translational apparatus within the intra-cytoplasmic viral
factory (Mutsafi et al. 2010). Since the virophage genome
is smaller as compared to that of the giant virus, it does not
code for any of the viral factory components (Desnues and
Raoult 2010). Several virophage encoding proteins (open
reading frames; ORFs) are distantly linked to genes
involved in the replication of giant viruses. Other genes
seem to stem from mobile genetic elements such as
transposons or plasmids (Kristensen et al. 2009).

Since the discovery of the parasitic virophage and its host,
virophages and giant viruses are believed to be highly abun-
dant in aquatic environments, infecting a wide range of hosts
(Claverie et al. 2009; Culley 2011). Consequently, virophages
may have a role in the host-virus population dynamics (Wo-
darz 2013). In addition, the impact of the virophage-giant
virus dynamic has been shown to influence the rate of carbon
cycling in aquatic ecosystems (Culley 2011).

Virophages discovered to date

Currently, four virophages have been isolated from distinct
geographical locations (Table 1). The first virophage dis-
covered was coined Sputnik (meaning Russian Satellite)
that comprised an 18-kbp double-stranded DNA genome
and portrayed an icosahedral morphology (Abrahio et al.
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2014). Sputnik was found to be parasitizing a different
virus strain, denoted mamavirus (Acanthamoeba castellanii
mamavirus, closely related to mimivirus) and was isolated
from a cooling tower in Paris in 2008 (Nasir et al. 2012;
Parola et al. 2012). The isolation of Sputnik provided two
main findings to the current knowledge surrounding
virology. The first was the higher rate at which virophage
progeny was produced in comparison to Acanthamoeba
castellanii mamavirus with the production of defective
viral particles, fractional capsid thickening and loss of
morphology in mamavirus. The second finding was the
encapsidation of the virophage particles into the mama-
virus. However, sputnik could not infect the eukaryotic
host solely and showed a 70 % declination in mamavirus
infectivity and a threefold reduction in its ability to cause
lysis when co-inoculated with both sputnik and Acan-
thamoeba castellanii mamavirus (Ruiz-Saenz and Rodas
2010). The second virophage to be discovered was
Mavirus. Mavirus was the first virophage isolated from a
marine ecosystem that was found infecting Cafeteria
roenbergensis virus (CroV) (Zhou et al. 2013). Thereafter,
the Organic Lake Virophage (OLV) isolated from a
hypersalinic Antarctic lake associated with an algal host
that appears once on an annual basis was isolated. At the
same time, Sputnik 2 (associated with mamavirus-like
Lentillevirus) was also isolated (Zhou et al. 2013). A third
Sputnik strain (Sputnik 3) showing 99 % identity to the
other Sputnik strains has been identified (Gaia et al. 2013).
Since then, metagenomic sequences have revealed five
putative virophage genomes. The nearly complete Ace
Lake Mavirus (ALM) genome showed resemblance to
Mavirus while the remaining four completed Yellowstone
Lake Virophages (YSLV1—4) genomes seem to be related
to OLV (Yutin et al. 2013). In addition, the Rio Negro
(Campos et al. 2014), Zamilon (Gaia et al. 2014) and three
newly discovered Yellowstone Lake virophages
(YSLVS5-7; (Zhou et al. 2015) were recently identified.

The increasing isolation of virophage genomes associ-
ated with phytoplankton-infecting viruses or Mimiviridae-
related viruses from diverse environmental samples infer
the role of virophages in the regulation of viral populations.
In spite of this, the nature of virophages is still debat-
able (Gaia et al. 2014).

Modes of virophage coinfection

Since virophages can only reproduce within the viral fac-
tory of a giant virus, the mechanism in which coinfection
occurs is important. Taylor et al. (2014) proposed two
different main entry modes (Fig. 1). The first is an inde-
pendent entry mode (Fig. la) where the virus and
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Table 1 Features of virophage identified to date

Virophage Host Location Genome References
Giant virus Eukaryote Size No. of
(bp) ORFs
Sputnik A. polyphaga A. polyphaga Cooling tower in Paris, France 18,343 21 La Scola et al.
mimivirus (2008)
Mavirus Cafeteria Marine flagellate Coastal waters of Texas 19,063 20 Fischer and
roenbergensis (C. roenbergensis) Suttle (2011)
virus
OLV Large DNA viruses  Prasinophytes Organic Lake, a hypersaline meromictic 26,421 26 Yau et al. (2011)
(phototrophic algae) lake in Antarctica
Sputnik 2 Lentille virus A. polyphaga Contact lens fluid of a patient with 18,338 20 Gaia et al.
keratitis, France (2014)
Sputnik 3 Mamavirus (reporter  A. polyphaga Soil samples, south of France 18,338 21 Gaia et al.
virus) (2013)
ALM Mimiviruses? Phagotrophic Ace Lake in Antarctica 17,767 22 Zhou et al.
protozoan? (2013)
YSLVI Phycodna- or Microalgae? Yellowstone Lake 27,849 26
mimiviruses?
YSLV2 Phycodna- or Microalgae? Yellowstone Lake 23,184 21
mimiviruses?
YSLV3 Phycodna- or Microalgae? Yellowstone Lake 27,050 23
mimiviruses?
YSLV4 Phycodna- or Microalgae? Yellowstone Lake 28,306 34
mimiviruses?
YSLVS Phycodna- or Microalgae? Yellowstone Lake 29,767 32
mimiviruses?
YSLV6 Phycodna- or Microalgae? Yellowstone Lake 24,837 29
mimiviruses?
YSLV7 Phycodna- or Microalgae? Yellowstone Lake 23,193 26 Zhou et al.
mimiviruses? (2015)
Rio Negro Samba virus A. castellanii Negro River, Brazilian Amazon ? ? Campos et al.
(Mimivirus genus) (2014)
Zamilon Mont 1 (Group C A. polyphaga Soil sample, Tunisia 17,267 20 Gaia et al.
Mimiviridae) (2014)

virophage enter the host independently of each other. The
second is referred to as the paired entry mode (Fig. 1b). In
this method, co-infection occurs when the virophage and
virus are entangled and this entanglement then enters the
host. Sputnik strains are assumed to use the paired entry
mode (Desnues and Raoult 2010; Taylor et al. 2014).
Indirect support of this mode of infection was observed by
virophage and virus clustering, suggesting affinity. Fur-
thermore, electron micrographs of virus and virophage
present in one phagocytic vacuole after coinfection may
further support the paired entry mode of coinfection
(Desnues and Raoult 2010). Virus—virophage grouping
may also occur as observed by long fibres on the surface of
mamavirus (associated with Sputnik strains). These fibres
(coated in peptidoglycan) are thought to have a role in
phagocytosis, functioning to mimic bacterial prey to the
host amoeba (Xiao et al. 2009; Taylor et al. 2014). This
was supported by Boyer et al. (2011), where virophages

were unable to replicate in a coculture with fibre-deficient
mamavirus-like strains. In addition, mushroom-like fibrils
coat the capsid of Sputnik (Sun et al. 2010). Although the
function of these appendages is unknown, it is thought to
promote virophage-virus (Sputnik-mamavirus) entangle-
ment for the paired entry mode of coinfection (Desnues and
Raoult 2010; Taylor et al. 2014).

The paired and independent entry modes modelled by
Taylor et al. (2014) included the coexistence of all popula-
tions (amoeba host, giant virus and virophage) in the system
taking into account the need of coinfection for virophage
replication to occur. In comparison, Yau et al. (2011)
modelled the virophage—virus relationship in a predator—
prey system where virophage growth was theorized as host
independent (Fig. 1c). However, the outcome of this event
in nature is debatable, since virophage replication has yet to
be observed in systems without coinfection with a eukary-
otic host present (La Scola et al. 2008). The final model by
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Fig. 1 Different stages in the virophage coinfection lifecycle.
a Independent entry mode (Taylor et al. 2014): Step I: free virophage
and virus following lysis. Step 2: virophage (free) enters host. Step 3:
giant virus enters amoeba. Step 4: virus particles shed capsids. Step 5:
virophage genome enters viral factory (viral factory expands). Step 6:
virophages leave viral factory and wait for lysis. b Paired entry mode

Wodarz (2013) excluded the outcome of planktonic vir-
ophage and virus population within the system. The author
posited a direct contact mechanism of virus and virophage
transmission among eukaryotic hosts (Fig. 1d). Although
direct and indirect transmission models have been observed
when degradation occurs, there is currently no experimental
evidence suggesting this type of event (Taylor et al. 2014).
Recently, a distant CRISPR-Cas-like mechanism, called the
MIMIVIRE system, has been unveiled in giant viruses
(Levasseur et al. 2016). This mechanism explains the
resistance of miniviruses to Zamilon, a unique virophage can
infect specific linkages of miniviruses but not others (Gaia
et al. 2014). The field of virophage—virus dynamics is still an
elusive topic (Slimani et al. 2013). Until more experimental
data on the modes of coinfection and virophage dynamics
become available, the true nature of virophage replication
(specifically entry pathways and interactions) can only be
postulated.

The overall replication cycle with the alternative (in-
dependent or paired) entry modes of coinfection are
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(Taylor et al. 2014), only steps 2 and 3 differ. Step 2: virophage and
giant virus entangle. Step 3: the entanglement enters the host as
coinfection. ¢ Giant virus and virophage replication the absence of a
eukaryotic host (Yau et al. 2011). d Direct contact mechanisms for
virophage and giant virus replication (Wodarz 2013)

illustrated in Fig. la, b. Irrespective of the entry mode,
once the virophage has entered the eukaryotic host, repli-
cation proceeds in the same manner (Taylor et al. 2014).
The capsids of the giant virus and virophage are detached
from the viral core and genome, respectively. This step has
been observed for the giant virus and not the virophage
itself (Mutsafi et al. 2010). Thereafter, the virophage gen-
ome enters the viral factory of the giant virus. The size of
the viral factory expands as virophage genetic material is
rapidly produced (Mutsafi et al. 2010; Desnues and Raoult
2012). Fully-fledged capsid enclosed virophages are only
expelled from the host cell upon lysis (Taylor et al. 2014).

Virus-host interactions and roles in nutrient
cycling

Over recent years, virophages, coexisting with giant viruses
and their eukaryotic hosts have been isolated from cooling
towers, to contact lens solution to the deepest oceans (Zhou
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et al. 2013). In aquatic ecosystems, virophages and giant
viruses are thought to be highly abundant (Claverie et al.
2009; Culley 2011; Yau et al. 2011; Wodarz 2013). As a
result, virophages may regulate population dynamics
between giant viruses (Gaia et al. 2014) and protists
(Wodarz 2013). In a coinfection of mamavirus and Sputnik
virophages (La Scola et al. 2008) demonstrated approxi-
mately a 70 % reduction in the production of mamavirus
virions and a threefold decrease in amoeba lysis at 24 h.
Similarly, coinfection of eukaryotic host Cafeteria roen-
bergenesis with CroV and Mavirus virophage resulted in
increased C. roenbergenesis concomitant with decreased
CroV burst size (Fischer and Suttle 2011). These experi-
mental data provided evidence that virophages influences
the replication of the giant virus (Slimani et al. 2013). A
mathematical and analytical model developed by Taylor
et al. (2014) further demonstrated that an increased pro-
duction of virophage was negatively correlated to the giant
virus burst size, acting as a “friend” to the eukaryotic
hosts. Furthermore, the relationship between an amoeba—
bacterium—virus—virophage system was investigated by
Slimani et al. (2013), which revealed that when Acan-
thamoeba polyphaga was superinfected with bacterium
BABLI1 and A. polyphaga mimivirus, BABL1 reproduction
was stable for 24 h. Thereafter, bacterial growth decreased
and mimivirus replication was comparable when alone
(amoeba-mimivirus only). However, when Sputnik-in-
fected A. polyphaga mimivirus was superinfected into the
bacterium-infected A. polyphaga, the amoeba and bac-
terium populations were compared to that alone (amoeba
and bacterium only) with increased virophage numbers.
Taken together, these results indicate the role of virophages
in not only eukaryotic and giant virus populations, but also
the regulation of bacterial growth in aquatic environments
(Slimani et al. 2013).

Discovery of the virophage augments thought of its
place in the microbial loop (Yau et al. 2011). In an attempt
to understand population dynamics on nutrient cycling,
mathematical models developed by Yau et al. (2011)
demonstrated that the reduction of phycodnaviruses by the
OLV virophage and increased frequency of algal blooms
affected the carbon flux in the Organic Lake (Vestfold
Hills; Antarctica). Through the adaptation of Antarctic
lakes to shortened trophic chains and long light—dark
cycles, it is probable that reduced phycodnavirus virulence
by virophages may play an important role in the stability of
microbial food webs in aquatic ecosystems (Cavicchioli
2015).

Virophage signatures found through metagenomic
analyses in two tropical lakes (fresh and hypersaline), an
ocean upwelling site and an estuary as well as in the Ace
Lake (Yau et al. 2011) and other temperate aquatic envi-
ronments (Zhou et al. 2013) indicate that virophages may

regulate carbon flux and play unrecognized roles in aquatic
ecosystems (Jassim and Limoges 2013). However, the
ecological distribution of virophages in aquatic ecosystems
is noteworthy. A shotgun metagenomic analysis conducted
by Zhou et al. (2015) of virophages isolated from Yel-
lowstone Lake, depicted that the distribution, diversity and
abundance of virophages was concomitant with water
temperature and chemistry. Non-hydrothermal ecosystems
(preferably temperatures approximately 30 °C) harbour the
most amounts of virophages. Therefore, virophage distri-
bution patterns may be linked to their viral and eukaryotic
hosts (Zhou et al. 2015).

Virophages as driving forces in microbial evolution

Viruses can drive evolutionary mechanisms of the host in
two ways: the first employs direct effect of intrinsic viral
activities through host and viral gene transfer between
species and speciation (Weitz et al. 2013); regulates com-
petition between dominant organisms (Barros et al. 2010);
and induces genotypic and phenotypic changes within the
infected hosts with the production of protection against
super-infections (Weinbauer and Rassoulzadegan 2004).
The second mechanism are indirect effects which include
genetic-rich genomes that promote horizontal gene transfer
(Martiny et al. 2014); bacterial biomass encouraging
microbial composition and diversity (Middelboe et al.
2008); and mechanisms involved in bacterial defence to
phage infection (Samson et al. 2013). The broad distribu-
tion and the indisputable abundance of viruses allow a
variety of transmissible genetic material that promotes
evolution and ecological modifications within microbial
communities (Sime-Ngando 2014). Some changes may be
as bold and successive as to create an entirely new strain or
new species (Hartley et al. 2012). However, the alteration
of microbial composition and diversity is dependent on
host specificity by the virus. It is evident that bacterio-
phages (viruses infecting bacteria) are highly host-specific
and only infect a small portion of bacterial species (Kos-
kella and Meaden 2013). Most host—parasite models have
focused on bacterial phage interactions (Avrani et al.
2012). Since the discovery of virophages in nature and its
role in nutrient cycling and species dynamics, it is impor-
tant to evaluate the role of virophages in driving microbial
evolution (Wodarz 2013).

There are different types of models that can be used to
evaluate aquatic microbial diversity and evolution (Martiny
et al. 2014). Antagonistic coevolution is an evolutionary
model used to describe the on-going adaptation and
counter-adaptation in host—parasite systems. This concept
is referred to as an arms race as species continue to adapt to
changes imposed on by their counterparts (Avrani et al.
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2012). Campos et al. (2014) experimentally demonstrated a
higher tolerance of the newly discovered Samba virus to its
associated Rio Negro virophage in comparison to Acan-
thamoeba polyphaga mimivirus. The authors suggest a
mechanistic defence developed by the Samba virus to
evade the virophage. However, confirmation of this
hypothesis has yet to be performed (Campos et al. 2014).
The evaluation of the Samba virus—Rio Negro virophage
composite over time may allow for the detection of evo-
lutionary traits between the virophage and giant virus
populations to be explored.

The second type of model involves defence and com-
petitive trade-offs (Winter et al. 2010). In nature, nutrient
availability can be used as a tool for the prevention of
various stresses such as predation, unfavourable conditions,
parasitism and competitive purposes or to promote fitness
and increased reproduction. The allocation of resources to
either strategy results in a limitation to the other. Trade-
offs between viruses and their hosts are poorly understood.
However, a report on bacteriophages infecting Escherichia
coli showed that a high mortality rate was positively cor-
related to high replication rates. Thus, a trade-off was made
to promote replication and not to sustain the stability of
their protective capsids (Winter et al. 2010). By far, the
most apparent role of viruses in microbial regulation would
be its role in host population mortality. This allows viruses
to control microbial diversity in a hypothesis known as
“killing the winner (Ktw)”. The Ktw hypothesis is based
on negative frequency-dependant selection as bacterial
fitness is indirectly related to its frequency in the com-
munity (Koskella and Meaden 2013). The general logic of
“killing the winner” relies on the fact that infective viruses
introduced by migration or mutation provide density
dependent regulation of dominant competitive bacteria
while allowing less dominant bacterial populations to
prevail (Thingstad and Lignell, 1997; Brockhurst et al.
2006). Preferentially, attacking the dominant species pro-
vides a self-regulating negative feedback so that the dom-
inant species are down-regulated by the predators while the
rest of the populations can recover by granting them a
predatory refuge (Vallina et al. 2014a, b). Yau et al. (2011)
used the Ktw hypothesis (Lotka—Volterra-type mathemat-
ical model) to underline the point of virophages (OLV) in
the regulation of population dynamics (Phycodnaviruses
and microalgae) with effects on nutrient cycling in the
environment. Wodarz (2013) used an Acanthamoeba—
mimivirus—Sputnik system to provide a more general
explanation of these dynamics with emphasis on the evo-
lutionary dynamics. Since virus—host dynamics can often
be viewed as hyperparasitism, this parameter was included
in the model. A hyperparasite can be defined as a parasite
infecting a different parasite which contributes to a food
chain of parasitism (Wodarz 2013). Most hyperparasitic
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studies have examined population dynamics between insect
pests and their biological control using mathematical
models (Holt and Hochberg 1998; Wodarz 2013). The
overall result produced by all the studies was the reduction
of biological control of the pests by the hyperparasite.
Since the hyperparasite infects the primary parasite, the
host or pest population benefits and can reach increased
equilibrium levels (May and Hassell 1981). The model
developed by Wodarz (2013) suggests that viral replication
rates can impact the stability of the system, which also
influences how likely the system is to extinction. If the
giant virus can maintain reproductive success through
sediment reservoirs (i.e. free-living cells) than through
amoeba-induced replication, the stability of the system will
be maintained. This ensures the survival of the giant virus
in the presence of virophage. Furthermore, the model
suggests virophages can select for giant viruses with
reduced replicative ratios. Not only would this allow for a
direct benefit to the amoeba population, but also lead to an
indirect influence on evolution of the giant virus population
(Wodarz 2013).

In addition to these models, lateral gene transfer has
been observed between amoeba and its parasites (Moreira
and Brochier-Armanet 2008) and between virophages and
their viral hosts (La Scola et al. 2008). Virophages have
also found to be related to eukaryotic DNA transposons
referred to as Mavericks (Katzourakis and Aswad 2014).
Yutin et al. (2013) found that different mobile elements
(Mavericks and transposons) shared certain conserved
regions with virophages and other viruses. Although
diversity between virophages does exist, the DNA-pack-
aging ATPase and the major capsid protein are conserved
among all virophages (Desnues et al. 2012). Therefore,
virophages are likely to have a common ancestor, which in
turn underwent multiple gene replacements sharing evo-
lutionary connections with giant viruses and mobile genetic
elements (Koonin and Yutin 2010).

Concluding remarks

The abundant viral diversity in aquatic ecosystems remains
largely undiscovered. Consequently, viral sequences have
very limited similarity to sequences found in repositories
(Lopez-Bueno et al. 2009). In spite of this, it is distinctly
apparent that viruses have a major role in shaping micro-
bial communities, regulating nutrient cycling and driving
evolution dynamics in nature. In depth analyses of viruses
in aquatic environments is essential to the understanding
aquatic ecosystem functioning (Danovaro et al. 2011;
Wilkins et al. 2013). The role of virophages in aquatic
ecosystems in particular deserves more attention. Global
ecological regulation of population dynamics, evolution
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courses and nutrient cycling by virophages suggests that
more virophages have yet to be discovered (Gaia et al.
2014; Durzynska and Gozdzicka-Jozefiak 2015; Zhou et al.
2015). The findings of several ecological studies of vir-
ophages in water bodies do infer some important contri-
bution by these viruses (La Scola et al. 2008; Yau et al.
2011; Campos et al. 2014; Durzynska and Gozdzicka-
Jozefiak 2015). Currently, the existence of virophages and
their place in nature is still poorly understood. The concept
of coevolution has been linked to the divergence of life
forms. Coevolution consists of mutual genetic changes
between two or more species in a given community and is
an important driver in morphological changes, immune
defence, virulence, speciation, drug resistance, and the
structuring of communities (Dennehy 2012). Furthermore,
the open debate on virophage classification as a parasite on
its own (as opposed to being a satellite virus), only enforces
the need for more aquatic environmental studies evaluating
its role in microbial food web. As a result, metagenomic
approaches coupled with extensive population dynamics to
identify virophage signatures in the environment is needed.
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