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Abstract: Viruses cause various diseases in humans through vector-borne (e.g., Zika and dengue 
fever), airborne (e.g., measles) and water-borne (e.g., hepatitis) transmission, as well as direct physical 
contact (e.g., AIDS and herpes). Recently, the new coronavirus (SARS-CoV-2) pandemic has triggered 
the greatest global health crisis in a century. However, not all viruses in nature are human enemies. 
A vast body of literature indicates that viral infection is vital for ecosystem functioning by affecting 
nutrient cycling, controlling species growth and enhancing biodiversity. Here we provide a perspective 
on the ecological role of viruses in nature, with special focus on Brazilian aquatic ecosystems. 
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Resumo: Os vírus causam doenças em humanos por meio de vetores (e.g., Zika e dengue), 
pelo ar (e.g., sarampo), pela água (e.g., hepatite) e por contato físico direto (e.g., AIDS e herpes). 
Recentemente, a pandemia do novo coronavírus (SARS-CoV-2) ocasionou a maior crise sanitária 
do século. No entanto, nem todos os vírus na natureza são inimigos humanos. Diversos estudos 
têm mostrado que a infecção viral é fundamental para o funcionamento de ecossistemas, afetando o 
ciclo de nutrientes, controlando o crescimento de algumas espécies e aumentando a biodiversidade. 
Esta mini-revisão apresenta uma perspectiva do papel ecológico dos vírus na natureza, com foco em 
ambientes aquáticos Brasileiros. 
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(Brussaard, 2004)⁠, a technique that measures the 
physical and chemical characteristics of biological 
particles suspended in liquid. Currently, it is known 
that the density of viruses in lakes can be in the order 
of 10 billion viral particles for each liter of water 
(Knowles et al., 2016)⁠. This massive number of viral 
particles can be 10 to 100 times greater than the 
number of free bacterial cells in aquatic ecosystems, 
suggesting that whatever ecological role viruses play, 
it is likely to be significant at the ecosystem scale.

2. What do Aquatic Viruses do?

Viruses are microscopic infectious agents that 
generally measure between 20 and 200 nanometers 
(Figure  1) and have a simple structure: a single- 
or double-stranded DNA or RNA (retrovirus) 
surrounded by a protein capsule and, sometimes, a 
lipid layer (Sime-Ngando, 2014). Viruses have been 
phenotypically classified into two groups: tailed 
and non-tailed. Non-tailed viruses dominate (50-
90%) natural aquatic samples (Brum et al., 2013). 
However, this classification is far from representing 
the massive genetic diversity of viruses—the largest 
on Earth (Hambly & Suttle, 2005). Virus taxonomy 
is very challenging because they lack a common 
ribosomal RNA nucleotide sequence (as all domains 
in the tree of life), but recent efforts with modern 
techniques have been revealing their great diversity 
(Gorbalenya et al., 2020).

Viruses do not breathe, do not move and do not 
grow, and they completely depend on their host for 
replication. Thus, viruses are considered biological 
entities that are mandatory intracellular parasites. 
Because viruses need a host to complete their life 
cycle, they can exist in two phases: extracellular 
and intracellular. In the first free extracellular 

1. A Hidden Microscopic World

The basis of food webs in aquatic ecosystems is 
formed by microorganisms invisible to the naked 
eye. These microbes interact in numerous and 
complex ways that are key for trophic relationships. 
The energetic principle of aquatic ecosystem 
functioning relies largely on the photosynthetic 
process, by which autotrophic organisms (e.g., 
algae and aquatic macrophytes) use light to convert 
carbon dioxide (CO2) into organic matter, releasing 
oxygen to the environment. Autotrophic organisms 
(primary producers) are consumed by primary 
consumers that can be microscopic (e.g., protozoa, 
rotifers, and small crustaceans) or macroscopic 
(e.g., mollusks, large crustaceans and small fish). 
Throughout this process energy is successively 
transferred up to organisms at higher trophic levels.

Microscopic non-primary producers such 
as bacteria and viruses also play a key role in 
transferring energy to higher trophic levels. 
Bacteria are vital to the machinery that keeps food 
webs functioning in aquatic ecosystems (Cotner 
& Biddanda, 2002) ⁠. First, they recycle organic 
matter and nutrients, which are used by primary 
producers. Second, bacteria can be food themselves 
for consumers, instead of primary producers (Hall 
Junior & Meyer, 1998). This alternative pathway 
of carbon and energy flow in aquatic ecosystems is 
commonly known as “microbial loop” (Azam et al., 
1983)⁠. Until the end of the 1980s, it was thought 
that viruses occurred in low densities in ecosystems 
and that their ecological role was insignificant. In 
the early 1990s, this paradigm was shifted with the 
development of new microscopy techniques used 
for counting viral particles (Bergh  et  al., 1989) ⁠. 
Viruses have also been counted with flow cytometry 

Figure 1. Viruses are extremely small (20-200 nm), smaller than bacterial cells (> 1000 nm), which in turn are 
smaller than animal and plant cells. nm = nanometer; μm = micrometer; cm = centimeter. Adapted from Melo 
(2018), with permission.
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phase, when they are called virions, they rely on 
random encounters with their hosts to introduce 
their genetic material into them (Willey  et  al., 
2014)⁠. When the infection of the host cell occurs, 
the second phase of the virus life cycle begins and 
a variety of replication strategies can take place 
(Figure 2).

In the lytic cycle, viruses multiply inside the 
host cell, break the cell membrane (or wall), and 
new viruses return to the environment to infect 
other cells (Figure 2). With cell disruption, organic 
compounds, which are potentially used by other 
organisms, are released into the environment. In 
the lysogenic cycle, viruses infect the host cell, but 
as cell defenses are activated, the infection does 
not evolve and the virus genome is attached as a 
prophage in the host cell genome. These prophages 
are replicated alongside host cells replication until 
favorable conditions (e.g. weakened cell defenses) 
lead the viruses to shift from lysogenic to lytic 
cycle (Weinbauer & Suttle, 1996). In the chronic 
infections, which are rare in virus-infected bacteria, 
viruses do not cause the host lysis while using their 
cell apparatus, but they constantly release progeny 
phage particles by budding or extrusion (Figure 2), 
thereby impacting the host fitness.

Viruses can infect aquatic microorganisms of 
all three domains: Eukarya, Archaea and Bacteria, 
as well as other (giant) viruses (Sime-Ngando, 
2014)⁠. But the most common viral hosts in aquatic 
ecosystems are bacteria, which are essential players 
in ecosystem functioning (Sime-Ngando, 2014) ⁠. 
Therefore, viruses that infect bacteria, also known 
as bacteriophages (Figure 3), are a good example 
for understanding why these tiny particles are so 
important for ecosystem functioning. After using 
the bacterial cellular apparatus for their replication 
in the lytic cycle, viruses burst the cell, releasing 
numerous new viruses for new host infections 
(Figure 2).

With the rupture of the cell wall, there is a 
release of all cell content that was previously in 
the cytoplasm of the bacteria. Cytoplasm is largely 
formed by compounds rich in carbon, nitrogen 
and phosphorus, which are essential, limiting 
elements for aquatic life. The release of these 
compounds diverts nutrients and organic material 
from higher trophic levels back to the water column 
(Bratbak et al., 1992)⁠, thus making them available 
to the base of the trophic web (primary producers 
and other bacteria) in a readily usable state. This 

Figure 2. Simplified illustration of the three main virus replication strategies: lytic cycle, lysogenic cycle and chronic 
infection.
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“short circuit” caused by viral infection is known in 
the scientific literature as the “viral loop” (Figure 4).

Viruses are important in controlling populations 
in aquatic ecosystems. In the same way that viruses 
such as SARS-CoV-2 drastically affect human 
population dynamics (from an ecological, not a 
public health standpoint), they can also control 
the growth of populations inhabiting aquatic 
ecosystems. For instance, on average 10% of 
algae mortality and 40% of bacterial mortality 
are caused by viral infection (Suttle, 2005) ⁠. 
Moreover, viral infection potentially promotes the 
alternation between dominant species within a 
bacterial community (Pradeep Ram et al., 2016)⁠. 
When a dominant species is attacked by a virus, 
its density decreases, allowing for other species to 
thrive. Furthermore, viruses are important drivers 
of microbial evolution, as they are able to transfer 
genetic material between their hosts through 
transduction – a process in which a virus injects 
part of the genetic material of a host (donor) into 
a second host (recipient), which incorporates these 
genes into its own genetic material and, when 
multiplied, generates a lineage with new genetic 
characteristics. This type of lateral gene transfer 

has been demonstrated to take place in aquatic 
ecosystems at very high rates (Koonin & Wolf, 
2008)⁠.

Viruses can prevent the development of harmful 
algal blooms by limiting the algal population density 
(Baudoux & Brussaard, 2005; Gastrich  et  al., 
2004) ⁠. Algal blooms occur when the algae find 
ideal growth conditions with high nutrient (N 
and P) concentrations originated from natural 
or anthropogenic sources such as sewage and 
agricultural activity. Eutrophication has intensified 
algal blooms worldwide, representing a risk to 
aquatic biota and even human health, since some 
cyanobacteria can produce toxins. This viral control 
over dominant species of both bacteria and algae 
(known as the “killing the winner” hypothesis) 
may increase diversity and represents another 
important ecological function performed by viruses 
in ecosystems (Thingstad & Lignell, 1997)⁠.

3. The Understanding of Virus Ecology in 
Brazilian Aquatic Ecosystems

Most of the advancements in understanding 
the ecological role of viruses in aquatic ecosystems 
come from studies in temperate systems. The viral-

Figure 3. Image of an aquatic ecosystem bacterium infected with viruses, observed by transmission electron microscopy. 
The black “dots” indicate the presence of non-tailed bacteriophages in the bacterial cytoplasm. The boxed area shows 
a zoomed-in view of the structure of the viral protein capsule (capsid), composed of several repetitive morphological 
units (highlighted in blue). Image reproduced from Barros et al. (2010), with permission.
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mediated ecosystem responses may depend on 
several factors such as water residence time, organic 
matter input, physical patterns (temperature, 
mixing regime, incident radiation) and biodiversity 
patterns. Hence, tropical aquatic ecosystems 
offer wide and still unexplored avenues for 
scientific investigation. Tropical environments 
have several distinct environmental characteristics 
when compared to temperate ones. The tropical 
singularity is strongly related to the highest incident 
solar irradiation, biomass variability, species richness 
and connectivity between lentic (ponds, lakes, and 
reservoirs) and lotic systems (streams and rivers). 
This systemic complexity regulates bacterial and 
algae abundances, metabolism and diversity, which 
in turn should affect the density, infection rates and 
population control by aquatic viruses.

Studies on virus ecology in Brazilian aquatic 
ecosystems are still scarce. The few studies available 
have been conducted in tropical ecosystems which 
were previously unexplored in terms of virus ecology 
(Figure  5). For instance, a study conducted in 
tropical coastal lagoons has shown that, among 
many environmental factors, salinity is the strongest 
environmental filter on virus, with a strong positive 

correlation between salinity and virus abundance 
(Junger  et  al., 2018) ⁠. This investigation has also 
estimated a mean virus production of 13 ± 14 x 107 
virus-like particles (VLPs) ml-1 h-1, which is a rate 
1-2 orders of magnitude higher than in temperate 
lakes. Besides, virus-mediated dissolved organic 
carbon release from bacterial cells represented 
35‑550% of the bacterial production, suggesting a 
relevant role of viruses in element cycling. Another 
study shows that viral biomass strongly correlates 
with both bacterial and phytoplankton biomasses 
in the Guanabara Bay (Cabral  et  al., 2017) ⁠. 
Furthermore, two studies have shown strong positive 
relationships between virus and bacterial counts in 
Amazonian aquatic ecosystems (Barros et al., 2010; 
Almeida et al., 2015)⁠. Altogether, these studies have 
found that there is a strong correlation between virus 
and bacterial abundances (Figure 5), which is in line 
with findings across temperate and polar ecosystems 
(Knowles et al., 2016). This indicates that viruses 
are controlled by bacteria, but on the other hand 
they also regulate bacterial populations through 
cell lysis. This is corroborated by images obtained 
through transmission electron microscopy showing 
that about 30% of Amazonian aquatic bacteria are 

Figure 4. Illustration of the effects of the “viral loop” on aquatic food webs. Viruses (A) break host cells, which are 
often unicellular organisms such as bacteria (B) and phytoplankton (C), thereby releasing nutrients (carbon, nitrogen 
and phosphorus; CNP) into the water. In this way, viruses divert the amount of carbon that would reach higher 
trophic levels, such as microzooplankton (flagellates and ciliates - D), macrozooplankton (rotifers, cladocerans and 
copepods - E) and predators (e.g., fish - F), and release them back to the base of aquatic food webs (B and C). The 
black arrows indicate the regular flow of carbon in aquatic food webs, whereas the red arrows indicate the flows 
mediated by viruses. The width of the red arrows roughly represents the magnitude of these flows based on the relative 
abundance and biomass of these organisms usually found in aquatic ecosystems. Note that this is a theoretical picture 
and the width of the arrows may change between specific ecosystems. Figure adapted from Farjalla et al. (2011).
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on average infected with 10 viral particles per cell 
section (Barros et al., 2010; Figure 3). An impact 
on 30% of the bacterial community represents an 
important control on this community, often in a 
similar order of magnitude of other controlling 
processes such as grazing pressure (Fuhrman & 
Noble, 1995)⁠.

Viruses can be classified phenotypically through 
direct observation of their forms with transmission 
electron microscopy, or phylogenetically through 
molecular evaluation of their genomes. Modern 
molecular approaches have lately revealed the 
genetic diversity of uncultured viral communities 
from marine (Gregory et al., 2019) and freshwater 
ecosystems (Kavagutti  et  al., 2019). As far as we 
know, there has been only one study investigating 
the virioplankton diversity in Brazilian inland 
waters (Silva  et  al., 2017). In this metagenomic 
study, the authors have shown a discontinuity in 
virioplankton assemblages from the lower Amazon 
river to its large plume on the South Atlantic Ocean 
(Silva et al., 2017). This suggests that environmental 
factors shape the spatial structure of virioplankton 
communities in tropical aquatic ecosystems. The 
highly diverse Brazilian inland waters represent good 
opportunities for discovering new freshwater viruses 
through molecular approaches, but very little has 
been explored so far.

Finally, even though aquatic sediments are 
known to have high viral activity and abundance, 

reaching from 107 to 1010 VLPs g-1 of dry aquatic 
sediments (Danovaro et al., 2008), we do not know 
of any study investigating viriobenthos abundance, 
activity or diversity in Brazilian aquatic ecosystems.

4. Virus-bacteria Vulnerability to 
Environmental Changes: an Example from 
the World’s Largest Watershed

The large temporal water level fluctuation seems 
to regulate viral and bacterial communities in 
Amazonian floodplain lakes (Barros et al., 2010)⁠. 
The typical water level variation of Amazonian 
environments promotes seasonal flood pulses 
that increase river levels by many meters, thereby 
inundating adjacent forests and lakes (Junk et al., 
1989)⁠. In addition, when the level of the Amazon 
River is high it blocks the waters of its tributaries 
for tens of kilometers, causing a “backwater 
effect”. Both the flood pulse and the backwater 
effect promote changes in the bacterioplankton 
communities composition of Amazonian floodplain 
lakes (Melo et al., 2019) and, in turn, should also 
shift virioplankton community assembly. Bacterial 
and virus abundances decrease during floods 
(Barros et al., 2010), especially in lakes which are 
most affected by the backwater effect (Almeida et al., 
2015). This pattern is observed probably for two 
reasons: first, the quantity and quality of organic 
carbon decreases due to the greater entry of material 
from terrestrial vegetation, which is more resistant 

Figure 5. Regression between viruses and bacterial counts from water samples collected in Brazilian aquatic ecosystems. 
The strong positive relationships (Amazon lakes: n = 66, r2 = 0.84, p <0.01; Coastal lagoons: n = 18, r2 = 0.39; 
p <0.01; Guanabara Bay: n = 246, r2 = 0.53; p <0.01) indicate that high bacterial abundances are generally followed 
by a greater number of viral particles. The literature data were obtained from Barros et al. (2010) (Amazon lakes), 
Almeida et al. (2015) (Amazon lakes), Cabral et al. (2017) (Guanabara Bay) and Junger et al. (2018) (coastal lagoons 
in the state of Rio de Janeiro).
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to decomposition; second, the great amount of 
water has a large dilution effect. The relationship 
between viruses and hydrodynamics in the Amazon 
suggests that viral communities may be susceptible 
to projected changes in the frequency and intensity 
of rainfall, which may modify flood regimes.

5. Conclusion

The fact that viruses infect and promote 
devastating diseases in species with abundant 
populations can be problematic, especially from a 
human health perspective. But viruses also perform 
essential ecological functions for the maintenance 
of biodiversity and the cycling of fundamental 
elements in the biosphere. The examples from 
Brazilian waters that we present here provide an 
indication of the importance of viruses in tropical 
aquatic food webs. Viruses are abundant in tropical 
aquatic ecosystems and are positively correlated with 
their main hosts (bacteria and phytoplankton). In 
addition to being abundant, viruses display high 
production rates that can greatly impact aquatic 
food webs and element cycling. However, there 
are still many gaps in our understanding of virus 
ecology in Brazilian and tropical waters in general. 
For instance, very little is known about virus activity 
and diversity, in part due to methodological and 
budget constraints. Additionally, viruses have 
not been studied in sediments, which are carbon 
hotspots and usually display high virus abundance. 
Besides expanding virus abundance counts in 
water and sediments from Brazilian aquatic 
ecosystems, future virus ecology studies could use 
metagenomic approaches to enhance our knowledge 
on viral diversity, especially from diverse freshwater 
ecosystems that represent potentially important 
places for new discoveries.
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