
L03c: Diversity of Marine 
Bacteria, Archaea, Eukarya 

and Viruses 
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Marine microbes are highly 
diverse

Azam and Malfatti, 2007 Nature Reviews Microbiology 10:782 
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Microbes in global 
ocean account for 

4.13 GtC

Gigatons of carbon

Bar-On & Milo, 2019
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Rohwer & Thurber, 2009
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Timeline of virioplankton research



Zimmerman et al. 2020

Viruses

• Discovered in 1892, tobacco disease 

• Moving genetic information 

• Diverse life strategies 

• Interaction with every domain of  life 

• Interaction with other viruses 

• Cells can become resistant 

• Replicator of genetic material
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• Total volume of the ocean ~1.3x1021 litres —> ~3x109 viruses per litre = ~4x1030 

viruses 

• 1% of biomass = 0.03 Gt = 75 millions blue whales   

• 1030  viruses in the ocean, if stretched end to end, would span farther than the 
nearest 60 galaxies 

• Replicators of genetic information 

• Predators of Bacteria, Archaea and Eukarya 

• Top-down control —> viral shunt, futile cycle of C 

• More productive habitat higher viral abundance in water and sediment 

• Lytic, lysogenic, chronic cycle 

• 1 in 105 lysogenic cells will revert to lytic cycle due to host stress 

• Lysogenic phage can survive periods when prey abundant is low or low metabolic 
activity 

• Lysogeny very common ~50% in cultivated isolates of off-shore ocean 

• Viral decay 1 or 3-10% per hour population due to UV, proteases, nucleases and 
adsorption on organic matter
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Marine Viruses
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• At any given time, 1-4% of microbial cells have some virions inside  

• ~40-50% of marine bacteria are killed every day 

• 20-30% marine bacteria are infected 

• 1023 viral infections occur every second 

• Narrow host range 

• Phytoplankton bloom can be terminated by viruses

Pennisi, 2013
Marine Viruses, II
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Host range of the known 
virosphere
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Classification of life forms: the viral and 
cellular empires
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• A successful lytic phage infection cycle proceeds through adsorption, immune evasion, viral interaction 
with host machinery, intracellular replication and host lysis. 

• These steps happen in continuously changing environmental conditions. 
• Lytic phages are depicted, but note that some phages enter a latent phase (for example, prophages 

and other lifestyles) that involves additional steps. Le
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Defining phage host range
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Leprince et al., 2026
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Viral diversity on Earth
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• Myoviridae, Podoviridae, and Siphoviridae (phages belonging to the order Caudovirales) were 
found in all of the searched environments —> “everything is everywhere and environment selects 
—> it is true for some but not for others


• Each node represents an environment (white) or viral groups (families or known viral genus – 
colored nodes) classified according to the orders formally recognized by the ICTV. The viruses not 
currently assigned in any order are listed. The node diameter is proportional to the edge degree. A 
total of 96 viral groups are represented



Viral connectivity among 
environments
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• Different amount of viral groups are shared 
among the environments


• Marine shared up to 49 viral groups with other 
environments


• Reinforcing the ubiquity of viruses on the planet


• Marine, Freshwater, Hypersaline, Sewage, Polar 
water, Soil, Thermal spring
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Paez-Espino et al., 2016

Viral connectivity in OneHealth 

• Healthy Environment—> healty Plants and 
Animals —> Healthy Humans


• Pairwise connection between habitat types 
based on shared viral sequences


• Engineered: bioreactors and wastewater


• Humans are sharing viriome with host-
associated and Engineered mostly



• Phylogenetic distribution of bacterial and archaeal hosts

• For each phylum a pie chart indicates the fraction of sequences assigned to this phylum from metagenomic viral 

contigs (red), and isolate viruses (grey)

• The number of metagenomic viral contigs assigned to each phylum is indicated by the numbers next to pie charts

Virus-Host connectivity
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Paez-Espino et al., 2016



• The viral shunt moves material from 
heterotrophs and photoautotrophs into 
POM and DOM  

• Stoichiometric effect, such that the POM 
and DOM pool chemical compositions are 
not the same as the composition of the 
organisms from which the material was 
derived 

• Increase CO2 system respiration due to 
release of organic material


• Highly labile materials (e.g. amino acids, 
nucleic acids), tend to be recycled in the 
photic zone, whereas more recalcitrant 
carbon-rich material, such as that found in 
cell walls, is probably exported to deeper 
waters


• Material that is exported to deeper waters 
by the viral shunt is probably more carbon 
rich than the material from which it was 
derived —> increase the efficiency of the 
biological pump: viral shuttle

Viral shunt
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The numbers in parentheses are the estimated ratios of 
carbon:nitrogen:phosphorous (in atoms)

Suttle, 2007
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Assessing the impact of 
viruses within the C 
biogeochemical cycle

The biomass of photosynthetic microbes in the 
ocean constitutes roughly half a gigaton of carbon 
that is diverted towards different ecosystem 
pathways at different rates and efficacies
of elemental transfer 

While a large part of this carbon is consumed by 
organisms at higher trophic levels, viral infection 
and the concomitant cell lysis redirect biomass 
away from grazers towards bacteria, a process 
known as the “viral shunt” 

Infected cells can also form aggregates, which 
enhance biomass sinking to the deep ocean in a 
process termed the “viral shuttle”

Viral lysis releases the intracellular content into 
the seawater, where it is readily available for 
bacterial respiration and growth —> system 
respiration increases
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Approaches to track viral infection 
at the microscales

Vincent & Assaf, 2023



Suttle, 2007
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• A rank–abundance curve 
• Most abundant organism in the ocean, SAR11, probably K‑selected organism: slow maximum growth rates but are resistant to 

viral lysis and grazing 
• Less abundant organisms, such as Roseobacter spp. and Vibrio spp., are capable of rapid growth but are highly susceptible to 

viral infection and grazing 
• Rarer microorganisms are more r selected, whereas the microorganisms that dominate the biomass are the most K selected 
• Yellow arrow represents low abundance taxa that periodically encounter conditions that are conducive to rapid growth, but as 

their abundance increases the rates of viral infection also increase, resulting in host cell lysis and a return to low abundance

Suttle, 2007

Distribution of marine microbes along 
the K- and r-selection continuum



• A rank–abundance curve showing marine viruses 

• In contrast to SAR11, the most abundant viruses are r selected, virulent, have small genome sizes and are short-lived, 
population structure is probably uneven, with many of the viruses at any given time being progeny from a limited number of 
lytic events 

• The rarer, more K‑selected viruses have larger genomes, decay slowly and can form stable associations with their hosts, some 
RNA and DNA viruses that are long-lived and have low virulence. IHNV, infectious haematopoietic necrosis virus.

Marine viruses along the K- and r- 
selection continuum

Suttle, 2007
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• Prokaryotes and the viruses that infect them are more r selected

• Temperate phages that form stable associations with the hosts they infect are more K selected than lytic phages

• Viruses that infect larger, longer-lived organisms are more K selected, tend to have lower virulence and, in some 

cases, form stable associations with the organisms they infect

• The individual host–virus combinations should be considered as a ‘cloud’ rather than discrete points

23

Suttle, 2007

Marine viruses-hosts distribution 
along an r‑ and K‑selection continuum



(A) Viruses infect microbial hosts and invade and destroy microbial cells (lysis) leading to C direct release in dissolved 
organic matter (DOM)


(B) After virus infection, gene transfer from virus (and/or previous host) previous host reprograms C metabolism


(C) Virus infection changes magnitude of C inputs and changes microbial community structure 24

Viruses affect microbial community 
structures and regulate C cycling

G
ao et al., 2022
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Virus-host interactions in marine 
ecosystem



26

(1) Bacteria can prevent phage infection by 
mutational modification of surface receptors or 
by enzymatic degradation of the incoming phage 
DNA


(2) Protection of cells in aggregates or biofilms 
can be a defense strategy against phage 
infection


(3) Infection by temperate phages can result in 
the integration of the phage DNA in the host 
genome as prophage —>The integrated 
prophage can prevent infection by similar 
phages (Superinfection exclusion mechanism)


(4) Integrated phage can contribute with 
important genetic information to the host that 
may expand its metabolic or virulence properties 
—> Prophage induction leads to the release of 
new phages and may also stimulate

biofilm formation


(5) Phages can manipulate host gene expression 
in cyanobacteria for improved infection 
efficiency, either by exploiting the host genes or 
by encoding host photosynthesis genes which

are then expressed during infection

M
iddelboe &

 B
russard, 2017



(6) Phage interaction with bacterial hosts contributes to 
shaping the gut microbiome of invertebrates (e.g., 
tunicates), thus affecting the symbiotic relationship 
between gut microbes and their hosts


(7) In the coccolithophorid phytoplankton Emiliania 
huxleyi the diploid virally infected cells may undergo 
viral induced lysis or re-emerge (dotted arrow) as

haploid cells containing viral RNA and lipids. These 
haploid cells are thought to resist virus infection

(as indicated with the X) and develop into the diploid 
cells by karyogamy


(8) The large and diverse group of nucleocytoplasmic 
large DNA viruses (NCLDV) infects a range of 
photosynthetic protists (e.g. prasinophytes Micromonas 
pusilla and Ostreococcus tauri, the toxin-producing 
haptophyte Prymnesium parvum) thus affecting 
mortality, diversity and production of

phytoplankton


These interactions are strongly controlled by 
environmental factors such as temperature,

nutrient availability and light

Middelboe & Brussard, 2017 27
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Functional diversity of AMGs carried by marine RNA viruses
Auxiliary Metabolic Genes

28Dominguez-Huerta et al., 2022



Tangential flow filtration (100 kDa membrane)

29

Viral isolation method

Buchholz et la., 2021



Jian et al., 2021
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Viruses in the deep ocean
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Distribution of predicted bacterial 
and archaeal hosts of trench viruses

• Heatmaps show number of 
vOTUs with host 
assignments, which are 
hierarchically clustered by 
samples


• Bacterial and archaeal host 
taxonomy shown are in the 
class and phylum level


• Bars on the top and bottom 
of the figure indicate the type 
and ocean zone of each 
sample


• FL free living, PA particle 
associated


• Niche-specific viral 
community


• Hadopelagic seawater 
preferably adopting 
lysogenic lifestyles


• In hadopelagic, auxiliary 
genes for utilization of 
refractory organic matter

Jian et al., 2021
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• Temperature is an important driver in shaping microbial community 

• Drop in diversity at the Tropics-Poles

Tara surface ocean Viruses across a latitudinal gradient 
0-1000 m



Antarctic Marine Viruses

33Zhai et al. 2025



• Macrodiversity: inter-population diversity

• Microdiversity: intra-population genetic variation

• Five ecological zones (not biogeography) as for Bacteria 

34

Ocean Viruses from 0 to 4000 m
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• Most abundant viral populations

• Myoviridae: contractile tail : Synechococcus, Prochlorococcus and Cyanobacteria

• Podoviridae: short tail: Vibrio, Roseobacter

• Siphoviridae: long flexible tail, Roseobacter

• Phycodnaviridae: no tail —>dsDNA: Emiliania huxleyi, Ostreococcus, Micromonas, Phaeocystis

• RNA viruses: protists
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Ocean Viruses from 0 to 4000 m
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• Cyan: temperature

• White: nutrients

Viral species level diversity
• Violet: primary productivity

• Light green: particulate inorganic carbon

Virus community composition (which 
encompasses identity and abundance of 
vOTUs) 
Species diversity (which encompasses 
vOTUs’ richness and distribution 
evenness)

Dominguez-Huerta et al., 2022



Vincent & Assaf, 2023
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Co-evolution: predator-prey

38

• RED QUEEN: continuous army race via mutation and counter-mutation resulting in continual 

selection pressure for the host to evolve resistance and for the phage to evolve to overcome 

such resistance 

• Not infinite, some mutations may impair host fitness, fluctuating selection 

• Cyclic changes in abundance through negative frequency-dependent selection 

• KILL THE WINNER: where “winner” refers not necessarily to the most abundant but to the 

most active prokaryotic population. Grazers and viruses are controlling bacteria population 

• Fluctuation in abundance due to new niches due to lysis 

• Reset of the winner since phage pressure diminishes 

• PIGGYBACK THE WINNER: lysogen as a strategy when host in a favourable environment, 

protection from other viral attack, reduced control of phage on bacterial abundance


