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Although giant viruses have existed for millennia and possibly
exerted great evolutionary influence in their environment. Their
presence has only been noticed by virologists recently with the
discovery of Acanthamoeba polyphaga mimivirus in 2003. lts
virion with a diameter of 500 nm and its genome larger than 1
Mpb shattered preconceived standards of what a virus is and
triggered world-wide prospection studies. Thanks to these
investigations many giant virus families were discovered, each
with its own morphological peculiarities and genomes ranging
from 0.4 to 2.5 Mpb that possibly encode more than 400 viral
proteins. This review aims to present the morphological
diversity, the different aspects observed in host-virus
interactions during replication, as well as the techniques
utilized during their investigation.
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What are giant viruses?

The taxonomicclassification of giant viruses (GVs) hasbeen
a topic of constant debate, partially due to the difficulty of
reconciling diverging characteristics of viruses that have
been called ‘giant’. Initially, these viruses were inserted in

the nucleo-cytoplasmic large DNA viruses (NCLDV) a so-
called monophyletic group established before discoveries
including Phycodnaviridae, Iridoviridae, Poxviridae, Asfarvir-
idae, and Ascoviridae. In 2012, a new order Megavirlaes was
proposed, and grouped viruses that possessed particle and/
or genome size considerably larger than other viruses (>300
nm) and nearing the proportions of small bacteria (e.g.
Haemophilus influenzae, with 1.8 Mbp) [1,2]. Later in
2019, the International Committee on T'axonomy of Viruses
proposed another form of classification that would group
GVs with other dsDNA viruses that possess a vertical jelly
roll protein fold for the major capsid proteins (Realm
Varidnaviria). Other taxonomic changes were alsoincluded,
suchaschanging theirinclusionin the NCLDV group to the
new phylum Nucleocitoviricota, and the substitution of the
Megavirales order for the Imitervirales order under the
novel Megaviricetes class. Using the mimiviruses as an
example the current classification establishes the following
organization: Varidnaviria (Realm), Bamdfordvirae (King-
dom), Nucleocytoviricota (Phylum), Megaviricetes (Class),
Imitervirales (Order), Mimiviridae (Family). Even with the
establishment of this classification, the phylogeny debate
will mostlikely continue due to the existence of GVsthatare
little understood and/or that possesses unique attributes,
such as mollivirus and pacmanvirus. The continuous dis-
coveries regarding GVs, exacerbated by the advances of
molecular techniques such as metagenomics analysis that
allows for the identificationof newspeciesina vasterarray of
data when compared to the conventional methodologies
[3,4], defers a cohesive and accurate phylogenetic classifi-
cation from being realized.

Replication cycle of different giant viruses

Varying considerably in particle morphology and composi-
tion, GVs do share a number of similarities in their replica-
tion cycles (see Figure 1). The initial step of infection
consists of particle internalization by the phagocitic host,
in most cases amoebas, through phagocytosis. Triggering of
said process has been associated with larger particle sizes
(>500 nm) [5], and/or with fibrils present in some GV
surface, whose polysaccharide composition is recognized
by amoeba surface receptors. Among the constituting car-
bohydrates, N-acetylglucosamine (GlcNAc) and (mainly)
mannose were highlighted as being related to such recog-
nition. Mannose saturation experiments during infection
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Figure 1
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(a) Phagocytos

(b) Stargate opening

(c) Membrane fusion
and release of viral seed

(d) Viral factory and assembly

(e) Host lysis
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Proposed replication life cycle of Samba Virus in Acanthamoeba castellanii.
Entry of the virion into the host is mediated via phagocytosis (a). Inside the

phagosome, opening of the stargate seal complex is triggered and a

complement of viral proteins is released (b). By an unknown mechanism, the released proteins aid in the fusion of the sac of the virus with the
host membrane, allowing release of the nucleocapsid into the cell (). A viral factory is established in the cytoplasm, where the viral dsDNA
genome is replicated, and viral proteins are translated ultimately leading to assembly of viral progeny (d). The newly formed virions fill the host

cell, leading to lysis and release (e).

resulted in reduction of cell adherence by the viruses [6,7°].
Some GVs are smaller than 500 nm but still enter the cell
through phagocytosis, having developed strategies to
bypass the minimum size requirement. One such example
are GVs within the Marseilleviridae, that have ~250 nm
icosahedral particles. These viruses either group together
forming a large viral aggregate, or are available in the
environment inside vesicles >1000 nm in size, allowing
them to be effectively phagocytized [7°,8-10]. It’s worth
mentioning that there are other cell invasion mechanisms
among the Megaviricettes that do notinvolve phagocytosis,
with one example being the marine viruses from the Phy-
codnaviridae Family [11,12]. This family comprises viruses
with sizes ranging between 100—220 nm that mainly infect
algae [12]. Although some members of this family enter the
cell through endocytosis, in a similar manner to other giant
viruses, otherssuchas those from the Chlorovirus genus have
a remarkably different entry pathway that resembles those
of bacteriophages [11,12]. One such example is the Para-
mecium bursaria chlorella virus (PBCV-1) whose infection
occurs when the virus adheres to the cell wall with a long
spike structure present at one of the capsid vertex first

establishing contactwith the hostsurface and external fibers
helping the virus attachment [11]. It is believed that the
spike penetrates the cell wall using the associated enzymes
activity degrade it, thus allowing the fusion of the viral and
the cell membrane permitting the genome injection while
leaving an empty shell at the cell surface [11,12].

Upon the initial uptake, particles engulfed into phago-
somes ‘escape’ from this inhospitable cell compartment
via fusion between a viral lipid membrane and the vesic-
ular membrane, thus delivering either a portion of the
viral content to the host cytoplasm, or in some cases, the
entire virion. GVs are generally sealed by a protein
complex with morphology and release mechanisms that
vary considerably among families. Capsids within Mimi-
viridae are sealed by a stargate, located at a unique vertex
of the icosahedral particle [13°°]. Pandoraviridae, Cedrat-
viridae, and Pithoviridae families present non-isocahedral
GVs with an apical pore portal, which can vary in number
and morphology. Singular pores, or two pores located at
opposite extremities, are sealed by a cork-like structure
[14-17]. Other families possess unique seal structures
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Table 1

Summary of known structural giant and biological giant viruses’ features

Families Capsid Average Fibrils Number Genome Known Average Viral Morphogenesis and virion References
morphology particle of layers release portal hosts replicative factory release
size cycle
length
Mimiviridae Icosahedral 650-1500 Lineage A 7 layers. Stargate Amoeba 12 hours  Mature viral Particle assembly occurs  [7°,13°%,35,49,
nm Mimivirus (Acanthamoeba/ factory, formed at the center and periphery 56,60-62]
and Vermamoeba by an of the viral factory. After
Tupanvirus vermiformis, association of  capsid assembly, the
Fibrils Dyctiostelium initial small genome is packed by a
cover the discoideum); replicative mechanism yet to be
whole algae; centers. described. Viral particles
capsid zooflagellates; Electron-dense are liberated by cellular
except for corals (possibly). and delimited lysis.
the stargate The original host region.
region. is unknown.
Marseilleviridae Amoeba The endosomes are
T (Acanthamoeba) Large mature  recruited to the periphery
fibrils with The original host VF, occupying  of the VF, originating the
Icosahedral 180—250 One icosahedral layer is unknown. 50% of the membranes that surround .
~10 nm nm particle globular encircling the Not . 24 hours  amoeba the nucleocapsid. The e,
. . tips. Covers . described ’ 15,63]
thick diameter nucleocapsid. cytoplasm; newly assembled particles
the whole Y h
capsid. Elegtron—dense are reunited in vesicles and
region liberated through cellular
lysis.
Pandoravidae 3 layers. Amoeba
(Acanthamoeba)
The outermost layer Com.posed of
with ~25 nm muIthe smal!
diameter. The middle VF, W'th the first .
layer (~25 nm) is ong being DNA packaging occulrs
composed of a fibril derived from the parallelly tq the capsid .
1 Fibril matrix matrix, marked by a nucle}:s. Trtuaf ass.eml:tﬂy,tr:n thg o;laposne
wm ) ) . . recruitment o region to the apical pore.
length and composing de.zrk coloration. The. Hipleall[er I 10-15 mitochondria Viral particles are liberated [14,17,15,
Oval the second third layer (~20 nm)is one . .
0,5 pm : . hours increases through the lysis of the 25,64]
diameter e @D t.ur.ned directly to a extremity. proportionally to amoebas, although some
particle. lipid membrane. g

Pandoravirus
massiliensis: The
particle exterior is
surrounded by
polysaccharides
similar to those found
on plants cellulose.

The original host
is unknown.

the number of
VFs formed and
virions
assembled.
Region
electron-lucent.

species of this family are
liberated through
exocytosis.
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Table 1 (Continued)

Families Capsid Average Fibrils Number Genome Known Average Viral Morphogenesis and virion References
morphology particle of layers release portal hosts replicative factory release
size cycle
length
Pithoviridae 4 layers. Amoeba
(Acanthamoeba) Particles are assembled in
The outermost layer The original host the periphery of the VF. The
presents minimum is unknown. recently formed particles
density. Below it, the can possess a rectangular
second layer is morphology due to the
embedded in the An apical The matures VF external matrix that
135-1.65 integumentary pore is is formed by the envelopes them not having
lenath and matrix, above layers present in o fusion of small  been fully synthesized. In
Oval 9 3 and 4. This last one one of the replicative another moment, some [15,19,53]
750-850 : h L hours ) .
nm width is considered extremities centers. particles already in the oval
putative and and is closed Electron-dense morphology can have its
establishes an off by cork. region. striated membrane
interface with the assembled, achieving the
membrane that final stage of maturation.
surrounds the viral The mature particles are
genome. The particle released through cellular
center is encircled by lysis.
a lipid membrane
Cedratvirus* 2 apical Amoeba One large VF.  Particle assembly occurs in
750 nm-2 :;t:t ?nores (Acanthamoeba) Region two steps: the closing of
I The external layer is Eoth Electron-lucent  the capsid in the center of
i i Mitochondrial i i
Oval and 0,4- X ezl Uiy extremities of - 24 hours . thg L anq L2 thlckgmng [16,22,65]
and composed of . The original host recruitment. of its walls in the periphery
0,6 pm h the capsid .
’ parallel lines. is unknown. of the VF. The mature
width closed off by .
particles are released
two corks. i
through cellular lysis.
Mollivirus* Amoeba Particle assembly is
(Acanthamoeba) headed by a membrane
The original host prototype that interacts
The 10 nm thick is unknown. with the plane pole
Covered by e?dernal Iayer is (seemlngly membranous .
disposed of in two structure) in its center. This
two to four . . .
interspersed 30—40 The nucleus pole orients the spatial
layers of The portal L
ToiTin b nm lanes tangent to structure is acts as a organization of the
500-600 varvin the capsid surface. located in a scaffold for the membrane that comprises
Spherical nm rving The inner layer is 10 hours  VF, resulting in  the particles. The [15,19,66,67]
. lengths), 160—200 nm ; o
diameter composed of a . the loss of internalization of the
separated . .. diameter h .
12—14 nm thick fibril ~. nucleus particle content is
by a . . . circular sulk. . .
: matrix. The interior of morphology. regulated by the interaction
distance of L .
25 nm the particle is with another structure,

covered by a lipid
membrane.

located at the opposite end
of the plane pole. The viral
particles are released by
exocytosis. Replication
cycle is not lytic.
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Table 1 (Continued)

Families Capsid Average Fibrils Number Genome Known Average Viral Morphogenesis and virion References
morphology particle of layers release portal hosts replicative factory release
size cycle
length
Faustoviridae  Icosahedral External Long and Two layers organized Not Vermamoeba 18—-24 The nucleus The assembly of the inner [7°,15,20,23]
with T=277. capsid = thick fibers in an external capsid described vermiformis (VV) hours. loses its core occurs
~260 nm  distributed (T =277)and an inner is the only known morphology. simultaneously with the
diameter.  along the core (T = 16). host. Viral factory genome packaging. Later
Inner core inner surrounded by  the external capsid is
= ~160- capsid. mitochondria. synthesized and interacts
190 nm with the nucleocapsid
diameter. through putative
200-—-240 encroaching regions. The
nm mature particles are
released through cellular
lysis.
Pacmanvirus* Absence of Amoeba
capsid (Acanthamoeba)
opening. The original host
Virus is unknown.
escapes .
Icpsahedral 175 nm X A memt?ran‘e covers phagosome 8 hour ETINL Not described. [21]
with T = 309 the particle’s core. e factory
with intact
virion and
interacts with
the
mitochondria.
Orpheovirus *  Oval 900—1100 Fibril layer  Virion is composed of Ostiole is Solely infects 30 hours. One large VF. Initially, semi-circular [18°,46]
nm length  covering 5 layers, with the last locatedinone Vermamoeba Region structures suffer
and ~500 the whole one in direct contact of the vermiformis electron-lucent expansion, and then are
nm virion. with the core. particle’s Mitochondrial filled with internal viral
diameter. extremities. recruitment. content. Virion liberation

occurs through cellular
lysis and exocytosis.
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such as the Orpheovirus having an osteole-like portal
[18°], and Molliviridae having a yet to be named structure
[19]. Alternatively, members of the Marseilleviridae and
the Pacmanvirus families have no known capsid opening
[8,10,20,21]. Members of the Marseilleviridae have parti-
cles enveloped by one or more membranes. These mem-
branes are derived from the host endoplasmic reticulum
and drive fusion with the phagosome allowing the entire
virion to enter the cytoplasm [7°,8,10]. In early stages of
infection, Pacmanvirus particles were observed near
mitochondria suggesting possible interactions with the
organelle, even in the absence of obvious membrane
fusion [21]. A summary of the above information is shown
in Table 1. After the genome is transferred to the cyto-
plasm, the host cell undergoes varying degrees of reorga-
nization that culminates in the formation of a viral factory.
A common modification is the recruitment of organelles
such as endosomes and mitochondria to the periphery of
the viral factory. In most GVs, the viral factory forms near
the intact nucleus [7°,8,10,15,21,22]. The size and num-
ber of factories are also a point of divergence among GV
families with most producing only one viral factory. The
viral factories from Mimiviridae, Marseileviridae, Pithovir-
idae, Faustoviridae, and Pacmanvirus families are charac-
terized by a single large, notably electron-dense structure
when mature [7°,8,10,15,20,21,23]. On the other hand, the
viral factories of the Cedrativiridae, Pandoraviridae,
Orpheuvirus, and Molliviridae were observed to be elec-
tron-lucent [17,18°%22,24,25]. In both Pandoraviridae and
Molliviridae the nucleus structure is disrupted and this
serves as a scaffold for the formation of multiple small
initial replication centers [14,17,19]. In Mollivirus, these
small centers fuse together forming a large mature viral
factory [19]. Pandoravidae is peculiar in that these small
replication centers remain separated and thus form mul-
tiple small viral factories [14,17]. It is yet to be deter-
mined the role of membranes in the formation and
maintenance of viral factories [25-30].

The DNA replication and virion assembly occur in the
virus factory. However, particle assembly and encapsida-
tion of the genome occur in different steps, depending on
the GV family. For example, in pandoraviruses DNA
packaging is located in the opposite extremity of the
apical pore, and occurs as the capsids are being assem-
bled. Conversely, genome packing in mimiviruses hap-
pens only after the complete capsid formation, through a
yet unknown process/feature. It was observed that DNA
is packaged via one of the facets [17,25,31].

The last step of the life-cycle is the release of newly
assembled viral progeny. In the vast majority of giant
viruses, this occurs via cell lysis. In the final stage of
Pithoviridae infections, the viral factory is composed of
both mature and incomplete particles, and saturation
within the amoeba cytoplasm causes lysis [15]. In Mar-
seilleviridae assembled capsids are organized inside

vesicles [7°,8,10]. Exocytosis is another means of viral
release used by molliviruses [19]. Although it is
believed that the endosome recruited during viral fac-
tory formation can act in the release of the viral progeny
enabling exocytosis [10], it is yet to be confirmed if such
release mechanism is present in other GVs families.

Techniques for characterization of giant
viruses: current progress and gargantuan
challenges

GVs are just how they sound—giant. Unfortunately, we
know very little about the molecular organization of these
particles at the atomic level and many outstanding ques-
tions remain. In what way is the seal complex opening
governed? To what is the great stability of the particles
owed? Do fibers impart advantages during infection? How
is genome packing coordinated? The relationship between
GVsand their hosts raises further questions. I's host invasion
coordinated with high specificity and receptor recognition?
What determines the host range? How does resistance in
hosts arise? How is lysis synchronized? Are there selective
pressures on giants and their hosts? Are they evolving to
become more complex or more simplistic? Here we review
current techniques for investigating GV structure, genome,
life-cycle, and explore potential challenges and limitations
to the available technology (see Figure 2).

The genomicage hasrevolutionized biology. Progressively,
the limitations of sequencing have beenreduced and efforts
to sequence whole genomes have improved scaling in
several orders of magnitude [32]. Advancements in meth-
odology, a higher capacity for computation, and better data
management have led to drastically lower costs, time for
assembly, and the creation of national repositories to make
genomic data publicand readily available for mining. While
this has shed unprecedented light on both the diversity and
conservation of organisms within and across biomes, not all
of the data is easily interpreted and there are major gaps in our
understanding. GVs genomes are large and complex with
many containing over 1000 open reading frames [33,34].
Mining of GVs genomes has resulted in challenging long-
standing dogmas. For example, GVs nearly meet the
requirements of life, lacking only ribosomes [35], and have
illustrated the potential for a fourth domain [36]. Through
metagenomics analysis the identification of many relevant
genes related to metabolism and macromolecules assembly
pathway was possible [3,4]. Yet, enigmatic regions are
present in virtually every GV genome contained within
modern data bases. So-called hypothetical proteins, mor-
ons, and ORFans are spread throughout GVs genomes,
occupying between ~40—90% of metagenomic sequences,
and are particularly problematic to interpret when novel
viruses emerge [37]. This is an especially important area to
consider here as many new GVs are being discovered at an
astonishing rate, highlighting the burden of viral metage-
nomic dark matter. The majority of GVs genomes do not
have any significant nucleotide sequence identity to known
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Figure 2
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Overview of current techniques utilized in studying Giant Viruses and the outstanding areas requiring new approaches to study.

Cartoon representation of phylogenic analysis (tree not representative of actual ancestry), range of host organisms, as well as metagenomics are
used to understand and classify GVs and their evolutionary relationships (diversity panel). The replication of GVs inside their host organisms is
currently being studied using light, fluorescence, and transmission electron microscopies, as well as by using infectivity assays (life cycle panel).
Because of variation in capsid shape and features, the morphologies of GVs are investigated using electron microscopic approaches (scanning,
transmission, and cryogenic). The stability of the capsids and their seals (if present) are studied through biochemical treatments as well as atomic
force microscopy to observe the conditions necessary for opening of the virions (morphology and stability panel). Limitation in current techniques
reduces the ability to fully study some aspects of GV replication such as the dynamics of viral factory formation and the forces behind host cell
lysis. Additionally, the ability to understand the synergy/function of the released proteome, and the inability to easily edit the genome of GVs to
ultimately uncover the full mechanics of virion/host interactions are still limited by available techniques (unknown panel).
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organisms. Adding to the complexity is the discovery that
some GV transcripts need splicing, requiring transcriptomic
as well as metagenomic data for interpretation [38].
Approaches used to probe the proteomic landscape of
GVs face similar limitations as GV fit into a category of
>500 viral proteins, occupying a space filled by less than 8%
of the entire virome [39]. Of these proteins, many do not
match known databases, or have known functions. More
than 50% of virion particles for Samba and Tupanvirus are
classified as ‘unknown’ [13°°,60]. Even more astonishing is
that >90% of Pandovirus [14] and newly discovered
‘Yaravirus’ are comprised almost entirely of ORFans [40°
]. Advances in computational modeling to predict protein
structures from amino acid sequences such as Alpha Fold
[41] holds the promise of assigning structure and therefore
also inferring function to unveil hidden secrets of viral
metagenomic dark matter. Additionally, 7z sifico methods
are also emerging as a way to examine GV structure and
assembly. Yet, these methodsare notquite ready forroutine
use. Foratime atleast, experimentally derived or confirmed
structures and/or functions of giant virus proteins will
remain necessary. Lastly, genetic manipulations within
giantviruses or their hosts is notcommonplace and amoebas
are polyploid [42,43], hindering the standard ‘knock out the
gene and see what happens approach’ widely used in classic
bacteriophage genetics and other fields. Although,
advances in CRISPR-mediated gene editing have allowed
some initial studies in Dictyostelium [44°°,45] it may be some
time before this becomes a widespread approach in giant
virus research. As a result, we cannot understand the struc-
ture and function of the majority of GV proteins using
metagenomics, proteomics or predictions alone.

So what are these particles made of and how do we
identify key players located within GV virions? Imaging
infected cells through the use of TEM and live fluores-
cence microscopy has led to a thorough understanding of
cellular ultrastructure and general infection processes
[9,13°°,46]. Imaging individual particles with SEM, or
the use of dyes tagging specific biomolecules such as
proteins, fibers, lipids, and nucleic acids has also been
very useful describing general virion architecture [47,48].
More recently, advances in cryo-electron microscopy
have allowed imaging of GVs in a native like state
producing unprecedented views of a variety of viral
assemblies including icosahedral GVs such as Mimivirus
[49], Marseilleviridae [50], CroV [51], and Medusavirus
[52], as well as the non-icosahedral and gargantuan large
Pithovirus sibericum [53]. Cryo-EM is revolutionizing the
details we can see within GVs and recently near-atomic
views of complexes such as the PBCV-1 virion [54] have
been achieved. Since a holistic approach taking into
account the entire genome/particle/cell is difficult at best,
a divide and conquer attack has also been explored.
Recombinant expression in Escherichia coli has been suc-
cessful for purification, structural, and biochemical stud-
ies for individual GV proteins, such as the ChoanoV1

rhodopsin-like protein VirR [55°], enzyme R135 in Mimi-
virus that helps with viral entry [56], and R141 a Mimi-
virus 4,6-dehydratase [57], and others [58,59].

However, these current methods are insufficient to conclu-
sively map out where every individual protein resides
within GV particles or how they all work together synergis-
tically 7z vivo. Since the dawn of metagenomics we have
become accustomed to relying comfortably on applying
homology methods towards unraveling novel biology. This
is a fantastic approach as we often have a basis for compari-
son and can place new species into context of the greater
whole of the biological world surrounding us. However, the
complexity and novelty of giant viruses effectively bring us
‘back in time’ to an era decades earlier, where the link
between genomic information and the function of any
given gene product was not readily available. We now have
the need to develop new methodologies to traverse this
frontierand we have a long road ahead to fully unlocking all
of the mysteries of GVs.

Conclusions

The virology field has helped life sciences researchers to
understand more complex events in Biology, using viruses as
simpler models to display such cellular events. Not merely
that, scientists were pushed to utilize techniques to under-
stand the biochemical composition, structural arrangement
and life cycle of viruses, with the electron microscopy being
the highlight. The discovery of giant viruses is a ‘wake up
call’ to virologists as it showed us that basic research is an
ever-changing challenge and that we will be surprised for a
long time with new findings on our road to understanding the
structure and biology of giant viruses.

Conflict of interest statement
Nothing declared.

Acknowledgements

Funding for this project was provided by the JK Billman, Jr., MD Endowed
Research Professorship, and the Burroughs Wellcome Fund, and N.I.LH.R01
GM110185 to KNP. JRC had no research funding upon the production of
this manuscript. AG was supported by grants from the Brazilian agencies
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq,
grants 311470/2018-1) and Fundagdo Carlos Chagas de Amparo a Pesquisa
no Estado do Rio de Janeiro (E-26/202.696/2018). JSO received a PhD
fellowship provided by Conselho Nacional de Desenvolvimento Cientifico
e Tecnolégico (CNPQ). GHPN received a PhD fellowship provided by
Coordenagio de aperfeicoamento de Pessoal de Nivel Superior (CAPES).
This review is in partial fulfillment of the requirements for the degree of
Doctor of Philosophy for JSO and GHPN in the Instituto de Microbiologia
Paulo de Gées, Universidade Federal do Rio de Janeiro. Coordenagio de
aperfeicoamento de Pessoal de Nivel Superior (CAPES) Finance Code 001.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Colson P, De Lamballerie X, Yutin N, Asgari S, Bigot Y, Bideshi DK,
Cheng XW, Federici BA, Van Etten JL, Koonin EV et al.:
“Megavirales”, a proposed new order for eukaryotic

www.sciencedirect.com

Current Opinion in Virology 2021, 49:58-67


http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0005

66 Virus structure and expression

nucleocytoplasmic large DNA viruses. Arch Virol 2013,
158:2517-2521.

2. Iskander M, Hayden K, Van Domselaar G, Tsang R: First complete
genome sequence of Haemophilus influenzae serotype a.
Genome Announc 2017, 5:7-8.

3. Schulz F, Roux S, Paez-Espino D, Jungbluth S, Walsh DA,
Denef VJ, McMahon KD, Konstantinidis KT, Eloe-Fadrosh EA,
Kyrpides NC et al.: Giant virus diversity and host interactions
through global metagenomics. Nature 2020, 578:432-436.

4. Moniruzzaman M, Martinez-Gutierrez CA, Weinheimer AR,
Aylward FO: Dynamic genome evolution and complex virocell
metabolism of globally-distributed giant viruses. Nat Commun
2020, 11:1-11.

5. Weisman RA, Korn ED: Phagocytosis of latex beads by
Acanthamoeba. |. Biochemical properties. Biochemistry 1967,
6:485-497.

6. Rodrigues RAL, dos Santos Silva LK, Dornas FP, de Oliveira DB,
Magalhdes TFF, Santos DA, Costa AO, de Macédo Farias L,
Magalhaes PP, Bonjardim CA et al.: Mimivirus fibrils are
important for viral attachment to the microbial world by a
diverse glycoside interaction repertoire. J Viro/ 2015, 89:11812-
11819.

7. Oliveira G, La Scola B, Abrahao J: Giant virus vs amoeba: fight

e  for supremacy. Virol J 2019, 16:1-12.

This review describes and compares the interaction of three species of
giant virus with hosts cells, analyzing important aspects of giant viruses
biology.

8. Aherfi S, La Scola B, Pagnier |, Raoult D, Colson P: The expanding
family Marseilleviridae. Virology 2014, 466-467:27-37.

9. Arantes TS, Rodrigues RAL, dos Santos Silva LK, Oliveira GP, de
Souza HL, Khalil JYB, de Oliveira DB, Torres AA, da Silva LL,
Colson P et al.: The large marseillevirus explores different entry
pathways by forming giant infectious vesicles. J Viro/ 2016,
90:5246-5255.

10. Dos Santos RN, Campos FS, Medeiros De Albuquerque NR,
Finoketti F, Correa RA, Cano-Ortiz L, Assis FL, Arantes TS,
Roehe PM, Franco AC: A new marseillevirus isolated in
southern Brazil from Limnoperna fortunei. Sci Rep 2016, 6:1-8.

11. Van Etten JL, Agarkova IV, Dunigan DD: Chloroviruses. Viruses
2019, 12:20.

12. Sobhy H: A comparative review of viral entry and attachment
during large and giant dsDNA virus infections. Arch Virol 2017,
162:3567-3585.

13. Schrad JR, Abrahao JS, Cortines JR, Parent KN: Structural and

ee proteomic characterization of the initiation of giant virus
infection. Cell 2020, 181:1046-1061.e6.

This paper demonstrates the vast array of techniques that can be

implemented to analyze different aspects of giant viruses, while also

revealing important information about mimiviruses’ structure and

proteome.

14. Philippe N, Legendre M, Doutre G, Couté Y, Poirot O, Lescot M,
Arslan D, Seltzer V, Bertaux L, Bruley C et al.: Pandoraviruses:
amoeba viruses with genomes up to 2.5 Mb reaching that of
parasitic eukaryotes. Science (80-) 2013, 341:281-286.

15. Legendre M, Bartoli J, Shmakova L, Jeudy S, Labadie K, Adrait A,
Lescot M, Poirot O, Bertaux L, Bruley C et al.: Thirty-thousand-
year-old distant relative of giant icosahedral DNA viruses with
a pandoravirus morphology. Proc Natl Acad Sci U S A 2014,
111:4274-4279.

16. Bertelli C, Mueller L, Thomas V, Pillonel T, Jacquier N, Greub G:
Cedratvirus lausannensis - digging into Pithoviridae diversity.
Environ Microbiol 2017, 19:4022-4034.

17. Akashi M, Takemura M: Co-isolation and characterization of
two pandoraviruses and a mimivirus from a riverbank in
Japan. Viruses 2019, 11.

18. Souza F, Rodrigues R, Reis E, Lima M, La Scola B, Abrahao J: In-
e depth analysis of the replication cycle of Orpheovirus. Viro/ J
2019, 16:1-11.

This paper describes in detail the replicative cycle and particle assembly
of Orpheovirus, through the use of a variety of techniques including
microscopy and immunoassays revealing important information pertinent
to most giant viruses.

19. Quemin ER, Corroyer-Dulmont S, Baskaran A, Penard E, Gazi AD,
Christo-Foroux E, Walther P, Abergel C, Krijnse-Locker J:
Complex membrane remodeling during virion assembly of the
30,000-year-old Mollivirus sibericum. J Virol 2019, 93.

20. Klose T, Reteno DG, Benamar S, Hollerbach A, Colson P, La
Scola B, Rossmann MG: Structure of faustovirus, a large dsDNA
virus. Proc Nat/ Acad Sci U S A 2016, 113:6206-6211.

21. Andreani J, Khalil JYB, Sevvana M, Benamar S, Di Pinto F, Bitam I,
Colson P, Klose T, Rossmann MG, Raoult D et al.: Pacmanvirus, a
new giant icosahedral virus at the crossroads between
Asfarviridae and Faustoviruses. J Virol 2017, 91.

22. Silva LKDS, Andrade ACDSP, Dornas FP, Rodrigues RAL,
Arantes T, Kroon EG, Bonjardim CA, Abrahad JS: Cedratvirus
getuliensis replication cycle: an in-depth morphological
analysis. Sci Rep 2018, 8:1-11.

23. Reteno DG, Benamar S, Khalil JB, Andreani J, Armstrong N,
Klose T, Rossmann M, Colson P, Raoult D, La Scola B:
Faustovirus, an asfarvirus-related new lineage of giant viruses
infecting amoebae. J Virol 2015, 89:6585-6594.

24. Rodrigues RAL, Arantes TS, Oliveira GP, dos Santos Silva LK,
Abrah&o JS: The complex nature of tupanviruses. Adv Virus Res
2019, 103:135-166.

25. Pereira Andrade AC dos S, Victor de Miranda Boratto P,
Rodrigues RAL, Bastos TM, Azevedo BL, Dornas FP, Oliveira DB,
Drumond BP, Kroon EG, Abrahao JS: New isolates of
pandoraviruses: contribution to the study of replication cycle
steps. J Virol 2019, 93:1-12.

26. Mutsafi Y, Shimoni E, Shimon A, Minsky A: Membrane assembly
during the infection cycle of the giant mimivirus. PLoS Pathog
2013, 9.

27. Fridmann-Sirkis Y, Milrot E, Mutsafi Y, Ben-Dor S, Levin Y,
Savidor A, Kartvelishvily E, Minsky A: Efficiency in complexity:
composition and dynamic nature of mimivirus replication
factories. J Viro/ 2016, 90:10039-10047.

28. Sua;rez C, Welsch S, Chlanda P, Hagen W, Hoppe S, Kolovou A,
Pagnier I, Raoult D, Krijnse Locker J: Open membranes are the
precursors for assembly of large DNA viruses. Cell Microbiol
2013, 15:1883-1895.

29. Kuznetsov YG, Klose T, Rossmann M, McPherson A:
Morphogenesis of mimivirus and its viral factories: an atomic
force microscopy study of infected cells. J Viro/ 2013,
87:11200-11213.

30. Suzan-Monti M, La Scola B, Barrassi L, Espinosa L, Raoult D:
Ultrastructural characterization of the giant volcano-like virus
factory of Acanthamoeba polyphaga mimivirus. PLoS One
2007, 2.

31. Zauberman N, Mutsafi Y, Ben Halevy D, Shimoni E, Klein E, Xiao C,
Sun S, Minsky A: Distinct DNA exit and packaging portals in the
virus Acanthamoeba polyphaga mimivirus. PLoS Biol 2008,
6:1104-1114.

32. Koonin EV, Galperin MY: Sequence - Evolution - Function:
Computational Approaches in Comparative Genomics. Chapter 1,
Genomics: from Phage to Human. Boston: Kluwer Academic;
20083.

33. Assis FL, Bajrai L, Abrahao JS, Kroon EG, Dornas FP, Andrade KR,
Boratto PVM, Pilotto MR, Robert C, Benamar S et al.: Pan-
genome analysis of Brazilian lineage a amoebal mimiviruses.
Viruses 2015, 7:3483-3499.

34. Raoult D, Audic S, Robert C, Abergel C, Renesto P, Ogata H,
La Scola B, Suzan M, Claverie JM: The 1.2-megabase
genome sequence of mimivirus. Science (80-) 2004,
306:1344-1350.

35. Aherfi S, Colson P, La Scola B, Raoult D: Giant viruses of
amoebas: an update. Front Microbiol 2016, 7:1-14.

Current Opinion in Virology 2021, 49:58-67

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0005
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0010
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0015
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0020
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0025
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0030
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0035
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0040
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0045
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0050
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0055
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0060
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0065
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0070
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0075
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0080
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0085
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0090
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0095
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0100
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0105
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0110
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0115
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0120
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0125
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0130
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0135
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0140
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0145
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0150
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0155
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0160
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0165
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0170
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0175
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0175

36.

37.

38.

39.

40.

Structure and physiology of giant DNA viruses dos Santos Oliveira et al. 67

Legendre M, Arslan D, Abergel C, Claverie J-M: Genomics of
megavirus and the elusive fourth domain of life. Commun Integr
Biol 2012, 5:102-106.

Krishnamurthy SR, Wang D: Origins and challenges of viral dark
matter. Virus Res 2017, 239:136-142.

Louazani AC, Baptiste E, Levasseur A, Colson P, La Scola B:
Faustovirus E12 transcriptome analysis reveals complex
splicing in capsid gene. Front Microbiol 2018, 9:1-10.

Brandes N, Linial M: Giant viruses —big surprises. Viruses 2019,
11:404.

Boratto PVM, Oliveira GP, Machado TB, Andrade ACSP,
Baudoin JP, Klose T, Schulz F, Azza S, Decloquement P,
Chabriere E et al.: Yaravirus: a novel 80-nm virus infecting
Acanthamoeba castellanii. Proc Natl Acad Sci U S A 2020,
117:16579-16586.

This paper highlights the burden and extent of viral metagenomic ‘dark
matter’ in newly discovered giant viruses and their relatives.

41.

42.

43.

44.

Callaway E: “It will change everything”: DeepMind’s Al makes
gigantic leap in solving protein structures. Nature 2020,
588:203-204.

Afon’kin SY: Induced and spontaneous polyploidization in
large aiebas. Int Rev Cytol 1989, 115:231-266.

Das S, Lohia A: Delinking of S phase and cytokinesis in the
protozoan parasite Entamoeba histolytica. Cell Microbiol 2002,
4:55-60.

Sekine R, Kawata T, Muramoto T: CRISPR/Cas9 mediated
targeting of multiple genes in Dictyostelium. Sci Rep 2018, 8:1-
11.

Demonstrating use of CRISPR/Cas9 to simultaneously knock-out 5 PI3K
genes in the amoeboid model to avoid mutations from long-term culture
and proposing a strategy which could target up to 20 genes at one time.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Muramoto T, Iriki H, Watanabe J, Kawata T: Recent advances in
CRISPR/Cas9-mediated genome editing in Dictyostelium.
Cells 2019, 8:46.

Andreani J, Khalil JYB, Baptiste E, Hasni I, Michelle C, Raoult D,
Levasseur A, La Scola B: Orpheovirus IHUMI-LCC2: a new virus
among the giant viruses. Front Microbiol 2018, 8:1-11.

Francis R, Ominami Y, Bou Khalil JY, La Scola B: High-
throughput isolation of giant viruses using high-content
screening. Commun Biol 2019, 2.

Schrad JR, Young EJ, Abrahdo JS, Cortines JR, Parent KN:
Microscopic characterization of the Brazilian giant samba
virus. Viruses 2017, 9:1-16.

Klose T, Kuznetsov YG, Xiao C, Sun S, McPherson A,
Rossmann MG: The three-dimensional structure of mimivirus.
Intervirology 2010, 53:268-273.

Okamoto K, Miyazaki N, Reddy HKN, Hantke MF, Maia FRNC,
Larsson DSD, Abergel C, Claverie JM, Hajdu J, Murata K et al.:
Cryo-EM structure of a Marseilleviridae virus particle reveals a
large internal microassembly. Virology 2018, 516:239-245.

Xiao C, Fischer MG, Bolotaulo DM, Ulloa-Rondeau N, Avila GA,
Suttle CA: Cryo-EM reconstruction of the Cafeteria
roenbergensis virus capsid suggests novel assembly pathway
for giant viruses. Sci Rep 2017, 7:1-7.

Yoshikawa G, Blanc-Mathieu R, Song C, Kayama Y, Mochizuki T,
Murata K, Ogata H, Takemura M: Medusavirus, a novel large
DNA virus discovered from hot spring water. J Viro/ 2019,
93:1-25.

Okamoto K, Miyazaki N, Song C, Maia FRNC, Reddy HKN,
Abergel C, Claverie JM, Hajdu J, Svenda M, Murata K: Structural

54.

55.

variability and complexity of the giant Pithovirus sibericum
particle revealed by high-voltage electron cryo-tomography
and energy-filtered electron cryo-microscopy. Sci Rep 2017,
7:1-12.

Fang Q, Zhu D, Agarkova I, Adhikari J, Klose T, Liu Y, Chen Z,
Sun'Y, Gross ML, Van Etten JL et al.: Near-atomic structure of a
giant virus. Nat Commun 2019, 10.

Needham DM, Yoshizawa S, Hosaka T, Poirier C, Choi CJ,
Hehenberger E, Irwin NAT, Wilken S, Yung CM, Bachy C et al.: A
distinct lineage of giant viruses brings a rhodopsin
photosystem to unicellular marine predators. Proc Natl Acad
Sci U S A 2019, 116:20574-20583.

This paper uses structural biology approaches to gain atomic resolution
understanding of proteins encoded by GV. This protein in particular is
rather unique for a virus, highlighting giant virus diversity.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Klose T, Herbst DA, Zhu H, Max JP, Kenttamaa HI, Rossmann MG:
A mimivirus enzyme that participates in viral entry. Structure
2015, 23:1058-1065.

Ferek JD, Thoden JB, Holden HM: Biochemical analysis of a
sugar 4,6-dehydratase from Acanthamoeba polyphaga
mimivirus. Protein Sci 2020, 29:1148-1159.

Zinoviev A, Kuroha K, Pestova TV, Hellen CUT: Two classes of
EF1-family translational GTPases encoded by giant viruses.
Nucleic Acids Res 2019, 47:5761-5776.

Lamb DC, Lei L, Warrilow AGS, Lepesheva Gl, Mullins JGL,
Waterman MR, Kelly SL: The first virally encoded cytochrome
P450. J Virol 2009, 83:8266-8269.

Abrahao J, Silva L, Silva LS, Khalil J, Rodrigues R, Arantes T,
Assis F, Boratto P, Andrade M, Kroon EG et al.: Tailed giant
tupanvirus possesses the most complete translational
apparatus of the known virosphere. Nat Commun 2018, 9:749.

Mutsafi Y, Shimoni E, Shimon A, Minsky A: Membrane assembly
during the infection cycle of the giant mimivirus. PLoS Pathog
2013, 9:e1003367.

Xiao C, Kuznetsov YG, Sun S, Hafenstein SL, Kostyuchenko VA,
Chipman PR, Suzan-Montiet M, Raoult D, McPherson A,
Rossmann MG: Structural studies of the giant mimivirus. PLoS
Biol 2009, 7:e1000092.

Boyer M, Yutin N, Pagnier |, Barrassi L, Fournous G, Espinosa L,
Robert C, Azza S, Sun S, Rossmann MG et al.: Giant
marseillevirus highlights the role of amoebae as a melting pot
in emergence of chimeric microorganisms. Proc Nat/ Acad Sci
U S A 2009, 106:21848-21853.

Brahim Belhaouari D, Baudoin JP, Gnankou F, Di Pinto F,
Colson P, Aherfi S, La Scola B: Evidence of a cellulosic layer in
Pandoravirus massiliensis tegument and the mystery of the
genetic support of its biosynthesis. Front Microbiol 2019,
10:2932.

Andreani J, Aherfi S, Bou Khalil JY, Di Pinto F, Bitam |, Raoult D,
Colson P, La Scola B: Cedratvirus, a double-cork structured
giant virus, is a distant relative of pithoviruses. Viruses 2016,
8:300.

Christo-Foroux E, Alempic JM, Lartigue A, Santini S, Labadie K,
Legendre M, Abergel C, Claverie JM: Characterization of
Mollivirus kamchatka, the first modern representative of the
proposed Molliviridae family of giant viruses. J Viro/ 2020, 94
e01997-19.

Legendre M, Lartigue A, Bertaux L, Jeudy S, Bartoli J, Lescot M,
Alempic JM, Ramus C, Bruley C, Labadie K et al.: In-depth study
of Mollivirus sibericum, a new 30,000-y-old giant virus
infecting Acanthamoeba. Proc Nat/ Acad Sci U S A 2015, 112:
e5327-e5335.

www.sciencedirect.com

Current Opinion in Virology 2021, 49:58-67


http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0180
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0185
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0190
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0195
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0200
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0205
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0210
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0215
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0220
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0225
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0230
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0235
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0240
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0245
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0250
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0255
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0260
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0260
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0260
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0260
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0265
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0270
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0275
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0280
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0285
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0290
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0295
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0300
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0305
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0305
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0305
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0310
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0310
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0310
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0310
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0315
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0320
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0320
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0320
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0320
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0320
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0325
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0325
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0325
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0325
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0330
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0330
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0330
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0330
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0330
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0335
http://refhub.elsevier.com/S1879-6257(21)00046-8/sbref0335

	Structure and physiology of giant DNA viruses
	What are giant viruses?
	Replication cycle of different giant viruses
	Techniques for characterization of giant viruses: current progress and gargantuan challenges
	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


