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ABSTRACT Giant viruses with their gigantic genomes are among the most intriguing
components of the virosphere. How these viruses attained such giant genomes remains
unclear, despite considerable efforts to understand this phenomenon. Here, we describe
the discovery of cedratvirus pambiensis, an amoebal giant virus isolated in Brazil.
Although the virion morphology and replication cycle of c. pambiensis are very similar
to those described for other cedratviruses, whole genome sequencing revealed the
largest cedratvirus genome ever described, with 623,564 base pairs and 842 predicted
protein-coding genes (among them, 76 ORFans). Genome analysis has revealed an
unprecedented number of paralogous genes, with ~73% of the c. pambiensis genome
being composed of genes with two or more copies. Large families of functionally diverse
paralogous genes included up to >70 copies and were distributed across the genome.
The in-depth investigation of the mechanisms and origins of gene duplications revealed
that both tandem-like duplications and distal transfer of syntenic blocks of genes
contributed to the c. pambiensis genomic expansion. Finally, a comprehensive genome
analysis of viruses from all known giant virus families suggested that gene duplication is
one of the key mechanisms underlying genomic gigantism across the phylum Nucleocy-
toviricota. The expansion of viral genomes through successive duplications followed by
subfunctionalization and exaptation of the paralogous gene copies may promote the
adaptation of giant viruses to a variety of niches.

IMPORTANCE Giant viruses are noteworthy not only due to their enormous particles
but also because of their gigantic genomes. In this context, a fundamental question has
persisted: how did these genomes evolve? Here we present the discovery of cedratvirus
pambiensis, featuring the largest genome ever described for a cedratvirus. Our data
suggest that the larger size of the genome can be attributed to an unprecedented
number of duplicated genes. Further investigation of this phenomenon in other viruses
has illuminated gene duplication as a key evolutionary mechanism driving genome Editor Colin R. Parrish, Comell University Baker
expansion in diverse giant viruses. Although gene duplication has been described as a Institute for Animal Health, Ithaca, New York, USA
recurrent event in cellular organisms, our data highlights its potential as a pivotal event T T Ty
in the evolution of gigantic viral genomes. jonatas.abrahao@gmail.com, or Luiz-Eduardo Del-
Bem, delbem@ufmag.br.
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gence of new gene functions and pathways (1). Duplicated genes can undergo
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functions. The significance of this phenomenon in evolution is evidenced by the
widespread occurrence of duplicated genes across all domains of life (2-5). It has
been estimated that around 30%-65% of the genes in multicellular eukaryotes, such as
humans, have emerged through duplication (6, 7).

Giant viruses of amoeba are characterized by their large genome sizes and complex
gene repertoires (8-11). Although the driving forces that led to the genome gigantism of
those viruses are not fully understood, horizontal gene transfer, de novo gene emer-
gence, and gene duplication have all been hypothesized to have contributed to genome
expansion (12-18). Large families of functionally diverse paralogous genes have been
identified in giant viruses of amoebas, including genes encoding ankyrin repeat-contain-
ing proteins, receptors for ubiquitination targets, and proteins with glycosyltransferase
domains. In addition, many of these gene families are composed of unknown proteins or
ORFan genes (13, 19). Although studies on gene duplication in giant viruses are scarce,
there is convincing evidence showing that approximately one-third of the mimivirus
genome and 50% of pandoravirus genomes are composed of multi-copy genes (13, 19).

Here, we report the discovery of cedratvirus pambiensis, a giant amoeba virus with
the largest genome size ever described for the cedratvirus group, comprising 623,564
base pairs. The investigation of the architecture of the genome revealed an unpreceden-
ted abundance of duplicated genes, which constitute up to 72% of the total genome,
a proportion on par with or surpassing that observed in cellular organisms. Most of
these genes are grouped into six major gene families. Only 27.7% of the genome is
composed of single-copy genes (non-duplicated genes). The expansion of the analyses
to other varidnaviruses revealed extensive gene duplications in most groups of giant
viruses, most markedly in members of the “Pithoviridae"-related viruses (which includes
cedratviruses), pandoraviruses, and some mimiviruses. The discovery of c. pambiensis
expands our understanding of the diversity and complexity of giant viruses, emphasizing
the role of gene duplication in driving their genome expansion and shaping the genomic
content.

RESULTS
Cedratvirus pambiensis particles and replication cycle

As part of our ongoing efforts to characterize the diversity of giant viruses infect-
ing amoeba, we have isolated a new cedratvirus, c. pambiensis, from a water
sample collected in a small, forested area at the Federal University of Minas
Gerais (UFMG) campus, Belo Horizonte, Brazil. Inoculated amoebas exhibited cyto-
pathic effects such as rounding and lysis, and upon light microscopy examination,
it was possible to visualize viral particles. To gain a more comprehensive under-
standing of the particles’ characteristics, we analyzed images obtained by trans-
mission electron microscopy (TEM), negative staining electron microscopy (NSEM)
(Fig. 1), and scanning electron microscopy (SEM) (see Supplementary Fig. 1a pos-
ted at https://www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplica-
tion-as-a-major-force-driving-the-genome-expansion-in-some-giant-viruses). The virus
particles were oval-shaped, measuring approximately 1 pm in length and 500 nm in
width (Fig. 1a). The capsid is composed of parallel striations (Fig. 1a) and may have one
or two apical “corks” Most observed particles had two corks, which is consistent with
previous descriptions of cedratviruses. Notably, the capsid of c. pambiensis exhibited
surface fibrils, a structure that has not been previously documented in cedratviruses
(Fig. 1c). Although not visible by TEM and SEM, these fibrils were present in all images
obtained by NSEM.

The replication cycle of c. pambiensis is a complex process that involves several steps
(Fig. 1). It begins with the entry of viral particles into the host cell, which probably occurs
via phagocytosis. Once inside the cell, the viral particles undergo uncoating, followed by
an eclipse period which typically lasts for around 3 hours (Supplementary Fig. 1b posted
at https://www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplication-
as-a-major-force-driving-the-genome-expansion-in-some-giant-viruses). The uncoating
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FIG 1 Particle, replication cycle, and genomic features of c. pambiensis. (a) Cedratvirus particle showing an oval shape with two apical corks (yellow arrows).
Scale bar: 200 nm. (b) Zoom in the particle, showing the parallel striated structures of the capsid. Scale bar: 100 nm. (c) Observation of surface fibrils on the
capsid. Scale bar: 100 nm. (d) Amorphous structures with no defined function in the cytoplasm of an infected amoeba. Scale bar: 2 pm. (e) Assembly of new viral
progeny. It is possible to observe structures of early particles being formed (red arrow) and mature particles (black arrow) at the same time inside the cells. Scale
bar: 200 nm. (f) A viral particle was observed inside a vesicle after assembly (blue arrow), suggesting release by exocytosis before cell lysis. Scale bar: 500 nm.
(g) Functional categories of c. pambiensis predicted genes. The color legend is provided below the graph. (h) Maximum likelihood phylogenetic tree constructed
with amino acid sequences from the DNA polymerase subunit B of cedratviruses and other nucleocytoviruses. The new isolate described here, c. pambiensis
(highlighted in pink), clustered with other cedratviruses, closer to the Brazilian cedratvirus. The scale bar indicates the genetic distance.

involves the removal of the viral cork to release the viral genome into the cytoplasm of
the host cell. The next step is the formation of the viral factory, which is a region within
the host cell that supports viral replication. In electron micrographs, the viral factory
appears as a space that is unbounded and electron-lucent. Within the factory, amor-
phous electron-dense structures can be observed (Fig. 1d). Although the function of
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TABLE 1 Comparison between the genomes of all cedratviruses with published genomes

Virus Genome size Predicted proteins % Intergenic regions
Cedratvirus A11 589,068 bp 574 18.99
Cedratvirus lausannensis 575,161 bp 643 17.15
Cedratvirus zaza 560,887 bp 636 15.69
Brazilian cedratvirus 460,038 bp 533 14.43
Cedratvirus kamchatka 466,767 bp 545 18.26
Cedratvirus pambiensis 623,564 bp 842 10.59

these structures is unknown, they appear to be composed of material that is similar to
that of the viral capsid, as seen in Fig. 1a. During the assembly of new viral particles,
initial structures that will contribute to the formation of new virions can be observed, as
shown in Fig. 1e. At 12 hours post-infection (hpi), viral production reaches its maximum
level, after which it plateaus, as seen in Supplementary Fig. 1b posted at https:/
www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplication-as-a-
major-force-driving-the-genome-expansion-in-some-giant-viruses. The final step in the
replication cycle is the release of viral progeny, which occurs via cell lysis. However,
exocytosis may also play a role in this process, as depicted in Fig. 1f, where particles can
be visualized inside vesicles close to the cell plasma membrane at the end of the
infection cycle.

Cedratvirus pambiensis has an unprecedented abundance of paralogous
genes

Genomic characterization of c. pambiensis yielded a circular dsDNA molecule of
623,564 bp and encoding 842 predicted proteins. Until then, the largest cedratvi-
rus genome was described for cedratvirus A11, with 589,068 bp, and the largest
number of predicted proteins was described for cedratvirus lausannensis, with 643.
Thus, c. pambiensis is the cedratvirus with the largest genome and highest num-
ber of predicted proteins among all cedratviruses published to date (Table 1). As
gene prediction methods may vary among different studies, we performed the gene
prediction of all available cedratviruses using the same parameters that we applied
to c. pambiensis. Although we observed a general increase in the number of predic-
ted genes for all viruses, c. pambiensis still holds the record for the largest number
of predicted genes among the isolated viruses. Functional analysis of the predicted
proteins (Fig. 1g) revealed that most of them are uncharacterized (54.24%), and
ORFans (9.03%). Proteins related to the regulation of signal transduction; transcription
and RNA processing; DNA replication, recombination and repair, and different types
of metabolism were also identified. The construction of a phylogenetic tree using
amino acid sequences from the family B DNA polymerase showed that the new
isolate clustered with other cedratviruses (Fig. 1h), and most closely to the Brazil-
ian cedratvirus. The synteny analysis reinforces the proximity of these two cedratvi-
ruses, when compared to the other cedratviruses (see Supplementary Fig. 2 posted
at https://www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplication-
as-a-major-force-driving-the-genome-expansion-in-some-giant-viruses).

Initially, we hypothesized that the increase in the genome size could be due
to the presence of a new class of genes or a substantial number of ORFans. How-
ever, the annotation of the c. pambiensis genome revealed a gene content that is
similar to that of other cedratviruses. Next, we investigated the intergenic content
of ¢. pambiensis genome and compared it to that of other cedratviruses. However,
after analyzing the intergenic content in all cedratviruses with available genomes, we
observed that c. pambiensis has the lowest percentage (10.59%) of predicted intergenic
regions among all of them (mean of 16.90%) (see Supplementary Table 1 posted
at https://www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplication-
as-a-major-force-driving-the-genome-expansion-in-some-giant-viruses).
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Then, we tested whether the larger genome size of c. pambiensis could be
explained by the increase in the number of paralogous genes, which occurs due
to gene and genomic segment duplications. We performed an all-against-all BLASTp
analysis of the predicted proteins of c. pambiensis, which revealed an unexpectedly
large number of paralogous groups with more than three genes, as well as paralogs
grouped in pairs and triplets (Fig. 2). Only 27.7% of the c. pambiensis genome con-
sists of single copy genes (Fig. 2). At least six large gene families (>20 genes) were
identified in c. pambiensis genome, encoding functionally diverse proteins, including
ankyrin-domain containing proteins, collagen-like proteins, serine-threonine protein
kinases, hypothetical proteins, proteins containing F-box domain, ORFans, and others.
Certain families presented genes with more than one predicted function or domain,
suggesting progressive differentiation after duplication (Fig. 2). All the information
about the paralogous genes is described in Supplementary Material 1 posted
at https://www.giantviruses.com/sup-material-of-papers/sup-material-gene-duplication-
as-a-major-force-driving-the-genome-expansion-in-some-giant-viruses.

Of 842 total genes, 609 (72.3%) are part of multi-gene families while only 233 (27.7%)
are single-copy genes (Fig. 3a). We observed that a large fraction of these paralogous
groups (34.6%) are composed of tandem genomic segment duplications (Fig. 3a and b).
We then evaluated the percentage of tandemly duplicated genes across gene families,
showing that these events are much more common in the six largest gene clusters (57%),
while in low-copy number families present in triplets (9%) or pairs of genes (10%)
tandem duplication events are less frequent (Fig. 3c). This finding suggests that tandem
duplications are primarily responsible for the formation and expansion of large gene
families.

To better understand the tandem duplication events and their effect on the genome
evolution of these viruses, we constructed phylogenetic trees with the protein sequences
for the six largest gene families (or clusters). Analysis of the phylogenetic trees showed
that two types of duplication events occurred: proximal tandem duplications (involving
more recent duplications) and chromosomal segment duplications (when an entire block
of tandem genes appears to have been copied from one part of the genome and pasted
into another, occasionally disrupting the preexisting genes). As an example, these
analyses were detailed for the phylogenetic tree of cluster 3 (Fig. 3d), in which tandem
genes were identified (Fig. 3e). Both proximal tandem duplication events (Fig. 3f) and
chromosome segment duplication events (Fig. 3g) can be observed, and we note that
these events can follow each other. Taking the tandem genes of groups A
(207-208-209-210-211) and B (241-242-243-244) as an example, two interpretations can
be made: (i) a copy-paste event occurred from group A to group B, and a gene was lost
afterward; (i) there was a copy-paste event from group B to group A, and subsequently, a
proximal tandem duplication gave rise to gene 208. The phylogenetic trees for the other
large gene families can be seen in Supplementary Fig. 3 posted at https://www.giantvi-
ruses.com/sup-material-of-papers/sup-material-gene-duplication-as-a-major-force-
driving-the-genome-expansion-in-some-giant-viruses. We quantified the two events
(proximal tandem duplications and chromosomal segment duplications) for the six
largest gene families (see Supplementary Fig. 4 posted at https://www.giantviruses.com/
sup-material-of-papers/sup-material-gene-duplication-as-a-major-force-driving-the-
genome-expansion-in-some-giant-viruses) and noticed that they are frequent and seem
to have a great influence on the genome evolution of this virus.

After a gene duplication event, the copies follow different evolutionary paths. When
one of the copies suffers an extreme reduction in its coding sequence (CDS) caused by
the emergence of a premature stop codon, we can infer that a pseudogenization event
has occurred (resulting in a progressive loss of gene function). Our data suggest that
there was a significant difference in CDS length and identity among genes within the
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FIG 2 Network of clusters, trios, pairs, and single copy genes in the c. pambiensis genome. Reciprocal BLASTp-hits (coverage =30 and e-value < 1e—-4) between
two proteins are represented by thicker lines, while non-reciprocal BLASTp-hits are represented by thinner lines. Considering the defined criteria, to be part of

the cluster, the gene must: (1) have a reciprocal match with some gene within the cluster (thick line) or (2) have at least two non-reciprocal matches with genes

within the cluster (thin line). Genes that only had one non-reciprocal match with a gene within the cluster were not considered part of that cluster. Asterisks

indicate single genes, which were not included within the clusters according to the aforementioned criteria. The color legend is provided below the image. The
square highlights cluster 10, in which has non-reciprocal hits with cluster 2.
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FIG 3

Gene duplication analyses in the c. pambiensis genome. (a) Number and percentage of genes in paralog groups or single copy genes in c. pambiensis
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Chromosomal segment duplications plus proximal duplication events identified in (d). In (f) and (g), the length of the gene in nucleotides is depicted below the
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same family, indicating non-negligible pseudogenization (Fig. 4a, and see Supplemen-
tary Fig. 5 and 6 posted at https://www.giantviruses.com/sup-material-of-papers/sup-
material-gene-duplication-as-a-major-force-driving-the-genome-expansion-in-some-
giant-viruses). In addition to gene size/coverage variation, we also observed considerable
sequence divergence of the paralogous proteins, so that some of the cluster members
were not reciprocally identifiable as homologous in BLASTp analysis, suggesting
independent and progressive evolution after gene duplication (Fig. 3 and 4, and see
Supplementary Fig. 5 and 6 posted at https://www.giantviruses.com/sup-material-of-
papers/sup-material-gene-duplication-as-a-major-force-driving-the-genome-expansion-
in-some-giant-viruses).

The chromosome position of the paralogs can provide clues about how genome
expansion has evolved. We observed that some clusters (1, 3, and 4) appear to have more
gene copies concentrated in a given region within the genome, while others (2, 5, and 6)
are more spread throughout the genome (Fig. 4b). But in general, the paralogs belonging
to those six major gene families are scattered throughout the c. pambiensis genome (see
Supplementary Fig. 7 posted at https://www.giantviruses.com/sup-material-of-papers/
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sup-material-gene-duplication-as-a-major-force-driving-the-genome-expansion-in-
some-giant-viruses), indicating multiple and successive events of gene/chromosome
segment duplication.

Gene duplication as a driving force of genome gigantism in giant viruses

To explore the prevalence and distribution of paralogs in cedratviruses, we expanded
our analysis to include all available cedratvirus genomes in public databases (Fig. 5).
By performing BLASTp searches of predicted proteins against the complete set of
proteins of each cedratvirus, we identified a range of gene families with varying sizes
and predicted functions. Firstly, it is noteworthy that c. pambiensis has an atypical and
unprecedented relative abundance of duplicated genes compared to other cedratvi-
ruses, accounting for 72.3% of its genome. Nevertheless, a significant contribution of
paralogs was observed in all cedratvirus genomes, ranging from 43.34% in Brazilian
cedratvirus to 52.26% in c. lausannensis. In addition, all cedratviruses share some large
gene families, such as families mainly related to ankyrin repeat-containing domain and
hypothetical proteins, as well as other functions such as collagen-like proteins, ser-
ine/threonine kinases and F-box domain-containing proteins. We further expanded our
analysis to include the pithovirus-like group, to which cedratviruses belong. Interest-
ingly, pithovirus and orpheovirus present a similar proportion of duplicated genes in
their genomes, at 42.61% and 52.29%, respectively, but other protein domains were
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overrepresented, such as collagen-like and MORN-repeat proteins, suggesting that
extensive duplications have occurred independently following the radiation of the
pithovirus-like group.

Expanding the analysis to other members of the phylum Nucleocytoviricota and
yaravirus revealed that gene duplications are, again, quite abundant (Fig. 6a). In addition
to cedratviruses, gene duplication also seems to be an important factor in the evolution
of the genome of other giant viruses, particularly for pandoraviruses (mean of 47.28%)
and some mimiviruses (e.g., 49.46% for cotonvirus). Despite the different proportions, all
analyzed genomes have duplicated genes. However, it is important to highlight that
even after expanding our analysis to other nucleocytoviruses, c. pambiensis remains the
virus with the highest percentage of the genome composed of duplicated genes (72.3%).
We note, however, that for some viruses, mechanisms other than gene duplication may
be acting synergistically or concurrently.

It is generally expected to observe a positive correlation between viral genome size
and the number of genes. The isolation of c. pambiensis raised questions about this
correlation and the existence of a correlation between genome size and the number of
paralogs. To address these questions, we compared genome size with the overall number
of genes and the number of duplicated genes across a large sample of giant viruses (Fig.
6b and ¢). As aforementioned, variations on gene prediction methods must be consid-
ered, but the overall available data strongly suggest the presence of a strong positive
correlation between genome size and both the total number of genes (p = 0.90, P-value
< 2.2e—-16) and the number of paralogs (p = 0.87, P-value = 1.4e—14) per genome. The
linear regression analysis reveals that, although all cedratviruses show a similar correla-
tion between genome size and the number of predicted genes, c. pambiensis stands out
as an exceptional case due to the significant contribution of paralogs in its genome (Fig.
60).

DISCUSSION

The genome gigantism observed in giant viruses represents an intriguing unanswered
question. A number of giant viruses have been discovered in recent years, revealing an
increasing variety of particles, genome sizes, and predicted genes. Although deserving
attention has been given to the functional content of the giant virus genomes, few
studies have investigated why the genomes of these viruses are so large, reaching up to
2.8 Mb (8-11, 14, 16). The early efforts to answer this question were hampered by the
scarcity of genomic information available at the time, precluding generalizing conclu-
sions. However, the constant efforts of several research teams to isolate novel giant
viruses worldwide have now set the stage for a more comprehensive analysis of giant
virus genome evolution. Here, we presented the evidence that gene duplication is a
primary mechanism for genome expansion among several groups of giant viruses.

Gene duplication has been recognized as an important source of genetic diversity in
cellular organisms (2-5). Through gene duplication, new functions can emerge, as
duplicated genes typically experience lower negative selection pressures, and the
encoded proteins can gain new properties and functions. Gene families within a given
organism typically emerge as a result of duplication events followed by divergence (20).
In addition to potential functional divergence, the multi-copy gene families can contrib-
ute to the increased gene expression via so-called gene dosage phenomenon. Some of
the well-known examples of multi-gene families include genes encoding cytomotive
filament-forming proteins, globins, and ribosomal units (20-22). As a result, gene
duplication is consistently considered a major mechanism in the evolution of cellular
organisms. However, the understanding of the consequences of gene duplication in
viruses remains limited. There are ample examples showing that gene duplication
followed by exaptation of one of the gene copies has played a key role in adaptation and
diversification throughout virus evolution (23, 24). Nevertheless, in viruses with small
capsids, experimental studies have shown that gene duplications are prohibitive and
lead to the loss of infectivity, primarily dictated by the limited packaging capacity of
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small capsids (25). The situation in giant viruses, which show overall low packaging
densities (26), is radically different compared to viruses with small capsids. Thus, genome
evolution in giant viruses is apparently not constrained by the capsid size, allowing them
to reap the benefits of gene duplication, which has shaped the genomes of cellular
organisms.

In this study, we have described that genes in c. pambiensis appear to duplicate
through several mechanisms, involving both tandem gene and distal genomic segment
duplications. Tandem duplications in cellular organisms may occur through replication
slippage, ectopic recombination, or aberrant DNA break repair. Distal duplications
typically involve unequal crossing-over rearrangements of gene clusters with similar
gene content. This mechanism may become progressively more frequent as the number
of paralogs increases, providing more regions with similar content available for recombi-
nation (1). It is notable that the largest paralogous gene families encode proteins that
themselves consist of repetitive domains, such as ankyrin repeats, leucine-rich repeats,
and MORN repeats. Conceivably, the repetitive nucleotide sequences within these genes
promote both tandem and long-distance genomic duplications. Furthermore, consider-
ing that a substantial number of viral genome copies are produced and compacted
within viral factories, and considering the fact that the cedratvirus genome is circular
dsDNA, it is reasonable to believe that ectopic recombination and unequal crossing-over
may generate both tandem and distal duplications in cedratviruses. Additionally, the role
of transposons should be considered in relation to gene duplication, as they have been
described in the genomes of amoeba and certain groups of giant viruses (27, 28).
Considering that the Nucleocytoviricota may have arisen from smaller and simpler viruses
infecting early eukaryotes (29-31), the expansion of their genomes might involve a
general mechanism conserved in the entire phylum. While genome expansion by
extensive gene gain through horizontal gene transfer and de novo gene creation seem to
be characteristic of only some groups of nucleocytoviruses (13, 15), our data indicate that
gene duplication is an evolutionary mechanism common for several groups of giant
viruses, especially those capable of infecting amoebas.
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One question that arises is why cedratviruses have so many duplicated genes in their
genome. Maintaining duplicated copies may be important for creating genetic redun-
dancy, and protecting the virus from deleterious mutations in essential genes since
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additional copies could maintain the organism’s functionality and fitness (32). Indeed,
some of the c. pambiensis duplicated genes are potentially essential, such as the major
capsid protein, early transcription factors, and transcriptional enzymes. Furthermore, as
aforementioned, gene duplication is a phenomenon that provides raw material for
evolution. The additional gene copies can be repurposed for functions unrelated to
those of the original genes, which appears to be the main trend in virus evolution (23,
33). Furthermore, the duplicated genomic regions provide the raw genetic material for de
novo gene emergence, a route extensively explored by pandoraviruses (13). Both
mechanisms can lead to genetic innovation, increasing the genetic repertoire of these
viruses. This is supported by the presence of different identifiable domains/functional
categories in certain clusters of paralogous genes in c. pambiensis and other pitho-like
viruses (Fig. 2 and 5). Further exploration of the giant virus diversity should further refine
our understanding of the mechanisms of genome expansion and evolutionary traits
associated with this remarkable group of viruses.

MATERIALS AND METHODS
Sample collection and isolation

To obtain the sample, a plastic container was placed in a small, forested area at the
UFMG campus for a few days, collecting rainwater and organic matter present in
that environment. From this collected water, the method of co-culture with amoebae
of the species Acanthamoeba castellanii was carried out, as described in a published
protocol (34). Collection authorization: SISBIO 89441-1. Brazilian genetic resources access
authorization: SISGEN A2291C9.

Production, purification, and titration

To produce the new isolate, A. castellanii were infected with an MOI of 0.01 in glass
culture flasks (300 cm?) with 35 mL of PYG medium and kept at 30°C in a rotary cell oven.
After complete lysis of the cells, the contents of the flask were collected. This content
was added to a sucrose cushion (40%) and then ultracentrifuged in a Combisorvall Rotor
AH-62va centrifuge at 14,000 rotations per minute (AH-629 rotor) for 1 hour, between
4°C and 8°C. The final pellet was resuspended in phosphate-buffered saline. Titration
was performed by the limiting dilution method (35) in 96-well plates and the titer was
expressed in TCIDsq per milliliter. The viral stock was kept at —20°C until use.

Electron microscopy and one-step growth curve

Three electron microscopy methods were used during this work, for a better description
of the viral particle: TEM, negative contrast electron microscopy, and SEM. For TEM, A.
castellanii cells cultivated in a PYG medium were infected with an MOI of 0.01 for 24
hours. Cells were then collected and fixed with 2.5% glutaraldehyde + phosphate for
2 hours at room temperature. Subsequently, fixation was performed with 2% osmium
tetroxide, and incorporation in EPON resin, in sequence ultrathin sections was made.
Image analyses were performed using a transmission electron microscope (FEI SpiritBiot-
win 120 kV). For NSEM, the purified virus was diluted 1:10 in water, and 3 pL of this
diluted sample was applied onto glow-discharged 400-mesh copper grids covered with
a Lacey carbon support film and an ultrathin carbon layer (15 mA, negative charge
for 40 seconds, 01824—Ted Pella, USA). After 1 minute, the excess liquid was drained
gently touching the edge of the grid with a filter paper. The grid was stained twice
with 3 pL uranyl acetate solution (2%) for 30 seconds. The excess solution was drained
with filter paper and the grid was allowed to dry at room temperature. Images were
collected using a 4k x 4k Ceta CMOS Camera coupled on a Talos F200C Transmission
Electron Microscope (200 kV, Thermo Fisher Scientific) at LNNano/CNPEM. For SEM, A.
castellanii cultivated in PYG medium were infected with an MOI of 0.01 for 24 hours. The
cells were then collected, transferred to a coverslip containing poly-L-lysine, and fixed
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with 2.5% glutaraldehyde + cacodylate for 2 hours at room temperature. Subsequently,
fixation was performed with 1% osmium tetroxide, washing with 0.1 M cacodylate
buffer, and immersion in 0.1% tannic acid. Then, dehydration was performed using serial
passages in ethanol solutions with different concentrations. Subsequently, a critical point
drying process using CO, was carried out. Finally, the samples were accommodated in
metal supports (called stubs) and metalized with a layer of gold. Image analyses were
performed using a scanning electron microscope (FEI Quanta 200 FEG).

For the one-step-growth curve assay, A. castellanii cells were infected in duplicates
with an MOI of 10 to obtain a synchronous cycle. After 30 minutes of adsorption,
the inoculum was removed, and fresh PYG medium was added. The collections of the
supernatant with the cells were performed at 0, 1, 3, 6, 9, 12, 24, 48, and 72 hpi,
considering the time 0 hpi right after the adsorption. All times were titrated later, and the
curve was constructed from the titration result.

Sequencing, assembly, annotation, and phylogenetic analyses

The samples containing the purified virus were sequenced twice using the equipment
lllumina MiSeq, with a paired-end library using the kit lllumina DNA Prep (lllumina Inc.,
San Diego, CA, USA). First, a de novo assembly was performed using the SPAdes 3.13.1
software (36). To increase the de novo assembly, the SOAPdenovo2 1.12 (37) program
was used. Subsequently, a reference genome (the best hit, Brazilian cedratvirus) was used
in the Medusa 1.3 program (38) and the final genome was obtained. For the prediction
of the open reading frames (ORFs), the GeneMarkS 4.28 software (39) was used, and
the sequences smaller than 50 amino acids were removed from the analyses. Gene
prediction using GeneMarkS was performed using both prokaryotic and viral parameters.
Since the results were very similar, we opted to use data from prokaryotic parameters
because several studies on giant viruses employed this strategy. Therefore, some c.
pambiensis (and other pitho-like viruses) genes were predicted to start with alternative
start codons, different from ATG. The functional annotation of the predicted proteins was
performed using BLASTp against the NCBI NR database considering 1e—5 e-value. The
annotation was also done for the six largest clusters of genes using HHpred, with similar
results.

For the construction of the phylogenetic trees, the amino acid sequences of the
viruses of interest were obtained by the BLASTp tool (default parameters) from the NCBI
Genbank database (40). These sequences were aligned with that of c. pambiensis using
the MUSCLE 3.8.1551 software (41). The phylogenetic tree was built by the IQtree 1.6.12
program (42) using the best-fitted VT+F+R5 model for amino acid substitution and the
likelihood-based method aLRT SH-like with 1,000 pseudoreplicates to estimate branch
support values. As aforementioned, substantial variation in coverage was observed in
genes belonging to the six largest clusters. This result posed challenges to our phyloge-
netic analyses due to the potential lack of negative selection in pseudogenes that leads
to sequence degeneration. To improve the reliability of our analyses, we defined a cut-off
point, in which the gene with the longest CDS was considered as a reference and all the
other genes with a CDS shorter than half the size of this gene were removed from the
alignment. For cluster 2, the procedure was a little different, as it has three genes much
longer than all the others (mean of 427.5% larger than the family median). Therefore,
for this cluster, the three largest genes were removed from the analysis and the fourth
largest one was considered as a reference.

Detection and mapping of duplicated genes

To detect duplicated genes, we BLASTp the predicted proteins of c. pambiensis against
themselves, and hits with coverage >30% and e-value <1e™ were considered paralogs.
Higher stringent cutoffs were evaluated (i.e., 50%) revealing very similar results. To cluster
the paralogs, the Gephi 0.9.7 software (43) was used, based on the list of hits obtained
in the previous step. To better understand the duplication events happening within the
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genome, we constructed phylogenetic trees for the six largest gene families (more than
20 genes) using amino acid sequences. The programs and parameters used to build
these trees were the same used previously.

With the groups of paralogs established, we decided to investigate how these genes
spread within the genome. The gene and protein prediction steps gave us the coordi-
nates of each gene, so we developed an R script to construct a Circos plot-like using the
circlize 0.4.15 package (44) that draws a line between paralog genes.

Statistical analysis

Spearman correlations were used to assess correlations between genome size and total
number of paralogs or total number of genes with a significance level of P < 0.05. Data
distribution was assessed by the Shapiro-Wilk test. Testing and plotting results were all
done in Rstudio (45).
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