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Abstract

Chlamydomonas reinhardtii is a unicellular eukaryotic alga that has been studied as a model organism for decades. Despite an extensive
history as a model system, phylogenetic and genetic characteristics of viruses infecting this alga have remained elusive. We analyzed
high-throughput genome sequence data of C. reinhardtii field isolates, and in six we discovered sequences belonging to endogenous
giant viruses that reach up to several 100 kb in length. In addition, we have also discovered the entire genome of a closely related
giant virus that is endogenized within the genome of Chlamydomonas incerta, the closest sequenced relative of C. reinhardtii. Endogenous
giant viruses add hundreds of new gene families to the host strains, highlighting their contribution to the pangenome dynamics and
interstrain genomic variability of C. reinhardtii. Our findings suggest that the endogenization of giant viruses may have important
implications for structuring the population dynamics and ecology of protists in the environment.

Key words: endogenous virus; chlaymodonas reinhardtii; giant virus; imitervirales; genome evolution.

Introduction

Chlamydomonas reinhardtii is a widely studied unicellular green alga
with a long history as a model organism that dates back to the
1950s (Sasso et al. 2018; Salomé and Merchant 2019). Despite this
long history of research, no viruses that infect C. reinhardtii have
yet been reported, and the diversity of viruses that infect this alga
in nature remains unknown. In a recent study, we identified the
widespread endogenization of ‘giant viruses’ in numerous green
algae, which provides evidence of virus-host interactions that take
place in nature (Moniruzzaman et al. 2020b). These Giant Endoge-
nous Viral Elements (GEVEs) derive from giant viruses within
the phylum Nucleocytoviricota, which possess large and complex
genomes that can reach up to 2.5 Mb in length (Philippe et al.
2013). Giant viruses often encode complex functional repertoires
in their genomes that include tRNA synthetases, rhodopsins,
cytoskeletal components, histones, and proteins involved in gly-
colysis, the tricarboxylic acid cycle, and other aspects of central
carbon metabolism (Aylward et al. 2021; Aylward and Moniruz-
zaman 2022a). Moreover, these viruses are widespread in the
environment and infect a wide range of eukaryotic hosts, includ-
ing green algae (Endo et al. 2020; Moniruzzaman et al. 2020a;
Schulz et al. 2020; Meng et al. 2021; Ha, Moniruzzaman, and
Aylward 2021). The complex genomes of giant viruses coupled

with their collectively broad host range and ability to endoge-
nize into the genomes of their hosts provides compelling evi-
dence that they may be important vectors of gene transfer in
eukaryotes.

In our initial genomic survey of GEVEs we did not find evi-
dence of endogenous giant viruses in the type strain C. reinhardtii
(CC-503 cw92). However, several studies have recently reported
high-throughput DNA sequence libraries of many C. reinhardtii
field isolates as part of population genetics analysis. In this study
we surveyed these strains for evidence of GEVEs. We report that
near-complete genomes of giant viruses are present in several
field isolates, and our results suggest that C. reinhardtii is a host
to at least two distinct lineages of giant viruses. These are the
first insights into the diversity and genomic complexity of viruses
infecting C. reinhardtii in nature. We anticipate that this widely
studied green alga will be a valuable model for future studies of
virus-host interactions and the mechanistic aspects of giant virus
endogenization.

Results

We analyzed publicly available high-throughput genome sequenc-
ing data for thirty-three wild strains of C. reinhardtii. These
data were originally generated for population genomic studies of
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diverse C. reinhardtii strains (Flowers et al. 2015; Craig et al. 2019;
Hasan, Duggal, and Ness 2019). After de novo assembly and anno-
tation (see Methods for details), we identified GEVEs in six of the
wild strains (Fig. 1A, B). In five of these (CC-2936, 2937, 2938, 3268,
and GB-66), the GEVEs range from 315 to 356 kb in size and har-
bored all but one Nucleocytoviricota hallmark genes, indicating
that near-complete genomes of endogenous giant viruses have
been retained in these strains (Fig. 1B, Dataset S1). In contrast,
CC-3061 harbors a GEVE ~113 kb in size with five out of the ten
hallmark genes, indicating that part of the GEVE was lost over
the course of evolution (Supplementary Methods, Dataset S1). We
also analyzed the assembled genome of Chlamydomonas incerta,
a species phylogenetically closest to C. reinhardtii, for which a
long-read assembled genome has been recently reported (Craig
et al. 2021). This analysis revealed a GEVE ~475-kb long which
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is integrated within a single 592-kb contig of this alga (Fig. 1B).
We developed PCR primers from the major capsid protein and
DNA polymerase B genes of the GEVEs and used it on two
GEVE-harboring strains (CC-2937 and CC-3268) and two strains
where GEVE genomes were not detected (CC-3065 and CC-2931). A
DNA fragment of the expected length was detected in the GEVE-
harboring strains and were absent from others (Supplementary
Fig. 1), confirming our bioinformatic predictions. Moreover, trans-
mission electron microscopy confirmed that no visible free virions
could be identified in the cultures of strains CC-2937 and CC-3268
(Supplementary Fig. 2).

Using a newly established taxonomy of Nucleocytoviricota
(Aylward et al. 2021), we determined the phylogenetic posi-
tion of the C. reinhardtii and C. incerta GEVEs and their relation-
ships with other chlorophyte GEVEs that were recently reported
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Figure 1. General features and phylogeny of the GEVEs. (A) Maximum likelihood phylogenetic tree of the GEVEs and representative members from
diverse NCLDV families constructed from a concatenated alignment of seven NCLDV hallmark genes (see Methods). Individual families within each
order are indicated with abbreviations (IM—Imitervirales and AG—Algavirales) followed by family numbers, as specified previously

(Aylward et al. 2021). IDs of the GEVEs are indicated in bold-italic. (B) Basic statistics of the GEVEs present in various fleld strains of C. reinhardtii and
the GEVE present in the C. incerta genome. (C) Functional potential of GEVEs as eggNOG categories. Categories of genes are normalized across all the
NOG categories except S (function unknown) and R (general function prediction). Raw functional annotations are in Dataset S1. NOG categories:

[J] Translation; [F] Nucleotide metabolism; [T] Signal Transduction; [M] Cell wall/membrane biogenesis; [A] RNA processing and modification;

[O] Post-translational modification, protein turnover, and chamerone; [G] Carbohydrate metabolism; [Q] Secondary structure; [Y] Nuclear structure;
[U] Intracellular trafficking and secretion; [Z] Cytoskeleton; [E] Amino acid metabolism; [N] Cell motility; [B] Chromatin structure and dynamics;

[H] Coenzyme metabolism; [V] Defense mechanism; [C] Energy production and conversion; [P] Inorganic ion transport and metabolism; [I] Lipid
metabolism; [D] Cell cycle control; [L] Replication and repair; [K] Transcription.

*Chlamydomonas incerta GEVE length includes flanking eukaryotic regions.
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(Moniruzzaman et al. 2020b) (Fig. 1A). Five of the strains harbored
GEVEs that formed a cluster within the Imitervirales order, con-
sistent with their high pairwise average amino acid identity (AAI).
The GEVE in C. incerta was the closest phylogenetic relative of
the Imitervirales GEVEs in C. reinhardtii, indicating that closely
related giant viruses infect closely related Chlamydomonas species
in nature. These GEVEs formed a sister clade with the GEVEs
present in six other volvocine algae and belonged to the Imiter-
virales family 12 (Fig. 1A). In contrast to the GEVEs that could be
classified as Imitervirales, the GEVE in CC-2938 strain belonged
to the Algavirales (Fig. 1A), indicating that C. reinhardtii is infected
by multiple phylogenetically distinct lineages of giant viruses in
nature.

The coverage of the GEVE contigs was generally similar to those
of the host Chlamydomonas contigs (see Supplementary Informa-
tion), consistent with their presence as endogenous elements. The
exception was the GEVE in CC-2938, in which two large contigs
exhibited the same coverage as those of the host (~8 reads per
kb per million), while the remaining GEVE contigs had coverage
roughly twice that. This unusual pattern may be the product of
large-scale duplication that recently took place in part of this
GEVE. Indeed, recent work on other GEVEs in green algae found
that large-scale duplications are common in GEVEs (Moniruzza-
man et al. 2020b). This would explain why two large contigs with
a summed length of 109 kb retain similar coverage compared to
the host contigs, while the rest of the GEVE contigs have roughly
double that coverage.

The %GC content of the C. reinhardtii GEVEs ranged from
58.27 per cent (CC-2938) to 60.72 per cent (CC-3268), which is sim-
ilar to the overall genomic GC content of C. reinhardtii (64 per
cent) (Merchant et al. 2007). Similarly, the GC content of the C.
incerta GEVE was 64.8 per cent, resembling the overall GC content
of the C. incerta genome (66 per cent) (Craig et al. 2021) (Fig. 1B).
The GEVEs also contained several predicted spliceosomal introns,
ranging from twenty-five (CC-3061) to seventy-two (C. incerta).
Spliceosomal introns are rare in free Nucleocytoviricota but have
been previously found in GEVEs present in other members of the
Chlorophyta (Moniruzzaman et al. 2020b). It remains unclear if
the relatively high %GC content and spliceosomal introns are fea-
tures of the viruses themselves or if the evolution of these features
evolved after endogenization. In addition, the GEVE in C. incerta
was flanked by highly repetitive regions on both ends (Fig. 2A).
The repetitive region at the 5’-end harbors several reverse tran-
scriptases and transposases (Dataset S1). These regions also have
higher intron density compared to the GEVE region itself and
lower number of Giant Virus Orthologous Group (GVOG) hits, con-
sistent with their eukaryotic provenance (Fig. 2A). This suggests
that near-complete genomes of giant viruses may integrate within
highly repetitive regions of eukaryotic genomes. It is possible that
transposons may play a role in this process, potentially as loci
for recombination that are found in both the algal and the viral
genomes.

The GEVEs in C. reinhardtii encoded 99 (CC-3061) to 254
(CC-2937) predicted genes, while the C. incerta GEVE-encoded 355
predicted genes. Most of the genes were shared among the Imiter-
virales C. reinhardtii GEVEs, consistent with their high average
AAI to each other (>98.5per cent in all cases, Dataset S1). These
GEVEs also shared a high number of orthogroups with the C.
incerta GEVE (Dataset S1). In contrast, only a few orthogroups
were shared between the Imitervirales and the Algavirales GEVEs,
consistent with the large phylogenetic distance between these
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lineages. Between ~44 per cent and 55per cent of the genes in
the C. reinhardtii and C. incerta GEVEs have matches to GVOGs,
confirming their viral provenance (Fig. 1B). In addition, different
genes in these regions have best matches to giant viruses, bacteria,
and eukaryotes, which is a common feature of Nucleocytoviri-
cota members given the diverse phylogenetic origin of the genes
in these viruses (Filée, Pouget, and Chandler 2008) (Fig. 2A). Based
on the Cluster of Orthologous Group (COG) annotations, a high
proportion of the GEVE genes are involved in transcription and
DNA replication and repair; however, genes encoding translation,
nucleotide metabolism and transport, signal transduction, and
posttranslational modification were also present, consistent with
the diverse functional potential encoded by numerous Nucleocy-
toviricota (Fig. 1C).

A previous study has shown that several field strains of C.
reinhardtii harbor many genes that are absent in the reference
genome (Flowers et al. 2015), which were possibly acquired from
diverse sources. To quantify the amount of novel genetic mate-
rial contributed by giant viruses to C. reinhardtii, we estimated
the number of unique gene families in the analyzed C. rein-
hardtii field strains that are absent in the reference strain CC-
503. On average ~1.78per cent of the genes in the field strains
were unique compared to the reference strain (Fig. 2B). Moreover,
the GEVE-harboring field strains have significantly enriched in
novel genes compared to those without GEVEs (two-sided Mann-
Whitney U-test P-value < 0.05, Fig. 2B). These results suggest that
the endogenization of giant viruses is an important contributor
to interstrain genomic variability in C. reinhardtii. Recent stud-
ies have highlighted the importance of horizontal gene transfer
in structuring the pangenome of diverse eukaryotes (Fan et al.
2020; Sibbald et al. 2020), and genes originating from endogenous
Nucleocytoviricota were found to shape the genomes of many
algal lineages, including members of the Chlorophyta (Moniruzza-
man et al. 2020b; Nelson et al. 2021). Compared to the GEVE-free
strains, GEVE-containing strains harbored a significantly higher
proportion of genes from two COG categories including Tran-
scription and Replication and Repair (two-sided Mann-Whitney
U-test P-value < 0.05) (Fig. 2B). Altogether, these GEVEs con-
tributed many genes with known functions, including glycosyl-
transferases, proteins involved in DNA repair, oxidative stress, and
heat shock regulation (Dataset S1).

A recent comparative genomic analysis of C. reinhardtii ana-
lyzed the population structure of this alga and concluded that
isolates from North America belong to two primary populations
(NA1 and NA2) (Craig et al. 2019). Interestingly, we found Imitervi-
rales GEVEs in both NA1 and NA2 populations, and in both cases
these populations include strains for which GEVEs could not be
detected. Indeed, strains CC-2931, CC-2932, and CC-3268 were all
isolated from the same garden in NC, yet a GEVE could only be
detected in CC-3268. This patchwork distribution of the Imiter-
virales GEVEs within C. reinhardtii populations suggests that they
are the product of independent endogenization events rather than
a single event in their shared evolutionary history. Moreover, the
Imitervirales GEVEs we identified here fall within the same clade
as most of the GEVEs we previously identified in other green algae.
The prevalence of GEVEs within a particular lineage, together with
their patchwork distribution across C. reinhardtii strains in the
same population, suggests that GEVEs are the product of an active
endogenization mechanism that takes place over short timescales
rather than ‘accidental’ endogenization that may result from the
illegitimate recombination that occurs during infection.
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Figure 2. GEVE genomic and functional characteristics. (A) Circular plots of two representative GEVEs in C. reinhardtii and the GEVE present in C.
incerta. For C. reinhardtii one representative Imitervirales GEVE (CC-2937) and the Algavirales GEVE (CC-2938) are shown. Circle plots show GVOG HMM
hits, spliceosomal introns, and the best LAST hit matches (see Supplementary Methods). Internal blue links delineate the duplicated regions. The
eukaryotic regions flanking the C. incerta GEVE are delineated with light blue stripes. (B) Unique genes in the field strains of C. reinhardtii compared to
the reference strain CC-503. The heat map represents the percentage of unique genes that can be classified in different eggNOG categories (except
category [R]—general function prediction and [S]—function unknown). Categories marked with **' are significantly overrepresented in the
GEVE-containing strains compared to those without GEVEs (Mann-Whitney U-test, P<0.05). The bar plot on top of the heat map represents the
percentage of unique genes in each strain. GEVE-containing strains have significantly higher percentages of unique genes compared to the strains
without GEVEs.

Discussion the GEVEs could be potentially co-opted by the host, leading to
changes in certain phenotypes compared to closely related strains
without GEVESs. Strain-specific endogenization can also potentially
lead to intraspecific variations in chromosome structure, partly

While much work remains to elucidate the role of GEVEs in shap-
ing the ecological and evolutionary dynamics of C. reinhardtii,
several possibilities remain open. Some genes contributed by
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mediated by the GEVE-encoded mobile elements (Filée 2018).
Finally, it is also possible that some of these GEVE loci can pro-
duce small interfering RNAs (siRNAs) that might participate in
antiviral defense, and similar phenomena have been suggested
for the virus-like loci in the genome of moss (Physcomitrella patens)
(Lang et al. 2018). Recent studies on the large-scale endogeniza-
tion of giant viruses into diverse green algal genomes suggest that
interactions between giant viruses and their algal hosts frequently
shape eukaryotic genome evolution (Moniruzzaman et al. 2020b;
) and lead to the introduction of large quantities of novel genetic
material. Our results indicate that these endogenization events
can lead to genomic variability not only between algal species, but
also between strains within the same population. Results reported
in this study advance our understanding of how giant viruses
shape the genome evolution of their hosts, while also expand-
ing the scope of C. reinhardtii as a model organism to study the
evolutionary fate and consequences of giant virus endogenization.

Methods
Raw sequence data and genome assembly

We investigated paired-end lllumina sequence data from thirty-
three wild strains that were analyzed in three different studies
(Flowers et al. 2015; Craig et al. 2019; Hasan, Duggal, and Ness
2019). Illumina sequence read libraries were downloaded from
NCBI Sequence Read Archive (SRA) (see Dataset S1). Data from
twenty-seven libraries were assembled using SPAdes v3.13.1 (Prji-
belski et al. 2020) (parameters: -meta). For six of the libraries (CC-
3060, CC-3062, CC-3063, CC-3064, CC-3065, and CC-3073), SPAdes
assembler failed as it required more memory than was avail-
able on our computing nodes. We assembled these libraries using
MEGAHIT (Li et al. 2015) with default parameters following qual-
ity trimming using TrimGalore (https://github.com/FelixKrueger/
TrimGalore) (parameters: —length 36, —stringency 1, and -q 5).

Curation of GEVE contigs

We identified the preliminary candidate viral contigs from each
assembled C. reinhardtii strains and C. incerta assembled genome
using ViralRecall v.2.0 (using the contig screening parameter
-c’) (Aylward and Moniruzzaman 2022b). We identified Nucle-
ocytoviricota hallmark genes in these contigs using a Python
script that we previously developed (https://github.com/faylward/
ncldv_markersearch). After identifying the NNucleocytoviricota
hallmark genes in these contig sets, we performed preliminary
phylogenies using the DNA polymerase gene, which revealed that
the endogenous viruses in five of the C. reinhardtii strains are highly
similar and belong to the Imitervirales, whereas one of these
strains harbored endogenous giant virus from the Algavirales
group. The C. incerta GEVE, which was found to be endogenized
in its entirety on a large contig, was found to be a close rela-
tive of the endogenous Imitervirales members from C. reinhardtii
strains (Fig. 1). The 5" and 3’ flanking regions of the C. incerta GEVEs
(~95 kb and ~22 kb, respectively) harbored features character-
istic of eukaryotic genomes, specifically, large repetitive regions
that have comparatively higher intron density and low number of
GVOG hits. The 5’ region also harbored a KDZ transposase (Pfam:
18,758) and two copies of zinc-binding regions associated with
reverse transcriptases (Pfam: 13,966) (Dataset S1). Based on this
evidence, we defined the C. incerta GEVE to be ~475 kb bordered by
these two flanking eukaryotic regions.

After determining the phylogenetic provenance of the endoge-
nous viruses in each of these strains, we screened all the contigs
detected by ViralRecall v2.0 to remove the contigs that originated
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from the C. reinhardtii reference chromosomal regions. We aligned
the contigs to the reference genome chromosomes using Min-
imap?2 (L12018) and removed contigs that were >90 per cent similar
to the reference chromosomes. Contigs that shared >50-90per
cent similarity to the reference genome were manually inspected
andin all cases were found to encode repetitive protein domains of
diverse functions. It is possible that these regions originated from
the host genome through possible duplication in different strains,
and we excluded these contigs from subsequent analyses.

Following these steps, using the remaining set of contigs we
delineated the GEVEs in each of these strains harboring Imiter-
virales GEVEs. Given the phylogenetic proximity of the C. incerta
GEVE and its contiguous assembly in one large contig, we used this
GEVE as a guide to validate the C. reinhardtii Imitervirales GEVEs.
We aligned these contigs against the C. incerta GEVE at amino acid
level using the promer tool implemented in MUMmer package
(Delcher et al. 2002) to assess the similarity of these contigs to
C. incerta GEVE and determined all these contigs to be originating
from the same viral genome based on their alignment to this GEVE
(Supplementary Fig. 3). Given the fragmented nature of assembly
of individual libraries, it was possible that some of the viral regions
were missed by ViralRecall in one strain, but the same region was
detected in a different strain if that region was assembled into
a larger contig. Since the GEVEs in the Imitervirales family are
highly similar, we cross-referenced these confirmed viral contigs
between libraries to detect smaller contigs that were otherwise
missed by ViralRecall in one library but were detected in another.
These steps ensured the maximum recovery of the viral regions
from each library and allowed for a better estimation of the GEVE
size and comparative analysis between GEVEs.

To define the Algavirales GEVE in CC-2938, we performed hier-
archical clustering of the tetranucleotide frequency of the final
ViralRecall screened contigs along with the rest of the contigs from
the same host strain (>5 kb long). This analysis was performed to
ensure that the viral contigs cluster together and separately from
the host contigs, which will be expected based on their distinct
viral origin. The results confirmed a cluster of contigs to co-cluster
distinctly from the host contigs (Supplementary Fig. 4), which was
determined to be the Algavirales GEVE present in CC-2938.

Hybrid gene prediction

For predicting genes on the final set of GEVE contigs, a hybrid
gene prediction approach was taken, based on an approach we
developed previously (Moniruzzaman et al. 2020b). Specifically,
we first predicted genes using WebAUGUSTUS (Hoff and Stanke
2013) (http://bioinf.uni-greifswald.de/webaugustus/) and the C.
reinhardtii training model on the whole assembled genomes of
the C. reinhardtii strains. For the GEVE-harboring strains, we also
predicted genes using Prodigal v.2.6.3 (Hyatt et al. 2010), which
is widely used to predict genes in both prokaryotes and diverse
viruses, including NCLDVs. For the GEVE contigs, we retained
all the gene and intron predictions by WebAUGUSTUS and also
retained the Prodigal-predicted genes only if they did not over-
lap with the gene boundaries predicted by WebAUGUSTUS. This
hybrid approach allowed us to leverage both prediction strategies,
as we previously found that some viral genes can be missed by
WebAUGUSTUS but were predicted by Prodigal in these regions
(Moniruzzaman et al. 2020b).

Coverage analysis of GEVE and host contigs

If GEVE contigs were truly endogenous we would expect them
to have similar coverage to that of the rest of the C. reinhardtii
genome. To test this, we compared the coverage of the GEVE and
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host contigs by mapping reads from each genome onto its assem-
bly. We performed read mapping with CoverM (https://github.
com/wwood/CoverM) with the parameter ‘~min-covered-fraction
50’. To ensure that host contigs belonged to C. reinhardtii chro-
mosomes, we compared all contigs to the reference seventeen
chromosomes of C. reinhardtii strain CC-502 cw92 mt+ with LAST
(default parameters) and retained only contigs with an e-value
match of 1e-100. For this analysis, we only considered host contigs
>20 kb in length and GEVE contigs >10 kb in length. The results are
provided in Supplementary Fig. 5.

Read mapping to confirm GEVE absence

In the strains in which we did not identify GEVEs we sought to
confirm that their absence was real and not simply due to com-
plications arising from de novo assembly. For this we mapped raw
sequencing reads from all genomes against the set of GEVE con-
tigs from CC-2938 and CC-2937. These two were chosen because
CC-2938 is the sole Algavirales GEVE that we found, while CC-
2937 was the Imitervirales GEVE with the largest assembly recov-
ered. We mapped reads using CoverM (https://github.com/wwood/
CoverM) with the parameter ‘-min-covered-fraction 50’. Using this
approach, we confirmed the absence of GEVEs from all strains
except CC-3059, where reads could be mapped to four of the four-
teen reference contigs of the Imitervirales GEVE. This suggests that
CC-3059 contains a partial GEVE that could not be resolved in the
de novo assemblies, although in all other cases no GEVE contigs
could be recovered.

Functional annotation

We predicted the function of the protein sequences in each of the
GEVEs and the unique genes present in each field strain by search-
ing the proteins against hidden Markov model (HMM) profiles from
COG (Tatusov et al. 2000), Pfam v. 32 (Sara et al. 2019), eggNog V.
5.0 (Huerta-Cepas et al. 2019), eggNOG Viral (Huerta-Cepas et al.
2019), and VOG (vogdb.org) databases using ‘hmmsearch’ com-
mand implemented in HMMER v.3.21 (Eddy 2011) with an e-value
threshold of <0.00001. The best hit for a protein was evaluated
based on the highest bit score to a HMM profile.

Identification of unique genes in diverse field
strains

For the identification of unique genes that are present in different
field strains of C. reinhardtii but absent in the reference genome
(CC-503), we first predicted genes in all these genomes using
WebAUGUSTUS (Hoff and Stanke 2013) as described in the ‘Hybrid
gene prediction’ section. Some strain assemblies contained con-
tigs with coverage greater than twenty times the longest contigs
in the assembly, and manual inspection revealed that they likely
derived from bacterial contamination. To mitigate the impact of
this on our unique gene estimates, for this analysis we did not
consider contigs that had coverage greater than one standard
deviation above the mean for a given assembly. For the remain-
der of the contigs, the predicted proteins from the field strains
with and without GEVEs were searched against the reference CC-
503 proteins (C. reinhardtii assembly version 5.5) using ‘Blastp’
(parameters: -max_hsps 1 and -max_target_seqgs 1). To obtain a
conservative estimate of the unique gene families in each field
strain, only genes that had no homology at an e-value thresh-
old of 0.001 to the reference proteome were considered. Although
we predicted additional genes using Prodigal in the GEVE contigs
for GEVE functional analysis and homology searches, for estimat-
ing unique genes, we excluded the Prodigal predicted proteins.

This was done as we compared results across all field strains—
since Prodigal prediction is only relevant for the GEVE contigs and
cannot be included for the other contigs in the genome.

GVOG analysis

For identifying GEVE genes with similarities to diverse giant
viruses, we used a curated GVOG database that we recently con-
structed from 1,380 quality-checked genomes that include 1,253
metagenome-assembled genomes and 127 complete genomes
available in culture for Nucleocytoviricota members. GVOGs are
publicly available at https://faylward.github.io/GVDB/ (Aylward
et al. 2021). To evaluate hits to the GVOGs, we used ‘hmm-
search’ implemented in HMMER v.3.2.1 with an e-value threshold
of <0.00001.

Duplication and synteny analysis

We compared synteny between different GEVE regions using the
‘progressiveMauve’ tool implemented in Mauve package (Darling
2004). For determining the similarity of the C. reinhardtii GEVE con-
tigs to the C. incerta GEVE at the amino acid level, we used the
‘promer’ tool implemented in MUMmer (Delcher et al. 2002) with
the ‘“maxmatch’ option. We estimated the amount of repetitive
regions within each GEVE using RECON 1.0.8 (Bao and Eddy 2002),
with a nucleotide identity of >90 per cent.

AAI and orthogroup analysis

AAI between GEVE proteomes was calculated using a custom
Python script (https://github.com/faylward/lastp_aai), which car-
ries out pairwise LAST (v. 959) searches (parameter: -m 500) of
protein sequences and calculates the average AAls between all
possible pairs of genomes (Kietbasa et al. 2011). Orthogroups of
proteins among the GEVEs were calculated using Proteinortho
v.6.0.6 (Lechner et al. 2011) with default parameters (-identity = 25
and -cov=50).

GEVE phylogenies

For the phylogenetic reconstruction of the GEVEs along with
known NCLDVs, we used a subset of high-quality genomes
recently curated to develop a phylogenomic framework of Nucle-
ocytoviricota (Aylward et al. 2021). The GEVEs from this study
and a previous study (Moniruzzaman et al. 2020b) were included.
We used a concatenated alignment of a set of nine core genes as
described previously to be ideal for the phylogenetic reconstruc-
tion of Nucloecytoviricota (Aylward et al. 2021). Alignments were
generated using Clustal Omega (Sievers et al. 2011) and trimmed
with trimAl (Capella-Gutiérrez, Silla-Martinez, and Gabaldén
2009). The tree was constructed using IQ-TREE v1.6.9 (Nguyen
et al. 2015), and 1,000 ultrafast bootstrap replicates were per-
formed to assess the statistical support at the nodes (parameters:
-wbt, -bb 1000 and -m LG+I+G4). The tree was visualized using
iTOL (Letunic and Bork 2019).

Homology search

To identify the best match of the GEVE proteins in diverse domains
of life and viruses, we compared the GEVE proteins against a
database of NCBI RefSeq v. 99. To this end, we employed LASTAL
v. 959 with the parameter -m 5000’ for the increased sensitivity of
homology detection. Before evaluating the best hits, all the hits to
Chlorophyta were removed, to avoid self-hits. Taxonomic profile
of each best hit was determined by cross-referencing the hits to
the NCBI Taxonomy database (Federhen 2012). For this, we used
the Python API implemented in the ETE3 Toolkit (Huerta-Cepas,
Serra, and Bork 2016).
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Assessing the partial loss of GEVE in CC-3061

The total length of the final set of screened GEVE contigs in CC-
3061 was ~115 kb long, which is much smaller than the other C.
reinhardtii strains harboring GEVEs. This suggests that the GEVE in
CC-3061 went through partial loss over the course of genome evo-
lution. However, it is also possible that due to fragmented assem-
blies obtained from the raw data, some of the GEVE regions failed
to assemble and hence were missed by our screening approach.
If that is the case, we should still be able to find the reads corre-
sponding to such small contigs. As the Imitervirales GEVEs in the
C. reinhardtii strains are highly similar to each other, we mapped
the raw reads from CC-3061 library to one of the near-complete
GEVEs from strain CC-2937. We found that although several of
the CC-2937 GEVE contigs had good coverage, other contigs had
Zero or near-zero coverage, indicating that reads originating from
these regions are absent in the CC-3061 library (Coverage values
available in Dataset S1). This analysis confirmed that the regions
missing in the CC-3061 GEVE are due to partial loss and not an
artifact of lower quality assembly or low sequencing depth.

PCR amplification of GEVE-specific marker genes
in select strains

Chlamydomonas reinhardtii strains CC-2931, CC-2937, CC-3065, and
CC-3268 were purchased from the Chlamydomonas Resource Cen-
ter (Minneapolis, MN, USA) and cultured on agar plates with
tris-acetate phosphate (TAP) medium at 25°C, under a 16:8h
light:dark photoperiod. Total genomic DNA was isolated from
colonies using the protocol described by Nouemssi et al. (2020).
The ITS1-5.8S-ITS2 region was PCR-amplified as a positive con-
trol using the primers Fw_ITS1 and Rv_ITS4 described by White
et al. (1990). Evidence of GEVEs was confirmed through PCR using
viral polymerase B and capsid-specific primers: GEVE_PolB_Fw
(5"-AACTCCCTTTACGGCCAGAT-3"), GEVE_PolB_Rv (5'-CACGCAG
TGTCCGAGTAGAA-3"), GEVE_cap_Fw (5'—GACGGCTACGACCGT
ATGAT—3’), and GEVE_cap_Rv (5'-CATCACCCAAATCAGCTC
CT-3’), which were designed to amplify 248- and 450-bp frag-
ments, respectively. PCR amplification was performed in a final
volume of 25 pl containing 1x of ReadyMix™ Taq PCR Reaction Mix
(Sigma-Aldrich, St. Louis, MO, USA), 0.3 pM of each primer, and 2 pl
of DNA template. For all reactions, the PCR program consisted of
an initial denaturation step at 95°C for 5min, followed by thirty-
five cycles of 95°C for 30 s, annealing at 55°C for 30 s and 72°C
for 1min, and followed by a final extension step at 72°C for 5 min.
PCR products were separated by gel electrophoresis on a 1.5 per
cent agarose gel in Tris-Acetate-EDTA (TAE) buffer.

Transmission electron microscopy

For electron microscopy, GEVE strains CC-2937 and CC-3268 were
grown in liquid TAP media for 3 days and cells were fixed overnight
at 4°C with 2 per cent glutaraldehyde prepared in 0.1 M Phosphate
Buffer Saline (PBS) buffer. After fixation, cells were centrifuged
and rinsed three times with 0.1M PBS buffer to remove the fix-
ative and the supernatant was replaced with 500 ul of low melting
agarose (4per cent). Agarose-embedded samples were postfixed
for 1 h in 2per cent OsO, and rinsed three times with deion-
ized water (Saikachi, Sugasawara, and Suzuki 2021). Dehydration
was achieved by submerging the samples in ethanol solutions of
increasing concentration and further transferring to a 1:1 propy-
lene oxide:ethanol solution for 30 min and then to pure propylene
oxide for 30min (Graham and Orenstein 2007). Samples were
infiltrated in 1:1 propylene oxide/Poly/Bed 812 resin mixture for
120min and 24 h, placed into pure Poly/Bed 812 for 24 h, and finally
into silicone molds that were filled with fresh Poly/Bed 812. The
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resin was polymerized at 60°C for 72h (Graham and Orenstein
2007). Ultra-thin sections of 100 nm were cut with a Leica EM UC7
ultramicrotome and an ultra 45° DIATOME® diamond knife, which
were placed on 200-mesh copper grids (Rey, Faruqui, and Ryad-
nov 2021). Samples were stained with uranyl acetate 3 per cent
and Reynold’s lead citrate solution for 10min and 4 min, respec-
tively (Graham and Orenstein 2007; Rey, Faruqui, and Ryadnov
2021). Images were obtained with a JEOL JEM-1400 series 80 kV
Transmission Electron Microscope.

Data and code availability

Dataset S1 contains information regarding the raw data source,
GEVE functional annotations, hallmark gene distribution in each
GEVE, and coverage information of the partial GEVE in CC-3061.
All the GEVE fasta files, unique gene fasta in each of the strains
and their annotations, and concatenated alignment file used
to build the phylogenetic tree in Fig. 1 are available in Zen-
odo: https://zenodo.org/record/4958215. Code and instructions for
ViralRecall v2.0 and NCLDV marker search scripts are available at:
github.com/faylward.

Supplementary data

Supplementary data are available at Virus Evolution online.
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