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Abstract

putative eukaryotic virus hosts.

Global distribution

Background: Virophages are small viruses with double-stranded DNA genomes that replicate along with giant
viruses and co-infect eukaryotic cells. Due to the paucity of virophage reference genomes, a collective understanding
of the global virophage diversity, distribution, and evolution is lacking.

Results: Here we screened a public collection of over 14,000 metagenomes using the virophage-specific major capsid
protein (MCP) as “bait.” We identified 44,221 assembled virophage sequences, of which 328 represent high-quality
(complete or near-complete) genomes from diverse habitats including the human gut, plant rhizosphere, and terrestrial
subsurface. Comparative genomic analysis confirmed the presence of four core genes in a conserved block. We used
these genes to establish a revised virophage classification including 27 clades with consistent genome length, gene
content, and habitat distribution. Moreover, for eight high-quality virophage genomes, we computationally predicted

Conclusion: Overall, our approach has increased the number of known virophage genomes by 10-fold and revealed
patterns of genome evolution and global virophage distribution. We anticipate that the expanded diversity presented
here will provide the backbone for further virophage studies.
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Background

Virophages are a group of circular double-stranded
DNA (dsDNA) viruses taxonomically classified within
the Lavidaviridae family [1]. They co-infect unicellular
eukaryotic hosts with members of the Mimiviridae fam-
ily, a group of nucleocytoplasmic large DNA viruses
(NCLDV) [2-4]. By siphoning off resources within the
giant virus factory, virophage replication reduces the
number of giant virus progeny, thereby increasing host
survival [5].
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Since 2008, when virophages were discovered in a
water-cooling tower (virophage Sputnik) [5], genome
sequences have been obtained for five cultured isolates:
Sputnik2 (from lens liquid), Sputnik3 (from soil),
Mavirus (from coastal waters), Zamilon (from soil), and
Zamilon2 (from a bioreactor) [5-9]. These five viro-
phages have been classified into two genera: Sputnikvirus
(including Sputnik and Zamilon genomes) and Mavirus
[10]. All five reference isolated genomes lack an envelope,
form small icosahedral capsids (diameter of 35-74 nm),
and have genomes ranging from 17 to 19 kb in length [11].

The rate of discovery of new virophages recently took
a big leap due to the recovery of 20 virophage genomes
from metagenomes. Of these, 18 were identified in di-
verse lake microbiomes (from Antarctica [12, 13], China
[14, 15], and the US [13, 16, 17]) and the remaining two
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were assembled from sheep rumen samples [18]. Add-
itionally, partial virophage genome sequences have
been detected in these same samples and in various
aquatic environments (marine water, wastewater,
sludge [13, 18]) as well as in non-aquatic habitats
(soils, air, bioreactors, animal, or human gut). Although
mammals could be exposed to giant viruses and viro-
phages, and giant viruses have been isolated from human
fecal and lung samples [19-21], there is very limited evi-
dence of virophages being present in humans [11].

Virophage genomes display highly variable gene con-
tent and are most closely related to members of polin-
tons (a widespread group of eukaryotic large DNA
transposons [22]). Only four genes are conserved in
almost all known virophage genomes: (1) MCP and (2)
mCP, major and minor capsid proteins, respectively, in-
volved in morphogenesis; (3) an ATPase involved in
DNA packaging; and (4) PRO, a cysteine protease impli-
cated in capsid maturation [16, 18]. Among these “core”
genes, MCP sequences have been used as bait for the
discovery of new virophage genomes [18] since the
ATPase and PRO genes have homologs outside the vir-
ophage group, and the mCP was not always detected
with stringent search criteria.

Here, we generated new hidden Markov models (HMMs)
for virophage MCPs through a two-step process and used
these HMMs to search for virophage genomes in 14,000
publicly available microbiomes from ecologically diverse
samples. This resulted in the identification of 328 diverse
new virophage genomes containing all four core genes,
which led to a major revision of the classification of the
Lavidaviridae (virophage) family. Finally, we computation-
ally predicted putative associated giant viruses for a subset
of virophages.

Results

Vast diversity and global distribution of virophage major
capsid proteins (MCPs) across microbiomes

Virophages have been previously detected from micro-
biome datasets using the major capsid protein (MCP)
genes as signature sequences in homology-based queries
[6, 12—15, 17, 18, 23]. Here, we combined known MCP
sequences with homologous sequences recruited from
the Integrated Microbial Genomes with Viruses database
(IMG/VR) [24] and over 10,300 diverse microbiomes
from the Integrated Microbial Genomes with Microbiomes
(IMG/M) system [25] to generate 15 new virophage MCP
hidden Markov models (details in the “Methods” section).
These models were then used as bait to capture new vir-
ophage sequences from a large set of geographically and
ecologically diverse samples that included all of the public
IMG/M microbiomes together with an assembled set of
3771 human gut datasets downloaded from the NCBI’s
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Sequence Read Archive (SRA) [26] (see the “Methods” sec-
tion and Fig. 1).

This approach led to the identification of 44,221 total
virophage sequences (Additional file 1: Table S1), in-
cluding 28,294 new non-redundant MCP sequences (4%
of them predicted as complete or near-complete genes;
the “Methods” section) that were compared against the
isolate virophage MCPs and the previously published
metagenomic MCPs to build two histograms that reflect
the breadth of this gene sequence space (Fig. 2a), greatly
expanding the known diversity of this virophage marker.
Most of the non-redundant newly discovered MCP se-
quences (88%) were found in aquatic environments (in-
cluding freshwater and marine samples) (Fig. 2b). This
was expected due to a fair representation of these habitat
types (11% and 15% of freshwater and marine samples,
respectively) in the public databases (details in the
“Methods” section) [27, 28] and especially in the pub-
lished genomes from which the MCP models were gen-
erated. The remaining 12% of MCPs were found in
diverse habitats including different types of soil, distinct
host-associated microbiomes, and various bioreactor
samples (Fig. 2b). Each MCP model typically retrieved
virophage sequences from multiple habitats; for example,
MCP models four and five targeted virophage sequences
from several habitats, although they were predominantly
found in freshwater and marine systems, respectively.
However, some models only retrieved sequences from
specific habitats, e.g,, MCP models 1, 2, 6, 11, and 15
were found almost exclusively in aquatic samples and
models 7, 13, and 14 were only associated with arthro-
pods, ruminants, or human gut-associated samples
(Additional file 1: Table S2; Fig. 2c). The two-step itera-
tive process enabled a deeper search establishing associa-
tions between the MCP models and novel habitat types.
When habitat types were clustered based on the fraction
of hits from any model, two separate habitat groups
were observed: habitats where virophages were previ-
ously undetected (predominantly host-associated, in-
cluding samples from human, baboon, and arthropods;
air; sediments and engineered microbiomes), and those
where the presence of virophages was previously known
(i.e., aquatic and terrestrial microbiomes) (Fig. 2c). A
multi-model approach with iterative model refinement is
thus highly valuable for discovering new members of
virus groups with only a handful of references.

Virophage genome recovery and completeness

Four hundred sixty-nine non-redundant metagenomic
virophage sequences were larger than 10 kb (Additional
file 1: Table S3) and were selected for further analysis
together with 58 published virophage and related se-
quences (33 complete and near-complete virophages and
25 polinton viruses). Protein coding genes from those
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Fig. 1 Virophage discovery pipeline. a MCP amino acid sequences from reference isolated genomes and published metagenomic contigs were
queried against the IMG/VR database with stringent e value cutoffs. All homologous sequences detected were then clustered together to build
four independent MCP profiles (HMM models; see details in the “Methods” section). b The resulting four MCP models were used to recruit
additional homologous sequences from the entire IMG/M system (containing over 10,000 public samples). All new sequences were clustered, and
models were built creating a final set of 15 unique MCP HMMs. ¢ These 15 unique MCP HMMs were then used to search two different databases
for homologous sequences: the IMG/M system and a custom assembled human gut database containing 3771 samples from NCBI's Sequence
Read Archive (SRA). d The resulting set of 28,294 non-redundant (NR) sequences (Additional file 1: Table S1) with stringent e value cutoffs was
filtered by size and e by the presence of the four core virophage genes (high-quality genomes; HQ virophages). Finally, we predicted
completeness of novel metagenomic virophage genomes based on circularity or presence of inverted terminal repeats (ITR)

contigs were extracted and grouped into families using a
two-step approach, which generated a set of 711 viroph-
age protein clusters (VpPCs) (see the “Methods” section
and Additional file 1: Table S4). Using a combination of
filtering criteria that included the presence of the four
core virophage genes (MCP, mCP, ATPase, and PRO), a
minimum contig size of 10kb, and sequence de-
replication, we identified 328 virophage contigs as “near-
complete” which will be referred to hereafter as high
quality (HQ) (Fig. 1e). Of those contigs, 89 were likely to
represent complete genomes based on additional fea-
tures such as predicted circularity and/or the presence
of inverted terminal repeats (ITR) (51 circular, 35 ITR,
and 3 with both features). Prior to our study, the
complete genomes from 23 predicted virophages ranged
in size from 13.8 to 29.7 kb and encoded 13 to 25 genes
[11, 13, 16]. The newly identified 89 complete viro-
phages expanded the putative genome size range from
10.9 to 42.3 kb and the range of gene counts from 12 to
39 (Additional file 1: Table S5). Interestingly, the mCP, a

penton protein homolog that displays a single jelly-roll
fold [29], was split into two separate VpPCs. One of
these was exclusively identified in rumen and human
microbiome samples and carried a distinct sequence pat-
tern, which could explain why it remained unrecognized
as an mCP in previous analyses of rumen samples [18].
The 328 HQ virophage genomes were distributed
across differing ecosystems (freshwater, marine, engi-
neered, host-associated, soils, and thermal spring sam-
ples) and a wide variety of geographical and ecological
niches. For example, within the freshwater habitat type,
we recovered HQ virophage genomes from wetlands and
freshwater sediments, as well as lakes in northern
Canada, midwestern USA (Wisconsin, North Dakota,
Minnesota, Ohio, and Kansas), southeastern USA
(Georgia), California (Yosemite), Germany, and Congo
(Additional file 1: Table S5). We also recovered HQ vir-
ophage genomes from multiple marine habitats ranging
from coastal waters to deep-ocean and hydrothermal
vents, across different types of soils, and in a great
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Fig. 2 Diversity and habitat distribution of MCP sequences. a MCP sequence diversity of the 28,294 non-redundant sequences (de-replicated at
95% identity over 95% of the shortest length; see the “Methods” section) represented by a blastp score histogram against isolate virophage MCPs
(upper) or previously reported metagenome-derived MCPs (bottom). The more dissimilar MCP sequences (score < 200) are shown in red while
those related to MCPs from isolated virophages (Sputnik, Mavirus, and Zamilon) or previously published MCP sequence are shown in black and
green, respectively. b Habitat type distribution of the non-redundant MCP dataset. Total number of MCP counts by habitat type in logarithmic
scale. Colors represent the proportion (non-logarithmic) of non-redundant MCP sequences from the groups in panel a; code: MCP counts from
similar to an isolated virophage in black; MCP counts from similar to a previously published virophage in green; MCP counts from more dissimilar
detected sequences in red. c Link between MCP models and the habitat types where their associated sequences were found. The heat map
indicates the percentage of hits to each MCP model per habitat type. MCP models containing sequences from isolated virophages or reference
metagenomes are indicated at the bottom with the name of the isolate or with an asterisk, respectively. Hierarchical clustering (complete linkage)
of both models and habitats was applied after a quantile normalization. Although unlikely, some MCP sequences identified on short contigs with
uncertain origin may derive from virophage MCPs integrated in their host genomes

variety of host-associated samples including plants, ru-
minants, and humans (Additional file 1: Table S5).

Expanding the virophage classification

In order to infer the phylogenetic relationships of the
newly identified 328 HQ virophage genomes to the pub-
lished virophages, a phylogenetic tree was constructed
based on the concatenated alignment of the four core
genes (full-length) (see the “Methods” section). We iden-
tified 27 distinct well-supported clades (Vp.cl), 17 of
which (comprising 64 sequences) had no published se-
quences and are thus considered novel (Fig. 3a, b). The
remaining 10 groups containing published genome

representatives were also greatly expanded through the
addition of 264 sequences corresponding to a ~ 9-fold
increase over the previously known published sequences.
The expansion of the previously characterized clades
was observed even in some of the best-represented
groups. For example, Vp.cll4 (containing the OLV,
QLV, DSLV1, YSLV1, YSLV2, YSLV3, YSLV4, YSLV6,
and seven different Lake Mendota virophages) and
Vp.cl15 (containing YSLV5, Bigelowiella natans viroph-
age and 3 Trout Bog virophages) were expanded by 87
and 90 new members, respectively. A strong correlation
was observed between members of each clade in terms
of organization of the four core genes along the genome,



Paez-Espino et al. Microbiome

(2019) 7:157

Page 5 of 14

(A) (B) (C) MCP hmm model (D) Synteny (E)  (F) Habitat type (G)Length (H) Total counts
Tree scale: 01— 0% 5%  50%  75%  100% 0%  25%  50%  75%  100% 10,000 20,000 30,000 40000 0 10 20 30
A temarense-vpclt N - EEE 1)1
el e NN TEEEE Y4 HIH 1
L e voos mn 11
oo - 1M
—, Yolvr.s mER 68 0~ r
—l, vocs R 911 ] -
<< TBH_10005622-c7 —EEEE- 23 — H -
—— . 11 | !
- oo I EEE 22 | !
Voo 11 [
‘ Vel 111 — | !
—, Y e 12 [ I
‘ RvP-c1s L 1 ] 6/6
‘ OLV-clt4 | 2R 98/101 . o pefefde e —
vstvs-cits [ pEE- 90/94 —— w ==
el voorts a2 ——
el i mEE 23 I | [
——T voere 1 [
—, RO DS gEan 1016 i k
Yoo DN 0 gy 44 - | \
i, e pEEn 36 [
‘ spunikc22 I — mEEE- 2855 |INMMEEE [ i e .
TeE_1001671-cs N g 78 W I | i
Voot B 10715 ] r
Vp.ci25 1 171 |
< Voot 44—
vpcz7 Il pE 911 — | 1
model1 mmm model6 W Engineered m Terrestrial (soil) )
Branch support values = model? model8 model12 I ATPase = Froshwater W Thermal springs I Circular
oo model3 B modeld I model13 I PRO = Marine ) ! Host (plants) TR
’ 8 model14 . mCP Non-marine Saline Alkaline Host (plankton)
B model4 model10
B model15 . MCP Estuary, salt marsh, wetland == Host (human)
model5 B model11 Terrestrial (other) Host (ruminant)
Fig. 3 Classification scheme of virophage genomes and details of new clades. a Maximum likelihood phylogenetic tree of HQ virophage
genomes, i.e, virophage sequences > 10 kb containing the four core genes, based on the concatenated alignment of MCP, mCP, ATPase, and
PRO. Each of the 27 clades corresponds to a proposed clade. The scale bar represents substitutions per site. Branch support values are shown at
each node and indicated in the legend. b Virophage clade (Vp.cl) identifier. Names of clades containing previously reported virophage genomes
include the name of one known virophage (e.g., OLV-cl14). Names of the new clades are shown in red. ¢ The distribution of MCP models best hit
in the virophage clade. d Synteny structure of the four core virophage genes of the HQ virophage genomes. e The proportion of the members
of each clade with the syntenic organization shown in d. f Habitat types of all the sequences in a clade with their color code description in the
captions below. g Genome length distribution of the virophage genomes per clade. h Total number of virophage genomes with circular
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for the 89 complete virophage genomes

habitat type, and closest MCP model (Fig. 3c—f). For
example, 9 of 11 members of Vp.cl27 had the ATPase,
mCP, and MCP genes colocalized (in this order), 11
members were found in freshwater habitats, and 10 of
the MCP genes were detected via the HMM model #8.
Genome length within a clade tended to be homoge-
neous, except for clades 5 and 16 where a twofold
variation in genome length was observed (Fig. 3g). No
correlation between predicted genome structure (cir-
cularity vs. ITR) and clade affiliation was observed
(Fig. 3h). The previously reported rumen virophage
sequences [18] were clustered within the same clade
(Vp.cl13) along with four new sequences from the
same habitat type.

Conserved syntenic regions among virophage genomes

A colocalization of the four core genes (MCP, mCP,
PRO, and ATPase) plus an additional gene putatively
coding for a methyltransferase (MTase) was previously

detected only in Mavirus and its close relative Acid Lake
Mavirus virophage (ALM), but here was also observed
in 18 of the 328 HQ virophage genomes (5.5%) (Add-
itional file 2: Figure S1). A truncated version of this
gene cluster with only four core genes was also de-
tected in 64 of the remaining novel virophages, though
nine displayed some change in their order. Both the
four- and five-gene versions of the cluster were spor-
adically distributed across the HQ virophage tree
(Additional file 2: Figure S1), suggesting this gene
block was likely inherited from the common ancestor
of all virophages. The gene synteny was further trun-
cated to three core genes without ATPase in an add-
itional 95 newly identified HQ virophages of distinct
lineages (Additional file 2: Figure S1). One hundred
seventy-six of the 328 HQ virophages contained adjacent
ATPase, mCP, and MCP and 295 retained adjacent MCP
and mCP genes despite undergoing multiple apparent re-
organizations (Additional file 2: Figure S1), further
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confirming the strong linkage between these two capsid
core genes. Another conserved syntenic gene cluster en-
coding a retroviral integrase (rve-INT) and DNA polymer-
ase type B (DNApolB) was previously only identified from
Mavirus and ALM but was found in six new HQ viroph-
age genomes spread among distinct clades of virophages
(Additional file 2: Figure S1). Phylogenetic trees of these
two genes confidently grouped them with two polintons
from Polysphondylium pallidum PN500 and Dictyostelium
lacteum (branch labelled in red in Additional file 2: Figure
S2), confirming the common origin of these genes and
suggesting an ancestral gene exchange of the rve-INT and
DNApolB gene module between polintons and virophages
(Additional file 2: Figure S2).

Virophage gene repertoire

The VpPCs computed from all virophage sequences >
10 kb were classified into three groups: (1) the four core
gene families present in all HQ virophage genomes; (2)
the common gene families, defined as being present in
25-60% of the virophage genomes, which included only
8 VpPCs (1.25%); and (3) the accessory families (98.0%
of all VpPCs), defined as those detected in less than 25%
of all the predicted virophage genomes (Additional file 2:
Figure S3). Common VpPCs could be associated with a
predicted function, e.g., VpPC_007 (site-specific DNA
adenine methylase), VpPC_005 (phage integrase/recom-
binase), and VpPC_012 (phage DNA primase/helicase)
(see details in Additional file 2 and Additional file 1:
Table S6).

We investigated the presence of VpPCs across the dif-
ferent virophage clades and observed 13 clusters present
in more than 30% of them (Additional file 2: Figure S4;
Additional file 1: Table S4 and Table S7). In contrast, 87
VpPCs were found in only one clade, suggesting these
could be considered marker genes for these groups (Add-
itional file 2: Figure S4; Additional file 1: Table S6 and
Table S7). Interestingly, when virophage clades were clus-
tered based on the total VpPC content of their members,
the resulting groups agreed with the phylogeny inferred
from the concatenated four core genes (Additional file 2:
Figure S4). Clades composed mainly of members from
freshwater environments grouped together, as well as
clades containing members from marine or wetland habi-
tats. Similarly, the two clades with terrestrial virophages
clustered together, and so did the clades comprising
human-gut and ruminant virophages. We also divided
the HQ virophages by habitat to investigate the pres-
ence of habitat-specific marker VpPCs (Additional file
2: Figure S5; Additional file 1: Table S6 and Table S8)
and discovered the presence of hypothetical proteins
exclusively found in marine virophages, as well as
other proteins exclusively present in both rumen and
human habitats (Additional file 2: Figure S5;
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Additional file 1: Table S6 and Table S8). These obser-
vations reveal that despite the considerable shuffling
of virophage genomes and diversity of gene content,
there are also clear group-specific and habitat-derived
patterns in the genetic content of the different viroph-
age clades.

Transfer ribonucleic acid sequences (tRNAs) were
encoded in 18 HQ virophage genomes (Additional file 2:
Figure S6; Additional file 1: Table S9) as well as in 12
additional virophage sequences (> 10 kb but without all
four core genes present). Although the presence of
tRNAs is not unusual for phage genomes (found in 7%
and 7.6% of reference isolate viruses and metagenomic
viral contigs, respectively [30]), this is the first time that
these genes have been noted in virophages. tRNA se-
quences were identified in HQ virophage contigs from
clades 4, 14, 15, and 22 (Additional file 2: Figure S6).
These tRNA sequences did not display high sequence
similarity to any tRNAs in isolate genomes in NCBI or
IMG databases, and therefore, their origin is uncertain.
Interestingly, although the genome composition of the
tRNA-encoding virophages was extremely diverse, 57%
of the clade 14 tRNAs recognized methionine (all CAT
anticodons) and 87.5% of the clade 15 tRNAs recognized
glutamine (6 TTG and 1 CTG anticodons). The remaining
tRNAs recognized leucine (clade 14, anticodon TAA;
clade 15, anticodon TAA), proline (clade 22, anticodon
TGQ), cysteine (clade 22, anticodon ACA), phenylalanine
(clade 4, anticodon AAA), and an ochre stop codon (clade
22, anticodon TTA) (Additional file 2: Figure S6). The
presence of an ochre-specific tRNA may be indicative of
stop codon reassignment in the hosts of these virophages
[31]. As in other viruses, the presence of these tRNAs
could complement their host’s codon or amino acid usage
[32, 33] or could be a result of an acquisition from the
host genome, since tRNAs are known as hot spots for
virus integration [32, 34, 35]. To support the latter hy-
pothesis, we observed that all the complete virophage
genomes with tRNA sequences (seven genomes from two
clades) contained a predicted integrase gene (VpPC_005)
suggesting that these virophages could have been inte-
grated into their host’s genome.

Recovery of virophages from human gut samples

A total of 353 virophage sequences (five of them HQ
genomes) were newly identified across 247 human gut
microbiome samples, all of which were from the human
gut datasets assembled from the SRA records [26]. This
is the first report of HQ virophages in human samples.
A detailed manual review of sample metadata, including
patient gender, lifestyle, age, body mass index (BMI),
health condition, and country of origin, revealed a strong
association between the presence of human-gut viroph-
age sequences and a lifestyle classified as “rural” (e.g.,



Paez-Espino et al. Microbiome (2019) 7:157

hunter gatherers, traditional agriculturalists, villagers,
and subsistence farmers). Specifically, we found that 65%
of the putative human-gut virophage sequences were
identified in samples from individuals associated with a
rural lifestyle although these individuals only accounted
for 15% of the total human fecal samples (Fig. 4a). Fur-
ther, based on the maximum-likelihood phylogenetic
tree, we found that virophage MCPs clustered according
to host lifestyle, with those from rural and westernized
samples forming distinct clades (Fig. 4b). This trend was
also supported by the fact that virophage sequences from
individuals in westernized and rural lifestyles were iden-
tified by different MCP HMMs; specifically, model #5
accounted for ~ 82% of the virophage sequences de-
tected in westernized lifestyle samples as opposed to
models #4 and #7, that together accounted for ~ 75% of

Page 7 of 14

sequences detected in the rural samples (Fig. 4c). Of the
353 human gut-associated virophage genomes, only five
were longer than 10kb (ranging from 12 kb to 34.7 kb),
four of which were predicted to be complete based on
circularity or ITR (Fig. 4d). Although the MCP genes
from these five genomes were captured by the HMM
model #4, they shared < 25% amino acid identity over
20% of the shortest sequence length (Fig. 4b) and were
classified into different clades 8, 10, 11, and 12 according
to the four core gene classification scheme. The genetic
repertoire of these putative virophages varied greatly and
displayed a large number of genes encoding for hypo-
thetical or unknown functions. Interestingly, all of these
five genomes contained a polinton-type DNA polymer-
ase (PolB) (encoded either by VpPC_067 or VpPC_056),
suggesting they are virophage-polinton hybrids similar
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Fig. 4 Human gut-associated virophage sequences. a Geographic and lifestyle distribution of the human gut samples queried for the presence of
virophages. Gray denotes samples with no hits to any of the MCP models, while black colors correspond to samples with hits to different MCP
models from the indicated country. b Unrooted maximum likelihood phylogenetic tree of the 353 MCP sequences detected in the human gut
samples. Branch support values > 90% are shown at each node using purple circles. Colored squares at the tip of the branches indicates the
country of the sample according to the color code of panel a: “warm colors” (red, brown, orange, amber) or “cold colors” (blues, greens, and
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clade 12). The circularity (cir) or the incompleteness of the genome (inc), as well as the presence of an inverted terminal repeat (ITR), are
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to the recently described rumen virophages [18]. Add-
itionally, human-associated and rumen virophages carried
a distinct sequence pattern for the mCP (VpPC_133), so
far exclusively identified in these habitats.

Computational prediction of virophage hosts

The 33 previously known virophages have been shown
or predicted to co-infect unicellular eukaryotes (amoe-
bas, protozoans, and microalgae) with members of the
Mimiviridae family of giant viruses [11, 16]. Experimen-
tally, only Sputnik (co-infecting with a Mamavirus or a
Lentillevirus), Mavirus (co-infecting with a Cafeteria
roenbergensis virus (CroV)), and Zamilon (co-infecting
with a Montl Mimivirus) have been associated with their
eukaryotic hosts C. roenbergensis (Mavirus) or Acanth-
amoeba polyphaga (Sputnik and Zamilon). Computational
approaches have previously been used to predict virophage
co-infecting with giant viruses based on co-occurrence [16]
and found putative co-infecting NCLDVs for 19 virophages,
all members of the Mimiviridae, as well as three putative
associations with different protozoan hosts.

Here, we predicted co-infecting viruses and their
eukaryotic hosts based on a recently proposed virophage
resistance mechanism, the Mimivirus virophage resist-
ance element (MIMIVIRE) system. This mechanism
identified in A. polyphaga mimivirus (APMYV), includes a
specific sequence shared between the virophage and its
associated giant virus, which is present in multiple cop-
ies in the giant virus genome [36]. This observation led
to the proposal of a mechanism whereby the translation
of the sequence insertion responded to a protein-based
interaction model where a Mimivirus protein might
inhibit the function of the virophage by competing for
resources to generate the same peptidic motifs [37]. We
thus searched for amino acid patterns shared (Fig. 5a)
between any of the predicted virophage sequences (> 10
kb) and giant viruses from an in-house nucleocytoplasmic
large DNA viral (NCLDV) database (see the “Methods”
section). We found seven connections between giant viral
contigs with predicted taxonomy and virophages (Fig. 5a,
b). The taxonomy of these giant viruses was inferred based
on a concatenated alignment of five core nucleocytoplas-
mic virus orthologous genes (NCVOGs) [38] (see the
“Methods” section). We observed that most giant viruses
were affiliated with the Mimiviridae, with the majority
branching within the Mesomimivirinae subfamily. This re-
sult is consistent with previous reports where co-infecting
giant viruses have usually been members of Megamimivir-
inae or the genus Cafeteriavirus (e.g., APMV and CroV)
(Fig. 5b). For one of our predicted virophage-NCLDV as-
sociations, the two viruses were found in the same lake
sample (Fig. 5b). There was no sharing of protein content
between members of virophage-NCLDV pairs, although
this analysis was limited by the fact that most giant virus

Page 8 of 14

genomes are incomplete. Besides Mimiviruses, we pre-
dicted one virophage to be associated with a virus from
the Asfar-Faustovirus cluster. While Asfarviruses are
known to infect insects and swine, Faustoviruses infect
amoebae [39]. This would be the first case of a giant virus
from this group connected with a virophage genome. We
also attempted to identify eukaryotic hosts for co-infecting
virophage and giant viruses by searching for their se-
quences in publicly available marine microbial eukaryote
transcriptomes [40] (Fig. 5¢). We found two virophages
associated with two marine protists. One virophage was
detected in Bigelowiella natans, a chlorarachniophyte alga
that is a model organism for the Rhizaria [41]. The B.
natans virophage sequence found in this study was previ-
ously described as a provirophage [42] integrated into the
algal chromosome. The second virophage was identified
in two separate contigs (one containing the MCP and the
other one the remaining three core genes) in the tran-
scriptome of the dinoflagellate Alexandrium tamarense.
In this transcriptome, we also identified one giant virus
MCP. We extracted all contigs with hits to conserved
NCLDV marker genes (see the “Methods” section) and
predicted that this sample had a single giant virus that was
closely related to CroV (Fig. 5b). This giant virus has been
previously reported to co-infect along with Mavirus, a
virophage very closely related to the novel A. tamarense
virophage (clade 1 and clade 2, respectively) (Fig. 3). How-
ever, the eukaryotic host of Mavirus, Cafeteria roenbergen-
sis, is a member of the phylum Heterokontophyta, which
is distantly related to the phylum Dinoflagellata that in-
cludes A. tamarense, suggesting that related virophages
and giant viruses may infect very distant eukaryotic hosts.

Discussion

Virophages are recently discovered viral entities that re-
quire giant viruses to co-infect eukaryotic microbes.
Their complex interactions make them very difficult to
isolate in the laboratory and there are only a few isolated
representatives derived from co-culture experiments. To
bypass the hurdles of experimental identification of viro-
phages and explore the range of their phylogenetic and
habitat diversity, we developed a computational approach
harnessing the information available in over 14,000 meta-
genomic samples. Our approach relied on the availability
of a unique and conserved virophage signature gene en-
coding for the major capsid protein (MCP). Through an
iterative process, MCP-specific HMM models were devel-
oped leading to the identification and characterization of
hundreds of high-quality (HQ) virophage genomes across
a large diversity of habitats. Although the results might be
biased due to the overrepresentation of MCPs from pub-
lished virophages found in aquatic habitats and the meta-
data of the samples from the databases analyzed (e.g.,
habitat distribution and sequencing/assembly technology
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used), the global survey of virophages enabled by this ap-
proach can lead to a better understanding of virophage
biology, habitat diversity, taxonomy, and evolution.

Before this work, only 33 HQ virophage genomes from
both isolates and metagenome-derived genomes were

identified and classified as members

family. Below the family level, virophage classification re-
lied on the presence of “at least some of the morpho-
genetic genes conserved in virophages (MCP, mCP,
ATPase, PRO)” and “the dependency or association of
the virus with a NCLDV.” This classification resulted in
two separate genera (genus Sputnikvirus and genus
Mavirus) [10]. In addition, it was proposed that other

of the Lavidaviridae

known metagenome-derived virophages (OLV, YSLVs,
and rumen virophages) were likely to be classified in dif-
ferent genera, but the absence of replicating isolates lim-
ited their classification by the ICTV. Biogeography
studies have previously used partial MCPs from known
virophages for homology-based searches to propose a
global distribution across microbiomes [13]. However,
the identification of HQ virophage genomes has been
very limited and biased towards aquatic environments
[13, 15-17].

This study revealed that the vast majority of the vir-
ophage protein clusters (VpPC) were shared by less than
5% of the genomes, indicating an enormous genetic
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diversity which could be attributed to the virophage evo-
lutionary position and high frequency of horizontal gene
exchange with other viral entities and microbial cells
[43]. However, the previously proposed four core gene
families were present among all the newly identified
complete genomes, including the ruminant-associated
virophage genomes where the mCP was previously re-
ported as missing [18]. This finding is essential for the
new classification scheme proposed for microbiome-
derived HQ virophages that were based on sequence
homology and gene synteny of the conserved VpPCs. Our
approach revealed that 17 out of the 27 proposed clades
are novel, while the remaining 10 (associated with
published virophages and in agreement with the pre-
vious classification) were vastly expanded with new
sequences. This classification was further supported
by the MCP type, the habitat type distribution, and
the overall gene content of the clade members (Fig. 3) and
revealed a great increase in the diversity of the different
taxonomic groups defined by HQ virophage genome
sequences.

Freshwater samples continued to be the habitat with
the largest number of virophages recovered and still the
reservoirs with the largest number of MCP sequences in
clades without HQ genomes. As an example, 80% and
75% of the virophages from the clades 19 and 24 (764
and 2455 MCP members, respectively) were recovered
from freshwater samples (Fig. 2a). In addition, for the
first time, we found HQ virophage genomes in other
diverse habitats including plant-associated, thermal
springs, deep-subsurface, cow rumen, and human-gut
samples. Particularly interesting was the case of the hu-
man gut-associated virophages, which were character-
ized by quite distinct MCP models (Fig. 4c). Four out of
the five human-associated HQ virophage genomes were
identified in fecal samples recovered from individuals
with a rural lifestyle, with the remaining genome found
in an individual with ulcerative colitis. Accordingly,
these virophages could be connected to the intake of
unicellular eukaryotes with food or water. This observa-
tion was also supported by the distribution of the MCP
models found in fecal samples from individuals with
rural lifestyle, which were shared primarily with animals
(baboon, cow, sheep, and arthropods) and freshwater
sources (Fig. 2c).

Despite the tremendous variability of protein content
encoded by the predicted virophage genomes, this
lineage is characterized by the presence of a syntenic
block of 4-5 genes found in multiple genomes from dis-
tant parts of the virophage tree suggesting that these
genes were vertically inherited from a common ancestor.
However, the variation of synteny within this block be-
tween proposed virophage clades is indicative of signifi-
cant genome reorganization.
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A number of VpPCs (e.g., integrases, methylases,
recombinases, and DNA polymerases) have homologs in
viruses outside of the virophage lineage, especially in
polintons and polinton-like viruses. This suggests fre-
quent gene transfers between these different types of
mobile genetic elements, as previously hypothesized
[22, 44]. This was also supported by phylogenies of the
DNA polymerase type B and rve integrase showing
mixed clades gathering virophages, polintons, and
polinton-like viruses (Additional file 2: Figure S2).
From this pool of genes, of particular interest is the
presence of integrases, recombinases, and transfer
RNAs in virophages. Integrases and recombinases were
identified across the majority of the proposed virophage
clades (Additional file 1: Table S4; Additional file 1:
Table S5), likely providing those viruses with the ability
to incorporate their DNA into the host genome as pro-
virophages. Integration was previously described for
Mavirus and Bigelowiella natans virophages [7, 42, 45]
and could provide potential protection for the eukaryotic
host against NCLDVs [42]. On the other hand, this is the
first time that tRNA sequences were identified in viroph-
age genomes (Additional file 2: Figure S6). Their presence
might help virophages to complement their host’s codon
or amino acid usage [32, 33] or could be a result of acqui-
sition from the host genome since tRNAs are known as
hot spots for virus integration [32, 34, 35].

Finally, a novel MIMIVIRE-based computational ap-
proach to predict the association of virophages with
giant viruses revealed novel giant virus lineages poten-
tially targeted by virophages. In addition, the analysis of
protozoan transcriptomes enabled the detection of the
triple association between a Mavirus-related virophage, a
CroV-related giant virus, and a marine dinoflagellate A.
tamarense. We anticipate that these data will drive
further experimental design and validation of the computa-
tional predictions of virophage-giant virus-microeukaryote
triplets and elucidate the evolution and ecology of these
remarkable biological systems.

Methods

Development of major capsid protein models

Hidden Markov models (HMMs) were built from se-
quences of the major capsid protein through a two-step
process and were used to interrogate public micro-
biomes. First, the major capsid protein (MCP) sequences
of all the published virophages as of August 2017 were
identified (from Bekliz et al. [11]) and used to search for
homologs across the IMG/VR virus database [24] using
the blastp program from the BLAST+ package [46] with
an e value cutoff of 1 x 107, This led to the detection
of 84 virophage-MCP-like genes recovered from 80
metagenomic viral contigs. We then clustered the total
set of MCP genes (published and newly discovered
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metagenome-derived) with bidirectional cutoffs (> =
30% identity over > = 70% alignment fraction) after
alignment (ClustalOmega algorithm [47]) using the
Markov clustering (MCL) [48]. Four MCP families
(models) were created using hmmbuild from the hmmer
v3.1b2 package [49]. We compared these models against
all assembled metagenomic contigs from the Integrated
Microbial Genomes with Microbiome Samples (IMG/M)
system [25] and identified 35,304 unique sequences with
hits to the models (e value < 1e-06). We used the 9813
newly identified MCP sequences larger than 700 nt to
complement the MCP sequences from the published
virophages. We repeated the steps described above (de-
replication using blast 30-70%, Clustal Omega align-
ment, MCL clustering, and hmmbuild). We created 15
clusters (all of them with at least 60 members).

Screening metagenomes and identification of virophage
genomes

The 15 MCP models were used to interrogate > 10,000
public microbiomes from the IMG/M system (over 5 Tb of
assembled metagenomic sequence data [25] where samples
from host-associated, terrestrial, engineered, marine, fresh-
water, non-marine saline, thermal vents, sediments, and air
habitats, representing the 34%, 17%, 16%, 15%, 11%, 2%,
2%, 2%, and 1% of the total set, respectively, are included)
and 3771 human gut assembled samples [50] from the se-
quence read archive (SRA, https://www.ncbi.nlm.nih.gov/
sra) (details below). We used the hmmsearch tool from the
hmmer v3.1b2 package [49] to identify unique sequences
with hits to the models (e value < 1e-06) and identified 44,
221 metagenome-derived complete and partial MCPs. In
order to identify unique MCP sequences and reduce the re-
dundancy, we de-replicated the MCPs using a cutoff of 95%
sequence identity over 95% coverage of the length of the
shortest sequence. This process resulted in a final list
of 28,294 unique MCP sequences that were used to
infer the global habitat distribution of the virophages.
We used the amino acid average size of the published
MCPs (593 aa) +/— 1 standard deviation (+/- 40.1) to
estimate the completeness of the MCP gene and pre-
dicted that 4% of the sequences were complete and 11%
over 50% of the predicted size. We then recovered 477
virophage contigs larger than 10kb (after a de-
replication process based on 95% identity over 80% of
the length on the shortest contig; Additional file 1:
Table S3) from geographically and ecologically diverse
samples from which 70% of them (328) contained the
set of four “core” genes and were referred as high-
quality (HQ) virophages. Complete virophage genomes
can be circular [5] or linear with inverted terminal re-
peats (ITR) [18]. Circularity was detected based on
overlapping 5' and 3’ ends, and ITR of at least 100 bp
were searched for linear contigs.
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Human gut NCBI SRA samples

Three thousand seven hundred seventy-one human fecal
metagenomes were downloaded from the NCBI SRA
and assembled using MegaHIT v1.1.1 [51] using default
parameters. These datasets included samples from a
wide range of countries, age groups, and disease states
[50]. Protein coding genes were identified from meta-
genomic contigs using Prodigal v2.6.3 [52] with de-
fault parameters. Hmmer v3.1b2 was used to search
identified proteins against the database of 15 viroph-
age marker genes using the hmmsearch program [49]
with default parameters. Homologs were identified
with e values < 1e-06.

Phylogenetic analysis of conserved virophage genetic loci
Predicted amino acid sequences of all the virophage full-
length four core genes (MCP, mCP, ATPase, and PRO)
were aligned using MAFFT (version 7) with default pa-
rameters [53]. The alignments of each gene were
concatenated and then trimmed using trimAL (version
1.2) with the option “-gappyout” [54]. The trimmed
concatenated alignment was used as input into Fasttree
2.1 to reconstruct a maximum-likelihood phylogenetic
tree with 1000 iterations using a substitution model of
WAG. This tree was then inputted into the interactive
tree of life (iITOL) software [55] to add information on
the MCP HMM model, habitat type, gene synteny, gen-
ome length, and structure. Branches were auto-collapsed
using an average branch length distance < 1.2 substitu-
tions per site followed by manual adjustment for a good
match to the core-gene syntenies and classified into bio-
logically significant phylogenetic groups named “clades”.
Bootstrap confidence levels in all collapsed clades were
greater than 0.8. Alignments and tree construction for
the type B DNA polymerases and rve integrases followed
the same steps: alignment using MAFFT (version 7),
followed by the tree construction using Fasttree 2.1 [56]
with a substitution model of WAG.

Clustering of virophage proteins and genome annotation

A set of 10,064 proteins predicted from the new viroph-
age contigs (477 sequences > 10 kb) were clustered along
with proteins predicted from 56 reference genomes.
These references included previously published viroph-
age genomes that were (1) sequenced from isolates
[5, 7-9, 57], (2) assembled from metagenomes [12-17],
or (3) detected in protist genomes [42]. Sequences from
polinton viruses were also included [58]. A two-step clus-
tering, similar to that performed in [16], was computed as
follows. Protein sequences were first compared using
blastp (all-vs-all comparison, BLAST+ v2.6.0, threshold of
30 on score and 0.01 on e value). This set of BLAST hits
defined a weighted network in which predicted proteins
were nodes, and edges were connections between these
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predicted proteins with a weight proportional to the hit
score. Groups of similar proteins were detected on this
network using the InfoMap tool (two-level hierarchy, de-
fault parameters otherwise [59]). Next, a profile analysis
was computed to gather these groups into larger clusters
of homologous sequences (hereafter “protein clusters”, or
“PCs”), using tools from the HH-suite package [49]. Se-
quences in each group were first clustered at 90% identity
with cd-hit [60], aligned with muscle [61], and a profile
was built with hhmake [62]. Profile-profile comparisons
were computed using HHSearch (parameters: -M 50 -nor-
ealign -nocons -nopred -nodssp -E 0.001, [63]). Hits be-
tween profiles were selected based on their probability,
coverage, and length: all hits with probability > 90% and
coverage > 50% were selected, as well as hits with prob-
ability > 99%, coverage > 20%, and length > 100 amino
acids. These parameters were selected based on the group-
ing of four virophage core genes in single PCs, as in [16].
This approach yielded 711 PCs (i.e., groups of 2 or more
proteins), encompassing 7810 predicted proteins in total.

Nucleocytoplasmic large DNA virus (NCLDV) database

Similar to the virophage MCP HMM development, we
built a giant virus MCP model that allowed the identifi-
cation of NCLDV contigs from microbiomes. Metage-
nomic sequences from the IMG/M system with
homology (blastp program from the BLAST+ package
[46] with an e value cutoff of 1 x 107%) to the major
capsid proteins (MCP) of reference Mimiviruses were
used to detect 544 NCLDV-MCP-like genes. Then, the
total set of MCP genes (reference and metagenome-
derived) were clustered with bidirectional cutoffs (> =
30% identity over > = 70% alignment fraction) after
alignment (ClustalOmega algorithm [47]) using the Mar-
kov clustering (MCL) [48]. One MCP model was created
using hmmbuild from the hmmer v3.1b2 package [49].
We compared this model against all assembled metage-
nomic contigs from the IMG/M system [25] and identi-
fied 17,551 unique sequences with hits (e value < 1e—06)
and larger than 5000 bp as members of this database.

Virophage-giant virus connection via the MIMIVIRE system
Virophage and giant viral contigs were connected when
they shared at least one sequence (at 100% identity) of
24-30 nt in both genomes and at least one repeated sub-
set (~ 18nt) of the shared sequence within the same
giant viral gene [36]. The sequences were also translated
to determine if the shared region also contained the
same amino acid frameshift.

Nucleocytoplasmic large DNA virus (NCLDV)
phylogenomics

As a backbone for phylogenetic and shared protein con-
tent analyses, 184 NCLDV genomes available at NCBI
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Genbank were downloaded and clustered at an average
nucleotide identity (ANI) of 95% with fastANI [64],
resulting in 116 clusters. To infer the phylogenetic
positions of the metagenomics NCLDV contigs, five
core NCLDV proteins [38] were selected: DNA poly-
merase elongation subunit family B (NCVOGO0038),
D5-like helicase-primase (NCVOGO0023), packaging
ATPase (NCVOGO0249) and DNA or RNA helicases of
superfamily II (NCVOGO0076), poxvirus late transcrip-
tion factor VLTF3-like (NCVOGO0262), and identified
with hmmsearch (hmmer version 3.1b2). Reference ge-
nomes and metagenomic contigs with at least three
out of five marker proteins were included in the ana-
lysis. Protein sequences were aligned with MAFFT
[65]; gapped columns in alignments (more than 90%
of gaps) were removed with trimal [54]. A phylogen-
etic tree was built from the concatenated alignment
of all five proteins using IQ-tree with LG + F + R6
[66]. Protein families were inferred with OrthoFinder
1.03 [67] with default settings from a representative
dataset of 116 NCLDV genomes and 12 metagenomic
NCLDV contigs.

Conclusions

In conclusion, we present a global metagenomic study of
virophages using a computational approach resulting in
the identification of 328 new high-quality genomes and
over 45,000 virophage genome fragments. This repre-
sents a massive increase compared to previously known
virophages that allowed us to conduct in-depth analysis
of their genomes confirming previous results from
others (i.e., presence of the four core genes) and drawing
novel biological conclusions (e.g., ancient synteny of the
four core genes, discovery of high-quality virophage ge-
nomes from unreported habitats including human gut,
revised virophage classification, prediction of eukaryotic
virus hosts for several virophages, and degree of genome
mobility) about these important entities of the viral
world. Overall, we provide a global analysis of the diver-
sity, distribution, and evolution of virophages.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/540168-019-0768-5.

Additional file 1. Supplementary tables (XLS 11079 kb)
Additional file 2. Supplementary data

Abbreviations

ALM: Acid Lake Mavirus; APMV: Acanthamoeba polyphaga mimivirus;

CroV: Cafeteria roenbergensis virus; DNApolB: Type B DNA polymerase;

HMM: Hidden Markov motif; HQ virophage: High-quality virophage genome;
IMG/M: Integrated Microbial Genomes with Microbiomes; IMG/VR: Integrated
Microbial Genomes and Microbiomes with Virus; ITR: Inverted terminal
repeat; MCP: Major capsid protein; mCP: Minor capsid protein;

MIMIVIRE: Mimivirus virophage resistance element; MMETSP: Marine microbial


https://doi.org/10.1186/s40168-019-0768-5
https://doi.org/10.1186/s40168-019-0768-5

Paez-Espino et al. Microbiome (2019) 7:157

eukaryotic transcriptome sequencing projects; MTase: Methyl transferase;
NCLDV: Nucleocytoplasmic large DNA viruses; NCVOG: Clusters of
orthologous genes for NCLDV genomes; PRO: Cysteine protease; rve-
INT: Retroviral integrase; tRNA: Transfer ribonucleic acid; Vp.cl: Virophage
clade; VpPC: Virophage protein cluster

Acknowledgements

We thank H. Maughan for the critical reading and feedback as well as all
scientists who generated and deposited their assembled or unassembled
data used in this work in the IMG (details in Additional file 2) or NCBI SRA
public repositories, respectively. We also acknowledge Dr. Katherine S.
Pollard whose published human gut dataset was used and the IMG and
GOLD team analysts for their support.

Authors’ contributions

DPE, JZ, NCK, and SGT conceived and designed the work. DPE, JZ, and SR
analyzed the data. SN contributed to the human gut virophage detection.
GAP and NNI provided bioinformatics support. FS contributed to the
computational prediction of the virophage host. KDM and DW greatly
contributed as data generators. All co-authors contributed to ideas, writing,
and editing the manuscript and approved the final version.

Funding

This work was conducted by the US Department of Energy Joint Genome
Institute, a DOE Office of Science User Facility, under contract number
DE-AC02-05CH11231 and used resources of the National Energy Research
Scientific Computing Center, supported by the Office of Science of the
US Department of Energy.

Availability of data and materials
MCP HMM models and HQ Metagenomic virophage sequences are available

on the JGI FTP site http://portal.nersc.gov/dna/microbial/prokpubs/virophage.

Assembled sequences for virophage MCPs, NCLDV genomes, and eukaryotic
contigs are available at the IMG/M public system using the taxon and
scaffold identifiers provided alongside the article and tables.

Ethics approval and consent to participate
Not applicable

Consent for publications
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Energy, Joint Genome Institute, 2800 Mitchell Dr, Walnut
Creek 94598, USA. “BSRC “Alexander Fleming’, 34 Fleming Street, Vari, 16672
Athens, Greece. *Departments of Civil and Environmental Engineering and
Bacteriology, University of Wisconsin Madison, 1550 Linden Drive, Madison,
WI 53726, USA. *Department of Biology, Concordia University, 7141
Sherbrooke St. West, Montreal, QC H4B 1R6, Canada.

Received: 5 June 2019 Accepted: 11 November 2019
Published online: 10 December 2019

References

1. Lefkowitz EJ, Dempsey DM, Hendrickson RC, Orton RJ, Siddell SG, Smith DB.
Virus taxonomy: the database of the International Committee on Taxonomy
of Viruses (ICTV). Nucleic Acids Res. 2018;46(D1):D708-17.

2. LaScola B, Audic S, Robert C, Jungang L, de Lamballerie X, Drancourt M,
Birtles R, Claverie JM, Raoult D. A giant virus in amoebae. Science. 2003;
299(5615):2033.

3. 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. 2004;306(5700):1344-50.

4. Yutin N, Koonin EV. Hidden evolutionary complexity of nucleo-cytoplasmic
large DNA viruses of eukaryotes. Virol J. 2012,9:161.

5. La Scola B, Desnues C, Pagnier |, Robert C, Barrassi L, Fournous G, Merchat
M, Suzan-Monti M, Forterre P, Koonin E, et al. The virophage as a unique
parasite of the giant mimivirus. Nature. 2008;455(7209):100-4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 13 of 14

Bekliz M, Verneau J, Benamar S, Raoult D, La Scola B, Colson P. A new
Zamilon-like virophage partial genome assembled from a bioreactor
metagenome. Front Microbiol. 2015;6:1308.

Fischer MG, Suttle CA. A virophage at the origin of large DNA transposons.
Science. 2011;332(6026):231-4.

Gaia M, Benamar S, Boughalmi M, Pagnier |, Croce O, Colson P, Raoult D,
La Scola B. Zamilon, a novel virophage with Mimiviridae host specificity.
PLOS One. 2014;9(4):294923.

Gaia M, Pagnier |, Campocasso A, Fournous G, Raoult D, La Scola B. Broad
spectrum of mimiviridae virophage allows its isolation using a mimivirus
reporter. PLoS One. 2013;8(4):e61912.

Krupovic M, Kuhn JH, Fischer MG. A classification system for virophages and
satellite viruses. Arch Virol. 2016;161(1):233-47.

Bekliz M, Colson P, La Scola B: The expanding family of virophages. Viruses
2016, 8(11).

Yau S, Lauro FM, DeMaere MZ, Brown MV, Thomas T, Raftery MJ, Andrews-
Pfannkoch C, Lewis M, Hoffman JM, Gibson JA, et al. Virophage control of
antarctic algal host-virus dynamics. Proc Natl Acad Sci U S A. 2011;108(15):
6163-8.

Zhou J, Zhang W, Yan S, Xiao J, Zhang Y, Li B, Pan Y, Wang Y. Diversity of
virophages in metagenomic data sets. J Virol. 2013;87(8):4225-36.

Gong C, Zhang W, Zhou X, Wang H, Sun G, Xiao J, Pan Y, Yan S, Wang Y.
Novel virophages discovered in a freshwater lake in China. Front Microbiol.
2016;7:5.

Oh S, Yoo D, Liu WT. Metagenomics reveals a novel virophage population
in a Tibetan mountain lake. Microbes Environ. 2016;31(2):173-7.

Roux S, Chan LK, Egan R, Malmstrom RR, McMahon KD, Sullivan MB.
Ecogenomics of virophages and their giant virus hosts assessed through
time series metagenomics. Nat Commun. 2017;8(1):858.

Zhou J, Sun D, Childers A, McDermott TR, Wang Y, Liles MR. Three novel
virophage genomes discovered from Yellowstone Lake metagenomes. J
Virol. 2015;89(2):1278-85.

Yutin N, Kapitonov W, Koonin EV. A new family of hybrid virophages from
an animal gut metagenome. Biol Direct. 2015;10:19.

Lagier JC, Armougom F, Million M, Hugon P, Pagnier |, Robert C, Bittar F,
Fournous G, Gimenez G, Maraninchi M, et al. Microbial culturomics:
paradigm shift in the human gut microbiome study. Clin Microbiol Infect.
2012;18(12):1185-93.

Saadi H, Pagnier |, Colson P, Cherif JK, Beji M, Boughalmi M, Azza S,
Armstrong N, Robert C, Fournous G, et al. First isolation of Mimivirus in a
patient with pneumonia. Clin Infect Dis. 2013;57(4).e127-34.

Saadi H, Reteno DG, Colson P, Aherfi S, Minodier P, Pagnier |, Raoult D, La
Scola B. Shan virus: a new mimivirus isolated from the stool of a Tunisian
patient with pneumonia. Intervirology. 2013;56(6):424-9.

Krupovic M, Koonin EV. Polintons: a hotbed of eukaryotic virus, transposon
and plasmid evolution. Nat Rev Microbiol. 2015;13(2):105-15.

Zablocki O, van Zyl L, Adriaenssens EM, Rubagotti E, Tuffin M, Cary SC,
Cowan D. High-level diversity of tailed phages, eukaryote-associated viruses,
and virophage-like elements in the metaviromes of antarctic soils. Appl
Environ Microbiol. 2014;80(22):6888-97.

Paez-Espino D, Chen IA, Palaniappan K, Ratner A, Chu K, Szeto E, Pillay M,
Huang J, Markowitz VM, Nielsen T, et al. IMG/VR: a database of cultured and
uncultured DNA viruses and retroviruses. Nucleic Acids Res. 2017:45(D1):
D457-65.

Chen IA, Markowitz VM, Chu K, Palaniappan K, Szeto E, Pillay M, Ratner A,
Huang J, Andersen E, Huntemann M, et al. IMG/M: integrated genome and
metagenome comparative data analysis system. Nucleic Acids Res. 2017;
45(D1):D507-16.

Nayfach S, Shi ZJ, Seshadri R, Pollard KS, Kyrpides NC. New insights from
uncultivated genomes of the global human gut microbiome. Nature. 2019;
568(7753):505-10.

Ivanova N, Tringe SG, Liolios K, Liu WT, Morrison N, Hugenholtz P, Kyrpides
NC. A call for standardized classification of metagenome projects. Environ
Microbiol. 2010;12(7):1803-5.

Mukherjee S, Stamatis D, Bertsch J, Ovchinnikova G, Verezemska O, Isbandi
M, Thomas AD, Ali R, Sharma K, Kyrpides NG, et al. Genomes OnLine
Database (GOLD) v.6: data updates and feature enhancements. Nucleic
Acids Res. 2017;45(D1):D446-56.

Krupovic M, Bamford DH, Koonin EV. Conservation of major and minor jelly-
roll capsid proteins in Polinton (Maverick) transposons suggests that they
are bona fide viruses. Biol Direct. 2014;9:6.



Paez-Espino et al. Microbiome

30.

31
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.
49.
50.

51.

52.

53.

54.

(2019) 7:157

Paez-Espino D, Eloe-Fadrosh EA, Paviopoulos GA, Thomas AD, Huntemann
M, Mikhailova N, Rubin E, lvanova NN, Kyrpides NC. Uncovering Earth's
virome. Nature, 2016;536(7617):425-30.

Alkalaeva E, Mikhailova T. Reassigning stop codons via translation
termination: how a few eukaryotes broke the dogma. Bioessays. 2017;39(3).
Bailly-Bechet M, Vergassola M, Rocha E. Causes for the intriguing presence
of tRNAs in phages. Genome Res. 2007;17(10):1486-95.

Delesalle VA, Tanke NT, Vill AC, Krukonis GP. Testing hypotheses for the
presence of tRNA genes in mycobacteriophage genomes. Bacteriophage.
2016;6(3):21219441.

Bobay LM, Rocha EP, Touchon M. The adaptation of temperate
bacteriophages to their host genomes. Mol Biol Evol. 2013;30(4):737-51.
Cheetham BF, Katz ME. A role for bacteriophages in the evolution and
transfer of bacterial virulence determinants. Mol Microbiol. 1995:18(2):201-8.
Levasseur A, Bekliz M, Chabriere E, Pontarotti P, La Scola B, Raoult D.
MIMIVIRE is a defence system in mimivirus that confers resistance to
virophage. Nature. 2016;531(7593):249-52.

Claverie JM, Abergel C. CRISPR-Cas-like system in giant viruses: why
MIMIVIRE is not likely to be an adaptive immune system. Virol Sin.
2016;31(3):193-6.

Yutin N, Wolf Y1, Raoult D, Koonin EV. Eukaryotic large nucleo-cytoplasmic
DNA viruses: clusters of orthologous genes and reconstruction of viral
genome evolution. Virol J. 2009;6:223.

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(13):
6585-94.

Caron DA, Alexander H, Allen AE, Archibald JM, Armbrust EV, Bachy C, Bell
CJ, Bharti A, Dyhrman ST, Guida SM, et al. Probing the evolution, ecology
and physiology of marine protists using transcriptomics. Nat Rev Microbiol.
2017;15(1):6-20.

Hopkins JF, Spencer DF, Laboissiere S, Neilson JA, Eveleigh RJ, Durnford DG,
Gray MW, Archibald JM. Proteomics reveals plastid- and periplastid-targeted
proteins in the chlorarachniophyte alga Bigelowiella natans. Genome Biol
Evol. 2012;4(12):1391-406.

Blanc G, Gallot-Lavallee L, Maumus F. Provirophages in the Bigelowiella
genome bear testimony to past encounters with giant viruses. Proc Natl
Acad Sci U S A. 2015;112(38):E5318-26.

Yutin N, Raoult D, Koonin EV. Virophages, polintons, and transpovirons: a
complex evolutionary network of diverse selfish genetic elements with
different reproduction strategies. Virol J. 2013;10:158.

Koonin EV, Krupovic M, Yutin N. Evolution of double-stranded DNA viruses

of eukaryotes: from bacteriophages to transposons to giant viruses. Ann N Y

Acad Sci. 2015;1341:10-24.
Desnues C, La Scola B, Yutin N, Fournous G, Robert C, Azza S, Jardot P,

Monteil S, Campocasso A, Koonin EV, et al. Provirophages and transpovirons

as the diverse mobilome of giant viruses. Proc Natl Acad Sci U S A. 2012;
109(44):18078-83.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K,
Madden TL. BLAST+: architecture and applications. BMC Bioinformatics.
2009;10:421.

Sievers F, Higgins DG. Clustal Omega for making accurate alignments of
many protein sequences. Protein Sci. 2018;27(1):135-45.

Enright AJ, Van Dongen S, Ouzounis CA. An efficient algorithm for large-
scale detection of protein families. Nucleic Acids Res. 2002;30(7):1575-84.
Finn RD, Clements J, Eddy SR: HMMER web server: interactive sequence
similarity searching. Nucleic Acids Res 2011, 39(Web Server issue):W29-37.
Nayfach S, Shi ZJ, Seshadri R, Pollard KS, Kyrpides N. Novel insights from
uncultivated genomes of the global human gut microbiome. Nature. 2019.
Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct
de Bruijn graph. Bioinformatics. 2015;31(10):1674-6.

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal:
prokaryotic gene recognition and translation initiation site identification.
BMC Bioinformatics. 2010;11:119.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol.
2013;30(4):772-80.

Capella-Gutierrez S, Silla-Martinez JM. Gabaldon T: trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics. 2009;25(15):1972-3.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

Page 14 of 14

Letunic |, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids Res.
2016;44(W1):W242-5.

Price MN, Dehal PS, Arkin AP. FastTree 2--approximately maximum-
likelihood trees for large alignments. PLoS One. 2010;5(3):¢9490.

Santini S, Jeudy S, Bartoli J, Poirot O, Lescot M, Abergel C, Barbe V,
Wommack KE, Noordeloos AA, Brussaard CP, et al. Genome of Phaeocystis
globosa virus PgV-16 T highlights the common ancestry of the largest
known DNA viruses infecting eukaryotes. Proc Natl Acad Sci U S A. 2013;
110(26):10800-5.

Yutin N, Shevchenko S, Kapitonov V, Krupovic M, Koonin EV. A novel group
of diverse Polinton-like viruses discovered by metagenome analysis. BMC
Biol. 2015;13:95.

Rosvall M, Bergstrom CT. Maps of random walks on complex networks
reveal community structure, Proc Natl Acad Sci U S A. 2008;105(4):1118-23.
Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-
generation sequencing data. Bioinformatics. 2012;28(23):3150-2.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32(5):1792-7.

Meier A, Soding J. Automatic prediction of protein 3D structures by
probabilistic multi-template homology modeling. PLoS Comput Biol.
2015;11(10):21004343.

Soding J. Protein homology detection by HMM-HMM comparison.
Bioinformatics. 2005;21(7):951-60.

Jain C, Rodriguez RL, Phillippy AM, Konstantinidis KT, Aluru S. High
throughput ANI analysis of 90 K prokaryotic genomes reveals clear species
boundaries. Nat Commun. 2018,9(1):5114.

Yamada KD, Tomii K, Katoh K. Application of the MAFFT sequence
alignment program to large data-reexamination of the usefulness of
chained guide trees. Bioinformatics. 2016;32(21):3246-51.

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 201532(1):268-74.

Emms DM, Kelly S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy.
Genome Biol. 2015;16:157.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Vast diversity and global distribution of virophage major capsid proteins (MCPs) across microbiomes
	Virophage genome recovery and completeness
	Expanding the virophage classification
	Conserved syntenic regions among virophage genomes
	Virophage gene repertoire
	Recovery of virophages from human gut samples
	Computational prediction of virophage hosts

	Discussion
	Methods
	Development of major capsid protein models
	Screening metagenomes and identification of virophage genomes
	Human gut NCBI SRA samples
	Phylogenetic analysis of conserved virophage genetic loci
	Clustering of virophage proteins and genome annotation
	Nucleocytoplasmic large DNA virus (NCLDV) database
	Virophage-giant virus connection via the MIMIVIRE system
	Nucleocytoplasmic large DNA virus (NCLDV) phylogenomics

	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publications
	Competing interests
	Author details
	References
	Publisher’s Note

