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Significance

 Viral factories (VFs) are  
organelle-like compartments  
that are conserved across the 
﻿Nucleocytoviricota  phylum despite 
extensive genomic diversity. How 
such phenotypic conservation is 
maintained remains unknown. 
Here, we show that VFs of 
amoeba-infecting viruses emerge 
from a conserved organizational 
molecular grammar, condensed 
within intrinsically disordered 
regions, thereby efficiently 
bypassing the need for gene 
conservation. This compact 
mode of functional inheritance 
likely provides a robust platform 
for genome diversification.
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Despite sharing fewer than 10 core genes, the hyperdiverse Nucleocytoviricota phylum 
(ranging from poxviruses to giant viruses) universally assembles viral factories (VFs) 
resembling biomolecular condensates. Regardless, it is unclear how these viruses achieve 
such a level of functional conservation without clear conserved genetic information. 
We demonstrate that the VFs produced by amoeba-infecting viruses have liquid-like 
properties and identify a conserved molecular grammar governing viral factory scaffold 
protein: charge-patterned intrinsically disordered regions that drive phase separation 
independently of sequence homology. This grammar predicts functional scaffold proteins 
across the 15 viral families, revealing evolutionary constraints invisible to sequence or 
structural analysis. Strikingly, VFs exhibit subcompartmentalization analogous to nuclei, 
segregating transcription and mRNA processing (inner condensates) from replication 
(interphase zones) and translation (host cytoplasm). Our work establishes phase sepa-
ration as a fundamental organizational principle bridging extreme genomic diversity, 
explaining how biological complexity emerges without gene conservation. This grammar 
is likely also conserved in non-amoeba-infecting members of the phylum and thus may 
represent a primordial solution for organelle-like organization, with broad implications 
for antiviral targeting.

Nucleocytoviricota | mimivirus | phase separation | biomolecular condensate | giant virus

 The phylum Nucleocytoviricota  exemplifies the remarkable diversity of the virosphere, 
encompassing viruses with a wide range of morphologies, genome sizes, and hundreds 
of unique genes. This diversity spans from Yaravirus, which forms 80-nm icosahedral 
particles and carries a 45-kbp dsDNA genome encoding 74 predicted proteins ( 1 ), to 
Pandoravirus, which produces 1- μm ovoid particles and harbors a 2.5-Mbp genome 
encoding over 1,500 genes ( 2 ,  3 ). Despite this diversity, these viruses are unified by only 
ten core genes, most of which are not universally conserved among all members ( 4 ). 
How, then, do these viruses maintain a coherent replication strategy? Virtually all mem-
bers of Nucleocytoviricota  [including Poxviridae and the giant viruses ( 5 ,  6 )] form viral 
factories (VFs): cytoplasmic organelle-like compartments that spatially coordinate 
genome replication and/or virion assembly ( 7 ). Importantly, while some viruses have 
acquired nuclear genome replication, cytoplasmic VFs are still visualized by electron 
microscopy ( 8 ,  9 ). However, the molecular mechanisms underlying VF biogenesis 
remain poorly understood ( 10 ). To fill this gap, mimivirus was used as a primary model 
since it displays a biphasic nature when imaged by electron microscopy and a highly 
synchronized biogenesis and maturation ( 10 ). Moreover, mimivirus is a well-studied 
member of the family Mimiviridae, which is ubiquitous in the environment ( 11 ,  12 ). 
Mimivirus is a fully cytoplasmic giant virus for which virions are internalized into the 
host cell by phagocytosis ( 13 ). The acidic compartment of the phagosome, in combi-
nation with oxidative stress through Fenton reactions, triggers the opening of the stargate 
structure located at an apex of the icosahedral capsid ( 14   – 16 ). Once opened, the fusion 
of the membrane of the phagosome with the virion’s internal membrane leads to the 
release of the core in the cytoplasm ( 13 ,  17 ,  18 ). The core contains the genome of the 
virus and the machinery needed to establish infection ( 19 ). The core consequently 
develops to establish a viral factory, a highly dynamic and complex organelle-like struc-
ture putatively formed by over 300 proteins ( 20 ). The VF not only protects the viral 
DNA from cellular insults ( 21 ) but also segregates DNA replication and transcription 
from translation ( 20 ).D
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 Biomolecular condensates, formed through phase separation, 
are increasingly recognized as key structures in viral replication, 
host manipulation, and morphogenesis ( 22 ,  23 ). Phase separation 
is the process by which biomolecules demix into membrane-less 
compartments ( 22     – 25 ). These structures typically contain scaffold 
proteins, which drive condensate formation, and client proteins, 
which are selectively recruited ( 22     – 25 ). VFs formed by phase sep-
aration have been described in several RNA and DNA viruses, 
including members of the Herpesviridae, Adenoviridae, Reoviridae, 
and the order Mononegavirales (reviewed in ref.  22 ).

 Here, we hypothesize that phase separation provides a unifying 
mechanism for assembling viral replication centers across the 
genetically diverse Nucleocytoviricota , despite minimal sequence 
conservation. To test this, we leveraged available genetic tools 
for giant viruses to investigate the nature of VFs across the 
 phylum ( 26   – 28 ). 

Results

Universal Liquid-Like Properties of Amoeba-Infecting Nucleocyto­
viricota VFs. To gather information associated with the fine 
ultrastructure of VFs, we first fluorescently labeled proteins 
(described later in the manuscript) enriched in a previous proteome 
of mimivirus [order: Imitervirales (Fig. 1A)] VFs (20) and identified 
two subcompartments recapitulating the ultrastructure visualized 
by electron microscopy (Fig. 1 B and C). Multiple inner layers 
can be seen in a single VF early during infection, while a single 
and continuous outer layer englobes all inner layers (Fig. 1 B and 
C and SI Appendix, Fig. S1A). The number of inner layers per VF 
linearly increases with the multiplicity of infection, suggesting 
that each genome unit induces the formation of individual inner 
layers (SI Appendix, Fig. S1B).

 Live-cell imaging of mimivirus-infected cells revealed that upon 
contact, two VFs juxtaposed and never separated during the 
remaining recording time (SI Appendix, Fig. S1C﻿ ), suggesting that 
the outer layer of two independent VFs fused as observed by flu-
orescence and electron microscopy ( Fig. 1 B  and C  ). Importantly, 
imaging mimivirus-infected cells early during infection to record 
fusion events is challenging for two main reasons: 1) The high 
mobility of the amoeba precludes the use of higher magnification 
since the cell quickly exits the area being recorded. 2) It is extremely 
infrequent to find individual mimivirus VFs: independent inner 
layers without a shared outer layer within the same cell. Indeed, 
once VFs are sufficiently big to be visualized, the inner layers of 
the viral factory almost always share the same outer layer. Recovery 
of fluorescence after photobleaching (FRAP) was observed when 
an area of the outer layer of the VF was bleached ( Fig. 1D  ). 
Fluorescence gain was accompanied by a partial decrease in fluo-
rescence in the nonbleached area, but this decrease was incom-
plete, indicating some diffusion along with a fraction of nonmobile 
molecules ( Fig. 1D  ). Fixed VFs did not show any recovery, con-
sistent with crosslinking (SI Appendix, Fig. S1D﻿ ). Thus, mimivirus 
VFs exhibit some liquid-like properties but do not behave as a 
classical condensate formed by liquid–liquid phase separation.

 To compare with other viruses from the phylum, we labeled 
noumeavirus ( 29 ) [order: Pimascovirales  ( Fig. 1A  )] VFs using cells 
expressing the C-terminal GFP-tagged mel_H2B-H2A ( 28 ). 
Noumeavirus is a good model for this experiment since 1) it con-
tains a single detectable layer; 2) multiple VFs can be easily 
observed early in infection, and 3) noumeavirus infection rapidly 
disrupts the movement of the amoeba ( 29 ). Noumeavirus VFs 
were observed as dynamic organelles subjected to deformation, 
and the encounter of two VFs yielded coalescence ( Fig. 1E  ). To 
specifically address the liquid-like properties of VFs on the class 

﻿Pokkesviricetes , we fluorescently tagged PN-99 with GFP and per-
formed FRAP experiments on pacmanvirus lostcity ( 30 ) [order: 
﻿Asfuvirales  ( Fig. 1A  )] VFs ( Fig. 1F  ). Fast recovery was observed 
upon photobleaching and diffusion from the nonbleached side of 
the VF led to a homogenous fluorescent intensity. Thus, both 
noumeavirus and pacmanvirus show classical behavior of conden-
sates formed by liquid–liquid phase separation.

 To facilitate comparisons, we investigated whether these 
membrane-less organelles would dissolve by treating infected cells 
with 10% 1,6-hexanediol ( 23 ) or hypotonic stress ( 31 ). Mimivirus 
VF only partially dissolved during the treatment, further reinforcing 
nonclassical liquid-like properties of the factories (SI Appendix, 
Fig. S2 A –C ). On the other hand, treatment with 10% 1,6-hexanediol 
efficiently dissolved the VFs of noumeavirus (Marseilleviridae ), 
pithovirus (Pithoviridae ), pacmanvirus, and the mammalian-infecting 
vaccinia virus (Poxviridae ) (SI Appendix, Fig. S2 A –C ). All VFs were 
also partially dissolved upon hypotonic stress (SI Appendix, Fig. S2A﻿ ), 
reinforcing some liquid-like phase separation behavior of these 
organelles.

 Additionally, a subgroup of members of the phylum transfer 
their genome to their host nucleus, where it replicates. Mollivirus 
is one of those viruses ( 32 ). Regardless, mollivirus major capsid 
protein (virion protein) accumulates in a cytoplasmic, uncharac-
terized subcompartment (likely the VFs) in infected cells before 
loading into the particles ( 21 ). This localization could also be 
disrupted by 1,6-hexanediol treatment (SI Appendix, Fig. S2D﻿ ). 
Importantly, both 1,6-hexanediol and hypotonic shock treatment 
have limitations worth mentioning: 1,6-hexanediol has several 
known off-target effects, including components of the cytoskele-
ton ( 33 ) and the inhibition of kinases and phosphatases ( 34 ), all 
of which could affect VFs independently of liquid-like phase sep-
aration. Hypotonic stress induces swelling of the cells, effectively 
reducing the concentration of proteins within them. Regardless, 
VFs are big in size (reaching up to 20 μm diameter) and occupy 
half of the cell cytoplasm volume. This likely diminishes the 
impact of the cell swelling effect, potentially explaining the partial 
dissolution of VFs with this treatment. Nevertheless, the combi-
nation of these experiments with the live imaging (SI Appendix, 
Table S1 ) strongly suggests that the VFs of mimivirus, noumea-
virus, pacmanvirus, and probably all amoeba-infecting members 
of the phylum Nucleocytoviricota  display characteristics of biomo-
lecular condensates ranging from prototypical compartments 
made by liquid–liquid phase separation (like noumeavirus or 
pacmanvirus) to condensates with some liquid-like properties (like 
mimivirus).  

A Two-Scaffold System Creates Biphasic Condensates in Mimi­
virus. Having identified a hallmark of the amoeba-infecting 
Nucleocytoviricota, we aimed to uncover the common components 
of these organelles between the extreme viral diversity of the 
phylum. Phase separation is driven by the multivalency of proteins 
termed scaffold proteins (35). Scaffolding proteins are abundant 
in condensates and tend to contain intrinsically disordered regions 
(IDRs) as compacted means to achieve multivalency (35). To 
identify VF scaffold proteins, we performed immunoprecipitations 
using three previously identified VF proteins as bait (R562, 
R505, and R336/R337) (20). Two prey proteins (R561 and 
R252) containing predicted IDRs (SI Appendix, Fig. S3A), were 
consistently enriched, indicating interaction with all three client 
proteins (Dataset S1).

 Expression of R561 [termed Outer Layer Scaffold 1 (OLS1)] 
in Acanthamoeba castellanii  demonstrated its ability to undergo 
phase separation in the amoeba cytoplasm (SI Appendix, 
Fig. S3B﻿ ). In contrast, R252 [termed Inner Layer Scaffold 1 D
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(ILS1)] exhibited a diffuse cytoplasmic localization (SI Appendix, 
Fig. S3B﻿ ). Upon mimivirus infection of cells expressing both 
fluorescently tagged proteins, OLS1 and ILS1 relocalized to the 

VFs, with OLS1 associating with the outer layer and ILS1 with 
the inner layer (SI Appendix, Fig. S3B﻿ ). Control cells expressing 
only GFP or RFP did not display similar relocalizations 
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Fig. 1.   Nucleocytoviricota VFs display liquid-like properties. (A) Taxonomy of viruses belonging to the Nucleocytoviricota phylum (adapted from ref. 6). (B) 
Transmission electron microscopy imaging (and cartoon) of an ultrathin section of an infected Acanthamoeba castellanii cell with mimivirus VF formed in the 
cytoplasm. 6 h postinfection at an MOI of 20. (C) A. castellanii cells expressing C-terminally tagged OLS1-green fluorescent protein (GFP)(R561, outer layer) and 
ILS1-RFP (R252, inner layer) infected with mimivirus. Line profiles (below) corresponding to the white dashed line show fluorescence patterns. 6 h postinfection 
at an MOI of 10. (D) Representative images of Acanthamoeba cells expressing OLS1-GFP were infected with mimivirus at an MOI of 5. Five hours postinfection, 
OLS1-GFP was photobleached, and fluorescence recovery was imaged by confocal microscopy. FRAP data were normalized, corrected for background, and 
represented in the recovery curve. Data represent the mean ± SD of seven experiments. (E) Live-cell imaging of noumeavirus-infected A. castellanii expressing 
mel_H2B-H2A-GFP as a marker of the VF. Recording was performed 2 h postinfection. Cell boundaries are indicated by a dashed line. (F) Representative images 
of Acanthamoeba cells expressing PN99-GFP were infected with pacmanvirus Lost City at an MOI of 10. Three hours postinfection, PN99-GFP was photobleached 
and fluorescence recovery was imaged by confocal microscopy. FRAP data were normalized, corrected for background, and represented in the recovery curve. 
Data represent the mean ± SD of 10 experiments.
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(SI Appendix, Fig. S3C﻿ ). Notably, VF client proteins, such as 
R336/R337, localized not only to the VF outer layer but also to 
biomolecular condensates formed by the overexpressed OLS1, 
strongly supporting its role as a scaffolding protein forming the 
VF outer layer (SI Appendix, Fig. S3D﻿ ). Furthermore, when 
OLS1 and ILS1 were coexpressed, ILS1 acted as a client protein 
and was recruited to OLS1 biomolecular condensate (SI Appendix, 
Fig. S3E﻿ ).

 Considering that ILS1 binds DNA ( 36 ), we reasoned that 
its recruitment to the VF outer layer would allow contact with 
viral DNA, thereby enabling phase separation. To test this 
hypothesis, recombinantly expressed ILS1 (SI Appendix, 
Fig. S4A﻿ ) was analyzed for phase separation in the presence of 
DNA ( Fig. 2A   and SI Appendix, Fig. S4B ). Phase separation 
was observed only in the presence of DNA ( Fig. 2A  ). Moreover, 
DNA concentration significantly influenced the nature of phase 
separation (SI Appendix, Fig. S4C﻿ ), being at lower DNA con-
centrations (2.5 to 20 μg/mL), networks and droplets predom-
inated, whereas higher DNA concentrations (>20 μg/mL) 
prompted the formation of large gels. ILS1 concentration did 
not affect the nature of phase separation (SI Appendix, 
Fig. S4D﻿ ). Both linear and circular DNA equally triggered 
phase separation, but mimivirus genomic DNA induced larger 
gel formation at lower DNA concentrations (SI Appendix, 
Fig. S4E﻿ ). Similar results were obtained with the recombinant 
mCherry fused ILS1 (SI Appendix, Fig. S4F﻿ ). RNA did not 
trigger ILS1 phase separation (SI Appendix, Fig. S4B﻿ ).        

 Recombinant OLS1 (SI Appendix, Fig. S4A﻿ ) made phase sepa-
ration with classical liquid–liquid phase separation morphology, 
independently of other macromolecules ( Fig. 2B  ). Phase separation 
depended on OLS1 concentrations (SI Appendix, Fig. S5A﻿ ) and 
salt concentrations (SI Appendix, Fig. S5B﻿ ). Similar to in cellula 
conditions, in vitro OLS1 biomolecular condensate recruited ILS1 
as a client protein (SI Appendix, Fig. S5C﻿ ). Finally, adding DNA 
to the mixture of both proteins triggered the segregation into two 
phases, independently of the order of component incorporation 
( Fig. 2C  ). Altogether, OLS1, ILS1, and DNA are sufficient to 
trigger VF-like biphasic phase separation in vitro.

 To test whether these proteins were responsible for the VFs 
formation, we attempted gene knockout of both genes in host 
cells expressing a codon-optimized version of each protein for 
trans-complementation ( 28 ). Recombinant OLS1 knockout 
viruses were obtained (SI Appendix, Fig. S6A﻿ ) with a 100-fold 
reduction in burst size compared to wild-type viruses ( Fig. 2D  ). 
Moreover, a lower viral DNA accumulation was observed during 
infection ( Fig. 2E  ), consistent with a delay in VF growth, as shown 
by DAPI staining of infected cells ( Fig. 2 F  and G  ). Depletion of 
OLS1 also reduced fusion events of VFs upon superinfection, as 
shown by the presence of multiple independent VFs in the same 
cells ( Fig. 2 F  and H  ). Visualization of mutant infectious cycle by 
electron microscopy demonstrated that VFs of ols1  KO viruses 
lack any visible outer layer, confirming that OLS1 is the scaffold 
protein for this subcompartment of the VF ( Fig. 2I   and 
﻿SI Appendix, Fig. S6B﻿ ). Moreover, endogenous tagging of client 
proteins of the outer layer of the VF (like R336/R337 or R322) 
displayed a cytoplasmic localization upon deletion of ols1  ( Fig. 2 
﻿J  and K   and SI Appendix, Fig. S6 C  and D ), indicating that the 
role of the outer layer of the VF of mimivirus is to concentrate 
important components for VF functions. All phenotypes were 
fully restored by trans-complementation ( Fig. 2 D –K  ). On the 
other hand, we were unable to obtain clonal ils1  KO viruses. Using 
the trans-complementing line, we demonstrated that ils1  is likely 
an essential gene (SI Appendix, Fig. S6E﻿ ).  

A Conserved Molecular Grammar Predicts Scaffold Protein 
throughout the Phylum. The molecular grammar of an IDR 
refers to compositional bias and sequence patterns in its primary 
structure (24, 25). This grammar allows condensation and specific 
recruitment of molecules, including client proteins (37–42). 
We thus reasoned that due to the plethora of client proteins 
recruited to the VFs, despite major changes in the primary 
sequence of their scaffold proteins, the molecular grammar of the 
condensate would not easily change. Concordantly, host-expressed 
mimivirus (Imitervirales) OLS1-GFP and ILS1-RFP relocalized 
to noumeavirus (Pimascovirales) VF upon infection (SI Appendix, 
Fig. S7 A and B).

 Thus, to identify scaffold proteins in all Nucleocytoviricota , we 
built a pipeline to analyze the genomes of these viruses. First, we 
predicted the “IDRome” encoded in representative genomes of 
isolated viruses and extended the analysis to metagenomes from 
the giant virus database ( 4 ), the permafrost ( 43 ), and Egovirales 
( 44 ) (Dataset S2 ). We also capitalized on methods previously 
described to study the biochemistry of nucleolar phase separation, 
relying on Nardini and CIDER ( 42 ) and adjusted two parameters 
for faster (SI Appendix, Fig. S8A﻿ ) and more precise (SI Appendix, 
Fig. S8B﻿ ) discrimination of particular proteins. Since the inner 
layer of the VF is only present in members of the Mimiviridae , we 
excluded ILS1 from the following analysis and focused bioinfor-
matic computations on OLS1. Using 98 features (36 from Nardini 
and 62 from CIDER), we created a preliminary machine learning 
classifier that identified four candidate scaffold proteins in nou-
meavirus (SI Appendix, Fig. S7C﻿ ).

 To experimentally challenge these predictions, the four genes were 
codon-optimized and expressed in the amoeba. Two showed a local-
ization coherent with biomolecular condensates ( Fig. 3A  ) and relo-
calized to the noumeavirus VF upon infection ( Fig. 3B  ). Moreover, 
both proteins also relocalized to the mimivirus VFs upon infection, 
confirming a shared molecular grammar for phase separation for these 
two viruses’ VFs (SI Appendix, Fig. S7D﻿ ). In contrast, the other two 
protein candidates did not spontaneously form biomolecular con-
densates in the amoeba cytoplasm (SI Appendix, Fig. S7E﻿ ).        

 Using these confirmed noumeavirus scaffold proteins 
(NMV_095 and NMV_238) and detected homologs, we retrained 
the predictive machine learning classifier (SI Appendix, Fig. S7F﻿ ). 
Features for the classifier were selected by comparing the feature 
values of the three scaffold proteins’ IDRs and homologs to the 
rest of the combined IDRome of mimivirus and noumeavirus 
(SI Appendix, Fig. S8 C  and D ). Final predictions of scaffold pro-
teins in all orders of Nucleocytoviricota  were then generated with 
this optimized classifier (Dataset S2 ).

 Clear segregation of resulting candidate IDRs can be observed 
in the unsupervised UMAP representation of the Nucleocytoviricota  
IDRome features ( Fig. 3C   and SI Appendix, Fig. S9A﻿ ). As 
expected, scaffold IDRs have a low Anchor2 score ( 45 ) and are 
not predicted to become structured upon changes in the environ-
ment (i.e., binding to an interacting protein) (SI Appendix, 
Fig. S9B﻿ ). The most discriminative features in our classification, 
and thus, the features associated with the molecular grammar of 
the VFs, were related to charge segregation ( Fig. 3 E  and F   and 
﻿SI Appendix, Fig. S9 A  and C ). Within the negative charges, glu-
tamate seems more important, as confirmed scaffold IDRs and 
candidates have 15% of this residue (±6), while the rest of the 
IDRs have 6% (±8). Scaffold IDRs and candidates have also a 
relatively higher E/D ratio (0.25 ± 0.26 vs. 0 ± 0.45) and a higher 
K/R ratio (0.48 ± 0.36 vs. 0.07 ± 0.53).

 Putative scaffold proteins could be identified to be encoded by 
members of all Nucleocytoviricota  (15 families and unclassified 
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Fig. 2.   Two scaffold proteins are involved in mimivirus viral factory assembly. (A) In vitro phase separation of ILS1 in the presence or absence of DNA. DAPI was 
used to confirm nucleic acid presence in the condensate. (B) In vitro phase separation of mCherry-OLS1 at 50 mM NaCl. (C) In vitro phase separation of mCherry-
OLS1 and ILS1 in the presence of 10 µg/mL DNA. DAPI was used to confirm nucleic acid presence in the condensate. A plot profile is shown demonstrating a 
biphasic interaction between the two phase-separated compartments. (D) Quantification of the number of viruses produced upon knock-out of ols1 in mimivirus. 
Data correspond to the mean ± SD of three independent experiments. (E) DNA replication was analyzed by qPCR. Viral DNA is represented as a percentage of 
total DNA in the sample. Data correspond to the mean ± SD of three independent experiments. (F) Representative light fluorescence microscopy images of A. 
castellanii cells infected with wild-type mimivirus or ols1 KO viruses 6 h pi. DAPI: VFs. (G) Quantification of the size of VF generated, as shown in (F). At least 50 VF 
were recorded per condition during three independent experiments. The area of DAPI staining was measured using ImageJ. (H) Quantification of the number 
of VF either fused or separated in infected cells as shown in (F). At least 100 infected cells were recorded per condition. Data correspond to the mean ± SD of 
three independent experiments. (I) Transmission electron microscopy imaging (and representative cartoon) of the mimivirus replication cycle in A. castellanii. 
Images were acquired 4 to 6 h pi (MOI=20). (J) Localization of client protein (R336/337) from the outer layer of the VF endogenously tagged with C-terminal 3xHA. 
6 hpi. DAPI: VFs. (K) Quantification of the number of (I). At least 100 infected cells were quantified per condition. Data correspond to the mean ± SD of three 
independent experiments. ns, P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.D
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Fig. 3.   A common grammar allows the identification scaffold proteins across the entire Nucleocytoviricota phylum. (A) A. castellanii cells expressing  
C-terminally GFP-tagged NMV_095 or NMV238. (B) A. castellanii cells expressing C-terminally GFP-tagged NMV_095 or NMV238 were infected with noumeavirus. 
VFs were labeled using DAPI 2 to 3 h pi. (C) Uniform Manifold Approximation and Projection (UMAP) representation of the IDRs in representative genomes 
and metagenomics giant viruses, based on the 11 features selected for the classifier. Each point represents one predicted IDR. IDRs corresponding to 
negative predictions are shown in gray. (Inset) Scaffold candidates were labeled according to their Order classification (or higher-level classification 
available). (D and E) Details of the most discriminant features on the UMAP. Pos.neg (positive from negative segregation) and pos.pos (positive to all other 
residues) are plotted. (F) Count of candidate proteins for VF phase separation predicted by the classifier in representatives of each Nucleocytoviricota family. 
(G) NMV_238 and (H) H5 form biomolecular condensates in vitro in the absence and presence of DNA. The solution contains 25 mM NaCl and 0.6 μg/mL 
DNA, where indicated. (I and J) A. castellanii cells expressing C-terminally tagged scaffold candidates of pacmanvirus lostcity were either noninfected (I) or 
infected with pacmanvirus (J). VFs were labeled using DAPI 6 h pi.
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viruses) ( Fig. 3 C , D , and F  ). In all these orders, between 4.4% 
(Algalvirales ) and 5.4% (Chitovirales ) of all predicted IDRs were 
classified as candidate scaffold proteins for phase separation and 
VFs generation. The only exception was the Egovirales , scoring 
8.7% of positive proteins in their respective IDRomes. In 
﻿Pimascovirales , homologous proteins were identified as scaffolds 
in pithovirus sibericum and cedratvirus kamchatka (pv_12 and 
ck125, 39% identity/63% similarity), highlighting the consistency 
of the method. Similarly, orthopoxvirus’ H5 protein was identified 
as the only candidate in the vaccinia and monkeypox viruses (93% 
identity). On the other hand, in Pandoravirales  [which present a 
nuclear DNA replication ( 12 )], eight candidate proteins were 
identified. Regardless, all candidate VF scaffold IDRs predicted 
in all Nucleocytoviricota  are distributed on the UMAP without 
order segregation, further reinforcing the shared molecular gram-
mar for the cytoplasmic VFs ( Fig. 3C  ).

 To challenge scaffold protein predictions across the Nucleocytoviricota , 
we expressed recombinantly vaccinia virus (order: Chitovirales ) H5 [as 
previously described ( 46 )] and noumeavirus (order: Pimascovirales ) 
NMV_238 (SI Appendix, Fig. S10A﻿ ). Similar to OLS1, both H5 and 
NMV_238 formed biomolecular condensates in the absence of other 
macromolecules ( Fig. 3 G  and H  ). Phase separation depended on pro-
tein concentration (SI Appendix, Fig. S10 B  and C ) and salt concentra-
tions (SI Appendix, Fig. S10 D  and E ). Interestingly, in contrast to 
OLS1, which does not bind dsDNA, both H5 and NMV_238 were 
capable of binding and concentrating DNA, as shown by DAPI staining 
( Fig. 3 G  and H  ). Moreover, condensation was slightly favored in the 
presence of dsDNA (SI Appendix, Fig. S10 B –E ). Overall, both scaffold 
proteins display the capacity to phase-separate independently of other 
macromolecules upon diminishing ionic strength (similar to OLS1), 
but display DNA binding and seclusion similarly to ILS1.

 While H5 shows a propensity to form biomolecular conden-
sates, the recombinant protein did not show the expected liquid–
liquid phase separation behavior (however, H5 is heavily 
phosphorylated during the infectious cycle ( 47 ), potentially affect-
ing phase separation). To further address the validity of scaffold 
predictions in the Pokkesviricetes , we expressed the three candidates 
identified as potential scaffold proteins from pacmanvirus lostcity 
(order: Asfuvirales ) in A. castellanii . PN-99-GFP showed the clas-
sical pattern of phase separation similar to mimivirus OLS1 
( Fig. 3I  ). PN_47-GFP displayed similar characteristics but also 
strongly interacted with the contractile vacuole ( Fig. 3I  ). Finally, 
PN-12-GFP showed a nuclear localization ( Fig. 3I  ). Moreover, upon 
infection with pacmanvirus, both PN-99-GFP and PN_47-GFP 
relocalized to the VFs while PN-12-GFP remained nuclear 
( Fig. 3J  ). Interestingly, homologues of PN-99-GFP and 
PN_47-GFP were consistently identified as scaffolds in all pac-
manvirus isolates, while PN-12-GFP was only identified in pac-
manvirus lostcity and A23 (Dataset S2 ). Taking these data 
together, both PN-99-GFP and PN_47-GFP are scaffold proteins 
encoded by pacmanvirus.

 Importantly, while candidate scaffold proteins were found in all 
orders of Nucleocytoviricota  irrespective of their host, the experimental 
validation of this grammar was mostly centered on amoeba-infecting 
viruses. Thus, further analysis on other host-pathogen models will be 
necessary to confirm its universality.  

Functional Subcompartmentalization of VFs. While a previous 
study reported proteins tentatively localized at the VFs of 
mimivirus (20), it did not differentiate proteins associated with 
each subcompartments of the VFs and displayed high rates of 
false positives (SI Appendix, Fig. S11 A and B). To fill this gap, 
we performed immunoprecipitations of the two scaffold proteins 
and identified copurified proteins by mass spectrometry (MS)-based 

proteomics (Fig. 4A, SI Appendix, Fig. S11C, and Dataset S3). Several 
proteins enriched with OLS1 and/or ILS1 were endogenously tagged 
to confirm their localization (Fig. 4B and SI Appendix, Fig. S11B). 
None of the false-positive examples identified in the previous 
proteome study were detected in these immunoprecipitations 
(Dataset  S3). Moreover, enrichment of proteins localized to the 
outer layer of the VF copurified with OLS1, while inner layer 
proteins or virion proteins were coimmunoprecipitated majorly 
with ILS1 (Fig. 4C). Importantly, while this study shows a low rate 
of false positive identifications, other proteins not detected in the 
immunoprecipitations are still localized at the VF (Fig. 4C).

 Several host ribosomal proteins were enriched in the immu-
noprecipitations of OLS1-GFP (but not with ILS1-RFP), sug-
gesting some proximity between the outer layer of the VF and 
the ribosomes ( Fig. 5A   and Dataset S3 ). Regardless, VFs are 
thought to segregate replication and transcription from transla-
tion ( 20 ). To test the current consensus, we generated recombi-
nant viruses or amoebae encoding tagged versions of several 
proteins involved in the central dogma ( Fig. 5 A –D   and 
﻿SI Appendix, Fig. S12A﻿ ). As previously suggested ( 20 ), host ribo-
somes ( Fig. 5C   and SI Appendix, Fig. S12A﻿ ) and the viral 
translation-associated protein SUI1 ( Fig. 5D  ) were excluded 
from the VFs. On the other hand, the virally encoded eIF4e 
localized both at the cytoplasm of the host and the outer layer 
of the VF ( Fig. 5D  ). In eukaryotes, besides its classical cytoplas-
mic function in translation initiation, eIF4E also localizes at the 
nucleus, where it participates in the export of a subset of mRNA 
( 48 ). If such export function is conserved in the virally encoded 
eIF4E, it remains to be explored, but it would explain the dual 
localization of the protein.        

 Proteins associated with replication and transcription are 
incorporated into the VFs but subcompartmentalized. While 
replication proteins localized to the outer layer of the VF, tran-
scription proteins accumulated at the inner layer ( Figs. 4A   and 
 5 A  and B  ). Pulse-labeling of mRNAs using 5-ethynyluridine 
(EU) for 15 min strongly suggests that mRNA production site 
is located at the inner layer of the VF ( Fig. 5E  ), colocalizing with 
the RNA polymerase ( Fig. 5B  ). On the other hand, we were 
unable to efficiently label DNA by 5-Ethynyl-2-deoxyuridine 
(EdU) in wild-type viruses (SI Appendix, Fig. S12B﻿ ). We rea-
soned that due to the high AT richness of mimivirus genome 
( 49 ), de novo synthesis of dTMP would be particularly efficient 
in infected cells, allowing thymidine to outcompete EdU for its 
incorporation into the DNA (SI Appendix, Fig. S12C﻿ ). Thus, we 
generated knockout recombinant viruses on the virally encoded 
thymidylate synthase (TS), which concordantly blocked viral de 
novo synthesis of dTMP (SI Appendix, Fig. S12 D  and E ). EdU 
labeling significantly improved in these viruses, allowing the 
visualization of DNA replication with pulses of EdU labeling as 
short as 5 min ( Fig. 5F   and SI Appendix, Fig. S12F﻿ ). Similarly 
to what was observed in the vaccinia virus ( 50 ), pulse labeling 
of DNA replication in late VF resulted in a lower fluorescence 
intensity than labeling in early VF ( Fig. 5 F  and G  ), showing 
that DNA replication decreases during the late stages of infec-
tion. 5-min labeling with EdU showed an enrichment of newly 
synthesized DNA at the periphery of the inner layer of the VF 
( Fig. 5F  ). Concordantly, DNA replication occurs at the interface 
between the inner layer and the outer layer, where DNA and the 
DNA polymerase get in contact. Finally, mRNA processing 
(including capping and Poly(A) synthesis) localized at the inner 
layer of the VF, indicating that maturation of pre-mRNA occurs 
at the same subcompartment as transcription ( Fig. 5H  ). Overall, 
a significant subcompartmentalization of functions is observed 
at mimivirus VFs.   D
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Fig. 4.   Viral factory proteins are subcompartmentalized. (A) Immunoprecipitation experiments in A. castellanii cells expressing ILS1-RFP or OLS1-GFP and 
infected by mimivirus. Cells expressing RFP or GFP were utilized as controls. Crosslinking was performed prior to cell lysis. Immunoprecipitated proteins were 
analyzed through MS-based label-free quantitative proteomics (three replicates per condition). The volcano plots represent the −log10 (limma P-value) on the 
y axis plotted against the log2(FoldChange bait vs. control) on the x axis for each quantified protein (Upper panel: OLS1-GFP vs. GFP, Bottom panel: ILS1-RFP vs. 
RFP). Each dot represents a protein. Proteins with log2 (FoldChange) ≥ 1.6 (FoldChange > 3) and −log10(P-value) ≥ 2 (P-value = 0.01) compared to controls, were 
considered significant (Benjamini–Hochberg FDR < 2%) and are shown in black. Detailed data are presented in Dataset S3. (B) Immunofluorescence demonstrating 
localization of proteins enriched in A. Proteins were endogenously tagged with 3xHA at the C-terminal of each mimivirus gene, and infection was carried out 
for 6 h before fixation. VFs were labeled using DAPI. (C) Immunofluorescence demonstrating localization of proteins not enriched in A but still displaying a VF 
localization. Proteins were endogenously tagged with 3xHA at the C-terminal, and infection was carried out for 6 h before fixation. VFs were labeled using DAPI.
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Discussion

 The molecular grammar of an IDR in a scaffold protein determines 
the nature of the interaction to achieve phase separation and the 
selective recruitment of client proteins ( 37         – 42 ,  51 ). Here, we 
demonstrate that amoeba-infecting members of the Nucleocytoviricota  
phylum share a common molecular grammar governing the forma-
tion of their VFs. This observation likely extrapolates to 

non-amoeba-infecting viruses but further experiments would need 
to be performed with different host-pathogen models in order to 
confirm this prediction. Such compact means of functional main-
tenance allow its inheritance with little gene conservation, solving 
a long-standing paradigm of how such a diverse phylum can con-
serve a replication strategy. Importantly, since the common ancestor 
of all Nucleocytoviricota  likely already possessed a VF with this 
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Fig. 5.   Central dogma functions are subcompartmentalized at the mimivirus VFs. (A) Localization of proteins associated with DNA replication endogenously 
tagged with C-terminal 3xHA. 6 hpi. (B) Localization of the RNA polymerase subunit 2 (rpb2), associated with transcription, endogenously tagged with C-terminal 
3xHA. 6 hpi. (C) Localization of host ribosomal protein RPL22-RFP, associated with translation. Protein is expressed from a second copy plasmid encoding rpl22-rfp.  
6 hpi. (D) Localization of viral proteins associated with translation endogenously tagged with C-terminal 3xHA. 6 hpi. (E) Detection of RNA synthesis by EU labeling. 
Viral infection was allowed to proceed for 4 to 6 h, and labeling time is indicated. (F) Detection of DNA synthesis by EdU labeling. Viral infection by thymidylate 
synthase KO viruses was allowed to proceed for 4 to 6 h, and labeling time is indicated. (G) Quantification of the corrected total VF fluorescence (CT(VF)F) of 
EdU labeling as shown in F. Twenty VFs were reordered during three independent experiments, and the intensity of EdU staining was measured using ImageJ.  
****P ≤ 0.0001. (H) Localization of proteins associated with mRNA maturation endogenously tagged with C-terminal 3xHA. 6 hpi. In all cases: Line profiles 
correspond to the white dashed lines. DAPI: VF inner layer. R366/337-3xHA or OLS1-GFP: VF outer layer.
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molecular grammar, and as the origin of Nucleocytoviricota  is 
thought to predate the origin of eukaryotes (and thus, the origin of 
organelles) ( 52 ), this organelle-like structure might represent a pri-
mordial solution for compartmentalization. Such conservation of 
the grammar is likely driven by the complex number of client pro-
teins recruited to the VFs, which would need to change their bio-
chemical/biophysical properties simultaneously if the molecular 
grammar of the VF suddenly changes. Such a scenario is parsimo-
niously unlikely. Regardless, it is unclear whether all scaffold protein 
IDRs share a common origin and diversification occurred by shuf-
fling protein fragments ( 53 ) or whether the same molecular gram-
mar emerged in multiple IDRs on different occasions by convergent 
evolution ( 54 ). Which advantages the virus gains by modifying the 
scaffold proteins that form their VFs remains to be addressed but 
might be associated with emergent traits of different VFs [including 
the appearance of an inner layer in mimivirus allowing subcom-
partmentalization of replication and transcription, or the endoplas-
mic reticulum wrapping in poxviruses ( 55 )].

 Such grammar allowed us to identify previously neglected but 
well-characterized scaffold proteins in other members of the phy-
lum. In Poxviridae , H5 was predicted as the sole candidate for a 
scaffold protein for phase separation. H5 is an essential protein for 
the infectious cycle of the vaccinia virus ( 56 ) and was coined as a 
hub protein due to its importance in DNA replication, transcrip-
tion, and virion morphogenesis ( 46 ). All those phenotypes correlate 
with a scaffolding function for phase separation. Moreover, H5 
binds DNA ( 46 ) [a function modulated by phosphorylation ( 47 )] 
and localizes as puncta upon heterologous expression in mammalian 
cells (indicating spontaneous phase separation of the protein) ( 56 ). 
Interestingly, when vaccinia virus uncoating occurs, early viral pro-
teins associated with DNA replication localize to cytoplasmic 
puncta, including H5 ( 46 ,  57 ). We propose that these puncta 
(known as prereplication foci) are likely formed by phase separation 
using H5 as a scaffold protein. Upon maturation of the prereplica-
tion foci, VF gets surrounded by the ER membranes ( 55 ). In addi-
tion, H5 strongly accumulates inside the VF ( 58 ,  59 ), and the VFs 
dissolve in the presence of 1,6-hexanediol. Moreover, VFs of the 
vaccinia virus have previously been shown to coalesce when present 
in the same cell ( 60 ). These data support the idea that phase sepa-
ration is a major driver of the VF formation regardless of the ER 
wrapping. It has been proposed that H5 would be a key component 
for VF enlargement and wrapping by the ER ( 57 ). Overall, previ-
ously published data on H5 strongly support its role as an unrec-
ognized scaffold protein for phase separation. In Marseilleviridae , 
at least two scaffold proteins localize to the VFs with differential 
transcriptional expression patterns ( 61 ). This allows us to hypoth-
esize that NMV_095 might initiate VF formation while NMV_238 
would allow its expansion and maturation. Further experiments will 
be needed to corroborate this hypothesis. In Pandoravirales , multiple 
IDRs containing a similar molecular grammar to VF scaffold pro-
teins were identified. Regardless, these viruses transfer their DNA 
into the nucleus of their host. In evolutionary terms, it is parsimo-
nious to assume that a fully cytoplasmic infectious cycle style of the 
majority of the members of the phylum originated prior to the 
nuclear one ( 29 ), as the origin of Nucleocytoviricota  predated the 
origin of eukaryotes (and thus, the nucleus) ( 52 ). Thus, during the 
transition from cytoplasmic to nuclear viruses, the transfer of the 
DNA into the nucleus would generate a VF, which is no longer 
needed for replication and transcription but would still retain the 
functions associated with virion morphogenesis. Nonetheless, only 
imaging data [electron microscopy ( 8 ,  9 ) and immunofluorescence 
( 21 )] support the presence of these structures and further experi-
ments would be needed to characterize such “Virion Factories” 
potentially assembled by nuclear giant viruses and their functions.

 Mimivirus VFs are highly compartmentalized organelle-like 
structures (SI Appendix, Fig. S13 ). Biogenesis of the VFs starts by 
utilizing the cores as nucleating points. Similar observations were 
previously made on vaccinia virus, indicating some conserved 
mechanisms of nucleation ( 59 ). Mimivirus VFs then develop into 
multilayered structures that contain at least two distinctive phases. 
The outer layer of the VF, formed by OLS1, acts as a selective 
barrier and recruits VF proteins. Importantly, while we hypothe-
size that the outer layer of mimivirus VFs is the phylogenetically 
conserved phase between different Nucleocytoviricota , OLS1 is 
dispensable in mimivirus. We theorize that the presence of the 
inner layer allows the protection of the genome of the virus in the 
absence of the outer layer and, despite losing the ability to selec-
tively recruit proteins to the VF and considering the permissive 
conditions of the laboratory, the inner layer is sufficient to achieve 
successful infection. The DNA replication machinery localizes to 
the outer layer of the VF and maximizes DNA replication only at 
the interphase between outer layer and inner layer. This interphase 
is also the site of virion assembly, and the competition between 
these two processes may at least partially explain the decrease in 
DNA synthesis during the late stages of the infection cycle. The 
inner layer of the VF contains proteins associated with transcrip-
tion, which are also packaged into the virions to establish a new 
cycle of infection (including the RNA polymerase, transcription 
factor, RNA processing, etc.). Thus, the inner layer appears to be 
a compartment analogous to the internal content of the virion 
core, which is sufficient to restart RNA transcription of early genes 
upon infection of a new cell ( 13 ). Moreover, ILS1 has recently 
been proposed to work on mimivirus DNA condensation for its 
incorporation into the viral particle ( 36 ). Finally, translation 
occurs outside of the VF, a feature that differentiates mimivirus 
from vaccinia virus ( 62 ). Importantly, how mRNAs are 
exported from the VFs remains unknown. Nevertheless, since 
neither ILS1 nor OLS1 requires RNA for phase separation, a 
simple model can be envisioned where RNA is not retained by 
either the inner layer or outer layer of the VF. In such a case, 
diffusion would be sufficient to deliver mRNAs into the cyto-
plasm of the infected cell.

 Overall, this finding raises questions, including how cytoplas-
mic viruses interact upon infection of the same host cell (can VFs 
from different viruses fuse?), and how biomolecular condensates 
accommodate the various functions required for VFs’ multiple 
roles spatiotemporally. This work opens the door for developing 
generalist drugs to inhibit Nucleocytiviricota  viral infections, 
including monkeypox and African swine fever viruses.  

Materials and Methods

A. castellanii Growth and Virus Production. The following viral strains 
have been used in this study: Acanthamoeba polyphaga mimivirus (49), 
noumeavirus (29), pithovirus sibericum (63), pacmanvirus Lost City (30), 
mollivirus sibericum (32), and Modified Vaccinia virus Ankara strain. See 
SI Appendix, Supplementary Materials and Methods. Viral purification was 
performed as shown in ref. 64.

Generation of DNA Constructs and Viral Lines. See SI  Appendix, 
Supplementary Materials and Methods.

Protein Expression and Purification and Phase Separation Assays. See 
SI Appendix, Supplementary Materials and Methods.

Immunofluorescence, Fluorescence Microscopy, and Electron Microscopy 
Imaging. See SI Appendix, Supplementary Materials and Methods.

1,6-Hexanediol Treatment, EU and EdU Labeling. See SI  Appendix, 
Supplementary Materials and Methods.D
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Immunoprecipitation and MS-Based Proteomic Analyses. Immunoprecipitation 
was performed as previously described (65). Proteins eluted from co-IP experiments 
were either separated by SDS-PAGE or stacked as previously described (66). Proteomics 
data have been deposited to the ProteomeXchange Consortium via the PRIDE (67) 
(PXD054803). Peptides and proteins were identified by Mascot (version 2.8.3, 
Matrix Science). The Proline software (68) (version 2.3) was used for the compilation, 
grouping, and filtering of the results. Statistical analysis was performed using the 
ProStaR software (69). See SI Appendix, Supplementary Materials and Methods for 
the extended protocol.

Prediction of the VF Scaffold Proteins. A database was constituted with 
genomes of isolated viruses, predicted proteins from the Giant virus database (4) 
(PRJEB47746), and Egovirales (44). IDRs were predicted using MobiDB-lite v3.10.0 
(70). For the residue binary patterns, the python package Nardini v1.1.1 was used. 
Compositional data and physical and chemical properties of IDRs were predicted 
with localCIDER v0.1.21 (71). Nardini and CIDER features were normalized. All 
Z-scores and normalized features were then saturated by the sigmoid function (72). 
Scaffold protein homologues were identified by MMseqs2 v.12 (73) with an e-value 
cutoff of 1e-5 and further confirmed by alignment with t-coffee v13.41.0 (74). HMM 
models were constructed with HMMER v3.3.2 (75). Sequences were considered 
as homologs only for alignments with e-values <1e−10. The final SVM classifier 
was built on an rbf kernel considering 11 features whose Spearman correlation 
coefficient is under 0.55. These features included two Nardini features and nine 
CIDER features. MolPhase (76) and ParSe v2 (77) were also tested. See SI Appendix, 
Supplementary Materials and Methods for an extended method.

Data, Materials, and Software Availability. All the codes used for the bioin-
formatic analysis and for the VFCpredict tool developed in this study are available 
at https://src.koda.cnrs.fr/igs/vfcpredict (78). The mass spectrometry proteomics 
raw data have been deposited to the ProteomeXchange Consortium via the PRIDE 
(79) partner repository with the dataset identifier PXD054803 (80). All other data 
are included in the article and/or supporting information.
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