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Nucleocytoviricota is a large group of double-stranded DNA viruses that fully or partially replicate in the host cytoplasm.

Despite marked differences, including virion shape, genome length, and host range, viruses belonging to this phylum have

some very conserved characteristics, including the gene expression profile. A temporal pattern of gene expression, also

known as a transcription cascade model, is described for these viruses, and comparative transcriptome analysis can be

used as a starting point for future transcriptomic investigations.
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1. Introduction

The nucleocytoplasmic large DNA viruses (NCLDV) are characterized by sharing a set of conserved genes related to

replication, transcription, and morphogenesis, a phenomenon that suggests these viruses have a common evolutionary

origin. Subsequent analyses of sequenced genomes of isolated viruses belonging to new families have supported the

monophyly of the NCLDV group . Initial comparative genomic analyses have derived a set of 40 core genes common to

NCLDV. Among these core genes, there are only a few conserved in all known viruses that belong to this group, including

the DNA polymerase B family, helicase-primase, and the late transcription factor 3 . This set of genes called

“hallmark genes”, reconstructed as present in the common ancestor, seem to have origins from different sources, the

majority being homologous to eukaryotic genes and a small part derived from bacteriophage genes .

Distinct viral families are part of the NCLDV group, including Poxviridae, Asfarviridae, Iridoviridae, Phycodnaviridae,

Ascoviridae, Mimiviridae, and Marseilleviridae. NCLDV have recently been officially classified into a new phylum, namely

Nucleocytoviricota . Other recently discovered giant viruses such as pandoravirus, faustovirus, kaumoebavirus,

cedratvirus, pithovirus, mollivirus, pacmanvirus, orpheovirus, and medusavirus have also been included as members of

the NCLDV group, despite not being officially classified into any existent taxa . This group has

unique characteristics such as large particles and genomes, which encode proteins that have never been described in

other viruses . Another characteristic shared by NCLDV is the fact that they replicate entirely or partially in the host

cell’s cytoplasm, in which some viral groups exhibiting little dependence on the host cell’s transcriptional machinery, such

as poxviruses and mimiviruses . The presence of a robust transcriptional apparatus in some NCLDV has raised

discussion about the origin and evolution of these viruses and their genomes . In addition, their gene transcription is

temporally regulated, allowing sets of genes to be classified as early, intermediate, or late in accordance with the stage of

infection when they are transcribed. A previous study has divided the genes of NCLDV into clusters of orthologous groups

(NCVOG), many of which could be assigned to putative functional classes .

2. Temporal Regulation of Gene Expression

Transcriptional regulation involves a sequence of steps and although most of them have been studied extensively using

static biochemistry, much about the real-time kinetics of transcription has not been completely elucidated. As previously

described, NCLDV have many characteristics in common. Among these characteristics, the transcription of their genes

has a temporal profile, being classified as early, intermediate, and late; the genes expressed at each time point have

different functions. The expression of each class of gene occurs in a cascade. This is due to the fact that the required

transcription factors for the expression of each class of genes are the product of the genes previously expressed . In

that way, the products of some genes expressed early during the replication cycle of the virus will be required as

transcription factors to induce the expression of other genes that will be expressed during the intermediate and later

course of infection. Despite having a similar transcriptional regulation profile, the expression of the genes of each

temporal class occurs at different times among NCLDV, due to the fact that their replication cycles last for different lengths

of time. Nevertheless, the expression of genes from different time classes occurs at similar phases throughout the NCLDV

multiplication cycle, that is, early, intermediate, and late during the course of the infection .
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Such temporal classification has been possible due to the development of new techniques to quantify the expression

levels of a large number of genes . DNA microarrays were one of the first tools that allowed the large-scale study of the

transcriptome. The technique is based on the hybridization of target strands on the complementary probe strand, allowing

the identification of genes that are expressed at different times during the viral infection. A major limitation of this

technique is to evaluate genes with low expression. Nevertheless, the advance of large-scale sequencing tools has

allowed a more robust evaluation of the transcriptome of viruses. RNA sequencing (RNA-seq) has been widely used to

study the gene expression profile of organisms and viruses, allowing a more in-depth comprehension of their

transcriptional pattern. This technique provides complete sequencing of all expressed genes during the replication cycle of

a virus, even if the genes have a low level of expression (depending on the coverage of the sequencing), allowing a better

characterization of the virus’s transcriptome. A full description of the fundaments and possible usages of these techniques

is beyond the scope of this review, but this topic has been extensively addressed elsewhere . Although these tools

are based on different technologies, both techniques make it possible to quantify the levels of gene expression and have

had similar coverage in studies that have compared both techniques. Hence, they can be used in a comparison or as

complementary methods in studies involving gene expression . These techniques have been used to study the

expression profile of different large and giant viruses, as will become apparent in the subsequent sections, providing

important information about the biology of these viruses.

3. Transcription in Nucleocytoviricota

Among the viral families that comprise NCLDV, Poxviridae is by far the most studied group. Viruses belonging to this

family have enveloped, ovoid-shaped particles that are 200 nm in diameter and 300 nm in length. Its genome consists of

linear double-stranded DNA (dsDNA) of approximately 200 kilobase pairs (kbp), encoding 200 open reading frames

(ORFs) . This viral family comprises many human and other animal pathogens, including the one responsible for the

most devastating disease that has affected humankind, the variola virus. The complexity of the poxvirus genome

instigated speculation that these viruses synthesize their genome independently of the host nucleus. The transcription of

poxvirus genes follows a temporal profile and is regulated by promoter regions and transcriptional factors. Thus, the

genes are classified into early, intermediate, and late, and they are activated in a cascade sequence . This

temporal profile of gene transcription seems to be a common characteristic not only among members of the family, but

also of other viruses related phylogenetically to poxviruses, such as asfarviruses (ASFV) that infect mammals.

Transcriptomic analysis of genes to classify them temporally, based on RNA-seq and CAGE-seq, identified 101 genes that

show differences in their expression in early and late times of infection by ASFV. Only two-time points were evaluated, at 5

and 16 h post-infection (hpi); therefore, the genes were just classified as early or late, according to the evaluated moment

of infection. Based on both techniques, 36 genes were classified as early—related to transcription, evasion of the host’s

immune response, and DNA replication—and 55 as late—related to transcription, viral structure, morphogenesis, and

DNA replication . New transcriptomic analysis of ASFV, considering the entire time range of infection, would bring

valuable information about the temporal classification of all genes, establishing a landscape for the transcriptome of this

important swine pathogen.

Similar to other members of the phylum Nucleocytoviricota, iridoviruses (family Iridorividae) replication occurs partially in

the host cell’s cytoplasm. Even with homologous RNA polymerase subunits in the iridoviruses genome, host cell RNA

polymerase is necessary to synthesize early gene transcripts of viruses belonging to the Ranavirus and Iridovirus genera

. Thus, early mRNAs are synthesized in the nucleus using the host cell’s RNA polymerase II in the early stages.

However, it is believed that the late transcripts are synthesized in the cytoplasm of the host cell by the RNA polymerase

encoded by the virus . Its gene expression is temporally regulated and results in the expression of three classes of

genes: immediate-early, early, and late .

Unlike other NCLDV members, phycodnaviruses (family Phycodnaviridae) do not encode their own RNA polymerase: they

depend on the host cell’s RNA polymerase for the transcription of their genes. Thus, viral DNA and associated proteins

migrate to the nucleus to start transcription . However, it has been reported that Emiliania huxleyi virus 86 (EhV-86) has

six RNA polymerase subunits, suggesting that this particular member of the Phycodnaviridae family encodes its

transcriptional apparatus and might have had a different evolutionary history compared with other relatives .

Transcriptomic data on Emiliania huxleyi virus 201 (EhV-201) showed that all six RNA polymerase subunits are expressed

at distinct levels, but all at an early or early-late stage of the virus life cycle, possibly being key regulators of the

transcription of late genes .

In 2003, the discovery of the first giant amoeba virus, Acanthamoeba polyphaga mimivirus (APMV), led to the

establishment of the Mimiviridae family, also belonging to the NCLDV group . Viruses belonging to this family have

characteristics never before described in the virosphere, such as particles ~700 nm in diameter, capable of being
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visualized by optical microscopy. Their genome is composed of a dsDNA molecule of approximately 1.2 megabase pairs

(Mbp), capable of encoding more than 1000 predicted proteins, and a wide range of elements related to transcription 

. As with other NCLDV, mimiviruses also have a temporal transcription profile in which the transcribed genes are

classified as early, intermediate, and late . After the discovery of the first giant viruses and the increasing interest of the

scientific community in this group, a great diversity of other giant viruses have been isolated, including Marseillevirus,

faustovirus, pandoravirus, pithovirus, and mollivirus, among others. Studies aiming to elucidate how gene expression is

regulated in most amoeba viruses are still needed. 

4. Functional Comparative Analysis of Temporally Expressed Genes from
Pathogens of Nucleocytoviricota

Marseillevirus T19 has a total of 457 genes . 83 coding sequences (CDS) are classified as early genes (18%), 218

(48%) as intermediate, and 156 (34%) as late (Figure 1 A). The main functions observed for early genes of Marseillevirus

are related to DNA replication and recombination, transcription and signal transduction, and some metabolic functions. Of

the 83 genes classified as early, 3 (3.6%) are related to DNA replication and recombination. Most genes related to DNA

replication are expressed at intermediate or late times during infection; however, some can be expressed as soon as the

particle is internalized by the host cell. In addition, 7 (8.4%) genes are related to the transcription process, such as those

encoding helicase and RNA polymerase subunits, 13 (15.6%) with regulation and signal transduction similar to some

kinases, and only 1 (1%) is related to nucleotide metabolism (Figure 2). The transcription of early genes related to signal

regulation and transduction, which encode serine/threonine kinase, suggests that the virus has the potential to manipulate

its host’s responses, facilitating the establishment of productive infections. Regarding genes classified as intermediate,

the main functions observed are also related to DNA replication and recombination in (25/218, 11.5%), followed by signal

transduction regulation (8/218, 3.7%). Interestingly, many genes involved in DNA metabolism are also expressed during

the late stages of the replication cycle, suggesting a continuous process of DNA manipulation during the virus life cycle.

All of the genes related to virion structure and morphogenesis are expressed late, an expected feature considering that

these genes are involved in the formation of new viral particles (Figure 2).

 

Figure 1. Temporal expression profile of viral genes. Genes for each virus were classified according to the phase of the

replicative cycle they are expressed, named early (blue), intermediate (green), and late (grey). The numbers of genes

associated to each temporal class are indicated. (A) Marseillevirus (Marseilleviridae); (B) Mimivirus (Mimiviridae); (C)

Vaccinia virus (Poxviridae); (D) Frog virus 3 (Iridoviridae); (E) Emiliania huxleyi virus 201 (Phycodnaviridae); (F)

Medusavirus (Medusaviridae).
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Figure 2. Distribution of genes from different functional categories into temporal gene expression classes. The x-axes

contain the different functional categories based on the NCVOG classification. The y-axes represent the proportion of

genes for each functional category for all six viruses included in the analysis. Data are shown as a percentage to allow for

proper comparison. The number of genes associated with each category is indicated in parenthesis. Blue, early genes;

green, intermediate genes; grey, late genes. I, transcription and RNA processing; II, virion structure and morphogenesis;

III, signal transduction; IV, nucleotide metabolism; V, DNA replication, recombination and repair; VI, translation; VII, host-

virus interaction; VIII, other metabolic functions; IX, miscellaneous. APMV, mimivirus; MRSV, Marseillevirus; VACV,

vaccinia virus; FV3, frog virus 3; EhV, Emiliania huxleyi virus 201; MDV, medusavirus.

APMV has a total of 979 CDS, but for this analysis, we included only genes for which transcriptome data were available,

for a total of 829 genes . Approximately a third of APMV genes (292, 35.2%) are expressed early, 210 (25.3%) are

intermediate and 327 (39.5%) are expressed in the final moments of the virus life cycle (Figure 1 B). Most of the genes

related to DNA replication, recombination, and repair are classified as intermediate genes, but there are others expressed

at other moments in the replication cycle, including DNA primase and some helicases (Figure 2). Genes involved in

transcription and RNA processing, including transcription factors, are expressed early, while RNA polymerase subunits are

predominantly expressed at intermediate and late times, possibly being important for further viral transcript synthesis.

APMV encodes at least 31 genes involved in signal transduction regulation, including F-box domain-containing proteins

and serine/threonine kinases, which are evenly distributed among distinct temporal classes of expression. A distinct

feature of the APMV is the presence of translation-related genes, including aminoacyl-tRNA synthetases (aaRS). A total of

eight CDS are members of the translational apparatus of APMV, with four being early expressed, including three aaRS,

one intermediate (the remaining aaRS fall into this category, i.e., cysteinyl-tRNA synthetase), and three late genes (Figure
2). Similar to MRSV, most genes involved in the mimivirion structure are classified as late genes (14/18, 77.7%) (Figure
2). It is interesting to note that most of these genes are putative membrane genes, possibly involved in the formation of a

virus factory and for establishing the initial steps of virion morphogenesis. The gene coding for the major capsid protein

(L425) is a late gene.

Different from MRSV and APMV, VACV infects mammals and has been one of the most studied viruses throughout history

. Among the 218 genes, 118 (54.1%) are expressed at the initial moments of the replication cycle, while 51 (23.4%)

and 38 (17.4%) are intermediate and late genes, respectively (Figure 1 C). It is interesting to note that VACV has many

known genes related to the host-virus interaction, most of which (16/19, 84.2%) are expressed during the early moments

of the virus life cycle (Figure 2). Among these genes are those related to the host immune response interaction, such as

soluble interferon-alpha/beta receptor and chemokine-binding proteins. Most of the genes involved in the transcription and

RNA processing of VACV are expressed early (18/24), while only four and two genes are expressed at intermediate and

late phases of the replicative cycle, respectively (Figure 2). Genes involved in DNA replication, recombination, and repair

are mostly expressed at the early and intermediate phases, and most genes related to virion morphogenesis are classified

as intermediate and late genes (Figure 2). Although the functions of many VACV genes have been predicted, almost 40%

of the genome remains uncharacterized and many genes have yet to be functionally evaluated, including several genes

that have been annotated as ankyrin repeat domain-containing proteins that are similar to other NCLDV.

Among NCLDV included in this analysis, FV3 has the smallest genome and, consequently, fewer genes . Of the 91

genes analyzed, 33 (36.3%) are classified as early, 22 (24.2%) as intermediate and 36 (39.5%) as late (Figure 1 D). Half

of the FV3 genes have no known function. Ten genes are involved in DNA replication, recombination, and repair, with five

being classified as intermediate, two as early, and three as late (Figure 2). Only four genes are involved with transcription

and RNA processing, including two RNA polymerase subunits and transcription elongation factor SII, all classified as

intermediate genes, and the VLTF3, expressed in the late phase of the replicative cycle. We did not observe genes

involved in translation or the host-virus interaction (Figure 2). It is important to note that the absence of genes involved in

direct interaction with the host as well as the fact that only a few are involved in signal transduction regulation (two early
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genes, four late genes) do not indicate that FV-3 only weakly manipulates the host cell. On the contrary, these data should

be interpreted with caution given the large number of genes that have not been characterized, and genes involved in the

manipulation of host metabolism could be identified with further studies. Curiously, most of the genes involved in virion

structure, annotated as surface proteins, are classified as early genes (9/18, 50%), while only 4 (22.2%) are classified as

late (Figure 2). This is in sharp contrast to other NCLDV, where genes involved in the virion structure and morphogenesis

are mostly classified as intermediate or late genes. Nevertheless, the gene encoding the conserved major capsid protein

is expressed late, as observed for most other NCLDV.

EhV-201 encodes 447 genes and single-cell RNA-seq data indicate that all genes are expressed throughout the

replication cycle evaluated from 0 to 24 hpi . These genes are expressed at different moments, which we defined as

early, intermediate and late. However, due to the limited data, 52 genes (11.6%) could not be assigned to a category in

the original study. Therefore, for our analysis, we considered only the genes that had been confidently classified into

distinct temporal classes. From these 395 genes, 90 (22.8%) are expressed early, 185 (46.8%) are intermediate and 120

(30.4%) are late (Figure 1 E). The large majority of EhV-201 genes have no known function (374/447, 83.7%). Among the

73 genes with defined functions, 3 could not be included in any temporal class. Genes related to DNA replication,

recombination, and repair are mainly expressed at intermediate moments of the replication cycle, similarly to other

NCLDV, while those related to the virion structure and morphogenesis are expressed late (Figure 2). Most genes of the

transcriptional apparatus of EhV-201, including all six RNA polymerase subunits, are considered intermediate genes, with

only one transcription factor, VLTF2, being expressed early (Figure 2). Curiously, genes whose products are involved in

lipid and protein metabolism—for example, lipases and proteases—are most expressed early, suggesting a putative role

affecting the host’s metabolism.

Researchers recently evaluated the transcriptional landscape of medusavirus by using RNA-seq; this virus was isolated

from hot spring water in Japan and contains 461 protein-coding genes . Of these genes, 131 (28.4%) are considered

early, being expressed between 0 and 2 hpi; 272 (59%) are intermediate, expressed between 2 and 4 hpi; and 58 (12.6%)

are late, expressed after 4 hpi, with higher expression after 8 hpi [65] (Figure 1 F). Similar to other NCLDV, the majority of

medusavirus genes are uncharacterized (359/361, 77.9%). Most genes related to DNA metabolism are expressed until 4

hpi, including DNA polymerase and viral homologs for histone proteins (Figure 2). Despite the lack of RNA polymerase,

medusavirus contains some genes involved in the transcription process, such as transcription factors that are classified as

intermediate genes. Interestingly, the viral poly-A polymerase is early expressed and might be related to the poly-

adenylation of viral transcripts during the replication cycle. Genes involved in signal transduction are evenly distributed in

the three temporal classes, suggesting a constant interaction with the metabolic pathways of the host (Figure 2). Finally, it

is curious that, differently from other NCLDV, most of the genes associated with the medusavirion structure and

morphogenesis are classified as intermediate genes, with only a putative membrane protein being expressed late (Figure
2). This profile differs from those observed in other NCLDV and a deeper investigation regarding the morphogenesis of

this virus could bring important novelties for the field.

5. Conclusions and perspectives

Many concepts about the virosphere have changed with studies carried out over the years following the discovery of

NCLDV. This group shares many genes related to the replication of the genome and the formation of the viral structure,

called “viral hallmark genes”, which point to the monophyly of this group. In addition, many members of this group have a

nearly complete transcriptional apparatus, which provides some independence from their hosts’ machinery. Thus, the

presence of a robust transcriptional apparatus has raised much discussion about the evolutionary aspects of these

viruses and their genome.

In this work, we performed a comparative analysis of groups of genes expressed at different times of infection of different

members of the NCLDV group. We observed that a common characteristic of this group is a temporal expression profile of

their genes throughout the replication cycle, a characteristic that has been maintained throughout the evolution. Overall,

genes related to genome transcription and replication are generally expressed in the initial/middle phase of the replicative

cycle, while those associated with virion morphogenesis and structure are mainly expressed in the final phase of the virus

life cycle. Understanding how the genes of a given pathogen are expressed provides data that assist researchers in

understanding their biology and interaction with their hosts. In addition, information regarding the regulation of the

expression of these genes can also assist in studies to interrupt this process at a certain point in the cycle to contribute to

the resolution of possible diseases caused by different viral pathogens. Finally, this study compiles information about the

regulation of gene expression of different pathogens that opens up the field for transcription studies of other NCLDV, for
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which this process has not been completely elucidated. The analysis presented here provides insights into the gene

expression profiles of other viral pathogens belonging to Nucleocytoviricota and can be used as a starting point for future

transcriptomic investigations.
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