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SUMMARY Fifty years ago, David Baltimore published a brief conceptual paper delineat-
ing the classification of viruses by the routes of genome expression. The six “Baltimore
classes” of viruses, with a subsequently added 7th class, became the conceptual framework
for the development of virology during the next five decades. During this time, it became
clear that the Baltimore classes, with relatively minor additions, indeed cover the diversity of
virus genome expression schemes that also define the replication cycles. Here, we examine
the status of the Baltimore classes 50years after their advent and explore their links with
the global ecology and biology of the respective viruses. We discuss an extension of the
Baltimore scheme and why many logically admissible expression-replication schemes do
not appear to be realized in nature. Recent phylogenomic analyses allow tracing the com-
plex connections between the Baltimore classes and the monophyletic realms of viruses.
The five classes of RNA viruses and reverse-transcribing viruses share an origin, whereas
both the single-stranded DNA viruses and double-stranded DNA (dsDNA) viruses evolved
on multiple independent occasions. Most of the Baltimore classes of viruses probably
emerged during the earliest era of life evolution, at the stage of the primordial pool of
diverse replicators, and before the advent of modern-like cells with large dsDNA genomes.
The Baltimore classes remain an integral part of the conceptual foundation of biology, pro-
viding the essential structure for the logical space of information transfer processes, which
is nontrivially connected with the routes of evolution of viruses and other replicators.

KEYWORDS virus classification, virus evolution, virus realms, virus taxonomy

INTRODUCTION
n September 1971, nearly 50 years prior to this writing, David Baltimore published in
Bacteriology Reviews (now Microbiology and Molecular Biology Reviews) a short paper
entitled “Expression of animal virus genomes” (1) (the subject has been further discussed in
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FIG 1 The central dogma of molecular biology. The figure is redrawn from Crick's 1970 article. The solid
arrows represent the mainstream routes of information flow, and the dashed arrows show (putative)
“special routes” after Crick. Adapted from reference 10 with permission of Springer Nature.

Baltimore’s review articles that appeared shortly thereafter [2, 3]). This article (hereafter B71)
does not report any particular discovery or theory as such. Instead, it is a simple classification
of viruses (those that infect animals, according to the title, but effectively all viruses) by the
routes of information transmission from the nucleic acid that is encapsidated in the virion
(hereafter genome) to the mRNA, from which virus proteins are translated.

Objectively measuring the impact of a particular publication on the further develop-
ment of science is an unsolved and, perhaps, unsolvable problem. Still, however imper-
fect and difficult to interpret, the citation history is a useful source of information. By
that measure, B71 fares well, even if not overwhelmingly, having been cited a total of
988 times (Google Scholar, as of 25 June 2021). The citation dynamics of B71 (as easily
traced using Google Scholar) is remarkable, with active initial citation followed by a pe-
riod of neglect, with virtually no citations around 1990, and then, by resurgence in the
2010s, a striking rediscovery of a temporarily forsaken classic.

In this article commemorating the 50th anniversary of B71, we argue that, despite
the relatively modest citation record and notwithstanding (or thanks to?) the simplicity
of Baltimore’s scheme, this is one of the most important papers in virology ever published. It
also has more general implications for the study of the evolution of life. Indeed, the impor-
tance of classification in the evolution of any science is hard to overestimate. Typically, the
mature age of a scientific field is marked by the appearance of a powerful classification
scheme (4-7). Suffice it to mention animal and plant systematics created by Linnaeus,
Fedorov’s classification of crystals, Mendeleev's periodic system of chemical elements, and
the classification of elementary particles underlying the standard model of modern particle
physics. Each of these classifications had demonstrable predictive power, and each has
become the foundational framework of the respective field of science. The Baltimore classifi-
cation plays an analogous foundational role in virology, even if the scope of the discipline
may not be comparable to the whole of chemistry or particle physics. Moreover, viewed
from a higher plane of abstraction, the Baltimore system classifies not only viruses but also
the routes of biological information transfer and, in that capacity, is central to all of biology.
Indeed, although not usually discussed in these terms, the Baltimore scheme, in addition
to viruses, formally accommodates all cells, which, with their uniform route of information
transmission, fit into one of the Baltimore classes.

The publication of B71 came in the wake of the ground-breaking discovery of the
retrovirus reverse transcriptase (RT) that was made by Baltimore (8) and, simultane-
ously and independently, by Temin and Mizutani (9) (and rewarded by the Nobel Prize
in Physiology or Medicine to Baltimore and Temin in 1975). The discovery of the RT
triggered conceptual discussion of the routes of transfer of biological information and,
in particular, the explicit formulation of the “Central Dogma of Molecular Biology” by
Crick (10), following the conceptual framework laid out in Crick’s earlier seminal paper
on translation (10, 11) (Fig. 1). In the central dogma, Crick amended the canonical
scheme of information transfer from DNA to RNA to protein by allowing, in special sit-
uations such as virus replication, the back transfer from RNA to DNA, RNA replication
without involvement of DNA, and even direct translation of DNA that, however, does
not seem to occur in cells. By contrast, direct information transfer from protein to
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FIG 2 The amended scheme of the seven Baltimore classes of viruses. Shown is the transfer of
genetic information between genomic nucleic acids encapsidated into virions (genomes, for short)
and mRNA. This transfer is enabled by enzymatic reactions; in the case of the RNA viruses, with the
exception of hepatitis delta and related viruses, these reactions are catalyzed by the virus-encoded
RNA-dependent RNA polymerases, which are encapsidated into virions of viruses of BCIIl and BCV,
but not BCIV; reverse-transcription of RNA to DNA is catalyzed by virus-encoded reverse transcriptases,
which may or may not be encapsidated into virions; replication of DNA genomes is catalyzed by virus-
encoded or host-encoded DNA polymerases, which are not encapsidated. The roman numerals denote
the BCs. BCVII was added to the scheme. Adapted from reference 1 with permission.

nucleic acid (reverse translation) was explicitly and strictly prohibited. The impossibility
of the direct information flow from protein to nucleic acids is the central dogma,
which, now as then, stands as a fundamental biological exclusion principle. A general-
ization of this principle is that all routes of information transfer between the digital in-
formation carriers (DNA and RNA) are allowed and actually occur in nature, whereas
the information transfer from a digital to an analog device, that is, from nucleic acids
to protein, is strictly unidirectional (12). The classification presented in B71 is an em-
bodiment of this principle that is based on the preceding discoveries in virology,
namely, virus RNA genomes and reverse transcription.

THE BALTIMORE CLASSES OF VIRUSES

The system described in B71 consists of six classes of viruses (hereafter Baltimore
classes, BCs) that are distinguished by their distinct routes of information transfer from
the nucleic acid that is incorporated into virions (virus genome). These routes, evi-
dently, reflect the chemical nature and polarity of the genome (Fig. 2).

. BCl: double-stranded (ds) DNA viruses. These are the viruses that encapsidate dsDNA
and use the classical route of information transmission, the same as in all cells.

Il. BClI: single-stranded (ss) DNA viruses that encapsidate ssDNA, which is then replicated
and expressed via a dsDNA intermediate; Baltimore noted that all ssDNA viruses known at the
time incorporated into virions either a ssSDNA of the same polarity as the mRNA ([+]DNA) or
ssDNA molecules of both polarities (in separate particles), but not exclusively (-)DNA.

lll. BClIl: dsRNA viruses that package a dsRNA genome that has to be transcribed (tran-
scription here being defined as mRNA synthesis, irrespective of the nature of the template)
to produce the mRNA.

IV. BCIV: positive-sense (+)RNA viruses that pack into virions a ssRNA of the same
polarity as the mRNA for the synthesis of virus proteins such that the genome RNA can
be translated directly.

V. BCV: negative-sense (-)RNA viruses that package an RNA that is complementary
to the mRNA and is transcribed to produce the latter.

VI. BCVI: reverse-transcribing RNA viruses that package a positive-sense RNA that is
replicated via a DNA intermediate.

Shortly after the publication of B71, a group of viruses has been characterized, hep-
atitis B viruses (HBV) later named hepadnaviruses (13, 14), that qualified as BCVII,
viruses that package a dsDNA genome (although one of the strands is typically incom-
plete) that use RT to replicate via an RNA intermediate.

BCVI and BCVII are of special interest because their status as distinct classes
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emphasizes that the classes reflect the actual route of information transmission and
not the structure of the genome directly. Hence, viruses that encapsidate dsDNA and
(+)RNA but use reverse transcription are not included in BCl and BCIV, respectively,
but merit the creation of separate BCs.

BCll is another point in the same case, where the route of information transfer is a more
fundamental feature of a virus than the genome structure. Small ssDNA viruses that appear
to package exclusively (-\DNA have been discovered, namely, the family Anelloviridae (15,
16), as well as certain members of the family Parvoviridae, such as mink enteritis virus (17).
Formally, viruses with a (-\DNA genome would qualify as a distinct BC, potentially BCVIII.
However, many ssDNA viruses, such as circoviruses, geminiviruses, genomoviruses, and sma-
coviruses, possess ambisense genomes, in which some genes are located on one strand,
and other genes are located on the complementary strand (18, 19). Furthermore, to the best
of the current knowledge, viral ssDNA is never transcribed directly. Rather, the template for
transcription producing the mRNA is always a dsDNA intermediate. Given the wide spread
of ambisense ssDNA and the ubiquity of the dsDNA intermediate, which makes the route of
information transfer effectively uniform among the ssDNA viruses, it appears that they all
should be assigned to a single BC (BClI).

Some viruses span the boundaries between the BCs and formally can be assigned to
two BCs. Thus, different members of the family Pleolipoviridae, despite having conserved ge-
nome sequences, encapsidate either ssDNA or dsDNA genomes, with some genomes being
a patchwork of single-stranded and double-stranded regions (20-22). Similarly, the genomes
of the ssDNA viruses in the family Bacilladnaviridae contain short dsDNA regions (23-25).
Thus, technically, both pleolipoviruses and bacilladnaviruses can also be considered repre-
sentatives of two different BCs, namely, BCl and BClII.

An even more notable twist to the Baltimore classification is the discovery of ambi-
sense RNA viruses (arenaviruses and some other members of the order Bunyavirales)
that possess a genome partitioned into two or three segments of RNA, respectively,
one of which combines regions of positive and negative polarity (26-28). Furthermore,
a group of fungal viruses, dubbed ambiviruses with nonsegmented bicistronic
genomes where the RNA-dependent RNA polymerase (RARP) is encoded on the (+)
strand and the other ORF is located on the (-) strand, has been recently discovered
(29). It can be argued that these viruses would formally qualify as a new BC, or else
could be considered as belonging both in BCIV and BCV, although, effectively they are
distinct varieties of (-)RNA and (+)RNA viruses, respectively, as discussed below.

On the whole, despite many notable discoveries of variations on the main routes of
information flow in diverse viruses, after the addition of BCVII, the strikingly simple
Baltimore classification has remained stable for nearly half a century.

MOLECULAR AND ECOLOGICAL CORRELATES OF THE BALTIMORE CLASSES OF VIRUSES

The ultimate value of any classification can be measured by the fraction of the var-
iance in the classified data set it accounts for. A perfect classification (which hardly can
exist in reality) would partition the data in accord with all the salient features. The BCs
fare well in this regard. Indeed, the inclusion of a virus in a particular BC defines, in
large part, its replication cycle, genome size, gene content, the presence or absence in
the virion of key functional systems, such as the replication and transcription machi-
neries, and other important features (Table 1).

General patterns, some of which amount to strict rules, follow from the BC classifi-
cation under biologically interpretable (albeit to different degrees) constraints. Among
the most remarkable patterns associated with the BCs is the genome size distribution.
All the viruses in BCIl to BCVIl have tiny genomes compared to the organismal
genomes and replicate with high error rates. The record size in all these BCs is reached
by the 30- to 40-kb coronavirus genomes (30), which, unlike all other known viruses in
these BCs, encode proofreading enzymes that boost replication fidelity (31-33).
Conceivably, the size of the genome in these BCs is limited by the relative chemical
instability of ssRNA and structural constraints on ssDNA (potential for extensive
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TABLE 1 The Baltimore classes of viruses and their key molecular and biological features

Microbiology and Molecular Biology Reviews

Virion Packaging of components
nucleic Genome Genome of replication/transcription
BC acid structure size, kb’ Genome segmentation machineries Host range
I dsDNA Mostly linear 5-2,500 None No replication, transcription ~ Bacteria and archaea, protists, animals; none
in some in plants, rare in fungi
I ssDNA Mostly circular  1.7-25 Mostly nonsegmented None Bacteria, rare in archaea; most eukaryotes
Il dsRNA linear 4-30 Mostly segmented All packaged Protists, animals, plants; one family in
bacteria, none in archaea
IV (+)RNA linear 3.5-40 Mostly nonsegmented None All eukaryotes; one class with six families in
but many segmented bacteria, none in archaea
V  (-)RNA Mostly linear 1.7-20 Roughly half segmented Nearly all packaged Animals, plants, rare in fungi, protists; none
in bacteria or archaea
VI (+)RNA,RT Linear 5-13 Nonsegmented All packaged All eukaryotes; none in bacteria or archaea
VIl dsDNA,RT  Circular 3-10 Nonsegmented Mostly packaged Animals, plants; unknown in protists; none in

bacteria or archaea

9The information on genome size ranges is from the 10th ICTV report (109).

secondary structure formation) and dsRNA (structural rigidity). The expansive BCI
stands apart from the rest of the BCs in terms of the span of the genome size, which
ranges between about 4 kb and 2.5 Mb, and the organization of the replication process
(34). The latter can vary, arguably because the genomes of dsDNA viruses share the
same physical organization with the host genomes and thus have the “choice” of
exploiting cellular replication machineries or encoding their own. Thus, it appears that
dsDNA that is replicated and expressed according to the classical scheme of genetic in-
formation flow is the only type of nucleic acid that provides for the maintenance and
efficient replication of genomes in excess of about 50 kb.

RNA replication and reverse transcription of RNA into DNA are generally shunned
by cells, with the exception of some highly specialized situations, such as telomere syn-
thesis and RNA interference in eukaryotes. Therefore, all viruses in BCllIl to BCVII that
rely on these processes invariably encode an RNA-dependent RNA polymerase (RdRP)
or RT, with the exception of satellite viruses that depend on other viruses for replica-
tion. Moreover, all these viruses, with the notable exceptions of BCIV and certain mem-
bers of BCVII (caulimoviruses), incorporate the RARP or RT and the rest of the enzymatic
machinery required for the expression of the mRNA into the virions because these
enzymes are required to produce the first viral mRNA in the infected cells. Conversely,
no BCIV virus carries any enzymatic machinery in the virion because the (+)RNA ge-
nome is directly translated upon infection. The ssDNA viruses in BCIl generally can
afford to rely on the host enzymatic machinery for genome replication and transcrip-
tion. Indeed, with the sole exception of members of the Bidnaviridae family, which
encode their own protein-primed DNA polymerase (35, 36), and members of the
Anelloviridae family, which encode proteins without detectable homologs, the small
ssDNA viruses in BCll encode a single replicative enzyme, the endonuclease involved in
the initiation of rolling circle/hairpin DNA replication (37, 38). This endonuclease has to
be encoded in the virus genome because rolling circle replication is not among the
normal cellular nucleic acid synthesis processes.

Although the dsDNA viruses of BCl also have the luxury of relying on the host repli-
cation and transcription systems, they encode a broad range of the repertoires of pro-
teins involved in these processes (39). Having broken through the genome size limits
affecting the rest of the BCs, many of these viruses have acquired their own replication
and transcription machineries, in some cases nearly complete ones that, apparently, pro-
vide for efficient, partly autonomous genome expression and replication.

Some other correlates of the BCs are harder to interpret. For example, all RNA-con-
taining reverse-transcribing viruses comprising BCVI contain the RT within the virions
where it reverse transcribes the virion (+)RNA, although it is unclear what would pre-
clude direct translation of this RNA as it occurs in the BCIV viruses. Baltimore noted
when introducing the BCs (1) that all dsRNA viruses known at the time had segmented
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FIG 3 The host range distribution in the seven Baltimore classes of viruses. (A) Distribution of the BCs in the three cellular
domains. The panel illustrates the dominance of dsDNA viruses in Bacteria and Archaea, which contrasts the dominance of
viruses with RNA genomes in Eukarya. (B) Distribution of the BCs in eukaryotes. Each circle represents the breakdown of
the virus genera (according to the ICTV taxonomy release number 35 [https://talk.ictvonline.org/files/master-species-lists/m/
msl/9601]) associated with the indicated group of hosts. The number of virus genera (n) is indicated inside each circle. The

BCs are denoted by the virion nucleic acid and are color coded.

genomes, although it was unclear why there could not be dsRNA viruses with nonseg-
mented genomes. And, indeed, several years after the publication of B71, the totivi-
ruses, a widespread group of viruses with small (about 4 kb) nonsegmented dsRNA
genomes, have been discovered (40, 41). The trend remains, however, that most of the
viruses in BClll have segmented genomes, and there are no large (by RNA virus stand-
ards) nonsegmented dsRNA genomes. This trend might have to do with the rigidity of
long dsRNA molecules hampering their utilization as the templates for RNA synthesis
and/or packaging into virions.

The different BCs show a nontrivial distribution of host ranges (Table 1 and Fig. 3)
(42). The characterized portion of the prokaryotic virosphere is dominated by dsDNA
viruses (BCl), with a substantial minority of ssDNA viruses (BCll), a low representation of
(+)RNA viruses (BCIV), a single small family of dsRNA viruses (BClll), and no known
reverse-transcribing viruses (BCVI to BCVII). In contrast, well-characterized eukaryotic
viromes are dominated by (+)RNA viruses (BCIV) and in some major taxa, for example,
fungi, by dsRNA viruses (BCIIl). The reverse-transcribing viruses of BCVI are also wide-
spread and highly abundant, especially in animals. The dsDNA viruses of BCl, although
lagging behind the (+)RNA viruses in diversity, are a major presence in various unicel-
lular eukaryotes as well as in animals, but not in plants (Fig. 3). There are no compelling
explanations for most of these notable patterns of host range across the BCs. Some bi-
ological considerations are apparent. For instance, the absence of BCl in plants can be
attributed to the inability of large dsDNA molecules to spread between cells by passing
through plasmodesmata (43). The dominance of BCl and, to a lesser extent, BCll in pro-
karyotes that contrasts the high prevalence of RNA viruses (primarily BCIV) in
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eukaryotes is a more general pattern, and the biological underpinnings are harder to
decipher. It seems plausible that in prokaryotes, where access to the replication and
transcriptional machineries is relatively unencumbered for a virus, the more efficient
and versatile DNA viruses outcompete RNA viruses. In contrast, in eukaryotic cells, the
nucleus presents a barrier that required special adaptations for large DNA viruses to
cross. The DNA viruses either have to adapt to penetrate the nuclear envelope and rep-
licate in the nucleus or have to acquire replication and transcription apparatus to repli-
cate within “virus factories” in the cytosol (44, 45). Conversely, the endomembranes of
eukaryotic cells seem to provide a fertile niche for the replication of RNA viruses (46,
47). With regard to RNA viruses, one might be compelled to ask why do (-)RNA and
dsRNA viruses exist at all and are widespread in eukaryotes, considering the ultimate
simplicity of the information transmission route of (+)RNA viruses and their obvious
evolutionary success? A potential explanation linking the information transmission
routes in these BCs with the host biology could be that (-)RNA and dsRNA viruses hide
their replicating genomes inside capsids or nucleocapsids from the powerful systems of host
innate immunity that operate in the cytoplasm of eukaryotic cells, in particular RNA interfer-
ence (48, 49), the interferon response (50, 51), and other dsRNA-triggered defense pathways
(52).

Admittedly, the above are general, vague arguments, and attaining a deep under-
standing of the aspects of the virus-host interactions that underlie the strikingly non-
uniform distribution of the BCs across the broad range of hosts requires further, exten-
sive experimental studies. Furthermore, the possibility remains that the current host
range pattern is substantially biased by different rates of discovery of viruses across
the BCs; for example, significant undercounting of both ssDNA viruses of BClI (53) and
(+)RNA viruses of BCIV (54, 55) in various environments has been reported.

All the caveats notwithstanding, the key message from the examination of the fea-
tures of viruses that correlate with the BCs, be it molecular mechanisms or (perhaps to
a lesser extent) host range, is that the assignment of a virus to a BC is highly predictive.
Furthermore, the major differences between the BCs, such as the contrasting host
ranges, pose fundamental challenges for further research. These are hallmarks of a pro-
ductive, working classification system.

EXTENSION OF THE BALTIMORE CLASSIFICATION: THE SPACE OF LOGICAL
POSSIBILITIES AND WHY IT REMAINS UNFILLED

Classification systems that capture patterns existing in nature have the remarkable
capacity to identify missing elements and predict their properties. Mendeleev's predic-
tion of the chemical elements that were missing in his table was promptly validated
and became a glorious triumph that established the periodic table as the foundational
framework of chemistry (56). The prediction and discovery of a number of elementary
particles, including the famous Higgs boson, was equally momentous for high energy
physics (57). Could the Baltimore classification do anything similar for virology, or even
beyond, by predicting the discovery of new routes of genetic information transmission
or explaining why some of the logically possible routes might not be realized in any
genetic systems?

In B71, Baltimore only makes a general comment that “Viruses with similar transcriptional
systems could have different replicational systems leading to the necessity to extend the class
designations” (1). Three years after the publication of B71, one of us (V.. A.), building upon this
suggestion, modified and expanded the BC system (58). This classification takes the form of a
complete hierarchical table of the routes of information transmission between nucleic acids
that, unlike Baltimore’s original scheme that focused on mRNA formation (Fig. 2), takes into
account both expression and replication of virus genomes (Fig. 4). The analysis started with
the definition of genetic elements, of which there are four: (+)RNA, (-)RNA, (+)DNA, and
(-)DNA. As each element can serve as the template for the synthesis of two types of comple-
mentary molecules, there are eight elementary acts of synthesis. Then, there are eight genetic
units, namely, the four genetic elements and four types of double-stranded molecules made
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FIG 4 The extended, hierarchical version of virus classification by information transmission routes. Types DDR, DRRD, RR, DRD, DDRD, and
RRD represent theoretical paths of genetic information transfer. The elementary acts of synthesis of DNA or RNA on a DNA template are
denoted, respectively, as DD or DR, and the elementary acts of synthesis of DNA or RNA on an RNA template are denoted as RD and RR.
Each type is further divided into superclasses, denoted with Latin letters, and the superclasses are divided into classes denoted with Arabic
numerals and shown in separate boxes. In each class, the leftmost genetic unit, shown in red, represents the virion nucleic acid (genome).
The occupied classes are shown by colored background, green for those known at the time of the original publication (58) and yellow for
those discovered subsequently (see the text for details). The blue arrows show synthesis of single-stranded molecules on double-stranded
templates (multiplicational acts of synthesis), and black arrows show synthesis of dsDNA or dsRNA on single-stranded templates
(nonmultiplicational acts of synthesis). Abbreviations: D, DNA; R, RNA. For each occupied class, the corresponding BC is indicated in the
bottom left corner, whereas examples of virus families that use the corresponding routes of information transfer are shown in parentheses.
The examples were chosen arbitrarily. Class DDR-d2 is currently not occupied by known viruses, but the corresponding flow of information

has been described for conjugative F-like plasmids. Reproduced from reference 58 with permission from Elsevier.

of those, including DNA-RNA hybrids. Considering the simplest cycles, in which one of the
eight genetic units involved is the genome (the nucleic acid incorporated in the virion as far
as viruses are concerned), there are 35 distinct cyclic graphs (evidently, replication presup-
poses a cycle) that represent the routes of information transfer (Fig. 4). The classification
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becomes naturally hierarchical, with six types defined by the genetic units that comprise the
vertices of the graph [DDR, RR, etc,; here, DDR means three acts of synthesis, namely, synthe-
sis of (+)DNA and (—)DNA on the respective complementary DNA templates and synthesis
of (+)RNA on the (—)DNA template, whereas RR means two acts of synthesis, namely, syn-
thesis of (+)RNA and (—)RNA on the respective complementary RNA templates], 17 super-
classes, each with the same graph topology but different distributions of the genetic units
over the vertices, and the 35 classes that correspond to unique information transmission
routes (not to be confused with the BCs) (Fig. 4). By the design of this system, the classes
within each superclass differ only by the nature of the genome, that is, the encapsidated
nucleic acid (Fig. 4). Now, as in 1974, this table is only sparsely occupied by known genetic
systems, which appears unexpected given that we are unaware of any physicochemical limi-
tations on genetic units and acts of synthesis, and so one would suspect that all simple routes
of genetic information transmission would have been explored during the nearly 4 billion
years of the evolution of life. Thus, if exclusion principles exist that preclude occupation of
some of the classes, these have to be uncovered (58).

At the time of the publication of the table, three types, six superclasses, and eight
classes were assigned to viruses (and cellular organisms, which all fit in one class, DDR-
a) (58). The occupied cells in the table include all four simple, two-edge classes in type
RR, that is, all RNA viruses that comprise BClIl to BCV, two classes in type DDR (BCl and
BCll), and one class in type DDRD (BCVI) (Fig. 4). One more class, DDR-c2 with the virion
negative-sense ssDNA, could be considered “conditionally” represented because some
ssDNA viruses, specifically parvoviruses, have been known to encapsidate positive-
sense and negative-sense ssDNA molecules in different particles, but none have been
discovered at the time with negative-sense virion ssDNA only.

So how did the occupation of the extended classification table change over the next
47 years? A group of parvoviruses in the genus Protoparvovirus that package exclusively
(-)DNA has been discovered (17, 59). Furthermore, all known members of the family
Anelloviridae also have a (-\DNA genome (15, 60), so that class DDR-c2 is definitively occu-
pied. The classes DDR-b1 and DDR-c1 are both represented by ambisense dsDNA viruses,
such as corticoviruses, simuloviruses, and pleolipoviruses, that replicate by the rolling circle
mechanism, a process that produces an ssDNA intermediate (21, 61, 62). Adenoviruses that
have linear dsDNA genomes also squarely fit in because they replicate via an ssDNA inter-
mediate, albeit by an entirely different mechanism that involves strand displacement by
the virus-encoded protein-primed DNA polymerase (63, 64). Notably, both strands of the
adenovirus genome can be individually displaced from different dsDNA molecules (63, 64),
satisfying the requirements for both DDR-b1 and DDR-c1.

The class DDR-d2, which envisions direct transcription from an ssDNA template, has
also been discovered in nature, albeit in plasmids rather than in viruses (65). The lead-
ing region of the ssDNA of F-like plasmids, the first to be transferred into recipient cells
during conjugation, contains a promoter that functions exclusively in the single-
stranded form for both transcription of the mRNA for several early proteins and initia-
tion of the plasmid DNA replication, that is, synthesis of the second DNA strand (65,
66). Although such transcription of ssDNA, to our knowledge, has not been reported in
viruses, it is worth noting that the experiment leading to the discovery of the promoter
was performed with ssDNA bacteriophages, whereby the plasmid DNA was cloned
into the phage genome (65), showing the principal possibility of direct transcription
from a phage ssDNA. Regardless, the ssDNA entering the cell through conjugation is
conceptually equivalent to the DNA encapsidated into virions and is delivered into the
host cells upon virus infection. Alternatively, if the dsDNA form of the conjugative plas-
mid is considered genome, the case would qualify as filling class DDR-d1.

The class DDRD-a1, which corresponds to BCVII, has been claimed through the dis-
covery of reverse-transcribing viruses containing dsDNA in the virion, hepadnaviruses
and caulimoviruses (67). Notably, the hepadnavirus genomic DNA is only partially dou-
ble stranded (68), so it technically could be considered to belong to both BCl and BClI,
and, respectively, to both DDRD-a1 and DDRD-b3. So, these classes can be considered
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occupied. Furthermore, some hepadnaviruses package into virions (+)RNA-(-)DNA
hybrids (69, 70), thus filling the class DDRD-a3. Therefore, in the updated information
route classification table, 14 (the 6 original ones and the 8 filled here based on the cur-
rent knowledge) of the 35 classes are now claimed (Fig. 4).

Why are the remaining 21 cells of the table empty? At the time of the publication of
the extended classification in 1974, it seemed likely that some of these would be occu-
pied as a result of the continuing study of the diversity of viruses that was then in its
infancy, although the possibility of exclusion has been considered (58). The empty
classes, which do not include any acts of synthesis not known to exist in nature, have
been explicitly predicted to eventually fill with new viruses (58). These classes are
DDRD-a1, DDRD-a3, DDR-b1, and DDR-c1. Indeed, viruses occupying each of these
classes have been discovered, fully vindicating the prediction. The first two correspond
to reverse-transcribing viruses with dsDNA genomes (BCVIl), whereas DDR-b1 and
DDR-c1 are both represented by dsDNA viruses (BCl) with ambisense genomes repli-
cated by mechanisms involving single-stranded intermediates (Fig. 4).

Considering the enormous expansion of the collection of sequenced virus genomes
thanks to the advances of genomics and metagenomics in the 21st century, the discov-
ery of viruses that would fill the remaining empty classes appears now increasingly
unlikely. At the very least, if any are discovered, these should be extremely rare in the
biosphere. No hard exclusion principles of the type of the central dogma are likely to
be at play, given that all genetic units are known to exist in nature. In part, the prepon-
derance of unoccupied classes can be attributed to avoidance of one genetic unit; evo-
lution seems to disfavor RNA-DNA hybrids as a genome and, to a lesser extent, as an
intermediate. Conceivably, conversion of this type of molecule into dsDNA, the nucleic
acid form that appears to be best suited for genome replication, thanks, partly, to its
physical properties including stability and regular structure and, partly, to the opportu-
nity to utilize the cellular replication machinery, was advantageous in the course of
evolution and was fixed independently on multiple occasions.

The apparent nonexistence of the DRD-a superclass merits a special comment. In
principle, its two classes correspond to the most economical mode of replication for
reverse-transcribing viruses that would involve only two genetic units. The class DRD-a1
seems particularly plausible given that packaging of (+)RNA is so widespread. However, all
the numerous known RNA-containing reverse-transcribing viruses belong to class DDRD-a2,
that is, replicate via a dsDNA intermediate, a third genetic unit (Fig. 4) that integrates into
the host genome in an essential stage of the virus replication cycle. Many viruses in this
class, such as metaviruses (also known as Ty3/gypsy-like retrotransposons) (71), pseudovi-
ruses (Ty1/copia-like retrotransposons) (72), and belpaoviruses (Bel/Pao-like retrotranspo-
sons) (67), lead a dual lifestyle as viruses and transposons. Switching between these life-
styles, known as lysis-lysogeny switch in bacteriophages (73, 74), is also typical of numerous
viruses in classes DDR-a and DDR-b2 (dsDNA and [+]DNA viruses, respectively). This dual
lifestyle is a bet-hedging strategy that allows the virus to alternate between horizontal
spread among hosts and vertical propagation with the host, depending on the conditions
(75, 76), which could be another reason why it is advantageous for viruses to include
dsDNA in their replication cycle. Thus, routes of information transfer deviating from minimal
complexity apparently can evolve under the pressure for optimization of the evolutionary
strategy.

The discovery of the ambisense RNA genome organization in many RNA viruses of the
order Bunyavirales, in which one or two of the genome segments contain two genes, one in
the negative sense and the other one in the positive sense strand, formally violates an
assumption implicit in both the original BC scheme and in the extended table, namely, that
single-stranded genomes have the same polarity throughout. The same applies to the
numerous ambisense ssDNA viruses in which different genes are transcribed from either the
positive or the negative strand (77-79). Dismissing this assumption, the ambisense RNA
viruses can be placed simultaneously in BCIV and BCV or in the RR-b1 and RR-b2 classes of
the extended table. Ambisense ssDNA viruses belong to BClI, as discussed above, but in the
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extended table could be assigned to both DDR-b2 and DDR-c2. Alternatively, two new BCs
and new types in the extended table could be created for the ambisense viruses. Regardless
of the formal classification, the ambisense RNA viruses are associated with the (-)RNA viruses
in terms of both molecular features and evolutionary origins. In some of the ambisense
bunyaviruses, the RdRP is encoded in a fully negative-sense genome segment and, accord-
ingly, is packaged in the virions. In other viruses of the Arenaviridae family, both genomic
segments are ambisense, but the RARP is encoded in the negative-sense portion of the large
segment and is a virion protein as well (80). In either case, the proteins encoded in the pack-
aged positive-sense strand are never translated directly from the virion RNA but rather from
a subgenomic mRNA that is transcribed from a negative-sense intermediate (80). In agree-
ment with these features, the ambisense bunyaviruses clearly evolved from (-)RNA viruses
(see next section). With regard to the ssDNA viruses, the ambisense organization of the
genome is of a lesser consequence because mRNA transcription occurs on a dsDNA interme-
diate in which case there is no substantial distinction between genes located on the posi-
tive-sense or the negative-sense strand.

In summary, extending the Baltimore classification of viruses into a complete clas-
sification of information transfer routes, unlike the original scheme, allows one to ask
questions that are inherent to those classifications that represent the entire space of
logical possibilities for the analyzed category of objects. In this sense, the original
Baltimore scheme is analogous to the Linnean taxonomy, whereas the extended ta-
ble more closely resembles the periodic system of chemical elements. The main
question to be asked is why is a particular subset of the classes in this table occupied,
whereas the rest are empty? Although attempts to address this question might not
lead to major biological generalizations, they do suggest “weak” exclusion principles
that merit further investigation.

THE EVOLUTIONARY STATUS OF THE BALTIMORE CLASSES: UNIFICATION VERSUS
POLYPHYLY

The Baltimore classes were delineated based on the structure of the encapsi-
dated nucleic acid and the route of information transfer from the genome to the
mRNA. By design, the BCs do not expressly reflect evolutionary relationships among
viruses, which were intractable in 1971. Nevertheless, a tantalizing hypothesis that
might have not been explicitly stated in print, but that seemed to have been per-
meating the thinking on virus evolution for at least 3 decades after the publication
of B71, is that the BCs were major monophyletic groups of viruses. This conjecture
seemed to be implicit, for example, in the taxonomies of viruses that have been
adopted by the International Committee on Taxonomy of Viruses (ICTV) or NCBI
versions for decades until the recent overhaul (81), where the BCs were adopted as
informal top rank taxa or even formally proposed in that capacity (82, 83).

The advances of genomic and especially metagenomic sequencing in the 21st cen-
tury rendered the study of virus evolution a realistic and productive enterprise so that
50years after B71, the contours of the evolutionary landscape of the entire virosphere
are becoming discernible. The recent synthesis of the evolutionary relationship among
the major groups of viruses (42) reveals a highly complex relationship between the BCs
and virus evolution, far removed from the simplistic identification of the BCs with the
largest monophyletic taxa of viruses (Fig. 5). The comprehensive, hierarchical taxonomy
of viruses reflecting the evolutionary synthesis and formally adopted by the ICTV
includes four major realms (the top rank in virus taxonomy), each including an enormous
diversity of viruses, and two subsequently added, much smaller realms (Fig. 5) (81). The
viruses within the realms are considered monophyletic or at least connected through
shared components (see below).

Although the concept of monophyly as applied to viruses has been discussed in
detail previously (42, 84), a brief comment is due here. There is not a single universally
conserved gene among all viruses, so viruses as a whole are clearly polyphyletic. However, a
small set of virus hallmark genes (about 20 altogether) encoding key proteins involved in
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FIG 5 The Baltimore classes and monophyletic realms of viruses. The connections between the BCs and the
virus realms are shown by colored edges. Thick lines denote major associations, and thin lines denote
exceptional cases (see the text for details). For each virus realm, a ribbon diagram of a hallmark structure is
shown as follows: Riboviria, poliovirus RARP (1RA7); Ribozyviria, HDV ribozyme (4PRF); Monodnaviria, porcine
circovirus 2 rolling circle replication initiation endonuclease (5XOR); Adnaviria, major capsid protein of
Sulfolobus rod-shaped virus 2 (3J9X); Duplodnaviria, major capsid protein of bacteriophage HK97 (10HG);
Varidnaviria, double jelly roll major capsid protein of bacteriophage PRD1 (1HX6). The protein structures are
colored by secondary structure: a-helices, green; B-strands, red.

virus replication and virion formation link viruses within the realms (42, 84, 85). Thus, all RNA
viruses, along with all reverse-transcribing viruses, are connected through the hallmark gene
encoding the homologous RARP or RT, the only gene all these viruses share, and are accord-
ingly unified in the realm Riboviria. This is considered evidence of the monophyly of the
viruses themselves under the explicit or implicit scenario where they all evolved from a simple
genetic element that encoded an ancestral RNA-templated polymerase (86). Nevertheless, it
has to be kept in mind that, when addressing the origin and deep evolutionary relationships
among viruses, we can only trace the evolutionary history of one or several hallmark genes.
This is conceptually not different from using universal genes, such as rRNA, for the reconstruc-
tion of organismal evolution, with the difference that among viruses, even the most highly
conserved hallmark genes do not cover the entire diversity of the virosphere but only the di-
versity within a realm.

With this understanding, we can trace the relationships between the BCs and the
now established realms of viruses, in other words, the evolutionary status of the BCs
(Fig. 5) (42). With the sole exception of hepatitis delta virus (HDV) and its relatives, all
viruses with RNA genomes, together with the reverse-transcribing viruses with
dsDNA genomes (that is, BClll to BCVII or the RR and DDRD types in the extended ta-
ble), share a common ancestry and form the realm Riboviria. However, within this
assemblage that is monophyletic as a whole, the relationships among the BCs are
nontrivial. Among the viruses of BCIIl to BCV (type RR) that comprise the kingdom
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Orthornavira in the current taxonomy, (+)RNA viruses (BCIV, RR-a1) are the “primary”
group in terms of the greatest diversity but, more importantly, because they are para-
phyletic with respect to dsRNA viruses (BClll, RR-a2) and (-)RNA viruses (BCV, RR-b2)
(87). This means that dsRNA viruses evolved on at least two independent occasions
from different branches of (+)RNA viruses, whereas (-)RNA viruses likely evolved
from within dsRNA viruses (87). Thus, BCIV and BCV are each monophyletic, whereas
BClIl is polyphyletic. A similar pattern is observed among reverse-transcribing viruses,
which comprise the kingdom Pararnavira. The kingdom as such is monophyletic, but
within it, one group of DNA-packaging viruses (caulimoviruses) originate from within
the RNA-packaging viruses, whereas the other one, hepadnaviruses, is external,
pointing to the polyphyly of BCVII (67).

Viruses related to HDV comprise the small realm Ribozyviria. These are unusual satel-
lite viruses with small (about 1.7 kb), circular, negative-sense genomic RNAs that resem-
ble a viroid and contain a distinct ribozyme involved in virus RNA maturation but, unlike
viroids, encode the nucleocapsid protein (88, 89). The members of Ribozyviria do not
encode any polymerase and, like viroids, are replicated by the host DNA-directed RNA
polymerases (90, 91). For virion formation, all ribozyviruses require a helper virus, which
is HBV in the case of HDV, but can be a different enveloped virus for other members of
this realm (89, 92). Formally, these viruses belong to BCV (RR-b2), but they are clearly
unrelated to the numerous viruses that comprise the bulk of this class and form a dis-
tinct clade in the RdRP tree (Fig. 5). Thus, unlike the monophyletic BCIV and BCVI but
similar to BCIIl and BCVII, BCV is polyphyletic.

The ssDNA viruses comprising BCll, and the realm Monodnaviria, present an unusual
evolutionary history. Most of these small viruses share one homologous hallmark gene
encoding the rolling circle replication endonuclease, and many members also share the
single jelly roll capsid protein. Thus, the viruses in this realm are clearly evolutionarily
related. However, there is strong evidence of multiple origins of monodnaviruses via
recombinational merge of the endonuclease gene from different bacterial plasmids with
the capsid protein genes from different (+)RNA viruses (38). This evolutionary scenario
does not appear to fully fit the definitions of either monophyly or polyphyly. Furthermore,
the realm Monodnaviria also includes two families of dsDNA viruses with small circular
genomes, Polyomaviridae and Papillomaviridae, that apparently evolved from ssDNA viruses,
possibly parvoviruses (38). Thus, in this case, one realm combines viruses from two BCs. The
evolutionary provenance of anelloviruses remains unclear because no homologs of the pro-
teins encoded by these ssDNA viruses have been so far detected. The possibility remains
that this group becomes another small realm, in which case BCIl might become definitively
polyphyletic.

The evolutionary landscape of the dsDNA viruses in BCl is the most complex.
We already mentioned the small DNA viruses of the families Polyomaviridae and
Papillomaviridae that are unrelated to any other dsDNA viruses. Apart from these, there
are two unrelated vast realms of dsDNA viruses that are defined primarily by the hallmark
genes encoding the major capsid protein and enzymes involved in DNA packaging into
the capsids. The first realm Duplodnaviria includes the enormously diverse tailed bacterio-
phages and archaeal viruses together with the relative herpesviruses infecting animals,
and the second realm Varidnaviria consists of nontailed phages and viruses of archaea
along with diverse viruses of eukaryotes, including the nucleocytoplasmic large DNA
viruses (NCLDV; now phylum Nucleocytoviricota). Similar to Riboviria and Monodnaviria,
Varidnaviria includes viruses from more than one BC; the vast majority have dsDNA
genomes (BCl), but one family, Finnlakeviridae, includes viruses with ssDNA genomes (93,
94) and, accordingly, belongs to BCIl. In addition, a recently established small realm,
Adnaviria, consists of viruses infecting hyperthermophilic archaea that form rod-shaped or
filamentous virions packing A-form DNA (95-97). A variety of viruses of hyperthermophilic
archaea, some with odd-shaped virions and without any discernible relationship with
other viruses, remain to be classified, so several additional small realms are likely to
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emerge (98, 99). Thus, the vast variety of dsDNA viruses that comprise BCl originate from
at least four and, probably, more independent ancestors.

To summarize, the relationship between the BCs and the realms, the largest evolutionar-
ily coherent divisions of viruses, is far from a simple one-to-one correspondence. Rather, it
is a network that includes both one-to-many relationships, that is, multiple BCs combined
in one realm, and many-to-one relationships, that is, multiple realms within one BC (Fig. 5).
The BCs organize the information transfer routes of viruses, whereas the realms reflect evo-
lutionary relationships traced through the hallmark genes. As such, the two classifications
present complementary perspectives on the virosphere that have to be investigated jointly
in order to develop a comprehensive view of virus evolution.

THE BALTIMORE CLASSES OF VIRUSES AND THE ORIGIN OF LIFE

Six of the seven BCs encompass replication-expression cycles that do not occur in
cells but rather are unique to viruses, including the simplest RNA-only ones (BCIIl to
BCV and the RR type in the extended table) as well as those based on reverse transcrip-
tion (BCVI and BCVIlI and the DDRD type). Thus, the hypothesis presents itself that
these different replication-expression cycles are the legacy of a primordial stage in the
evolution of life antedating modern-like cells, during which the uniform mode of
dsDNA genome replication-expression enacted by all extant cells was not yet estab-
lished. Speaking metaphorically, viruses seem to be evolution’s workshop for explor-
ing, refining, and selecting genome replication and expression circuits.

This proposition meshes perfectly with the concept of a primordial RNA world, in which in-
formation transmission and catalysis were both performed by RNA molecules, perhaps aided
by nontemplated peptides (100-103). Although the RNA world remains a hypothesis, it is
effectively a logical necessity to avoid the chicken and egg paradox whereby efficient protein
catalysts are required for the function of the translation system, but these only can be pro-
duced by an elaborate, high-fidelity translation machinery. The workings of the RNA world are
far from being experimentally validated in full, but the growing list of reactions that can be
efficiently catalyzed by ribozymes lends increasing credence to this scenario (102, 104, 105). A
further, highly plausible proposition on the RNA world is that, at this stage of evolution, RNA
was the only type of nucleic acid, whereas DNA, the dedicated information storage device,
came to the scene later, probably after the emergence of the translation system.

Assuming the RNA world as an essential stage of evolution that gave rise to an RNA-pro-
tein stage, it seems natural to speculate that RNA viruses are relics of that primordial era.
Admittedly, however, the extant host range distribution of RNA viruses (BCIIl to BCVI) does
not immediately appear to bode well for this hypothesis, because the diversity of RNA
viruses in eukaryotes dramatically exceeds that in prokaryotes, with (-)RNA and dsRNA
viruses being (nearly) confined to eukaryotes (Fig. 3). As discussed above, this might be due
to the competitive advantages enjoyed by DNA viruses in the prokaryotic intracellular envi-
ronment. However, this conundrum needs to be addressed within the more general context
of virus evolution. Detailed analysis of the evolutionary provenance of the key structural
components of virions (primarily major capsid proteins) has led to the conclusion that the
genes encoding these proteins were acquired by the emerging viruses from the hosts at dif-
ferent stages of the evolution of life (106). Some of these captures, notably that of the single
jelly roll capsid protein that is found in an enormous variety of viruses with icosahedral cap-
sids, most likely occurred very early, perhaps prior to the stage of the last universal cellular
ancestor (LUCA) (107) but after the advent of modern-type cells with large DNA genomes.
Thus, viruses sensu stricto in all likelihood did not exist during the primordial, precellular
phase of the evolution of life (86). Deep analysis of the evolutionary history of virus replica-
tive proteins leads to contrasting conclusions (86). In the discussion above, we note that the
realms of viruses are evolutionarily independent. However, at a deeper level, there is a crucial
unifying theme (42). The replicative enzymes of the viruses comprising all four major realms
(Fig. 5) are built upon the core RNA recognition motif (RRM) domain, one of the most com-
mon nucleic acid-binding domains in nature. This profound unity suggests an evolutionary
scenario in which all these modes of replication (and expression) emerged within the

September 2021 Volume 85 Issue3 e00053-21

Microbiology and Molecular Biology Reviews

mmbr.asm.org

14

Downloaded from https://journals.asm.org/journal/mmbr on 18 March 2022 by 151.100.18.80.


https://mmbr.asm.org

Baltimore Classification of Viruses

dsRNA viruses (+)RNA
viruses RNA/DNA
0
dsRNA [t
00000000X  RGRp NN/
N l w (+)RNA )
o @ 300000000¢ > RT-DNA viruses
ANANANAN dsDNA
(CJRNA RT-RNA < >
viruses
@ @ cellular organisms
) 200000000
(-)RNA viruses <4 dsDNA > % dsDNA viruses
> ssDNA viruses
ssDNA
primordial

replicators

FIG 6 The Baltimore classes and evolution of the primordial replicator pool. Shading shows the
primordial replicator pool; the dark hue for (+)RNA shows that this genome structure was, most
likely, the first on the route from the primordial RNA world to diverse genetic systems. Solid arrows
show the inferred origins of different types of replicators, and empty block arrows show origin of
viruses belonging to each of the BCs and cellular organisms. Abbreviations: DdDP, DNA-dependent
DNA polymerase; DdRP, DNA-directed RNA polymerase; RARP, RNA-dependent RNA polymerase; RCRE,
rolling circle replication initiation endonuclease; RT, reverse transcriptase.

primordial pool of genetic elements (replicators). The replication-expression cycles most
likely diversified prior to the major symmetry breaking event that led to the separation of
large dsDNA replicators that became cellular genomes from the other varieties of replicators
that became selfish elements and eventually gave rise to viruses (Fig. 6).

More specifically, the crucial step of “inventing” DNA as the dedicated information
storage device required reverse transcription that would become possible upon the
split of the primordial replicases into RdRP and RT. Notably, modern prokaryotes lack
reverse-transcribing viruses, but nonviral retroelements, such as the mobile group Il
introns, abound (108). These elements might be direct descendants of the primordial
replicators that were the first to give rise to DNA (Fig. 6).

Thus, viruses, as such, seem to have evolved at different stages of evolution when
modern-type cells with large DNA genomes were already fully formed, but, in all likeli-
hood, the first bona fide viruses predate the emergence of LUCA (107). However, the
BCs and especially the extended table can be considered a general classification sys-
tem for routes of replication-expression of all types of replicators, not only viruses, and
in that capacity appear to be of direct relevance to the origin of life.

CONCLUDING REMARKS

Half a century is an enormous amount of time in the history of modern science. The
entire scientific enterprise has changed almost beyond recognition since 1971 so that only
a tiny fraction of publications from that time retain any relevance. Those that remain part of
the active scientific process are only a few, but we hope and believe the discussion above
presents compelling evidence that B71 is among those. Consideration of the BCs and
extension of the classification of the replication-expression routes of viruses (and other rep-
licators) trigger questions that remain unanswered and difficult to this day. The underlying
causes of the contrasting host ranges of viruses from different BCs (Fig. 3) are outstanding
problems but, arguably, are of fundamental interest and importance. Furthermore, the
superposition of the functional classification of viruses, which is offered by the BCs, and the
evolutionary classification (Fig. 5) clearly provide a deeper perspective on virus evolution
than each of these complementary approaches alone.

Classification is essential for the successful development of any scientific discipline.
However, it is only the first step en route to true fundamental theory. Thus, the periodic
system of chemical elements is both a crowning achievement of the early phase in the
evolution of chemistry and the foundation of a new era. Despite its predictive power and
enormous utility, the periodic system is merely a distillation of empirical observations.
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Decades after its creation by Mendeleev, it became the basis first of a semiempirical theory
encapsulated in the Moseley law and then of the modern theory of electron shells cen-
tered around the Pauli exclusion principle. Might it be possible to develop a general theory
of replicators similarly underlying the Baltimore classification? Arguably, this is one of
deepest questions faced by today’s evolutionary biology.
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