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Abstract

Whole genome sequencing was pioneered in viruses, beginning with the publication of the third
and final portion of the levivirus MS2 genome on April 8t", 1976. Fifty years and incalculable
viral genomes later, we chose to examine the first decade of viral genomics for posterity. We
found that 97 whole genome sequences were published between 1976 and 1985, with some
species having as many as seven individual genomes separately sequenced. Early efforts
included most genomic architectures of viruses, with roughly equal proportions of RNA (26%),
DNA (38%) and retrotranscribing viruses (36%) fully sequenced. However, influenza A was the
sole completed -ssRNA viral genome in this decade and no dsRNA viruses were fully sequenced.
Nearly two-thirds of sequences (64%) were obtained at least partially using Maxam-Gilbert
sequencing, demonstrating that Sanger dideoxy chain termination sequencing did not
immediately displace this earlier chemical cleavage technique. As some of these genomes
predated the existence of GenBank, many of these genomes were transcribed into GenBank
years after publication, and two are still not available in GenBank. This documentation of the
initial ten years of what is now a routine part of viral evolution studies should help us celebrate
our roots, allow us to order the published genomes as our colleagues working with archaea,
bacteria and eukaryotes do, and help correct the misconception that phiX174 was the first
genome (or DNA genome) sequenced.



Introduction

From the perspective of 2026, it is nearly impossible to imagine studying viral ecology and
evolution without genomic approaches (1). Prior to the advent of reliable and processive DNA
sequencing, comparisons between viruses could be based on amino acid content (2) or genome
hybridization (3, 4). While hybridization produced qualitatively accurate measures of nucleotide
sequence identity, these studies were of limited reuse — if a new strain of a virus was found, one
would have to re-do all the hybridization assays with the new strain against all the previously
characterized and published relatives (5). The desire to sequence genomes rather than
capturing sequence identity by hybridization was strong, but it was a long and thorny path to
developing a method of DNA sequencing. RNA sequencing came first, and the most widely used
method, developed by Frederick Sanger, required meticulous and tedious 2D gel radiographs,
producing short tracts that were better suited for partial gene sequences (6). While many
researchers sequenced tRNAs and mRNA to get partial sequences of cellular genes of interest,
the very first gene completely sequenced, from mRNA, was from a virus: the +ssRNA levivirus
MS2 (7).

The formally published history of genomics began on April 8" 1976, with the complete
nucleotide sequence of RNA phage MS2 (8). Related painstaking work by the Fiers lab decoded
the rest of the 3,569 base +ssRNA genome in two earlier papers (7, 9). This feat is even more
remarkable because more processive methods of sequencing — Maxam-Gilbert (10) and Sanger
dideoxy chain termination (11) — had not yet been published; this first genome was decoded on
two-dimensional gels of labeled RNA transcripts that had been digested by a nuclease. Only two
further genomes were sequenced, at least in part, this way before the modern 1977 methods
took over the field: dsDNA polyomavirus SV40, also by the Fiers lab (12) and an insect virus
(black beetle virus, (13, 14)). This early history of genomic sequencing has been somewhat
undercited and oversimplified in the scientific literature, despite being in the lifetimes of many
practicing virologists.

One reason for the murky history of viral genomics is that it was not well curated as the
genomic revolution was happening. While colleagues in other areas of Biology have preserved
the history of the first 20, 50 or 100 different genomes in their domain were published (e.g.,
(15)), no similar resource exists for viruses. Lists of fully sequenced bacterial genomes, archaeal
genomes and eukaryotic genomes are even available on Wikipedia. We undertook this survey
of the literature from 1976-1985 to reconstruct the early history of viral genomics and produce
a similar list for viruses. While some of the discoveries in this historical list will confirm the
biases of the wider virology community — those working on dsRNA viruses will not be surprised
none of their viruses were fully sequenced in this first decade — we imagine that all virologists
will be surprised by some aspects of the early history of viral genomics. Our most surprising
conclusion is that SV40, not phiX174, was the first complete DNA virus to be completely
sequenced — consistent with the writings of Frederick Sanger himself (16).




Results and Discussion

We had a multipronged approach to finding viral genomes published between 1976 and 1985.
We used internet searching, going through the tables of contents of relevant journals, reading
paper copies of sequences added to GenBank in the mid-1980s and looking within GenBank
itself (see Methods, below).

The DNA genome of simian virus 40 (SV40) was completed before that of ssDNA phage
PhiX174 (1978)

Despite misconceptions (Figure 1), including in the literature (e.g., (17-19)), phiX174 was not
the first viral genome to be fully sequenced (Table 1). The RNA coliphage MS2, using RNA
sequencing methods (6), was completed and published in 1976, somewhere between 10
months to two and a half years before that of the ssDNA virus phiX174. The ambiguity on the
timing of the complete phiX174 genome’s publication is due to the genome appearing in a
nearly complete form in February 1977 (20), with the complete, corrected phiX174 genome
published in 1978 (21). Many cite the February 1977 Nature paper that had a very good draft
sequence of phiX174 as the first DNA genome, but by the authors’ own admission that the
nearly complete sequence was not perfect (for instance, it lacked an exact nucleotide count, it
was just “about 5375 bases” (20). Those who cite that paper for the first genome produced by
Sanger sequencing — dideoxy chain termination sequencing — are not correct, as this nearly
complete draft sequence was published using a sequencing method the Sanger lab developed
and then discarded (“plus and minus” sequencing (22), we recommend this Scientific American
article if one wishes to understand this method (23)). A later 1977 paper in PNAS (11) is the
correct citation for the well-known Sanger dideoxy chain termination sequencing method
[hereafter “Sanger sequencing”], but while the new technique was validated on restriction
fragments of the phiX174 genome, that paper also does not contain a full genomic sequence
(11). Instead, the complete sequence of the 5386 bases of phiX174’s genome was published on
October 25, 1978 in the Journal of Molecular Biology (21) and that is the date used in our
analyses (Sanger concurred with the 1978 date, (16)). We admit to having made the error of
assigning the phiX174 genome to 1977 in the past (24), but if the criterion is a complete
genome sequence, then 1978 is the accurate date for phiX174. This makes phiX174 the first
complete ssDNA viral genome produced, but the gap in time between the very good draft and
the complete sequence allows another DNA virus genome to sneak in — polyomavirus SV40’s
genome was published by two groups in May 1978 (12, 25). While Sanger sequencing was one
of three sequencing methods that contributed to phiX174’s complete genome, the first full
genome to be sequenced by Sanger methods alone was poliovirus, in 1981 (Table 1). Being the
third virus completely sequenced should not diminish phiX174’s role as a pioneering virus in the
history of biology, it is still the system in which overlapping reading frames were discovered
(26), the first template for in vitro DNA synthesis (27), the first synthetic genome produced (28)
and one of the most frequently sequenced viruses on the planet due to its frequent use as a
control in lllumina sequencing (29).



what was the first genome sequenced?

The answer depends slightly on what you mean by “first genome sequenced.” There are a few “firsts” in
genomics:
1. First genome ever sequenced (any organism)
The first complete genome sequenced was the bacteriophage Phi X 174 bacteriophage in 1977 by
Frederick Sanger and his team.

« Itis a virus that infects bacteria.

« Genome size: about 5,368 DNA bases.

« This work demonstrated the power of the Sanger sequencing method and was a landmark in

molecular biology.

2. First genome of a free-living organism

The first full genome sequenced for a cellular organism was the bacterium Haemophilus influenzae in
1995 by Craig Venter and colleagues.

« Genome size: about 1.83 million base pairs. v

* It was sequenced using whole-g shotgun ing, a technique that later became

’

what was the first genome sequenced?

It depends on what kind of "life" you're looking at! The history of genomics is a series of “firsts"

that moved from simple viruses to the complexity of human beings. @

1. The Very First: Bacteriophage $X174 (1977)

The first full genome ever sequenced belonged to a tiny virus that infects bacteria, known as &
X174

This breakthrough was led by Frederick Sanger (who won his second Nobel Prize for this
work). The genome was incredibly small—only 5,386 base pairs—but it proved that we could
actually "read" the entire genetic blueprint of an organism.

2. The First Living Organism: Haemophilus influenzae (1995)
While viruses are "biological entities," many scientists consider the 1995 sequencing of
hilus i to be the true mil for life.

« Type: A bacterium (a free-living organism). ¢

Figure 1: Large language model answers to the prompt “what was the first genome

sequenced?” from March 10, 2026. On left, ChatGPT v5.3, on right Gemini 3. Both responses

incorrectly identify phiX174 instead of MS2 as the first genome, and both reference the

incomplete genome of the 1977 paper (which is currently echoed on Wikipedia). The ChatGPT
v5.3 answer has additional incorrect details: the 1977 paper didn’t demonstrate the power of
the Sanger sequencing method (it was plus and minus) and the genome is 5,386 bases long.

The Gemini answer has the incorrect unit of base pairs, as phiX174 is single-stranded.



Table 1. Complete viral genomes published in chronological
order. Length is given in nucleotides, the genomic architecture
is given by kind of nucleic acid, whether genome is circular (C)
or linear (L) and the number of segments. The sequencing methods
used are given as Maxam-Gilbert chemical cleavage (MG), Sanger
dideoxy chain termination (S), RNA sequencing (RNA), Plus and
Minus (+) or forward and back (FB). When a sequence was not
associated with any record in GenBank, there is a dash in the
“Accession” column.

Genome C/L Seg
Year Month Name Length Type # Sequencing Ref Accession
method
1976 Apr MS2 3569 +ssRNA L 1 RNA (8) V00642
1978 May SV40 5375 dsDNA C 1 MG (25) J02400
1978 May SV40 5226 dsDNA C 1 RNA; MG (12) J02400
1978 Oct phix174 5386 ssDNA C 1 +; S; MG (21) J02482
1978 Nov G4 5577 ssDNA C 1 +; S (30) V00657
1978 Dec fd 6408 ssDNA C 1 MG (31) J02451
1979 Oct hepatitis B virus (ayw) 3182 RT-dsDNA C 1 MG; S (32) v01460
1979 Oct BK virus (MM strain) 4963 dsDNA C 1 MG (33) V01109
1979 Dec BK virus (Dunlop strain) 5153 dsDNA C 1 MG (34) v01108
1980 Jan hepatitis B (adw2) 3221 RT-dsDNA C 1 MG (35) X02763
1980 Jan polyomavirus A2 5292 dsDNA C 1 MG; S (36) J02288
1980 Feb polyomavirus strain 3 5295 dsDNA C 1 MG; S (37) J02289
1980 Aug cauliflower mosaic virus 8024 RT-dsDNA C 1 MG (38) v00141
Strasbourg
1980 Oct M13 6407 ssDNA C 1 MG (39) V00604
1981 oB 4220 +ssRNA L 1 MG (40) -
1981 Jun poliovirus 7433 +ssRNA L 1 S (41) v01148
1981 Jun cauliflower mosaic virus 8031 RT-dsDNA C 1 S (42) v00140
CM1814
1981 Aug poliovirus 7440 +ssRNA L 1 MG (43) v01149
1981 Oct Moloney murine leukaemia 8332 RT-ssRNA L 1 MG (44) J02255
provirus
1981 Oct Moloney murine sarcoma virus 5828 RT-ssRNA L 1 MG (45) J02266
(replication defective)
1981 Nov murine sarcoma virus 5833 RT-ssRNA L 1 MG (46) v01185
1981 Dec f1 6407 ssDNA C 1 MG (47) V00606
1982 Jan woodchuck hepatitis virus 3308 RT-dsDNA C 1 MG (48) J02442
1982 Feb human papillomavirus 7811 dsDNA C 1 S (49) v0llle
type la
1982 Mar influenza virus (A/PR/8/34) 13588 -ssRNA L 8 FB; MG; S (50) v00603,
Jo2151,
Jo2139,
v01088,
v01084,
Jo214e,
v01099,
J02150
1982 May avian sarcoma virus Y73 3718 RT-ssRNA L 1 MG (51) v01170
1982 Oct tobacco mosaic virus 6395 +ssRNA L 1 S (52) v01408
1982 Oct f1 6407 ssDNA C 1 MG (53) J02448
1982 Oct poliovirus (Sabin 1) 7441 +ssRNA L 1 MG (54) v01150
1982 Oct Fujinami sarcoma virus 4462 RT-ssRNA L 1 MG (55) J02194
(defective)
1982 Oct cauliflower mosaic virus D/H 8016 RT-dsDNA (e} 1 MG (56) V00139
1982 Oct bovine papillomavirus type 1 7945 dsDNA C 1 S (57) X02346
1982 Dec Lambda 48502 dsDNA C 1 S (58) J02459
1983 Jan parvovirus H-1 5176 ssDNA L 1 S (59) X01457
1983 Jan cassava latent virus 5503 ssDNA C 2 MG (60) J02057,
J02058
1983 Feb adeno-associated virus 2 4675 ssDNA L 1 MG (61) J01901
1983 Feb simian sarcoma virus 5779 RT-ssRNA L 1 MG (62) V01201
1983 Mar FBJ murine osteosarcoma virus 9312 RT-ssRNA L 1 MG (63) v01184
1983 Mar Rous sarcoma virus 9312 RT-ssRNA L 1 MG (64) J02342
1983 Mar hepatitis B virus (adr) 3188 RT-dsDNA C 1 S (65) V00867
1983 Mar hepatitis B virus (adw) 3200 RT-dsDNA C 1 S (65) V00866
1983 Apr mouse minute virus 5081 ssDNA L 1 MG; S (66) J02275
1983 May avian myelocytomatosis MC29 3779 RT-ssRNA L 1 MG (67) v01174
1983 Jun T7 39936 dsDNA L 1 MG (68) V01146
1983 Jun human adult T-cell leukemia 9032 RT-ssRNA L 1 MG (69) J02029
virus
1983 Jun Abelson murine leukemia virus 5658 RT-ssRNA L 1 MG (70) v01541
1983 Jul hepatitis B virus (adr) 3214 RT-dsDNA C 1 MG (71) X01587
1983 Aug poliovirus (3 Leon 12alb) 7432 +ssRNA L 1 S (72) X00925
1983 Aug Friend spleen focus-forming 6296 RT-ssRNA L 1 S (73) K00021

provirus
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Importance of the Maxam-Gilbert sequencing method

The other DNA sequencing method published in 1977 that greatly advanced genetics and
genomics was Maxam-Gilbert chemical cleavage (10). Both Maxam-Gilbert and Sanger were
tremendous advances over the previous techniques that were used to sequence short stretches
of RNA, or earlier attempts at DNA sequencing (16). Intriguingly, it was common for both
methods to be used to sequence the viruses in Table 1 (46% were produced by Maxam and
Gilbert alone, 33% by Sanger alone, 14% by a combination of Maxam-Gilbert and Sanger, with
six sequences produced by other methods, often with the help of one or both of these two
modern methods). In fact, the corrected, complete phiX174 sequence was produced using
some Maxam-Gilbert sequencing (21).

Both modern methods used P32 radioactivity to image DNA on X-ray films exposed to acrylamide
gels that separated out bands by size, and researchers could read off the sequence of the DNA
from four lanes of a gel. The Maxam-Gilbert method involved four separate reactions that
allowed determination of which fragments ended with an A, C, G or T. The optimal chemical
reactions changed over time (10, 120), becoming easier to perform, but researchers would still
have to compare the results of multiple lanes in order to read the sequence. For instance, one
lane would show the results of a reaction that would cut after all pyrimidines, and another
would have the same reaction at a high salt content, which made it nearly cytosine-specific
(Figure 2). Researchers would determine which fragments ended with a Cor a T based on
whether a fragment that size was present in both lanes (C) or only in one (T). Maxam-Gilbert
methods could be used on purified genomic material, usually subjected to restriction digestion,
without the polymerization required by Sanger chain termination sequencing.

Maxam-Gilbert Sanger
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Figure 2. How the phiX174 origin of replication (5" TGCTCCCCCAACTT 3’) would appear on films
exposed to gels from Maxam-Gilbert (left) and Sanger (right) sequencing, circa 1977. The
acrylamide gels allowed size separation, where smaller oligonucleotides run faster and farther



on the gel and larger ones move more slowly, allowing researchers to read the sequence bottom
to top of the gel. The Maxam-Gilbert chemical cleavage method uses P32-labeled ssDNA
regions of the same length, that are then chemically cleaved using different reactions with
varying degrees of specificity for bases (10). Two reactions involving methylation with dimethyl
sulfate lead to cleavage after purine bases, but with stronger effects after A (leftmost column) or
G (second column). Both reactions for pyrimidines involved hydrazine, and are conducted at
two salt concentrations, since higher salt produces higher specificity for cleaving after cytosines
(rightmost column on the Maxam-Gilbert side). The reactions for the four columns on the
Sanger side are variants of the same polymerization mixture — each column contains ample
amounts of three dNTPs and the fourth base — the one that is labeled for each column —is
added as a mix of dNTP and dideoxy NTP (ddNTP), the latter of which prevents further
polymerization after it is incorporated. When this method was first developed it was not
possible to source each dNTP and ddNTP in the same purity or concentration, so the relative
amounts used for each column were not identical (11) — this method was refined over time to
become more straightforward.

Sanger sequencing became the dominant technique in gene and genome sequencing through
two innovations: shotgun cloning into M13 (121, 122) and the innovation of replacing
radioactivity with fluorescent tags on ddNTPs and the resulting rise of higher throughput
machines (123). Therefore, our boundary of the first decade of viral genomics isn’t quite
arbitrary — it was much more feasible to sequence viral genomes by automated Sanger
sequencing shortly after 1985. However, Maxam-Gilbert methods were still intermittently used
in viral sequencing. The last viral genome we could find that partially used Maxam-Gilbert
sequencing was published in 2001 (124), though some geminivirus-associated
minichromosomes were entirely sequenced by Maxam-Gilbert in a 2003 publication (125), and
this method appears to be used for small stretches of sequencing and niche applications into
the 2020s (126—-128).

After both processive viral sequencing methods were widely adopted and refined, the speed
with which genomes were produced increased (Figure 3). Through this decade the genomes of
several mitochondria were completely sequenced (129-132), two viral satellites, and more than
ten viroids (133) beginning with potato spindle tuber viroid (134). The first complete cellular
genome would not be published until 1995 (135).



200
— @
2 150
()
N
(]
o 100 —
£
2
8 50 ° o "
0o e o @ ow % ol 0 BNY NV
| | I | | |
1976 1978 1980 1982 1984 1986

Publication date
Figure 3. Genome size of sequenced virus genomes over time (by publication date).

Publication trends in this first decade of viral genomics

While many applications of new technologies are quickly shunted from the glamour, high-
impact factor journals down to more specialist journals, whole viral genome sequences still held
attraction for Cell, Nature and Science through 1985. The most common journals for publishing
a full genome in this decade were Nucleic Acid Research (sixteen), Journal of Virology (thirteen),
Proceedings of the National Academy of Sciences (thirteen) and Nature (twelve), though
genomes were published in a wide range of venues. Far fewer sequencing papers were
published in Journal of General Virology or Virology in this time frame.

Even in 1985 it was acceptable to publish a paper on a single gene’s sequence from a virus, and
there was sufficient novelty in almost any viral genome — it need not be larger or of a more
complex genomic architecture. Few large DNA viruses were sequenced in the first 10 years of
viral genomics for the obvious reason — it took more time and money than sequencing smaller
genomes. The largest genome sequenced in this time frame was Epstein-Barr virus, the only
one that was over 100,000 bases (Figure 3). This accomplishment is even more remarkable
when one acknowledges that each nucleotide was sequenced 7.3x due to the nature of
sequencing cloned sequence fragments (84). Smaller viruses dominated this decade (93% of
viruses sequenced had genomes <10kb, 25% had genomes <5kb). The most frequently
sequenced species was poliovirus (genome size ~7430b), which was sequenced seven times,
and hepatitis B virus was sequenced 6 times (Table 1). The first time two genomes were
published in a single manuscript was for two hepatitis B sequences (65).



Plant viruses: One of the motivations for this project was that we knew when the first
geminivirus genome was sequenced (cassava latent virus, now known as African cassava mosaic
virus, formally Begomovirus manihotis) but it was not clear whether it was the second, or
fourth, or tenth plant virus sequenced. Reading through Table 1, the first plant virus sequenced
was the pararetrovirus cauliflower mosaic virus (of which three strains were sequenced
independently between 1980-1982) — in 1980 it was the largest genome sequenced to date
(38), more than 1500 bases larger than phage fd’s 6,408b genome size (31). The second unique
plant virus was tobacco mosaic virus (52), and after these four genomes cassava latent virus’
sequence was published (60). A total of 17 plant viral genomes were published in this first
decade (Table 1)

Bacteriophage genomes and the decline of phage research: The first two phage genomes were
MS2 and phiX174, followed by two additional ssDNA phage published in 1978: microvirus G4
(30) and inovirus fd (31). The next phage genomes were inoviruses M13 (39) and f1 (53), then
another RNA phage’s genome was published only as part of a PhD thesis in 1981 (Qbeta, (40)).
The first dsDNA phage’s genome was published at the end of 1982: lambda (58), which had a
comparatively gargantuan 48,502 bp genome (Figure 3). A total of 13 phage genomes were
published in this first decade (Table 1).

In 1976 bacteriophage research was still driving many of the discoveries in biology. By 1985,
phage biologists were being driven into other areas of research as there was a pervasive sense
that science understood phages and it was time to study more complex organisms (136). Ry
Young, who never wavered in his studies of phage, declared “in a real sense, the field of
bacteriophage biology died” between the 1970s and 2002 (137). The dominance of animal
viruses, and the declining number of phage completely sequenced illustrates this shift (Table 1).
A review on the genome of T4 from 1976 correctly states that T4 “is now one of the best
understood biological systems,” yet its genome, which is comparably sized to Epstein-Barr virus,
would not be fully sequenced until the turn of the millennium (and finally published in 2003
(138)). Only ~200 phage were sequenced by the early 2000s (including multiple sequences of
the same species), and researchers noted that there was an equal number of prophage that had
been inadvertently sequenced in bacterial genomes by that time (139). A contemporaneous
estimate of viral genomes (including phage) in GenBank was that over 1,200 separate viral
species were represented, confirming the phage were a small minority of sequenced viruses
(140).

Animal viruses were the primary focus of genomic sequencing between 1976 and 1985, with 67
genomes published (Table 1). Polyomavirus SV40 was simultaneously sequenced by two
groups, and published in 1978 (12, 25). The 7t" and 10" genomes were both hepatitis B (32,
35), published three months apart, and two groups independently sequenced and published the
genome of BK polyomavirus at the end of 1979 (33, 34). The first +ssRNA animal viruses were
sequenced in 1981, when two groups independently sequenced polioviruses (41, 43). What is
immediately clear is that there was increased competition for sequencing the first genome of
various animal viruses compared to phage and plant viruses: of the first 10 animal virus



genomes, eight were pairs with two groups publishing four species’ genomes (Table 1). This
didn’t abate as sequencing matured — perhaps the best-known publication tie for a viral genome
sequence is the three contributions of researchers aiming for the first sequence of what we now
know as HIV. Alternately called lymphadenopathy-associated virus (94), AIDS-associated HTLV-
[l (96) and AlDS-associated retrovirus ARV-2 (97), all three were all published in January and
February 1985 — one each in Cell, Nature and Science. One advantage of this competition is
that the field was able to study intraspecific sequence polymorphism on the genomic level
faster than if researchers had only sequenced a single isolate (105, 141).

Most of the 67 sequenced animal viruses were associated with tumors (polyomaviruses [8],
papillomaviruses [6], hepatitis B-like pararetroviruses [12] and retroviruses associated with
cancer including early classifications of HIV [20]). The US government emphasized research
funding on these viruses through a Special Virus Cancer Program through the end of the 1970s
(142); this partially explains the tailwind behind so much sequencing of tumor-causing viruses.
Positive-sense ssRNA viruses dominated the non-tumor-related viral sequences. Only one -
ssRNA viral genome was completed before 1985 (influenza A), which also stands out as having
the highest number of genomic segments sequenced (50). Over 90% of the genomes
sequenced in this decade were monopartite (Table 1), and many segmented genomes were only
partially sequenced by 1985. Expediency means it was usually the smallest segment that was
finished and published, like the S segment of La Crosse virus (143) or the RNA 3 of tobacco
streak virus (144).

Comparative genomics

Prior to effective sequencing methods, relative levels of nucleotide sequence identity were
often calculated through hybridization. These assays relied on biochemical principles —the
degree of hybridization between genomes of related viruses, and the melting temperatures of
the hybridized genomes. These hybrids were visualized on Southern blots (DNA), northern blots
(RNA) and even with electron microscopy (145). One of the biggest advantages of the era of
nucleotide sequencing is the continual reuse of the data obtained by a single lab and shared
widely. Restriction fragment length polymorphisms was another way of comparing genomic
sequences, which was more re-usable (146), but was much more crude than obtaining the
whole genome sequence. The first papers comparing genomic sequences were often published
separately from the individually published genomes (147) but the comparisons became more
common to publish with new genomes by the end of our ten year window (e.g., (95)).

Towards the end of our studied decade some papers were able to compare the genomes of
several related viruses in the same family, but we did not find any phylogenies that used whole
genome alignments. The first phylogeny based on most of the sequenced genome of viruses
that we could find was of three polyomaviruses (148), which was compared to the phylogeny of
their host mammals, as was the traditional approach for viral phylogenies of the time (62). A
few papers like Wain-Hobson et al.’s HIV genome used multiple gene genealogies across the
lentiviruses (94), but molecular phylogenetic analysis was not a common part of viral genome
sequencing papers in this decade. We did find a whole genome phylogenetic analysis based on



restriction fragment polymorphism, of enterovirus 70 in a paper that included a molecular clock
analysis (149), but this analysis didn’t use sequences. Another molecular clock analysis of
influenza A genomic segments did use aligned sequences, but the study looked at segments in
isolation from one another, since there was only one complete flu genome at the time (150).

Those who wish to wade into these early genomic papers should gird themselves against the
flagrant misuse of “homology.” The majority of publications discussed homology not as a
Boolean variable but instead incorrectly used it to mean percent sequence identity (151). This
is a rarely observed mistake in the current literature.

The path from published sequences to computerized databases

Nucleic acid sequencing emerged in a world that had been curating protein sequences and was
thinking ahead to the vastness of protein primary structures that might be obtained. In 1976,
Margaret Dayhoff and colleagues said they had a collection of “77,257 amino acid residues in
the 767 sequences currently on our sequence data tape” — all empirically obtained, not inferred
from the translation of sequenced mRNA/DNA (152). These sequences were distributed both in
book form (Atlas of Protein Sequence and Structure) and by mailed magnetic tapes (153), and
was the progenitor of SwissProt (154). While labs interested in sequences from a given
organism likely curated their own collections of sequences, there was interest in creating a
database that could house all of the nucleic acid sequence information being rapidly published.
A conference was held at the Rockefeller Institute in 1979, organized by three scientists who
were all working with viruses: Carl Anderson (who would sequence polio), Robert Pollack
(primarily interested in cancer, but he worked with SV40-transformed cell lines) and Norton
Zinder, an exceptional phage biologist who discovered both the process of transduction and the
existence of RNA phages (155). This meeting called for the creation of what would become
GenBank, but because of difficulties the US NIH encountered for funding the project, Los
Alamos National Laboratory (LANL) developed their own database first (154), with other
databases developing independently, including that of the Equipe Evolution Moléclaire which
published a book form of their group’s database of all sequences they had found in the
literature in 1981 (156), the National Biomedical Research Foundation’s Nucleic Acid Sequence
Database in 1981 (157, 158), and the European Molecular Biology Laboratory Data Library,
which had its first release of data via magnetic tape in April 1982 (159). “GenBank” rolled out in
mid-1982, initially housed by LANL, which used its connections to ARPANET for database
distribution (as well as by book, tape and eventual floppy disks). GenBank and EMBL agreed on
a shared format for submissions in the mid-1980s and began mirroring each other's submissions
(the DNA DataBank of Japan joined in 1986, after the decade we have focused on, (160)).

None of the publications in Table 1 included a GenBank accession number in their text, but
many of the published sequences were transcribed into GenBank in its first few years. However,
a complication for matching publications with their accessions is that the lengths of sequences
often do not match up between these two venues. Sequences, especially in the earlier days of
genomics, often went through revisions as confirmatory sequencing reactions produced
different results — perhaps best exemplified by the revision and completion of phiX174’s
genome between 1977 and 1978. These revisions are sometimes trackable as the GenBank



accessions can have notes (e.g., Epstein-Barr's sequence has one fewer bases than the
published genome, explained by the deletion of base 359 detailed in the annotation for V01555)
or have multiple papers associated with the accession, but not always. For example, the two
contemporary papers on the genome of SV40 showed different lengths of 5,375 and 5,226, but
both are associated with the same accession number, which has a different length from both of
these publications (5,243 bases). Two of the three HIV sequences published in 1985 are
associated with accessions of different lengths than the publication (K02013, (94) and K03455
(96)). In the case of Akv murine leukemia virus, both publications from 1984 direct to an entry
that corresponds to the first genome (77); the second genome’s sequence is not represented on
GenBank. The lack of explanation for the different lengths from the publications is confusing,
and the fact that all sequences that have been published are not uniquely represented in
GenBank is frustrating. It is clear that the focus in the early days of viral genomics was on getting
one genome per species or strain more than cataloging diversity within a species. However, we
highlight the inovirus Pf3 researchers who sequenced the same clone in two laboratories on
either side of the Atlantic; they published only one sequence, but found several nucleotides
different between their sequences and have separate accessions for the Dutch and US versions
(Table 1).

As frequent users of GenBank are aware, the date information associated with creation and
revision of GenBank files should not be taken at face value. Many of the sequences in our table
were initially represented by an accession number that was then replaced by another (often a
IXXXXX replaced by a VXXXXX). In the current database there are notations that the latter
accession replaced the earlier, obsolete version in the early 2000s. Since both the earlier and
latter accessions were published with the sequence in the 1985 version of GenBank, the
creation of the newer accession was nearly contemporaneous with the earlier version. As these
separate accessions may have been to supply more detailed annotation of features, or reflect a
sequence correction, this highlights the importance of GenBank adopting version number
suffixes for accession numbers (161). This is a much improved way to revise a file without having
to create an entirely new accession for what is a nearly identical or identical entry.

Completeness of our dataset

Historical reviews aim to be as accurate as possible, but we were not scientists at any point
during the first ten years of viral genomics. A partial validation of our searching was provided by
papers reviewing and comparing viral sequences published shortly after our ten-year window.
The papillomaviruses (162) and the geminiviruses (163) were two groups that could be

validated this way. A 1987 conference presentation on the history of GenBank states “there are
on the order of 130 sequences that one might call complete chromosomes or complete
genomes” all from “extremely parasitic entities” (153). Our list of 97 complete viral genomes by
1985 (some of which were not in GenBank by the end of 1987) nests neatly into that 1987
value.

Concluding thoughts



It is not hard to see how that world has embraced phiX174 as the first complete DNA genome,
even through Frederick Sanger would have disagreed — a Nature paper entitled “Nucleotide
sequence of bacteriophage phiX174” has a way of attracting more attention than a later Journal
of Molecular Biology paper entitled “The nucleotide sequence of bacteriophage phiX174.”
Neither of these phiX174 genomics papers are the correct citation for dideoxy chain termination
sequencing (11). Despite this confusion about phiX174, it is harder to understand how so much
of the scientific world forgot that MS2 was the first genome sequenced. One of those first four
databases failed to enter a “complete sequence” for MS2 even though it was published as one
(156), but GenBank has always listed it accurately as a complete genome. Perhaps MS2 is
ignored because it has an RNA genome, and there’s a bias of many biologists towards DNA-
based organisms. Post-1988, when Sanger sequencing became the dominant method it is easy
to imagine how younger scientists would see genomics exclusively through the lens of Sanger
sequencing and erroneously assume that Sanger must have been the first to sequence a viral
genome. Scientists raised exclusively on next-generation sequencing techniques may not be too
aware of Sanger sequencing (let alone other early sequencing techniques), so their exposure to
phiX174 being the first genome may be completely untethered to the shadow of double Nobel
prize-winner Frederick Sanger, and most of their familiarity with phiX174 may be as a dsDNA
plasmid-like spike-in for illumina sequencing (29). Regardless, SV40 should have a more
prominent place in the history of viral genomics as it is more accurately the first completely
sequenced DNA virus. It is unfortunate that some of these early genomic sequences are still not
represented in GenBank as decisions were made to represent a species with a single
representative instead of including all of the sequenced genomic information.

Methods:

Initially we searched (duckduckgo.com, google scholar) for variants of “complete nucleotide
sequence” and specific, well-studied virus names or names of viral families. Google scholar
searches were bounded between 1976 and 1985. From those scattershot searches, we
identified journals that were publishing viral genomes in the appropriate time frame and read
through the tables of contents for all issues between 1976 and 1985: Virology, Journal of
Virology, Journal of General Virology, The EMBO Journal, Nucleic Acid Research, and Journal of
Molecular Biology. We came across an excellent resource compiling full genomic sequences
published by 1983 (one of Margaret Dayhoff’s last papers, published posthumously), which
supplied citations for several viral genomes we had not found in our other searches (133).

For each published study of a complete viral genome we recorded the date of publication. As
some monthly journals consider their archived issues as published on the first day of the month
(e.g., Journal of Virology) and others did not (e.g., The EMBO Journal), we assumed all monthly
journals to be published on the first day of the month. We recorded the virus name, the
genome length, details of the genomic architecture (nucleic acid type and polarity, whether the
genome was segmented and whether the genome is circular or linear), and what sequencing
methods were used to generate the complete viral genome. We included papers that did not



try to estimate the length of the poly-A tails on RNA genomes, but excluded papers that
otherwise noted they did not produce a “complete genome.” We included proviruses and
completely sequenced defective genomes.

GenBank

We sought to connect the papers that contained viral genomic sequences with their accessions
in GenBank. Our main tool was the 1985 and 1986/1987 supplements to Nucleic Acids
Research from GenBank and EMBL data libraries, where we combed through the phage and
virus records for complete genome sequences (164). Careful reading of these supplements
provided an additional opportunity to find novel complete sequences. Searching for the title of
publications containing sequences in the nucleotide database assisted in filling in remaining
gaps. Not all of the sequences in Table 1 are available in GenBank.
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