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A Vestigial X Open Reading Frame in
Duck Hepatitis B Virus
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Abstract
Duck hepatitis B virus (DHBV) appears to lack a homologue of the X protein found in mammalian hepadnaviruses. By replacing stop codons in the corresponding region of the DHBV genome, a hypothetical protein
which closely matches the hydrophilicity profile of X proteins can be predicted, despite limited sequence homology. We conclude that a full-length X protein was once a
common feature of the hepadnaviruses, conserved in
structure but not sequence.
Copyright © 2000 S. Karger AG, Basel

Duck hepatitis B virus (DHBV) is a member of the
family Hepadnaviridae, which includes well-characterized viruses of birds such as grey herons (heron hepatitis B
virus; HHBV) and of mammals such as woodchucks
(woodchuck hepatitis virus; WHV) and ground squirrels
(ground squirrel hepatitis virus; GSHV), together with the
prototype hepatitis B virus (HBV) of man [1–6]. Hepadnaviruses achieve a remarkable genetic economy by the
use of overlapping open reading frames (ORFs), together
with multiple in-frame initiation codons to generate as
many as 6 proteins from only 3 ORFs: polymerase from
the P ORF, core and e antigen from the C ORF, and 2 or 3
surface proteins (small, large and in some cases middle
surface proteins) from the S ORF. While these features
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are highly conserved between orthohepadnaviruses of
mammals and avihepadnaviruses of birds, a striking difference is seen in the case of the fourth ORF, encoding the
X protein, the presence of which is highly conserved
among orthohepadnaviruses but with no obvious homologue in the prototype Avihepadnavirus, DHBV [4, 7–10].
Multiple functions have been attributed to the X protein,
including promiscuous transcriptional transactivation
and oncogenesis [11–13], but its role in viral replication is
obscure. For example, X protein appears to be essential
for WHV infection in vivo [14, 15], but dispensable for
that of HBV in transfected cell cultures [16, 17]. Other
reports have described truncated X products in HBV [18]
and a smaller form of X in HHBV [19], the functions of
which are unclear.
Questions of X protein function must also be balanced
against uncertainty regarding the evolutionary origin of
X. As all hepadnaviruses undoubtedly shared a common
ancestor, our current understanding of X forces us to
choose between two evolutionary models: either the ancestral hepadnavirus encoded an X ORF which was deleted by descendants such as DHBV, or else the descendants such as HBV have added this ORF over time. Both
explanations seem improbable in view of the genetic
economy of the viruses and in particular the partial overlap between the X and P ORFs, such that deletion or
insertion of X sequences would be difficult to accommodate in a functional genome.
We offer an alternative hypothesis, in which the primordial hepadnavirus encoded an intact X protein, but
instead of being deleted, the X ORF has been obscured in
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3311 nt, with numbering started at the beginning of the C ORF. For
ease of comparison, the genomes are aligned in scale from the beginning of the C ORF for both viruses. The hypothetical X ORF (‘X’) of
DHBV is also shown.

those descendants found in avian hosts. If this notion
were correct, all extant hepadnaviruses would have had a
functional X ORF at a certain time, sharing common features of structure and function. Thereafter, the DHBV
lineage acquired a non-sense mutation in its X gene, creating a stop codon in the ORF. This mutant had increased
fitness over wild type and eventually became the dominant viral population in the host species, and without the
pressure to maintain the X coding sequence the ORF
eventually became unrecognizable through the accumulation of further non-sense codon changes.
We have no idea of when, and in which species the
hepadnaviruses have evolved in the past, with currently
extant members recognized in numerous phylogenetically
distinct species, including birds such as the domestic duck
(Anas domesticus, Genbank accession number K01834),
grey heron (Ardea cinerea, M22056), snow goose (Anser caerulescens, AF110996), Ross’ goose (Anser rossi,
M95589), maned duck and grey teal (Chenonetta jubata
and Anas gifferifrons) [Dixon R., pers. commun.], and
mammals such as the woodchuck (Marmota monax,
J02442), beechey ground squirrel (Spermophilus beecheyi, K02715), woolly monkey (Lagothrix lagotricha,
AF046996), gibbon (Hybolates lar, U46935), chimpanzee
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Fig. 1. Schematic representation of the circular genomes of DHBV
and GSHV. The DHBV genome (a) has 3021 nt, with numbering
started at the unique EcoRI site, while the GSHV genome (b) has

(Pan troglodytes, D00220) and humans (ayw subtype,
J02203). How then can we test our hypothesis on the fate
of X in DHBV? We considered that we might be able to
detect the vestige of an X ORF in the DHBV genome,
which we will term ‘X’, by searching for potential protein
secondary structure rather than amino acid (aa) homology.
In searching for the hidden ‘X’ ORF in DHBV, we
assumed that it would have a similar location to X in
Orthohepadnavirus genomes and that it would be encoded
on the same DNA strand (as for all other hepadnaviral
gene products). Figure 1 illustrates the genome organization of DHBV and the most closely related of the orthohepadnaviruses, GSHV [20]. The three possible translations of a segment [nucleotides (nt) 2221–2750] of the
DHBV genome [4] ‘plus’ strand are shown in figure 2a.
Frame 1 includes the amino-terminal 81 aa of the C protein, with 7 of 99 upstream codons being stop codons,
while frame 2 has the carboxy-terminal 102 aa of the P
ORF, with 4 of 77 downstream codons being stop codons.
As such, these frames are unlikely to contain ‘X’. Frame 3,
in constrast, is not generally considered to encode
any proteins, with 11 stop codons in this 180 codon
region. Interestingly, these stop codons are highly conserved among the 9 DHBV genomes which were examined (K01834, X12798, M21953, M32991, M32990,
AF047045, M60677, X60213, X58567; results not
shown). Despite the lack of an initiation codon, the central region of 114 aa was once considered as a possible
ORF [10], and more recently, some isolates of HHBV
have been shown to have a potential initiation codon
which could lead to translation of a protein of 75 aa in this
reading frame [19], but low homology with orthohepadnaviral X proteins leaves this interpretation in doubt.
Nevertheless, frame 3 is clearly the most likely candidate
to encode ‘X’.
For the purpose of this analysis, we have arbitrarily
chosen the first methionine codon of frame 3 as the initiation codon for ‘X’. This codon was found in 4 of the 9
DHBV genomes examined, while in the remaining 5 it is
ATA, consistent with a single point mutation from ATG.
The size of X varies only slightly among the orthohepadnaviruses, with 138 aa for GSHV, 141 aa for WHV and
154 aa for HBV (ayw subtype) [1, 3, 5], and on the
assumption that ‘X’ would be of similar size we predict a
product of 139 aa, terminating at the sixth stop codon.
For this segment to be considered an ORF we must therefore consider the five intervening none-sense codons to be
the accumulation of mutations which were no longer
selected against once ‘X’ was ablated by a single non-sense

Fig. 2. a Predicted translation products in

all three frames for nt 2221–2750 of DHBV
D16 genomic sequence. Single-letter aa
codes are used except for potential initiation
codons (Met) and stop codons (Stop). Underlining shows the N-terminal part of C in
frame 1, and the C-terminal part of P in
frame 2. b Predicted translation product of
the hypothetical ‘X’ ORF of DHBV, deduced from the modified central segment
(nt 2247–2664) of frame 3.

change, unless such changes had an adverse effect on the
overlapping P and C ORFs.
To examine the ‘X’ protein, we needed to revert each
of these five non-sense codons in the ‘X’ ORF to sense
codons. Two rules were used in selecting appropriate
codon substitutions. Firstly, each codon was changed in
only one nucleotide. Secondly, all such changes were
required to give either no change or a conservative aa
change in the overlapping P or C ORFs. We therefore
reconstructed a hypothetical ‘X’ ORF in DHBV, encoding the putative ‘X protein’ shown in figure 2b, by making
the following codon changes in frame 3: stop codon 1
changed to Cys (codon TGA to TGC, Met to Leu change
in Pol); stop codon 2 changed to Ser (TAG to TCG, no
change in Pol); stop codon 3 changed to Leu (TAA to
TTA, no change in Pol); stop codon 4 changed to Leu
(TGA to TTA, Met to Ile change in Pol); stop codon 5
changed to Arg (TGA to CGA, no change in Core).
Although this product has only 16.6% aa identity with
X of GSHV using the pairwise alignment SIM program
[21], the X gene product is less conserved than other viral
proteins, with 71% identity between GSHV and WHV
and only 33% identity between GSHV and HBV [5]. In
addition, the preS domains of the corresponding viral
envelope proteins in DHBV and GSHV show only 19.2%

identity. As such, the lack of extensive aa homology
between ‘X’ and the X proteins should not prejudice our
analysis of ‘X’.
Despite their limited homology, it has been predicted
that the secondary structures of HBV X and WHV X are
more highly conserved [22], as seen for example in some
proteins among members of the flavivirus family, where a
high degree of structural conservation contrasts with limited aa homology [23, 24]. However, inclusion of GSHV
X protein in this analysis failed to show any obvious conservation of predicted secondary structure between the
orthohepadnaviral X proteins in programmes such as
GOR IV and PredictProtein [21] or Mac Vector 6.0 (Stratagene), suggesting either an extreme divergence of structure, or else deficiencies in such secondary structure predictions.
In contrast to secondary structure predictions, hydrophilicity predictions are based solely on numeric scores
reflecting the physiocochemical properties of amino acids
and are thus likely to be more reliable. We therefore reasoned that these X proteins might show conservation at
the level of hydrophilicity profiles, reflecting overall structural similarities. Hydrophilicity profiles were generated
for the X proteins of GSHV, WHV and HBV (ayw) using
the Hopp and Woods method [25–27], and an ungapped
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Fig. 3. a Hydrophilicity profiles of orthohepadnaviral X proteins.
Profiles were generated by the Hopp and Woods [25] method and
aligned according to the prominent peak around aa 80. b Profile of
average hydrophilicity, representing the mean scores of the three
viruses for each position. Distinctive PMFs are labelled as A, B, C, D,
E, F and G. c Alignment of individual X proteins against the average,
highlighting the strong conservation in PMFs A, D, E, F and G.

Fig. 4. Hydrophilicity profiles of DHBV ‘X’ and GSHV X (a) or
averaged X (b), calculated as in figure 3. Regions coding for the over-

lapping polymerase and core proteins are shown as arrows above.
PMFs are indicated as in figure 3. c Alignment of hydrophilicity profiles for the putative X proteins of HHBV and snow goose HBV
(SGHBV) with ‘X’ of DHBV.

Fig. 5. Hydrophilicity profiles for the C-terminal 140 aa of DHBV

and GSHV polymerases, aligned according to the alignment of the
overlapping X and ‘X’ ORFs.
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Of more concern is the possibility that the observed
similarity is forced by the constraints of the overlapping
part of the P ORF (fig. 4a), allowing only limited divergence in the alternative frames. In the P ORF, while the
functional domain regions show strong conservation in
such analysis (data not shown), some regions, including
the C-terminal section which overlaps part of the X ORF,
do not. As shown in figure 5, analysis of the C-terminal
140 aa of GSHV Pol and DHBV Pol by the same programme yields very distinctive hydrophilicity profiles for
the two viral proteins (aligned according to the X alignments), which cannot therefore be acting to force the similarities in X.
Together, these analyses suggest that during much of
their evolution, the X and ‘X’ ORFs for these viruses diverged in sequence while maintaining overall structure.
As there would no longer appear to be any such constraint
on divergence of ‘X’, the similarity observed in figure 4
may imply that the presumed loss of the functional ‘X’ in
DHBV is a relatively recent event. However, recent data
suggest an even more surprising interpretation of the relative conservation in ‘X’, i.e. that DHBV may still encode
a truncated, transactivating protein from these sequences
[Will, H., pers. commun.]. Our novel approach of creating
an artificial ORF by conservative substitution of nonsense codons may therefore have revealed not a vestigial
X ORF, as we thought, but rather the full-length ancestor
of a still functional protein coding region. Most importantly, the strong conservation of overall hydrophilicity
profiles between these divergent proteins highlights the
usefulness of such profiles for studying functional relatedness between divergent viral proteins.
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alignment was constructed, based on the prominent peak
around aa 80 (WHV and GSHV) or 79 (HBV) (fig. 3a).
The profiles for the three proteins exhibit obvious similarity, even though individual proteins vary in particular
regions, and this similarity allows us to construct a profile
of the mean hydrophilicity for orthohepadnaviral X proteins (fig. 3b). For convenience, distinctive features in the
hydrophilicity profile will be referred to as positionmatched features (PMFs) A, B, C, D, E, F and G, with
PMFs A, D, E, F and G demonstrating the strongest conservation of both position and amplitude as shown by
alignment of the individual X profiles with the average X
profile (fig. 3c).
We next applied this analysis to the putative ‘X’ protein of DHBV (fig. 4). Alignment of DHBV ‘X’ with either the GSHV X (fig. 4a) or the average X (fig. 4b) shows
a strong similarity in profiles, especially in the highly conserved PMFs D and E, while PMFs A, B, C and G are
conserved in position but vary in amplitude. In the case of
PMFs B and C, this variation in amplitude is within that
observed between the orthohepadnaviral X proteins
(fig. 3c). The conservation of these PMFs strongly suggests that the DHBV ‘X’ may once have encoded a functional protein with similar overall structure to the X of
orthohepadnaviruses, particularly GSHV. Using the same
analysis, it also appears likely that the X-like ORF found
in the sequences of some HHBV isolates [19] and snow
goose HBV is the amino-terminally truncated half of the
‘X’ ORF (fig. 4c). Interestingly, it has been demonstrated
that in HBV, there are truncated forms of X which are
likely to arise from initiation at the conserved in-frame
AUG codons [18], yielding products similar to these putative, truncated avihepadnaviral X proteins. While this
could suggest that the avihepadnaviral X was the ancestral form, with the mammalian viruses progressively
modifying upstream stop codons to produce larger forms,
we argue that this situation would not lead to the high
degree of conservation in the predicted structure for the
upstream regions.
Can we conclude that the similarity in hydrophilicity
profiles between X proteins and the ‘X’ ORF product is
not purely by chance? Random aa sequences of a similar
size might be expected to yield a vast number of profiles,
many of which would show some similarity in PMFs, but
we believe that the conservation of multiple PMFs, and
strong conservation of the highly conserved D and E
PMFs, together with the genomic location of ‘X’, make it
unlikely that the similarity in profiles has occurred by
chance.
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