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Abstract 22 

Hepatitis delta virus (HDV) is the smallest known RNA virus and encodes a single protein. 23 

Until recently, HDV had only been identified in humans, where it is strongly associated with 24 

co-infection with hepatitis B virus (HBV). However, the recent discovery of HDV-like 25 

viruses in metagenomic samples from birds and snakes suggests that this virus has a far 26 

longer evolutionary history. Herein, using additional meta-transcriptomic data, we show that 27 

highly divergent HDV-like viruses are also present in fish, amphibians and invertebrates. 28 

Notably, the novel viruses identified here share HDV-like genomic features such as a small 29 

genome size of ~1.7kb in length, circular genomes, and self-complementary, unbranched 30 

rod-like structures. Coiled-coil domains, leucine zippers, conserved residues with essential 31 

biological functions and isoelectronic points similar to those in the human hepatitis delta 32 

virus antigens (HDAgs) were also identified in the putative non-human HDAgs. Notably, 33 

none of these novel HDV-like viruses were associated with hepadnavirus infection, 34 

supporting the idea that the HDV-HBV association may be specific to humans. Collectively, 35 

these data not only broaden our understanding of the diversity and host range of HDV in 36 

non-human species, but shed light on its origin and evolutionary history.  37 

Keywords: Hepatitis D virus; evolution; fish; termites; meta-transcriptomics; phylogeny 38 
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Introduction 40 

Hepatitis delta virus (HDV), a member in the genus Deltavirus, is the smallest known RNA 41 

virus and results in chronic or fulminant hepatitis in humans when co-infected with hepatitis 42 

B virus (HBV). The HDV genome is a covalently closed, circular, single negative stranded 43 

RNA of that forms  a viroid-like self-complementary, unbranched rod-like structure of 44 

~1.7kb [1]. An important distinguishing feature of both HDVs and viroids is the use of 45 

rolling circle RNA replication [2]. The genome encodes a single protein (Hepatitis Delta 46 

Antigen; HDAg) that plays a role in viral packaging. 47 

 48 

Notably, human HDV requires an obligatory helper function provided by the HBV envelope 49 

protein for assembly, replication and in vivo transmission [3]. HDV is estimated to infect 15–50 

20 million people worldwide, and co-infection of HDV and HBV increases the risk 51 

of cirrhosis and hepatocellular carcinoma in humans, resulting in higher disease severity and 52 

mortality [4] than HBV infection alone. Until recently, HBV-carrier patients were considered 53 

the only established hosts for HDV, which has shaped theories of its origin [5-8]. However, 54 

this dogma has recently been challenged with the discovery of HDV-like viruses in birds [9] 55 

and snakes [10]. Importantly, these viruses were detected in absence of HBV (hepadnavirus) 56 

infection. Not only does this raise questions over the relationship between HDV and HBV, 57 

but suggests that HDV has a long evolutionary history and originated well before its first 58 

appearance in humans [11]. To further explore the origins and evolution of HDVs, we 59 

screened for HDV-like circular viruses in ribosomal-RNA (rRNA) depleted cDNA libraries 60 

of amphibians, fish, reptiles and termites previously generated [8]. This revealed the presence 61 

of four divergent HDV-like circular agents in fish, amphibians and termites, none of which 62 

were associated with hepadnavirus infection.  63 

 64 

Materials and Methods  65 

RNA library selection, construction and sequencing 66 

Most of the sequence reads used in this study were obtained from previous meta-67 

transcriptomic investigations and are available on the NCBI Sequence Read Archive (SRA) 68 

database under the BioProject accessions PRJNA418053, PRJNA314559, PRJ247733 and 69 

PRJ355364. Termite libraries available under BioProject accession PRJNA XXXXXnumber 70 

(submission pending) were sequenced and constructed as per Shi et al. 2018 [12]. All 71 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted February 4, 2019. ; https://doi.org/10.1101/539924doi: bioRxiv preprint 

https://doi.org/10.1101/539924
http://creativecommons.org/licenses/by-nc-nd/4.0/


libraries were re-screened for HDV-like antigens. The sequence reads of HDV-like agents 72 

were uploaded onto SRA under the BioProject submission XXXnumberXXXX (pending 73 

submission).  74 

Discovery of hepatitis delta virus-like sequences  75 

Illumina sequencing reads were quality trimmed with Trimmomatic [13] then de novo 76 

assembled using Trinity version 2.1 [14]. The transcript abundance of all contigs were 77 

assessed using the RNA-Seq by the Expectation Maximization (RSEM) method implemented 78 

in Trinity version 2.1, and also based on the percentage of raw reads aligned to the virus 79 

genome, as described previously [12]. To identify potential HDV-like transcripts while 80 

limiting false-positives, the assembled contigs were screened against a custom HDV delta 81 

antigen protein database with blast hits (e-values <1E-3) then re-screened against the NCBI 82 

non-redundant protein (nr) database with searches using Diamond blastx at an e-value cut-off 83 

1E-5 [15]. Given that the genome size of HDV is expected to be approximately 1.7kb in 84 

length, HDV-suspected contigs greater than 1,500 bp and lower than 4,000 bp in length were 85 

further examined. According to the blastx results and size selection, putative open reading 86 

frames (ORF) of HDV-like contigs were predicted using Geneious R11 (Biomatters, New 87 

Zealand). These ORFs were first annotated using a reverse PSI-BLAST [16] search against 88 

the conserved domain database (CDD, 89 

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and based on the similarities with 90 

previously described HDV genomes. To further validate our HDAg gene predictions, we 91 

compared sequences using the protein domain search tools, including HHpred 92 

(https://toolkit.tuebingen.mpg.de/#/tools/hhblits) [17] (parameter: e-value 1e-3, Minimal 93 

coverage of MSA hits 20%) and Phyre2, employing default parameters 94 

(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) [18]. Lastly, the assembled 95 

contigs were checked for circularity by aligning terminal regions to identify any overlap, 96 

which were then collapsed to generate a consensus draft genome. 97 

Characterization of novel Hepatitis D-like circular virus and Hepatitis D-like delta 98 

antigen 99 

The RNA libraries were mapped against the predicted HDV-associated contigs using BBmap 100 

[19] to extract the putative HDV-specific reads and to estimate viral abundance. However, 101 

the final genome sequence was obtained by taking the majority consensus from mapping the 102 

HDV-specific reads against the circularized contigs in Geneious R11. This mapping tool was 103 
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used as it can process circularized reference sequences and align reads that span the termini, 104 

thereby confirming circularity.  105 

 106 

A diverse set of HDV sequences representing known genotypes were downloaded from 107 

GenBank as a reference for comparison. The translated HDAg proteins of these, the recently 108 

described bird and snake HDVs, and the putative HDAgs determined here were then aligned 109 

using the E-INS-i algorithm in MAFFT v7 [20], after which ambiguously aligned regions 110 

were removed using trimAL [21]. This resulted in a final alignment of 203 amino acids. This 111 

alignment was also used as the basis for a phylogenetic analysis employing the maximum 112 

likelihood (ML) method available within PhyML (version 3.0), assuming the LG substitution 113 

model with SPR branch-swapping [22]. Bootstrap resampling (1000 replications) under the 114 

same substitution model was used to assess nodal support. 115 

The genomic features of the HDV-like agents were investigated by assessing the GC content, 116 

calculated using a sliding window size of 40 nt, as well as the polarity, hydrophobicity and 117 

isoelectric point of putative HDAgs estimated in Geneious R11. To determine the circular 118 

genome folding into unbranched rod-like structures, circular graphs were constructed using 119 

the Mfold webserver [23]. Each coiled-coil region in predicted HDAg ORF was evaluated 120 

using MTIDK algorithm on the Marcoil 1.0 webserver [24].  121 

Results and Discussion 122 

Identification of HDV-like agents in meta-transcriptomic libraries from diverse hosts 123 

We investigated a large and diverse set of RNA-Seq libraries generated from previous [12] 124 

and on-going studies for the presence of divergent HDV-like agents. The RNA sequencing 125 

results of the rRNA depleted libraries from newt, toad, fish and termite libraries resulted in 126 

5,545,902, 4,266,161, 11,064,877, 68,094,815, 366,319,352 and 431,345,357 paired reads, 127 

which were assembled into contigs, ranging from 9,687 to 639,393 contigs per library (as 128 

listed in Table 1).  129 

 130 

By combining meta-transcriptomic and protein homology search approaches, we identified 131 

and characterized four highly divergent HDV-like circular agents: (i) from the Subterranean 132 

termite (Schedorhinotermes intermedius) - termite HDV-like; (ii) from a mixture of fish 133 

(from class Actinopterygii, Chondrichthyes and Agnatha) - fish HDV-like; and (iii) two from 134 

amphibians the Asiatic toad (Bufo gargarizans) - toad HDV-like, and the Chinese fire belly 135 
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newt (Cynops orientalis) - newt HDV-like. In each case the HDV-like genomes were 136 

identified from a single contig in each library and by identifying overlapping terminal 137 

regions. The full-length circular genomes were confirmed to be between 1,591 and 1,735 nt 138 

in length (Table 1), consistent with the genome sizes of other HDVs and HDV-like agents. 139 

Remapping of the sequence reads from each library showed the specific coverage for each 140 

virus was between 24x and 205x, which corresponds to an abundance of 0.0001% to 0.022% 141 

in each library. The GC content in the novel HDV-like agents ranged between 46% to 58%, 142 

which is lower than human HDV (approximately 60% GC content) [25] (Error! Reference 143 

source not found.).  144 

 145 

Importantly, and consistent with HDV, the identified HDV-like agents all presented with 146 

self-complementary, unbranched rod-like structures (Error! Reference source not found.). 147 

According to the conserved domain searches, the predicted delta-antigens in the newt 148 

(amHDAg), toad (tfHDAg), fish (fiHDAg) and termite (tHDAg) HDV-like viruses encoded 149 

proteins of 225, 186, 180 and 184 amino acids (Table 2), respectively, and in each case the 150 

HDAg superfamily was the highest scoring match for our protein domain searches. 151 

Importantly, none of the contigs matched any known host genes in either the nt or nr 152 

databases and the HDAg was again the highest scoring search hit. 153 

 154 

We also identified the highly conserved poly(A) signal sequence (5’-AAUAAA-3’) upstream 155 

of each putative HDAg. In addition, we utilized alternative homology-based tools (HHpred 156 

and Phrye2) to define protein domains. Similar to the reverse PSI-BLAST, all the top scoring 157 

hits for our putative HDAgs matched with known delta antigen protein. The HHpred results 158 

showed a probability over 94% for the HDAg (1A92B, delta antigen; leucine zipper; coiled-159 

coil, oligomerization, hepatitis delta virus). In the case of Phrye2, the putative HDAgs all hit 160 

template c12a9B as the best-match, with more than 89% confidence, demonstrating 161 

oligomerization domain of hepatitis delta antigen (Table 3). However, the potential new 162 

HDAgs are extremely divergent and have amino acid identities to the four human HDV 163 

genotypes between 13–26% (Table 4). 164 

 165 

Phylogenetic analysis returned a phylogeny broadly congruent with the evolutionary 166 

relationships of the hosts, as expected if there were long-term virus-host co-divergence as 167 

seen in some other viral families [12,26] (Figure 3). However, the avian and snake HDV-like 168 

viruses clearly fell within the diversity of human HDV sequences (although with low node 169 
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support), which likely reflects the adverse effects of high levels of sequence divergence and 170 

very long branches on phylogenetic accuracy, as well as the short length of the sequences 171 

used in the analysis. 172 

 173 

Characterization of novel HDAg proteins 174 

Post-translational modifications of HDAgs include lysine acetylation, arginine methylation, 175 

serine and threonine phosphorylation important for modulating HDV functions and the viral 176 

cycle [27], and these conserved residues are typical HDAg features. For example, arginine 177 

residues (R13) using arginine methyltransferase for methylation were proposed to enhance 178 

both genomic RNA and mRNA synthesis [28], lysine residues (K72) are acetylated for cell 179 

localization and viral RNA synthesis [29], and serine (S176) interacts with the processive 180 

RNA pol II, regulates viral antigenomic RNA replication [30]. Further, the leucine residues 181 

(red arrow, Figure 4) potentially represent a typical HDV leucine zipper feature, with the 182 

exception of the strict heptad repeat (Figure 3). These residues can therefore be considered 183 

signatures of putative HDAgs and are all conserved in our viruses, with the exception of the 184 

arginine residues in termite HDV that show a potential shift at +6 (R19), and the lysine 185 

residues in toad HDV at +2 (K74) (Figure 4). However, the isoprenylation motif, C-X-X-X, 186 

required for HDV assembly and release, was not identified in the C-terminal region of the 187 

putative delta proteins, including the potential frame-shifted extensions. The amino acid 188 

sequence of the carboxyl-terminal extension of HDAgs is conserved within, but not between, 189 

HDVs. In our study, the C-terminal sequences of the putative HDAgs lack unique Pro/Gly-190 

rich farnesylated residues, which are important for replication and hypothesized to interact 191 

with the HBV envelope proteins for virus assembly. Indeed, the distinct structures observed 192 

in our putative HDAgs might imply different packaging properties and virus replication 193 

processes in non-human HDV-like agents, although this clearly merits further investigation. 194 

 195 

The predicted coiled-coil domains of putative HDAgs, which facilitate multimerization and 196 

replication, were found located at N-terminal sites overlapping with the coiled-coil region of 197 

other known HDAgs (Figure 4). The putative coiled-coil domains sit at positions 46 aa to 68 198 

aa in afHDAg (newt), 10 aa to 46 aa in tfHDAg (toad), 23 aa to 42 aa in fiHDAg (fish) and 199 

26 aa to 42 aa in tHDAg (termite). The amino acid composition of the sequences were 200 

determined, showing that the isoelectric point (pI value) of putative HDAgs were all around 201 

10 (10.4 in amHDAg, 10.9 in tfHDAg, 10.3 in fiHDAg, 10.2 in tHDAg), which is in a similar 202 

range comparing with reference HDAgs (pI values range from 10.4 to 10.8)  203 
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 204 

Helper viruses and evolutionary implications 205 

While all the novel HDV-like circular agents identified here are highly divergent compared to 206 

existing human HDVs and recently identified bird and snake viruses, they retain important 207 

genomic features including size, circular genomes, and unbranched rod-like RNA structures. 208 

Similarly, despite their sequence divergence, conserved HDAg domains are readily 209 

identifiable and the putative HDAgs also demonstrate similar promoter structures, amino acid 210 

properties and conserved post-translational residues. Critically, none of these newly 211 

described HDV-like agents were associated with co-infecting hepadnaviruses, which is 212 

central to the biology of human HDV. Instead, a number of other viruses were present in the 213 

relevant sequencing libraries (Table 5), including Wenling frogfish arenavirus 2, Wenling 214 

minipizza batfish hantavirus, Wenling yellow goosefish hantavirus, and Wenling minipizza 215 

batfish reovirus 1, 2 & 3, (in the XQTMS library; fish), and Zhejiang chinese fire belly newt 216 

astrovirus 1,2 & 3 (in the DFRYC and DFRYG libraries; newts), and an Wuhan asiatic toad 217 

influenza virus (in the toadflu library; toad), as determined previously [12]. 218 

  219 

This observation is consistent with the bird and snake HDVs described recently that also 220 

lacked any evidence of hepadnavirus co-infection, but which were infected with influenza 221 

and arenaviruses, respectively [9,10]. It is therefore increasingly likely that deltaviruses 222 

might use other helper viruses for generating infectious virion particles or alternative 223 

mechanisms for replication and transmission. Interestingly, recent studies suggest that human 224 

HDV can exist in vivo without HBV replication, or when HBV is suppressed by antivirals 225 

[31]. Given the paucity of non-human HDVs the potential diversity of these viruses remains 226 

unknown, and their replication mechanisms and possible associated helper viruses awaits 227 

exploration. 228 

 229 

Collectively, however, our results suggest that HDV-like agents have perhaps been associated 230 

with animal hosts for their entire evolutionary history of the Metazoa. This is stark contrast to 231 

the assumption that HDV is only present in humans and may even have evolved as an 232 

escaped human gene [7]. A variety of theories have been put forward to explain the origin of 233 

HDVs, including their derivation from plant viroids [32], virusoids or retroviroids [1], 234 

evolution from host-associated mRNA precursor genes, such as DIPA [33], or directly 235 

originated from host transcriptome [7]. Our data challenge these ideas, suggest that HDVs 236 
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have existed for many millions of years, and imply that more invertebrate and vertebrate 237 

deltavirus-like agents will surely be discovered. 238 
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Figure 1. Genome organization of the Hepatitis deltavirus-like (HDV) agents in diverse 340 

animal taxa. In each metadata ring, the external circles indicate the percentage GC content 341 

(blue), percentage nucleotide polymorphism (orange), and read coverage (yellow) of the 342 

genomes. The inner gray circle represents the genome, and the black region shows the 343 

predicted ORF of hepatitis delta antigen (HDAg).  344 
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 346 

Figure 2. Circle graphs indicating each circular RNA genome structure of HDV-like agents 347 

folding into unbranched rod-like structures. The circle circumference represents the genome 348 

sequence, and the arcs represent the base pairing. Coloring of arcs are: red for G-C pairing, 349 

blue for A-U pairing, green for G-U pairing, and yellow for other types. 350 
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    353 

Figure 3. Phylogenetic relationships among the amino acid sequences of HDAg proteins 354 

from human HDV and the HDV-like viruses newly determined here. The tree is rooted 355 

on the most divergent sequence from the termite. All branch lengths are scaled to the 356 

number of amino acid sequences per site. Bootstrap support values are shown for key 357 

nodes.  358 
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 359 

Figure 4. Characterization of the putative HDAg proteins in the HDV-like viruses newly 360 

determined here. The translated HDAg genomes of three (human) HDV genotypes were 361 

compared with the putative HDAg proteins. The potential coiled-coil region is 362 

highlighted, also including the presence of leucine residues in the correct spacing for a 363 

leucine zipper (red arrow). Post-translationally modified arginine residues (methylation), 364 

lysine residues (acetylation) and serine residues (phosphorylation) that are conserved 365 

between different HDV genotypes are indicated with blue asterisks. The conserved 366 

regions shared similar signatures between different HDAgs are marked with purple 367 

frames.  368 
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Table 1. Information on the RNA sequencing libraries containing HDV-like agents.  369 

  370 

Library 

name 

Library 

accession 
Host Class Host species 

Host 

Organ 

Assembly 

size (nt) 

Total 

contigs 

HDV-like 

agents 

(nt) 

Reads 

mapped  

DFRYC SRR6291295 Amphibian Cynops orientalis Gut 5,545,902 12,875 1735 433 

DFRYG SRR6291301 Amphibia Cynops orientalis Liver 4,266,161 9,687 1735 782 

Toadflu 

(WHHM) 
NA Amphibia Bufo gargarizans Lung 11,064,877 69,610 1547 371 

XQTMS SRR6291319 

Actinopterygii, 

Chondrichthyes, 

Agnatha 

Macroramphosus scolopax, 

Ophidion sp, Eptatretus 

burgeri, Okamejei 

acutispina, Proscyllium 

habereri, Lophius litulon, 

Eleutheronema 

tetradactylum, Zeus faber, 

Antennarius striatus, 

Halieutaea stellata, 

Gonorynchus abbreviatus 

Gill 68,094,815 169,140 1547 954 

Termite5v NA Insecta 
Schedorhinotermes 

intermedius 

Whole 

body 
366,319,352 560,226 1591 673 

Termite6v NA Insecta 
Schedorhinotermes 

intermedius 

Whole 

body 
431,345,357 639,393 1591 579 
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Table 2. Characterization of the HDV-like agents and their putative HDAgs. 371 
  372 

Library 

code 

Host common name 
HDV-like 

agents 
size (bp) 

GC 
content 

(%) 
putative HDAg size (aa) 

DFRY 
Amphibian/Chinese fire belly newt newt HDV 

(amHDV) 
1735 53.8 amHDAg 225 

TF 
Amphibian/Asiatic toad toad HDV 

(tfHDV) 
1547 54.3 tfHDAg 186 

XQTMS 
Fish/ a pool of fish from class 

Actinopterygii, Chondrichthyes 
and Agnatha 

fish HDV 

(fiHDV) 
1606 46.3 fiHDAg 180 

termite 
Termite/Subterranean termite termite HDV 

(tHDV) 
1591 56.8 tHDAg 184 
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Table 3. Protein prediction based on the amino acid sequences of the putative HDAgs using 373 

CD-search, HHpred and Phrye2.  374 

  375 

HDAg 
protein 

CD-
search hit 

e-value 
HHpred 
top hit 

Probability 
(%) 

e-
value 

Phrye2 top hit 
confidence 

(%) 
Identity 

(%) 

tfHDAg 

HDV ag 
super 
family 

6.64e-5 
1A92B 
Delta 

antigen; 
leucine 
zipper; 

coiled-coil; 
oligomeriza

tion, 
hepatitis 

delta virus 

99.83 
3.5e-

24 

c12a9B 
Oligomerization 

domain of 
hepatitis delta 

antigen 

97 44 

amHDAg 7.23e-9 99.97 
5.7e-

22 
99.9 54 

fiHDAg 1.11e-5 94.78 1.8e-2 89.3 34 

tHDAg     3.70e-5       96.1 8.2e-4       92.5      29 
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Table 4. Percentage identity among HDAgs of three genotypes and the putative HDAgs 376 

identified in this study. Sequence similarity is calculated based on the alignment of amino 377 

acid sequences from each complete HDAg, comprising Genotype I: US-2 (AAG26089.1), 378 

Genotype II; TW2476 (AAG26088.1), Genotype III: Peru-1 (AAB02596.1), Snake: Snake 379 

deltavirus F18-5 (AYF55701.1), and Avian: Avian HDV-like agent (AYC81245). 380 

  381 

HDAgs and 
Identity (%) 

Genotype I Genotype II Genotype III Snake Avian tfHDAg amHDAg fiHDAg tHDAg 

Genotype I − 73.76 64.85 51.81 36.63 25.68 23.15 22.95 25.97 
Genotype II 73.76 − 65.67 47.67 34.33 24.59 21.18 19.67 20.99 
Genotype III 64.85 65.67 − 49.22 35.32 22.4 20.2 20.22 22.65 

Snake 51.81 47.67 49.22 − 35.23 19.67 17.53 18.03 20.99 

Avian 36.63 34.33 35.32 35.23 − 18.03 16.92 18.78 20.56 
tfHDAg 25.68 24.59 22.4 19.67 18.03 − 15.08 17.86 13.53 

amHDAg 23.15 21.18 20.2 17.53 16.92 15.08 − 18.08 15.93 
fiHDAg 22.95 19.67 20.22 18.03 18.78 17.86 18.08 − 16.67 
tHDAg 25.97 20.99 22.65 20.99 20.56 13.53 15.93 16.67 − 
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Table 5. Details of the HDV-like agents and associated viruses discovered previously. 382 
 383 

Library name HDV-like agents Other viruses in library [12] 

DFRYC newt HDV (amHDV) 
Zhejiang chinese fire belly newt astrovirus 1 

 

DFRYG newt HDV (amHDV) 
Zhejiang chinese fire belly newt astrovirus 1 
Zhejiang chinese fire belly newt astrovirus 2 
Zhejiang chinese fire belly newt astrovirus 3 

Toadflu 
(WHHM) 

toad HDV (tfHDV) 
Wuhan asiatic toad influenza virus 

Wuhan asiatic toad astrovirus 

XQTMS fish HDV (fiHDV) 

Wenling frogfish arenavirus 2 
Wenling minipizza batfish hantavirus 
Wenling yellow goosefish hantavirus 
Wenling minipizza batfish reovirus 1 
Wenling minipizza batfish reovirus 2 
Wenling minipizza batfish reovirus 3 

Wenling fish chu-like virus 
Termite5v termite HDV (tHDV) NA 

Termite6v termite HDV (tHDV) NA 
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