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ABSTRACT

Members of the family Picornaviridae consist of small positive-sense single-stranded RNA (�ssRNA) viruses capable of infecting
various vertebrate species, including birds. One of the recently identified avian picornaviruses, with a remarkably long (>9,040-
nucleotide) but still incompletely sequenced genome, is turkey hepatitis virus 1 (THV-1; species Melegrivirus A, genus Megrivi-
rus), a virus associated with liver necrosis and enteritis in commercial turkeys (Meleagris gallopavo). This report presents the
results of the genetic analysis of three complete genomes of megriviruses from fecal samples of chickens (chicken/B21-CHV/
2012/HUN, GenBank accession no. KF961186, and chicken/CHK-IV-CHV/2013/HUN, GenBank accession no. KF961187) (Gal-
lus gallus domesticus) and turkey (turkey/B407-THV/2011/HUN, GenBank accession no. KF961188) (Meleagris gallopavo) with
the largest picornavirus genome (up to 9,739 nucleotides) so far described. The close phylogenetic relationship to THV-1 in the
nonstructural protein-coding genome region and possession of the same internal ribosomal entry site type (IVB-like) suggest
that the study strains belong to the genus Megrivirus. However, the genome comparisons revealed numerous unique variations
(e.g., different numbers of potential 2A peptides, unusually long 3= genome parts with various lengths of a potential second open
reading frame, and multiple repeating sequence motifs in the 3= untranslated region) and heterogeneous sequence relationships
between the structural and nonstructural genome regions. These differences suggest the classification of chicken megrivirus-like
viruses into a candidate novel species in the genus Megrivirus. Based on the different phylogenetic positions of chicken megrivi-
rus-like viruses at the structural and nonstructural genome regions, the recombinant nature of these viruses is plausible.

IMPORTANCE

The comparative genome analysis of turkey and novel chicken megriviruses revealed numerous unique genome features, e.g., up
to four potential 2A peptides, unusually long 3= genome parts with various lengths containing a potential second open reading
frame, multiple repeating sequence motifs, and heterogeneous sequence relationships (possibly due to a recombination event)
between the structural and nonstructural genome regions. Our results could help us to better understand the evolution and di-
versity (in terms of sequence and genome layout) of picornaviruses.

Picornaviruses (family Picornaviridae), with small, nonenvel-
oped viruses with single-stranded, positive-sense genomic

RNA, are one of at least five virus families forming the order
Picornavirales (1; http://ictvonline.org/Virustaxonomy.asp). The
picornaviruses are currently classified into 17 official genera (Aph-
thovirus, Aquamavirus, Avihepatovirus, Cardiovirus, Cosavirus,
Dicipivirus, Enterovirus, Erbovirus, Hepatovirus, Kobuvirus, Megri-
virus, Parechovirus, Salivirus, Sapelovirus, Senecavirus, Teschovirus,
and Tremovirus) (1, 2). Nine new genera (“Avisivirus,” “Gallivi-
rus,” “Hunnivirus,” “Mischivirus,” “Mosavirus,” “Oscivirus,”
“Pasivirus,” “Passerivirus,” and “Rosavirus”) are awaiting ap-
proval by the International Committee on Taxonomy of Viruses
(http://talk.ictvonline.org/), and approximately 18 candidate spe-
cies await classification (http://www.picornaviridae.com/).

In general, the polyadenylated picornaviral genome consists of
a single polyprotein coding region flanked by highly structured 5=
and 3= untranslated regions (UTRs), although the discovery of
canine picodicistroviruses (genus Dicipivirus) with dicistronic ge-
nome organization and an additional intergenic internal ribo-
some entry site (IRES) at the junction of P1 and P2 (P1/P2) makes

it the first picornavirus with two long open reading frames (ORFs)
(3, 4). Furthermore, the presence of a putative second ORF in
partial nucleotide sequences of chicken and turkey picornaviruses
has been identified in silico (5).

Most picornaviruses have only one mature 2A peptide/protein,
although the number of picornaviruses with multiple potential
2As with mainly unknown function, e.g., duck hepatitis A virus
(DHAV), turkey hepatitis virus (THV), swine pasivirus, bluegill
picornavirus, turkey avisivirus, and pigeon mesivirus (6–11), is
increasing.

The size of a picornavirus genome ranges from 7.1 to over 9.1
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kb. In general, the size variations among the picornavirus ge-
nomes are derived from differences in the genome organization
(e.g., presence or absence of L proteins, single or multiple 2A or 3B
peptides) (12) and from the different lengths of the untranslated
regions. The largest (still incomplete) picornavirus genome is
THV, a virus associated with liver necrosis and enteritis in turkeys,
which belongs to the species Melegrivirus A (genus Megrivirus)
and consists of �9,040 nucleotides (nt), although neither the full
length of the 5= UTR nor the complete 3= UTR were determined
(7). Additionally, two partial 3D/3= UTR sequence fragments
(1,327 nt), closely related to THV, have been identified in turkeys
and chickens (5). Recently, two novel picornaviruses (mesivirus 1
and 2) most closely related to megriviruses were identified from
wild pigeons. These viruses may either be a novel species within
the genus Megrivirus or the prototypes of a novel picornavirus
genus (11).

In this paper, we report three complete genomes of megrivirus-
like picornaviruses from fecal samples of commercial turkeys
(Meleagris gallopavo) (turkey/B407-THV/2011/HUN) and for the
first time from those of chickens (Gallus gallus domesticus) (chicken/
B21-CHV/2012/HUN and chicken/CHK-IV-CHV/2013/HUN).
The high sequence identities and close phylogenetic relationship
at the nonstructural region suggest that megrivirus-like picorna-
viruses in chickens and turkeys belong to one genus, Megrivirus.
However, the genome comparisons of these megriviruses revealed
numerous unique genome variations (e.g., uneven numbers of
multiple 2As, the presence of a potential ORF2 with a different size
at the 3= part of the genome, different numbers of sequence re-
peats in the 3= UTR) and a heterogeneous sequence relationship
between the structural and nonstructural genome regions. These
differences suggest the classification of chicken megrivirus-like
viruses into a novel species in the genus Megrivirus.

MATERIALS AND METHODS
454 pyrosequencing and metagenomic analysis. A fecal sample (B-21)
collected in January 2012 from a 21-day-old broiler chicken (Gallus gallus
domesticus) showing malabsorption syndrome in a poultry farm located
in northwest Hungary was selected for viral metagenomic analysis. Phos-
phate-buffered saline (PBS)-diluted specimens were passed through a
0.45-�m-pore-size sterile filter and centrifuged at 6,000 � g for 5 min.
The filtrate was digested with a mixture of nucleases to enrich for particle-
protected nucleic acids (13). Nucleic acids were extracted using a QIAamp
viral RNA minikit (QIAgen, Hilden, Germany) according to the manu-
facturer’s instructions. Viral cDNA libraries derived from RNA and DNA
molecules were constructed by sequence-independent random reverse
transcription-PCR (RT-PCR) amplification as previously described (13).
Pyrosequencing using 454 GS FLX technology was then performed as
previously described (13, 14). The assembled sequence contigs from the
pyrosequencing reads (singletons) were compared to the GenBank nucle-
otide and protein databases using BLASTn and BLASTx, respectively.

Genome acquisition of turkey and chicken picornaviruses. RNA ex-
tracts from 150-�l suspensions (35% to 40% [vol/vol] in 0.1 M phos-
phate-buffered saline) of fecal samples from two chickens (B-21 and
CHK-IV) collected in January 2012 and April 2013 and from a turkey
(B-407) collected in November 2011 from three different poultry farms
located in northwest Hungary were prepared using TRIzol Reagent (In-
vitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Specific and generic primer sets were designed based on the available
sequence contigs from the pyrosequencing analysis and the available THV
sequences (GenBank accession no. HQ189775 and HM751199) to con-
firm the available pyrosequencing contigs of chicken/B-21-CHV/2012/
HUN and to determine the complete nucleotide sequences of the picor-

naviruses chicken/B-21-CHV/2012/HUN, chicken/CHK-IV-CHV/2013/
HUN, and turkey/B407-THV/2011/HUN using reverse transcription-
PCR (RT-PCR) and long-range RT-PCR methods as described previously
(15–17). The primer sequences are available on request. The steps of the
genome acquisition of chicken and turkey picornaviruses are shown in
Fig. 1. The 5= and the 3= ends of the genome were determined using a 5=/3=
rapid amplification of cDNA ends (RACE) PCR kit (Roche, Mannheim,
Germany) as previously described (18). PCR products were sequenced
directly with a BigDye Terminator cycle sequencing ready reaction kit (PE
Applied Biosystems, Warrington, United Kingdom) using the primer-
walking method and were run on an automated sequencer (ABI PRISM
310 Genetic Analyzer; Applied Biosystems).

Sequence and phylogenetic analysis. Nucleotide and deduced amino
acid sequences of picornaviruses closely related to the study strains were
obtained from the GenBank database and aligned using Clustal X software
(version 2.0.3) (19), and pairwise identity calculations were performed
using BioEdit software (version 7.1.3.0) (20). Phylogenetic trees of the
amino acid alignments were created using the neighbor-joining method
based on the Jones-Taylor-Thornton matrix-based model of MEGA soft-
ware (version 5.2) (21). Bootstrap values (based on 1,000 replicates) for
each node are given if �50%. The secondary structure of the 5=UTR was
predicted using the Mfold program (22) and compared to the predicted
IRES structures of DHAV and a quail picornavirus (23, 24); the two-
dimensional (2D) model was drawn using Corel Draw Graphics Suite
(version 12). The nucleotide distance plot analysis was performed with RDP
software version 4.16 (25) using the Jukes-Cantor model with a window size
of 200 nt and a step size of 20 nt. The complete genome sequences of chicken/
B21-CHV/2012/HUN, chicken/CHK-IV-CHV/2013/HUN, and turkey/
B407-THV/2011/HUN were submitted to GenBank.

Cultivation of turkey and chicken picornaviruses in embryonated
chicken eggs. The fecal samples of turkey (B407) and chickens (B21 and
CHK-IV) used for the complete genome characterization of turkey/B407-
THV/2011/HUN, chicken/B21-CHV/2012/HUN, and chicken/CHK-IV-
CHV/2013/HUN were used for viral cultivation in embryonated chicken
eggs. The protocol was based on the study of Snoeyenbos and coworkers
(1959) (26). In brief, the fecal suspensions were subjected to membrane
filtration using Ultrafree-MC membrane filters with a 0.45-�m pore size
(Millipore, Billerica, MA). Filtered suspensions (100 to 100 �l) containing
gentamicin at 0.15 �g/ml, amphotericin B at 5 �g/ml, and vancomycin at
0.25 �g/ml were inoculated into the yolk sacs of 6-day-old embryonated
chicken eggs. The yolk fluids were extracted and the physical conditions of
the embryos were visually examined every 2 days until 8 days postinocu-
lation (p.i.). Phosphate-buffered saline (0.1 M) with antibiotics was used
for the control inoculations. The virus growth was monitored using the
SYBR green RT-quantitative PCR (RT-qPCR) method and Maxima SYBR
green/ROX qPCR master mix (Thermo Scientific) with type IV megrivi-
rus IRES-specific primer pairs (Megri-IRES-R [5= GAC ATA GTG GCA
AAT CAA CTG 3=] and Apical8-5UTR-F [5= TGG TGC TGA AAT ATY
GCA AG 3=]) in the yolk fluid samples. To verify the presence of the study
strains, the RT-PCR method, using a generic reverse primer targeting the
conserved 3= end of 2A2 (Megri-2A2-gen-R [5=AAY TCA GCA TCA ATY
TCA TCA TC 3=]) and two strain-specific forward primers designed to
correspond to the divergent 3= end of VP1 (Chicken megrivirus-VP1-F [5=
CAG ATG ATC CAG GYA AYA TGG G 3=] and Turkey megrivirus-VP1-F
[5= GGT GAT ATG GGT ACY ATY TTT GT 3=]), was used on the RNA
extracts of yolk fluid samples. The size of the RT-PCR amplicons was
either 1,400 or 1,215 bp, depending on the presence (turkey megriviruses)
or absence (chicken megriviruses) of the presumed 2A0 region. The PCR
amplicons were sequenced in both directions to verify the existence of the
study strains.

Nucleotide sequence accession numbers. The complete genome se-
quences of chicken/B21-CHV/2012/HUN, chicken/CHK-IV-CHV/2013/
HUN, and turkey/B407-THV/2011/HUN were submitted to GenBank
and assigned accession numbers KF961186 to KF961188.
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RESULTS
Genome acquisition and analysis of megrivirus-like picornavi-
ruses in chickens and turkeys. From chicken fecal sample B-21,
70 sequence contigs (ranging between 106 and 1,215 nt) that
yielded two continuous consensus sequences were acquired using
viral metagenomics covering 56% of a picornavirus genome
(Fig. 1). The two consensus sequences were 442 and 4,760 nu-
cleotide (nt) long and showed 42% nt (36% amino acid) and
85% nt (95% amino acid) sequence identity to the VP0/VP3
junction and 2B-3D of THV-1 strain 2993D (GenBank acces-
sion no. HM751199) of the genus Megrivirus (the closest match in
GenBank). The picornaviral genome of strain chicken/B21-CHV/
2012/HUN (GenBank accession no. KF961186) was determined
using the primer walking method (Fig. 1). For the verification of
the genome features of chicken/B21-CHV/2012/HUN, another
complete genome of this picornavirus (chicken/CHK-IV-CHV/
2013/HUN; GenBank accession no. KF961187) was determined
from chicken feces collected a year later (2013) from a different
farm using the same primer sets and RT-PCR methods.

Overlapping sequences representing a complete picornavirus
genome related to chicken/B-21-CHV/2012/HUN were amplified
from turkey fecal sample B-407 using generic primer sets (Fig. 1)
designed based on the available THV-1 sequences (GenBank ac-
cession no. HQ189775 and HM751199) and virus strain chicken/
B21-CHV/2012/HUN.

The complete genomes of megrivirus-like picornaviruses of
chickens, including chicken/B21-CHV/2012/HUN (GenBank ac-
cession no. KF961186) and chicken/CHK-IV-CHV/2013/HUN,
(GenBank accession no. KF961187), and of turkey (turkey/B407-
THV/2011/HUN; GenBank accession no. KF961188) consisted of
9,560 and 9,566 nt and 9,739 nt, respectively [excluding the
poly(A) tail], the largest picornavirus genomes so far described.
The G�C contents of the genomes were in the same range, 44.8%
and 45.6%, respectively. The search for potential ORFs of both
viruses revealed the presence of a long ORF encoding the viral
polyproteins of 2,750 and 2,745 amino acids (aa) and 2,816 aa,
with similar picornaviral genome organizations—P1 (VP0-3-1)
and P2 (2A-B-C)-P3 (3A-B-C-D)—preceded by 639- and 636-nt
and 642-nt 5= UTRs and followed by remarkably long (668- and
692-nt and 646-nt) 3= regions and a poly(A) tail containing a
potential ORF2 (see below) (Fig. 1). For practical reasons, for the
detailed sequence analyses, the chicken/B21-CHV/2012/HUN
(GenBank accession no. KF961186) and turkey/B407-THV/2011/
HUN (GenBank accession no. KF961188) sequences were used;
the supporting data from the chicken/CHK-IV-CHV/2013/HUN
(GenBank accession no. KF961187) sequence were included if
necessary.

The complete P1 (2,436 and 2,403 nt; 812 and 801 aa), P2
(3,261 and 3,492 nt; 1,087 and 1,164 aa), and P3 (2,556 and 2,556

nt; 851 and 851 aa) genome regions of chicken/B21-CHV/2012/
HUN and turkey/B407-THV/2011/HUN showed 37% and 93%,
97% and 94%, and 95% and 98% amino acid identity to THV-1
strain 2993D (GenBank accession no. HM751199), which was
the closet relative. The position of the STOP codon in the nucle-
otide and amino acid alignments was the same in all of the study
strains and the THVs (GenBank accession no. HQ189775 and
HM751199). The high sequence identities at the nonstructural
genome regions (P2–P3) between the study sequences and THV-1
strongly suggest the classification of these picornaviruses in the
genus Megrivirus.

Analysis of the 5=UTR. Until now, neither the complete 5=UTR
nor the predicted secondary RNA structure of the IRES of turkey
megrivirus was known. The predicted initiation codons of chicken/
B21-CHV/2012/HUN and turkey/B407-THV/2011/HUN were
found in an optimal Kozak context (GCCACTA640/643TGT, optimal
nucleotides being underlined) in both viruses. The 639- and 642-
nt-long 5= UTRs of the study sequences showed 87% and 88%
nucleotide identity to the available 461-nt-long partial 5= UTR
of THVs (GenBank accession no. HQ189775 and HM751199)
and 88% nucleotide identity to each other. The 5= UTR of the
study sequences contained the highly conserved 20-nt-long motif
forming an apical “8”-like structure which is also present in
DHAV (7), quail picornavirus (QPV; GenBank accession no.
JN674502), and several other picornaviruses, mostly of avian ori-
gin (24) (Fig. 2). The predicted secondary RNA structures of IR-
ESs of both study viruses were similar to those of domains II and
III (III1, III2, III3, III4, IIIa, IIIc, IIId, IIIe, and IIIf) of the hepa-
civirus/pestivirus-like (HP) type IVB IRES (Fig. 2). The predicted
lengths of the pseudoknot stem 1, stem 2, linker, and spacer (23)
are 11, 8, 2, and 10 nt, respectively. However, important structural
differences were also observed: in similarity to the IRES of QPV,
the apical part of domain III did not end with the short IIIb hair-
pin but had a long (�80-nt) secondary structure with the “8”-like
motif at the apical position (Fig. 2).

Analysis of the 3= genome region. The 668- and 646-nt-long 3=
apparent UTRs (sequences after the STOP codon of the viral poly-
protein-coding regions) of chicken/B21-CHV/2012/HUN and
turkey/B407-THV/2011/HUN show 88% and 91% nucleotide
identity to partial sequences of chicken/CHK148/USA/2010
(GenBank accession no. JF424831) and turkey/TRK22/USA/2010
(GenBank accession no. JF424832) picornaviruses which proba-
bly also belong to the genus Megrivirus (5). Similarly to CHK148
and TRK22, the study sequences could also contain a second,
downstream ORF (5) encoding putative short (114- and 98-aa-
long) proteins of unknown function, although the predicted ini-
tiation codons were in a weak Kozak context (Fig. 1) (3). The
presence of this putative ORF2 among the THVs is uncertain due
to incompleteness of the 3= UTR of the prototype strains (0091.1

FIG 1 (A) Genome organization with conserved picornaviral motifs and predicted cleavage sites of chicken/B21-CHV/2012/HUN (B21-chicken, GenBank
accession no. KF961186) and turkey/B407-THV/2011/HUN (B407-turkey, GenBank accession no. KF961188) megriviruses. Nucleotide (upper numbers) and
amino acid (lower numbers) lengths are indicated in each gene box. The pairwise nucleotide (and amino acid) sequence identity values of each genome regions
can be found between the two genome maps. The positions of the conserved picornaviral amino acid motifs of chicken/B21-CHV/2012/HUN are indicated with
the first amino acid positions of the motif. The locations of the two consensus sequences of chicken/B21-CHV/2012/HUN acquired from pyrosequencing are
indicated with gray bars. The steps (reaction no. R1 to R8) of the genome amplification and the locations of the primers are depicted as horizontal lines. (B)
Amino acid sequence alignment of VP1-2B genome region of chicken/B21-CHV/2012/HUN (B21) and turkey/B407-THV/2011/HUN (B407). Predicted
cleavage sites of the study strains (black arrows) together with the identified Hbox-NC motifs (dotted boxes) are indicated. The locations of the predicted cleavage
sites (FQ2 AP) are illustrated with a gray background. The presumed cleavage site of genome region “2A0” of turkey/B407-THV/2011/HUN is indicated with
a black box. Letters with a black background represent the identical amino acids of the alignment.
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and 2993D). The analysis of the 324- and 349 nt-long 3= UTRs
(sequences after the second ORF) of study strains revealed multi-
ple conservative sequence repeats (provisionally named “unit A”
and “unit B”) and 77- to 101-nt-long AUG-rich regions (where
the cytosine content is lower than 4%), which could also be iden-
tified in a second strain of chicken picornavirus (chicken/CHK-
IV-CHV/2013/HUN) and among the 3= UTRs of the recently
identified pigeon mesiviruses (PiMEVs) (GenBank accession no.
KC876003 and KC811837) (11). Interestingly, the genome orga-
nization of the 3= UTRs of PiMEVs and those of the study se-
quences and THVs were essentially the same, with the exception of
the potential ORF2, which is missing in the PiMEVs (Fig. 3). It is
interesting that the localization of unit A is always adjacent to a
STOP codon (Fig. 3). The nucleotide and amino acid sequence
identities and relative positions of the putative ORF2 and of the
conservative unit As and unit Bs are shown in Fig. 3.

Analysis of the viral polyprotein. The possible cleavage sites of
the viral polyprotein of turkey/B407-THV/2011/HUN and chick-
en/B21-CHV/2012/HUN were mapped based on the amino acid
alignments of the available THVs (GenBank accession no.
HQ189775 and HM751199). All of the previously predicted cleav-
age sites of THVs (7) were identifiable in the study sequences,
although the genome alignments revealed previously unknown
sequence stretches and novel potential cleavage sites in the N-ter-
minal part of P2 (Fig. 1).

Similarly to the THVs, neither the presence of a potential
L-protein nor the cleavage of VP0 into VP4 and VP2 were
recognizable in the study sequences. The VP0 (384 and 392 aa),
VP3 (181 and 166 aa), and VP1 (247 and 243 aa) genomic
regions of chicken/B21-CHV/2012/HUN and turkey/B407-
THV/2011/HUN were similar in length to those of THV-1 (388
aa, 166 aa, and 244 aa). The presence of Rhv-like capsid domains
was also identifiable in both study sequences using the conserved
domain database (CDD) search of NCBI (27) (Fig. 1).

The analysis of aligned sequences revealed a 246-nt (82-aa)-
long insertion after the predicted C-terminal cleavage site of VP1
in the turkey/B407-THV/2011/HUN sequence (and in those of
both known THV strains) compared to the two chicken picorna-
virus sequences (chicken/B21-CHV/2012/HUN and chicken/
CHK-IV-CHV/2013/HUN), which insertion was terminated with
a previously supposed cleavage site (FQ883/SP) (7) (Fig. 1). Due to
the absence of this peptide among the chicken origin picornavi-
ruses, this genome region was referred to as 2A0 (Fig. 1). Accord-
ing to Honkavuori et al. (7), the viral polypeptide region between
VP1 and 2B was cleaved at least at the position of FQ1199/AP (in
THV strains 0091.1 and 2993D), causing the release of a 2A pep-
tide which belongs to the group of Hbox-NC (noncoding) pro-
teins (7, 28). The sequence and location of this motif (FQ/AP)—as
the C-terminal cleavage site of an Hbox-NC-containing 2A—
were the same in the study sequences; furthermore, this sequence
motif was also present 104 aa upstream, suggesting an additional
possible cleavage site and, therefore, the release of a 104-aa-long
2A peptide during the maturation process of the study strains (Fig.
1). In the amino acid alignments, at the location of the N-terminal
cleavage site of the 104-aa-long 2A, an identical, previously unrec-
ognized cleavage motif (FQ1095/AP) was also present in the THVs
(strains 0091.1 and 2993D). Therefore, the presumed mature 2A
peptides numbered four (due to the presence of 2A0) in the case of
THVs and turkey/B407-THV/2011/HUN and numbered three in
the case of chicken/B21-CHV/2012/HUN and chicken/CHK-IV-
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FIG 2 Predicted two-dimensional secondary RNA structure of the 5= UTR
IRES of chicken megrivirus (GenBank accession no. KF961186) with the po-
sitions of different nucleotides (in dark circles) indicated by black arrows and
within frames of dashed lines compared to the IRES of turkey/B407-THV/
2011/HUN (GenBank accession no. KF961188). The main domains (II and
III), helical segments (III 1 to 4), and hairpins (III a; III c to f) and stems (Stem
1 and Stem 2) similar to those of the similarly labeled structures of hepacivirus/
pestivirus-like type IVB IRES are depicted. Gray boxes indicate conserved
motifs of IVB IRESes (23). White boxes indicate the conserved unpaired base
pairs with respect to DHAVs within the middle loop of domain II. The se-
quence and location of the apical “8” structure also identified in other avian
picornaviruses are indicated with a black frame box (24).
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FIG 3 (A) The organization of the 3= parts of chicken/B21-CHV/2012/HUN (B21, GenBank accession no. KF961186), chicken/CHK-IV-CHV/2013/HUN
(CHK-IV, GenBank accession no. KF961187), turkey/B407-THV/2011/HUN (B407, GenBank accession no. KF961188), and pigeon mesiviruses (PiMEVs:
GenBank accession no. KC876003 and KC811837). The presumed initiation codons in a weak Kozak context (optimal nucleotides are underlined) of ORF2 are
shown in italics after the STOP codon (black star) of the end of the viral polyprotein (3D). Nucleotide (upper numbers) and amino acid (lower numbers) lengths
of the presumed ORF2 are indicated in each gene box. Dotted lines corresponding to PiMEVs indicate the deletion of ORF2 region. The identified repeating
elements of “unit A” and “unit B” (“B”) together with the location of AUG-rich genome parts are depicted within the gray and white arrows. The pairwise
nucleotide (and amino acid) sequence identities between the different regions (indicated by double arrows) of 3= genome parts are also illustrated. (B) Alignments
of the “unit A” and “unit B” sequences of the study strains (B21; CHK-IV and B407), pigeon mesiviruses (PiMEV-1 and -2), and the members of genus Megrivirus
(0091.1, 2993D, CHK148, and TRK22). Similar nucleotides are shaded. Asterisks indicate identical nucleotides.
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CHV/2013/HUN (Fig. 1). The function of the suspected multiple
2As is unknown. In the nonstructural protein region (P2–P3), all
the previously identified conserved amino acid motifs of the 2C
helicase, 3C protease, and 3D RNA-dependent RNA polymerase
of THVs (7) were identified in the study sequences (Fig. 1).

Sequence comparison and phylogenetic analysis. The amino
acid identities, based on the pairwise comparisons of different

genome regions of chicken/B21-CHV/2012/HUN and turkey/
B407-THV/2011/HUN, show significant differences with respect
to the P1 and P2–P3 genome regions (Fig. 1 and Table 1). The
pairwise amino acid sequence identities of genome regions of P1
(VP0-VP3-VP1) and 2A1 were significantly lower (�46%) than
the identity values (�90%) of genome regions after 2A2 (2A3-2B-
2C-3A-3B-3C-3D) (Fig. 1 and Table 1). The results of the pairwise
nucleotide sequence similarity comparisons show that the transi-
tion between the heterogeneous and homogenous genome re-
gions at the 2A area is not sharp (Fig. 4).

The sequence heterogeneity between structural and nonstruc-
tural genome regions was conspicuous in the phylogenetic trees
generated from the amino acid alignments of different genome
regions of megriviruses and the closest relatives (Fig. 4). Interest-
ingly, turkey/B407-THV/2011/HUN grouped together with the
THVs in all trees, while the chicken megrivirus-like viruses
showed significant divergence from the megriviruses in the P1 and
VP1 genome regions and parallel close relationships with the same
group at the 2C and 3CD phylogenetic trees (Fig. 5).

Cultivation of turkey and chicken picornaviruses. Two of the
three embryos (inoculated with B21 and B407) were found dead at
day 8 p.i., and the third (inoculated with CHK-IV) showed signs of
growth depression. The megrivirus RNA was detectable using me-
grivirus IRES-specific primer pairs in every infected yolk fluid
sample, with the exception of the day 8 p.i. yolk samples of the
dead embryos. Increasing amounts of viral RNA were detected
from day 2 to 6 p.i., with the highest level of RNA in the yolk
samples collected on day 6 p.i. (data not shown). Furthermore, the
study strains were identified by strain-specific VP1/2A2 primer
pairs in every megrivirus RNA-containing yolk fluid sample. The
2A0-containing turkey megrivirus RNA was not present in the
yolk fluids from eggs inoculated with chicken samples B21 and
CHK-IV; similarly, the 2A0-less chicken megrivirus-like viral

TABLE 1 Amino acid sequence identity values of different genome
regions of chicken/B21-CHV/2012/HUN and turkey/B407-THV/2011/
HUN compared to the members of genus Megrivirus and to the second
strain of chicken megrivirus-like picornavirus chicken/CHK-IV-CHV/
2013/HUNa

Genome
region

% amino acid sequence identity

0091.1 2993D CHK148 TRK22 CHK-IV

B21 B407 B21 B407 B21 B407 B21 B407 B21 B407

VP0 34.4 91.6 35.0 91.6 N.D. N.D. N.D. N.D. 93.5 35.4
VP3 39.2 96.4 39.2 96.4 N.D. N.D. N.D. N.D. 91.2 39.8
VP1 35.5 89.3 34.9 93.0 N.D. N.D. N.D. N.D. 87.0 34.5
2A0 N/A 87.8 N/A 89.0 N.D. N.D. N.D. N.D. N/A N/A
2A1 46.4 92.6 46.0 93.5 N.D. N.D. N.D. N.D. 92.3 43.7
2A2 74.0 100.0 75.0 99.0 N.D. N.D. N.D. N.D. 97.1 72.1
2A3 87.9 92.0 88.4 92.0 N.D. N.D. N.D. N.D. 96.0 87.9
2B 92.2 95.3 92.2 94.3 N.D. N.D. N.D. N.D. 95.8 89.1
2C 94.4 98.1 94.1 98.4 N.D. N.D. N.D. N.D. 98.9 95.2
3A 94.0 99.3 94.0. 99.3 N.D. N.D. N.D. N.D. 97.3 93.3
3B 100.0 100.0 100.0 100.0 N.D. N.D. N.D. N.D. 100.0 100.0
3C 96.0 96.0 96.5 96.5 N.D. N.D. N.D. N.D. 98.0 94.6
3D 98.3 99.2 97.9 98.7 99.6b 97.3b 97.8b 100.0b 99.8 98.1
a B21, chicken/B21-CHV/2012/HUN (GenBank accession no. KF961186); B407,
turkey/B407-THV/2011/HUN (GenBank accession no. KF961188); 0091.1, 2993D,
CHK148, and TRK22, members of genus Megrivirus; CHK-IV, chicken/CHK-IV-CHV/
2013/HUN (GenBank accession no. KF961187); N.D., not determined (no sequences
were available for the comparisons); N/A, not applicable (the genome part is missing
from the sequence).
b Only the available 223-aa-long C-terminal parts of the 3Dpol genome regions were
used for comparisons.
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FIG 4 Distance plot analysis based on the comparison of the complete genome of chicken/B21-CHV/2012/HUN (GenBank accession no. KF961186) to those
of turkey/B407-THV/2011/HUN (B407-THV; GenBank accession no. KF961188) and pigeon mesivirus 1 (GenBank accession no. KC876003). The genome
regions of chicken megrivirus-like picornavirus are drawn to scale. Dashed lines show the borders of 5= UTR/P1, P1/2A, 2A/2B, and 3D/ORF2.

Boros et al.

6440 jvi.asm.org Journal of Virology

http://www.ncbi.nlm.nih.gov/nuccore?term=KF961186
http://www.ncbi.nlm.nih.gov/nuccore?term=KF961188
http://www.ncbi.nlm.nih.gov/nuccore?term=KF961187
http://www.ncbi.nlm.nih.gov/nuccore?term=KF961186
http://www.ncbi.nlm.nih.gov/nuccore?term=KF961188
http://www.ncbi.nlm.nih.gov/nuccore?term=KC876003
http://jvi.asm.org


RNA was also not detectable in the yolk fluids from eggs inocu-
lated with a turkey sample (B407).

DISCUSSION

From this study, using metagenomic and RT-PCR approaches, we
report the complete genome characterization and analysis of
picornaviruses related to megrivirus from fecal samples of chick-
ens and turkeys collected from different poultry farms in Hun-
gary. Based on the phylogenetic analysis and the high sequence
identities in the nonstructural protein-coding region, the avail-
able chicken and turkey megrivirus-like picornaviruses analyzed
most likely belong to the genus Megrivirus. The specific taxonomic
position of these strains within the genus Megrivirus is clear in the
case of strain turkey/B407-THV/2011/HUN, which is phyloge-
netically indistinguishable from THV-1 and therefore belongs to
the species Melegrivirus A. Considerable phylogenetic and se-
quence divergence of chicken megrivirus-like picornaviruses
from the strains of Melegrivirus A was found in the P1 capsid
polypeptide precursor; the P1 amino acid identities were less than
40% (representing one of the criteria of demarcation between
members of different picornavirus genera) (1). Furthermore, the
absence of the presumed 2A0 region from the chicken megrivirus-
like picornaviruses, parallel with the close sequence relationship
in the P2–P3 region, makes the classification of chicken megrivi-
rus-like picornaviruses complicated. Moreover, if the chicken me-
grivirus-like viruses were members of the genus Megrivirus, then,
based on the phylogenetic position of the currently unclassified
pigeon mesiviruses (located between the Melegrivirus A and the

chicken megrivirus-like viruses in the P1 genome region), the
PiMEVs might also belong to the genus Megrivirus.

The sequence heterogeneity between structural and nonstruc-
tural genome regions in the chicken megriviruses and the results
of the similarity plot analysis raised the possibility that these
strains had emerged from an intra- or interspecies recombination
event, although, due to the lack of one of the potential parent
sequences, the evidence for recombination is incomplete at pres-
ent (data not shown). The gradual transition between the hetero-
geneous P1 region and the homogenous P2–P3 genome regions
could suggest that if the chicken megrivirus-like viruses are indeed
recombinant viruses, then the recombination event took place
some time ago. The continuous mutations affecting the 2A1 to
2A2 regions (maybe due to the adaptation process of a novel host)
masked the potential recombination breakpoint.

Until now, only the two prototype genome sequences in the
species Melegrivirus A (THV strains 0091.1 and 2993D) with in-
complete 5=UTR and 3=UTR sequences were available. Addition-
ally, two partial 3D-3= UTR sequences of chicken/CHK148/USA/
2010 (1,312 nt; GenBank accession no. JF424831) and turkey/
TRK22/USA/2010 (1,327 nt; GenBank accession no. JF424832)
from the United States (5) have been assumed to be THV based on
their close sequence relationships; however, our findings suggest
that species assignment of these viruses will require sequences
representing the capsid-coding region. The 5= UTR sequence
length of megriviruses was extended by 180 nt compared to the
available THVs, probably reaching the actual 5= end of the ge-
nome. Results of the secondary RNA structure analysis of the 5=
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UTR IRESs suggest that the chicken and turkey megriviruses have
a hepacivirus/pestivirus-like type IVB IRES based on the sequence
and secondary structural similarities to the IRESes of DHAVs and
hepatitis C virus (23), although the considerable structural differ-
ences, e.g., the presence of an extended hairpin and the conserva-
tive apical “8” structure—which is probably functioning as a mo-
bile genetic element similar to the stem-loop-2-like motif (s2m)
found as a highly conserved fragment near the 3= end of many
positive-stranded RNA viruses (29)—at the top of domain III, in
analogy to other picornaviruses of avian origin (24), may suggest
the possibility that this is a variant of the type IV IRES.

The 3= genome regions (sequences after the STOP codon of
the viral polyprotein-coding regions) of the chicken and turkey
megriviruses were the longest after those of the newly described
rosavirus (30) and, as identified in the megrivirus strains of CHK148
(GenBank accession no. JF424831) and TRK22 (GenBank accession
no. JF424832) (5), could contain a minor ORF. The translation
and the possible function of the putative polypeptides encoded by
the minor ORF are currently unknown, although the relatively
low sequence identity and considerable length difference suggest
different roles (if any). Further experimental evidence is necessary
to verify the presence of a second ORF in these picornavirus ge-
nomes, although the recently identified canine cadiciviruses with
a dicistronic genome organization (4) and the previously identi-
fied functional small ORFs in the genomes of two cardioviruses
(30, 31, 35) are good examples that deviate from the picornavirus
single-ORF model.

The similar organizations of the 3= UTRs of megriviruses and
mesiviruses and the presence of conserved repeating sequence
motifs (“unit A” and “unit B”) served as more evidence for the
closer relationship and a common ancestor of the members of
these virus groups, which may be of avian origin. The role of these
various sequence repeats in the buildup of the 3=UTR is currently
unknown. A similarly short and conserved nucleotide motif,
called a “barbell-like structure,” was identified in the 3= UTR of
other avian picornaviruses of the genera Avihepatovirus and “Gal-
livirus” (16). The presence of these repeating units of megri- and
mesiviruses among other viral sequences is worthy of further in-
vestigation.

Another interesting genome feature of megri- and mesiviruses
is the relatively long 3=UTR region with significantly low cytosine
content, called an AUG-rich element, in which the one or more
“unit B” motifs were located. The presence of such AUG-rich
elements is not novel among picornaviruses; similar regions with
short oligonucleotide repeats were identified in 3= UTRs of some
entero- and rhinoviruses (32). The role of these regions is cur-
rently unknown, although similar AUG-rich elements were iden-
tifiable in the so-called late mRNAs of certain human papilloma-
viruses, where these elements act as mRNA instability elements in
papillomavirus late gene expression (33).

The predictions of possible proteolytic cleavage sites, based
mainly on sequence alignments, were difficult and did not always
result in the successful mapping of all of the cleavage sites. In this
study, we confirmed all the cleavage sites predicted by Honkavuori
et al. (7) of megriviruses and mapped a previously unknown ad-
ditional 2A cleavage site (7). In the chicken megriviruses, three
putative mature 2A peptides were predicted, in similarity to the
avian picornaviruses of the genus Avihepatovirus and the recently
identified “Avisivirus” (6, 10) in turkeys. The presence of a 82-aa-
long stretch located at the junction of VP1/2A terminating with a

potential cleavage site in the THVs and turkey/B407-THV/2011/
HUN would result in the release of a fourth mature 2A, which
makes the turkey megriviruses unique among the known picorna-
viruses, and members of genus Megrivirus may therefore represent
an ancient group of picornaviruses showing multiple 2A genome
features (6, 34).

The unique genome features, such as the heterogenic sequence
relationship of the new chicken megriviruses to the THV in the P1
and P2–P3 regions, should be interpreted as another reminder, as
in the case of the interspecies recombinant ovine enteroviruses
(17), that without the knowledge of the complete genome se-
quence, the sequence-based taxonomic classification of a picorna-
virus (regardless the size or the location of the particular se-
quence) could be misleading.

Until now, there had been no direct evidence of the propaga-
tion of megriviruses in embryonated chicken eggs. In this study,
we demonstrated that the study strains of both 2A0-containing
turkey megrivirus and the 2A0-less chicken megrivirus-like vi-
ruses were cultivable in yolk sac. Death of the embryos was ob-
served at the 8th day p.i. Similarly, embryonic deaths with the
same p.i. time were observed when embryos were infected with an
undetermined picornavirus (possibly a megrivirus) historically
isolated from fecal and liver samples of turkeys with signs of viral
hepatitis (26). However, the idea of a direct link between the ob-
served deaths and the megrivirus infection should be treated with
caution due to the potential presence of other coinfective agents,
including other picornaviruses, in the fecal samples.

Avian-origin picornaviruses, including megriviruses and me-
siviruses, have a unique genome and unusual sequence features
among picornaviruses. It is highly possible that there are further
avian picornaviruses with potentially interesting genome features.
Analysis of the evolutional connections of this group of viruses
could help us to better understand the evolution of picornavi-
ruses.
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