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Herpesviruses account for 134 out of the 140 virus-encoded microRNAs (miRNAs) known today. Here we
report the identification of 11 novel miRNAs encoded by herpesvirus of turkey (HVT), a virus used as a live
vaccine in poultry against the highly oncogenic Marek’s disease virus type 1. Ten of these miRNAs were
clustered together within the repeat long region of the viral genome, demonstrating some degree of positional
conservation with other mardiviruses. Close sequence and phylogenetic relationships of some miRNAs in this
cluster indicate evolution by duplication. HVT miRNAs represent the first example of virus-encoded miRNAs
that show evolution by duplication.
including the criteria for strand selection for incorporation in
the RNA-induced silencing complex, have been described previously (4, 13). Although it is the miRNA strand that is predominantly incorporated into the RNA-induced silencing complex, the non-miRNA strand could also be processed less
efficiently than miRNAs (23, 25, 26). In the present study,
mature forms representing both strands of the duplex were
demonstrated either by cloning or by Northern blotting for 8 of
the 11 HVT miRNAs. The miRNAs derived from the 5⬘ and 3⬘
arms of the stem-loop precursors were designated with a -5p or
-3p suffix, respectively (Fig. 1A).
Examination of the genomic locations of the 11 candidate
miRNAs showed that 10 of these miRNAs were clustered
together in the same orientation in a 2.1-kb region (positions
120864 to 122977 in the TRL/IRL region) in the HVT genome,
overlapping with two putative open reading frames, HVT074
and HVT075 (Fig. 1B). These included miRNA-6 and
miRNA-7 embedded in HVT074 and miRNA-10 in HVT075,
respectively, in the same orientations. The only HVT miRNA
outside this cluster, miRNA-11, was located in the UL region in
the same orientation to the coding region of tegument protein
UL21. The clustering of the 10 miRNAs in the same orientation in the 2.1-kb region of the TRL/IRL suggests that these
miRNAs could be derived from a single transcript. However,
the cloning frequencies of the miRNAs from this cluster
showed variations, with miRNA-7-3p being the most abundant,
with 207 hits representing more than half of the HVT miRNA
population. In contrast, miRNAs such as miRNA-1-3p,
miRNA-8-3p, and miRNA-11 were represented only once
(Fig. 1A). Such differences in the abundance of the miRNAs
have also been observed with MDV-1 and MDV-2 miRNAs
(25, 26) and are thought to be due to differences in their
processing efficiency or stability.
For validation of the authenticity of the candidate miRNAs,
we used the standard criterion of miRNA annotation (3). First,
we examined the potential precursor RNA hairpin structures
of each of the 11 putative HVT miRNA candidates by using
the 60- to 80-nt surrounding HVT genome sequence by
MFOLD calculation (27). Secondary structures drawn using
RNADRAW software showed that the miRNA precursors
with average lengths of approximately 70 nt each were able to

MicroRNAs (miRNAs) are increasingly recognized as major
regulators of gene expression in several multicellular organisms and viruses. Herpesviridae, a large family of viruses associated with a number of diseases including cancer in humans
and animals, account for most of the virus-encoded miRNAs
known today (7, 8). Considering the distinct biological requirements of herpesviruses, such as long latency periods that require the avoidance of the host immune responses, it is perhaps not very surprising that herpesviruses make extensive use
of this highly effective regulatory mechanism of gene expression (7, 9, 21).
Marek’s disease (MD) is a highly contagious rapid-onset
T-cell lymphoma of poultry caused by MD virus type 1 (MDV1), an alphaherpesvirus of the genus Mardivirus (11), which
also includes MDV-2 and the herpesvirus of turkeys (HVT).
Originally isolated from domestic turkeys in the late 1960s (12,
24), HVT is widely used as a live vaccine against MD because
of its antigenic relatedness to MDV-1 (1). HVT is estimated to
have separated from the MDV-1/MDV-2 lineage only about 38
million years ago (19). This relatedness is further evident from
the overall similarities in the genome structures and sequences
of these viruses (1, 14). We and others have previously reported the characteristics of several miRNAs encoded by
MDV-1 and MDV-2 (5, 6, 25, 26). In the present study, we extended these investigations to identify HVT-encoded miRNAs.
For this, we size selected the small RNA (⬃19- to 24-nucleotide [nt]) population from chicken embryo fibroblast (CEF)
cultures infected with HVT by using procedures described
previously (25). Sequence analysis of ⬃480 clones using vectorspecific primers identified a total of 1,346 high-quality reads
containing small RNA sequences with both the 5⬘ and 3⬘
adapters used in the cloning. BLAST homology searches (2) of
the sequences against the HVT genome (AF291866) identified
a total of 406 sequences (30%) representing 11 candidate
miRNAs. The complex steps involved in miRNA biogenesis,
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FIG. 1. Cloning of HVT miRNAs. (A) Sequences of cloned candidate miRNA species, with nucleotide positions based on the published
sequence (GenBank accession number AF291866). The methods of detection of the miRNAs or their cloning frequencies in the library are
indicated. Sequence variations surrounding the recovered HVT miRNAs are indicated by parentheses. (B) The schematic diagram showing the
positions of the miRNAs (stem-loops) in the HVT genome. The internal and terminal repeat long (TRL/IRL) and short (TRS/IRS) regions flanking
the unique long (UL) and short (US) regions of the genome are shown. Genomic positions and orientations of HVT open reading frames UL21,
HVT074, and HVT075 are shown.

form characteristic hairpin structures (Fig. 2A), supporting the
view that the cloned sequences represent novel HVT-encoded
miRNAs. We next examined the expression of the mature
HVT miRNAs by Northern blot analysis. For this, the total
RNA isolated from HVT-infected CEFs was hybridized with
individual miRNA probes. RNA from uninfected CEFs was
included as a negative control. All of the cloned sequences are
detectable in HVT-infected CEFs by Northern blotting, except
for miR-1-3p, which appeared only once in the library (Fig.
2B). The other strand of miR-1-3p precursor is detectable,
suggesting that miR-1-5p could be the miRNA strand and that
miR-1-3p could serve as the non-miRNA strand. No miRNAs
were detected with RNA extracted from the uninfected CEFs,
although weak signals were observed with the miR-10-5p
probe, which also gave a strong band between the precursor
and mature forms in the HVT-infected cells. This band, as well
as the mature band, also appears in the uninfected CEFs with
much lower intensity. The reasons behind the detection of
these signals in uninfected cells are not clear. Although
BLAST searches did not reveal any similar sequences in the
chicken genome, this cannot be ruled out, especially because of
the incomplete annotation of the chicken genome sequence.
Northern blotting detected the miRNA as well as the nonmiRNA strands in several cases, although the latter generally
showed lower expression levels based on the signal intensities
(Fig. 2B). This is also reflected by the lower ratio of the mature
non-miRNA strand to the pre-miRNA.
The discovery of 11 novel HVT-encoded miRNAs reported

here together with the previously identified 14 in MDV-1 (5, 6,
20, 26) and 17 in MDV-2 (25) makes the genus Mardivirus a
major source of virus-encoded miRNAs. Closer examination of
some of the HVT miRNA sequences showed striking similarities, suggesting their generation by duplication. Gene duplication has long been recognized as a major route for evolution
of genes including miRNAs in several species (10, 16–18).
Duplications of miRNAs are generally observed in large
miRNA clusters, suggesting that the expansion of the miRNA
clusters is a major mode of miRNA evolution (10). In order to
obtain evidence of miRNA duplication in the HVT miRNA
cluster, we carried out multiple sequence alignment of the
precursors of these miRNAs. As shown in Fig. 3A, the sequence of the precursors of miR-2 and miR-4 showed high
sequence homology (95.3%) with identical sequences in the
loop and the mature -3p regions, while the -5p mature miRNA
region showed three substitutions, including the one in the
seed region. Similarly, the precursors of miR-8 and miR-9 are
highly homologous with only a single nucleotide difference in
both -5p and -3p mature miRNA sequences as well as in the
loop regions. The close sequence homology of the HVT
miRNAs is also evident from the phylogenetic analysis which
showed the branching of the closely related miRNAs (Fig. 3B).
Because they are antisense regulators, alteration to the
miRNA sequences of duplicated miRNAs can have a major
impact on their targeting capabilities and capacities for acquiring novel functions, particularly for changes in the seed regions. The duplicated HVT miRNAs miR-8 and miR-9 had

FIG. 2. Identification of cloned HVT miRNAs. (A) Secondary structures of HVT pre-miRNAs predicted using the MFOLD algorithm. The
mature miRNA strands are indicated in light gray. (B) Northern blot analysis demonstrating the expression of HVT miRNAs. Total RNAs from
HVT-infected CEFs (lanes 1) and uninfected CEFs (lanes 2) were separated on a 15% denaturing polyacrylamide gel and probed with
[␥-32P]ATP-radiolabeled antisense oligonucleotides to the indicated miRNAs. Size markers indicate the positions of the pre-miRNA and the
mature miRNA. The cellular U6 small nuclear RNA served as the loading control. A representative blot of this set is shown.
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FIG. 3. Phylogeny of HVT miRNAs. (A) Sequence alignment of HVT pre-miRNAs showing the positions of the mature -5p and -3p miRNAs
(shaded areas) and the loop region. The seed regions of the mature miRNAs are underlined. (B) Phylogenetic tree (with the bootstrap values of
the branches) showing the evolutionary relationships of the HVT pre-miRNAs by maximum parsimony analysis using the MEGA 4.0 package (15).

identical sequences in both -5p and -3p mature miRNA sequences, except for a single point mutation in the seed sequence (Fig. 3A). Since any transcript is just 1 nt away from
being an miRNA target, such point mutations in the seed
sequence could result in the loss or gain of new targets for
these miRNAs, allowing “neofunctionalization” (22) of these
duplicated miRNAs. Similarly, the three nucleotide substitutions including the one in the seed region of the -5p mature
sequences of miR-2 and miR-4 will also have the potential to
affect the expression of new targets. Although further work is
needed to examine the targets of these novel miRNAs, HVTencoded miRNAs represent the first clear example of evolution of miRNAs by duplication among viruses.
We thank Nick Knowles, Institute for Animal Health, Pirbright, for
assistance with the phylogenetic analysis of the miRNAs.
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