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The genome of the avian alphaherpesvirus infectious laryngotracheitis virus (ILTV) comprises ca. 155 kbp
of which ca. one-third have been sequenced so far. To gain additional sequence information we analyzed two
stretches of 15.5 and 1.9 kbp of the ILTV unique long (U;) genome region. The larger fragment contains
homologs of the herpes simplex virus (HSV) UL23 (thymidine kinase) and UL22 (glycoprotein H) genes
followed by five open reading frames (ORF) encoding putative proteins of 334 to 410 amino acids which exhibit
no homology to any known herpesvirus protein. RNA analyses showed that these unique ILTV genes are indeed
expressed. An origin of replication separates this cluster of unique genes from a conserved gene cluster
consisting of the UL45, UL46, UL48, UL49, UL49.5, and UL50 homologs. The absence of UL47 from this
position coincides with the localization of a UL47-homologous ORF within the unique short (Ug) region of the
ILTV genome (M. Wild, S. Cook, and M. Cochran, Virus Genes 12:107-116, 1996). Within the second analyzed
region the ILTV UL21 homolog was found adjacent to the UL44 gene. We thus identified five novel herpesvirus
genes in ILTV and present evidence for a large internal inversion in the ILTV U, region, in contrast to the
collinear genomes of other alphaherpesviruses. Interestingly, a similar inversion is also present in the porcine

alphaherpesvirus pseudorabies virus.

Infectious laryngotracheitis is a contagious respiratory dis-
ease of chickens which causes severe losses in the poultry
industry (1). The causative agent, infectious laryngotracheitis
virus (ILTV) or gallid herpesvirus 1, was classified as a member
of the subfamily Alphaherpesvirinae of the Herpesviridae (38).
This classification correlates with the presence of latent ILTV
in neurons of the central nervous system (52), which is a prop-
erty of most alphaherpesviruses (39). In contrast to other al-
phaherpesviruses ILTV has a very narrow host range, which
basically is restricted to chickens and chicken-derived cells (15,
42, 43). Phylogenetic studies revealed only a distant relation-
ship between ILTV and the Simplexvirus and Varicellovirus
genera of mammalian alphaherpesviruses as well as between
ILTV and the avian Marek’s disease virus (MDV), a lympho-
tropic alphaherpesvirus (20, 33, 38). However, ILTV possesses
a typical alphaherpesvirus type D genome, consisting of long
(Up) and short (Ug) unique regions, the latter flanked by
inverted repeat sequences (IR and TR) and present in two
isomeric orientations (17, 27, 39). Partial sequence analyses of
randomly cloned ILTV DNA fragments identified the pres-
ence of ILTV genes with significant homology to 21 genes of
other alphaherpesviruses, but only a few of them appeared to
be structurally related to genes of beta- or gammaherpesvi-
ruses (12).

More recent investigations resulted in complete sequences
of conserved genes and gene clusters, demonstrating that the
gene arrangement of ILTV is, at least in part, collinear to that
found in the completely sequenced alphaherpesvirus genomes
of herpes simplex virus type 1 (HSV-1) (31), varicella-zoster
virus (VZV) (6), equine herpesvirus type 1 (EHV-1) (47), and
bovine herpesvirus type 1 (BHV-1) (44). The 14-kbp Ug region
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of the ILTV genome was shown to contain six conserved al-
phaherpesvirus genes, including those for glycoproteins G, D,
I, and E (51). Within the inverted repeat sequences flanking
the ILTV Ug region an immediate-early gene whose predicted
product exhibited homology to the ICP4 proteins of other
alphaherpesviruses was localized (18). Close to the right ter-
minus of the ILTV U, region homologs of the UL1 to UL5
genes were found (11), and near the left end of the genome the
ULS52, ULS3, and UL54 genes were identified (19). These
findings indicate that the U, region of the ILTV genome, like
those of the genomes of VZV, EHV-1, BHV-1, and pseudo-
rabies virus (PrV), is in opposite orientation to the prototypic
isomer of the HSV-1 genome, which contains an invertible U
region (39).

Besides the conserved genes, several presumably ILTV-spe-
cific genes were identified. Among them is a unique open
reading frame (ORF), ULO, which is located upstream from,
and which partially overlaps, the 5'-terminal part of the UL1
gene (11). Also, in the Ug region of the ILTV genome three
ORFs which are absent from the Ug regions of other alpha-
herpesviruses are located. One of them encodes the major viral
glycoprotein gp60 of which no homolog has so far been iden-
tified in other herpesviruses (26, 51). Interestingly, the de-
duced product of another ILTV Ug ORF exhibits significant
homologies to the UL47 protein, which is encoded within the
U, regions of all other alphaherpesvirus genomes investigated
so far (51).

Only limited information is available on the gene content of
the central part of the ILTV U, region, which includes the
DNA sequences of the UL44 (gC) gene (22) and a ca. 9-kbp
segment extending from the UL23 (thymidine kinase) to the
UL27 (gB) gene (13, 14). To gain additional sequence infor-
mation, we analyzed two stretches of the ILTV U, region
located adjacent to the known segments.

To this end, viral DNA of a pathogenic ILTV strain (ob-
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FIG. 1. Genome structure of ILTV. (a) Diagram of the group D herpesviral genome of ILTV consisting of U and Ug regions which are flanked by inverted repeat
sequences (IR and TR). The locations of KpnI restriction fragments and characterized genes are indicated (see text). (b) Enlarged maps of sequenced genome regions
A and B, with relevant restriction sites. ORFs are named according to their homologs in HSV-1. Unique ILTV genes (ORF A to E) are highlighted. Nucleotide numbers
refer to the DNA sequences deposited in the GenBank (see text). Within sequence A an origin of DNA replication (Ori) and identified transcripts (dashed arrows)
are indicated. (c) Illustration of the cloning and sequencing strategy. pILT-S3 1 and 2, -K23 1 and 2, and -K30 1 and 2 are independently cloned duplicates of viral DNA
fragments. Plasmid pILT-Ori was used for functional characterization of the replication origin. Sequenced subclones are shown below, with arrows indicating the
direction of nested deletion reactions. Parentheses indicate that DNA fragments are not plotted to scale.

tained from D. Liitticken, Boxmeer, The Netherlands) was
cloned in plasmids, as described previously (11). Terminal
DNA sequences of cloned restriction fragments of the ILTV
genome were determined (T7 sequencing kit; Pharmacia,
Freiburg, Germany) and compared to available database se-
quences by using the Wisconsin sequence analysis package
(GCQG) (7). A 2.7-kbp BamHI-Kpnl subfragment of a cloned
21-kbp Kpnl fragment (pILT-K30; Fig. 1c) contained the UL44
gene, whereas an 11-kbp Kpnl fragment (pILT-K23; Fig. 1c)
was found to terminate within the UL26 ORF and, therefore,
was predicted to also contain the UL23 gene. Both fragments
were used to screen plasmid libraries of Kpnl- and Sall-di-
gested ILTV DNA by colony hybridization (41) to obtain du-
plicate and overlapping clones. Subfragments of the six result-
ing plasmids, pILT-S3 1 and 2, pILT-K23 1 and 2, and pILT-
K30 1 and 2, were cloned as indicated in Fig. 1c and used to
generate nested sets of deletion mutants (double-stranded
nested deletion kit; Pharmacia). Complete sequences were ob-
tained for at least two independent clones for each segment.
Occasional sequence ambiguities were resolved by using 7-
deaza sequencing mixes (Pharmacia). To determine the
genomic arrangements and orientations of the subfragments,
synthetic oligonucleotides (Gibco BRL, Eggenstein, Germany)
were deduced from the fragment termini and used for se-
quencing the parental plasmids. DNA sequences were assem-
bled and analyzed with the GCG software package (7) as
described previously (11).

The two resulting DNA sequences are 15,614 (sequence A)
and 1,876 bp (sequence B) in length (Fig. 1b) with a G+C
content of 47 and 43%, respectively. These values are in good
agreement with the estimated overall G+C content of ILTV
DNA of 45% (36). Sequence A overlaps the reverse strand of
the ILTV UL23 sequence from nucleotide 15277 to 15614 (13),
including a single base exchange. From nucleotide 1 to 340,
sequence B is identical to the 3’-terminal part of the UL44
sequence (22).

Sequence A contains 12 ORFs of more than 115 codons
(Fig. 1b). The locations and properties are summarized in
Table 1. Most of them are preceded by putative transcriptional
initiation signals matching the consensus sequence TATA(A/
T)A(A/T) (4), with a maximum of one mismatch. In two cases,
well-conserved TATA-box elements were found downstream
from the first initiation codon (Table 1, asterisks), suggesting
that transcription might initiate within the ORF and that trans-
lation starts at internal ATG codons. The locations of mRNA
polyadenylation signals (AATAAA) followed by a GT-rich
region after 20 to 30 nucleotides (50) indicate that many of the
detected genes are probably expressed from 3’-coterminal
transcripts (Table 1).

Database searches with the GCG programs Blast and Fasta
revealed significant similarities between the products of the
first six ILTV ORFs within sequence A and the UL50 to UL45
products of other alphaherpesviruses. Despite the overall mod-
erate similarity (Table 2), the presence of short stretches of



VoL. 72, 1998

NOTES 849

TABLE 1. Properties of the identified ILTV genes”

Location of: Length of Predicted protein
ORF mRNA
Codons TATA box Poly(A) signal (kb) No. of amino acids Mass (kDa)
UL50 <1-1017 (r) 1194-1200 (1) ? n.a. >339 >36.8
UL49.5 1171-1521 1097-1113 2430-2435 n.a. 117 12.7
UL49 1584-2381 1469-1475 2430-2435 n.a. 266 30.4
ULA48 2530-3717 2484-2490 5449-5454 n.a. 396 44.6
UL46 3723-5393 3737-3743* 5449-5454 n.a. 557 62.7
ULA45 5498-6340 (r) 6402-6408 (1) 5494-5499 (r) n.a. 281 30.5
ORF A 7113-8240 — 9310-9315 2.5 376 41.3
ORF B 8283-9302 8224-8230 9310-9315 1.2 340 38.1
ORF C 9363-10364 (1) — 9356-9361 (1) 1.2 334 37.4
ORF D 10474-11595 10497-10503* 11615-11620 1.5 374 41.5
ORF E 11673-12902 (1) 13028-13034 (r) 11644-11649 (r) 1.6 410 45.1
UL22 12963-15374 (1) — 11644-11649 (r) 39+33 804 89.4
UL21 238-1833 (r) ? 199-204 (1) n.a. 532 60.5

“ Nucleotide numbers of coding regions and transcription signals refer to GenBank sequence no. Y14300 (UL50-UL22) and Y14301 (UL21). Patterns located on the
reverse DNA strand are marked by a parenthetical r. The absence of consensus elements is indicated by a dash, and question marks suggest that locations are outside
of the analyzed genome regions. Putative promoter elements located downstream from the first initiation codons of the ORFs are marked by asterisks. The UL50 gene
is not completely contained within the analyzed region. Sizes of transcripts as determined by Northern blotting are listed. The molecular masses of primary translation

products were calculated from predicted amino acid sequences.

highly conserved amino acids within the particular proteins, as
well as the similar gene arrangements, strongly indicates that
the detected ILTV ORFs encode homologs of these herpesvi-
rus genes.

The ULS0 gene encodes dUTPase (37). Only the 5'-terminal
part of ILTV UL50 encoding the first two of six conserved
motifs of herpesviral dUTPases (32) is included in the present
sequence. The product of the second ORF is predicted to
consist of 117 amino acids exhibiting characteristics of intrinsic
membrane proteins, with two hydrophobic domains, one at the
N terminus and one close to the C terminus, which could serve
as signal and anchor sequences, respectively. The homologous
ULA49.5 proteins of PrV and BHV-1 were indeed shown to
represent structural components of the viral envelope (21, 28).
The deduced 266-, 396-, and 557-amino-acid proteins of the
three following ORFs are homologous to the virion tegument
proteins encoded by the UL49, UL48, and UL46 genes of
alphaherpesviruses (5, 10, 35, 53). The ULA48 gene product, in
association with cellular transcription factors, transactivates
immediate-early gene expression after virus infection, whereas
the UL46- and UL47-derived proteins were shown to modulate
this activity (for a recent review see reference 40). Remarkably,
one component of this cluster of regulatory virion protein
genes, UL47, is not present within this genomic region of
ILTV. However, an ORF homologous to UL47 was identified
in the Ug region (51), indicating a translocation of the gene
from the U, to the Ug region. The predicted product of the
next conserved ILTV ORF comprises 281 amino acids and has
homology to the alphaherpesvirus UL45 proteins. Similar to
homologous HSV-1, EHV-1, and MDYV polypeptides (16, 31,
47), the predicted ILTV protein contains a large internal hy-
drophobic domain, correlating with the identification of the
HSV-1 ULA45 protein in virion envelopes (48). Interestingly,
the UL45 ORF is not conserved in the genomes of VZV,
BHV-1, and PrV (6, 30, 44).

Upstream from the UL45 gene five ORFs of 334 to 410
codons (ORF A to ORF E), whose deduced products exhibited
no similarity with any known herpesviral protein, were de-
tected. The lack of homology between them argues against the
possibility of their creation by a duplication of viral gene se-
quences. Furthermore, analysis of the predicted proteins with
GCG programs Peptidestructure and Motifs did not show any

characteristic features or conserved sequence motifs pointing
to a possible function for any of them. However, Northern blot
analyses of RNA from ILTV-infected cells with strand-specific
labeled cRNA probes derived from subcloned ILTV DNA
fragments and nested deletion plasmids identified transcripts
from each of the five ORFs (data not shown). These studies
showed that the transcripts of ORF A and ORF B are 3’
coterminal, whereas ORF C and ORF D possess monocis-
tronic mRNAs, and that ORF E is also transcribed 3’ cotermi-
nally with upstream genes (Fig. 1b). These findings agree with
the locations of putative mRNA polyadenylation signals (Table
1).

Between the conserved UL45 gene and unique ORF A, a
presumably noncoding stretch of 268 bp (nucleotides 6573 to
6840) contained a nearly perfect palindromic structure with a
central AT-rich region (Fig. 2). Similar features were found in
different herpesvirus replication origins (29, 46). Furthermore,
both arms of the detected palindrome contain the sequence
motif GTTCGCAC, which was identified as a recognition do-
main of the HSV-1 origin-binding protein (Fig. 2) (25). In
addition, two inverted copies of truncated motif TTCGCA are
also present. The function of this ILTV origin was confirmed

TABLE 2. Amino acid homologies of the predicted ILTV gene
products to related alphaherpesvirus proteins

Homology” (% identical/% related) of gene product

ILTV to related protein of:
ene

¢ MDV HVIT® PrV  EHV-l BHV-l VZV  HSV-I
UL50 29/41  27/36 25/34  24/36  26/34
UL49.5  30/40 30/36  24/35  29/38  33/45  29/40
UL49 26/35 28/36  27/34  25/33  25/39
ULA48 27/38  25/37 26/37  27/38  25/37  30/42
UL46 23/33 26/37  23/33  23/35  24/31
ULA45 24/40  24/34 — 21/33 — — 23/32
UL22 21/35  24/39  23/34  23/37  24/34  25/37  22/33
UL21 23/38  24/37  22/32  23/37  23/38

“ Homologies were determined by pairwise comparison with GCG program
Gap. —, absence of the UL45 gene from seven alphaherpesvirus genomes; no
entry, information not available.

? HVT, herpesvirus of turkeys.
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FIG. 2. Sequence of putative Ori;. The sequence position (6501 to 6900) of sequence no. Y14300 is shown. Indicated by arrows are inverted repeat elements.

Shaded boxes indicate the locations of origin-binding protein consensus recognition motifs (A) and truncated copies (B). The AT-rich region is indicated by boldface

letters.

by autonomous replication of plasmids pILT-S3 and pILT-Ori
(Fig. 1c) after transfection into chicken cells and superinfec-
tion with ILTV (data not shown).

The deduced product of the 804-codon ILTV gene located
immediately upstream of ORF E exhibits 21 to 25% amino
acid identity with alphaherpesvirus gH proteins encoded by
UL22 genes. Apparently, gH is structurally and functionally
conserved within the entire herpesvirus family, forming a com-
plex with gL (reviewed in reference 45). Recently, we identified
a gene homologous to the gL gene (ULI1) in ILTV (11). The
predicted ILTV gH contains five putative N-glycosylation sites,
a hydrophobic domain close to the C terminus, and a second
hydrophobic sequence within the N-terminal region. Since this
putative signal sequence lies approximately 30 residues down-
stream from the first initiation codon, it seems possible that
translation of the ILTV gH protein initiates at the second
in-frame ATG at codon 26. Remarkably, transcriptional anal-
yses of the ILTV gH gene (Table 1) reproducibly showed two
viral RNAs of 3.9 and 3.3 kb whose exact origin is yet unclear.
The ILTV gH RNAs are part of a set of 3'-coterminal tran-
scripts, which include the 1.2-kb ORF E transcript and the
5.3-kb mRNA of the UL23 gene (Fig. 1b). UL23, encoding
thymidine kinase, was shown to be followed by the conserved
UL24 to UL27 genes (13, 14).

In summary, sequence A encompasses two clusters of con-
served genes which exhibit generally collinear arrangement
with homologous genes of other alphaherpesviruses. However,
the relative orientation of these clusters to each other is

unique, in that the ILTV UL22 gene is not adjacent to the
UL21 gene and ULA4S5 is not preceded by UL44.

Since the UL44 gene encoding ILTV gC has already been
characterized (22), we investigated a stretch of DNA down-
stream of this gene. The resulting sequence B of 1,876 bp
contains a single 532-codon ORF (Fig. 1b), whose product is
homologous to the alphaherpesvirus UL21 proteins, which in
HSV-1 and PrV represent nonessential virion proteins (2, §,
23). Although the overall identity of the deduced ILTV protein
to its homologs in HSV-1, PrV, BHV-1, EHV-1, and VZV (6,
24, 31, 47, 49) amounts to only 22 to 24% (Table 2), multiple
sequence alignments revealed a match to the consensus se-
quence in 63 positionally conserved residues (data not shown).
ILTV UL21 is in the opposite orientation to UL44 (Fig. 1b).
The termination codons of both genes are only 88 bp apart,
and no unusual sequences indicative of a genomic rearrange-
ment were found in between.

Taken together, our studies demonstrate the presence of a
large inversion within the U, region of ILTV, a feature not
found in the genomes of HSV-1, VZV, EHV-1, and BHV-1 (6,
31, 44, 47). The predicted inversion ranges from the UL22
(gH) gene to the UL44 (gC) gene (Fig. 3). Although the com-
plete sequence of the inverted genome region is not yet known,
restriction analyses of cosmid-cloned ILTV DNA fragments
spanning this region revealed a distance of ca. 48 kbp between
the 3’ ends of the UL22 and UL44 genes, a value which is in
good agreement with the distances of the respective genes in
HSV-1 (54 kbp; 31) and VZV (49 kbp; 6).

HSv-1 [+ 4 .

- /18 kbp y
ILTV !Eﬂ-i 1 22} - 44
i, N
.
40 kbp I
Prv ——.

FIG. 3. Comparative diagram of the genomes of HSV-1, ILTV, and PrV. Inverted repeat sequences flanking the Ug and, in HSV-1, also the U; genome regions
are drawn as solid and open rectangles, respectively. Conserved ORFs are designated according to the nomenclature adopted for HSV-1 genes. The five unique ILTV
ORFs, A, B, C, D, and E, are highlighted in black. Internal inversions within the Uy regions are illustrated by shaded polygons. The depicted genomes are not drawn
to scale, but approximate sizes in kilobase pairs of the inverted gene clusters in PrV and ILTV are indicated.
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A large inversion of a part of the U, region has also been
observed in the PrV genome (3, 9, 30). Compared to those of
other alphaherpesviruses, the PrV genome contains an inver-
sion of ca. 40 kbp encompassing the UL27 to UL44 ORFs (Fig.
3). Strikingly, the inverted sequences in both ILTV and PrV
are bordered at one end by UL44. However, the opposite
termini of the inversions differ between ILTV and PrV and are
marked by the UL22 (gH) and UL27 (gB) genes, respectively.

Detailed phylogenetic analyses indicated that the alphaher-
pesvirus lineage leading to present-day ILTV branched first
from the lineage leading to MDV and the mammalian alpha-
herpesviruses (33). In terms of evolutionary distance, ILTV is
as distant from the avian MDV as from the mammalian alpha-
herpesviruses. This is also reflected in the amino acid homol-
ogies for several deduced proteins (Table 2). Thus, differences
in genome organization and gene content could either reflect
retention of primordial features in the ILTV lineage or could
be the result of evolutionary adaptation after separation from
the MDV and mammalian herpesvirus lineages. The presence
of a cluster of ORFs unique to ILTV, which are absent not
only from other alphaherpesviruses but also from beta- and
gammaherpesviruses, indicates that the ORFs might have been
acquired in the ILTV lineage. So far, the timescale for the
divergence of alpha-, beta-, and gammaherpesviruses from a
putative common ancestor is not clear (34).

Unique ORFs A to E are located at, or at least close to, one
end of a large inversion within the ILTV genome, a feature not
found in the genomes of most other alphaherpesviruses (Fig.
3). The hypothetical acquisition of these ORFs might thus be
related to the inversion event. Interestingly, in the PrV genome
a similar inversion is not associated with the presence of genes
unique for PrV. Whether the presence of one common termi-
nus in the PrV and ILTV inversions is purely coincidental or
determined by a structural or functional feature in the respec-
tive genome regions remains to be determined.

Nucleotide sequence accession numbers. The sequences ob-
tained in this study have been assigned GenBank accession no.
Y14300 and Y14301.
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