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With cDNA probes and by Northern (RNA) blot analysis, a region containing immediate-early (IE) genes in
the channel catfish virus (CCV) genome was identified. IE transcription in CCV-infected cells appears to be
restricted to the terminal repeat region, suggesting that CCV is most closely related to the alpha subfamily of
herpesviruses. CCV DNA fragments from this region encoding IE transcripts were cloned. Northern analysis
with one of these cloned fragments, a 3,927-bp EcoRI-Xbal fragment, indicates that it encodes two IE tran-
scripts. Both transcripts (iel and ie2) were characterized by S1 nuclease analysis, primer extension analysis,
and analysis of cDNAs. The ie2 transcript is a 1.3-kb bicistronic mRNA containing open reading frame (ORF)
8a and ORF 9. OREF 8a is a 5'-truncated version of ORF 8 which, along with ORF 9, was previously identified
(A. J. Davison, Virology 186:9-14, 1992). The iel transcript is 0.6 kb in size, contains only ORF 9, and is
expressed at a level approximately six times that of ie2 in cycloheximide-treated cells. The putative product of
ORF 9 is predicted to have a basic pl and contains a potential zinc-binding domain, making it a probable
transcription factor. ORF 8a encodes a putative product which is very hydrophobic, an unusual characteristic

for an IE protein.

Channel catfish virus (CCV; ictalurid herpesvirus 1) is a
pathogen of channel catfish (Ictalurus punctatus). CCV was
first isolated by Fijan (11) and was classified as a herpesvirus
on the basis of morphology. The viral genome is 134 kb in size,
with 97 kb of unique sequence flanked by direct terminal re-
peats of 18.5 kb. CCV was classified as an alphaherpesvirus on
the basis of biological characteristics such as a short life cycle
and rapid destruction of tissue culture cells (25). The complete
nucleotide sequence of the viral genome was determined (8, 9).
Comparison of CCV open reading frames (ORFs) with other
herpesvirus ORFs (8), as well as analysis of relative dinucle-
otide abundance (13), suggests that CCV is not closely related
to any of the well-characterized herpesviruses.

Immediate-early (IE) genes are essential for the replication
of herpesviruses (35). For example, IE175 of herpes simplex
virus type 1 is necessary for the expression of early and late
viral transcripts (36). Transactivation by IE genes has been well
studied in other herpesviruses (reviewed in references 15, 26,
and 31). IE genes also play a role in the establishment and
reactivation of latent infections (19).

Although there have been some molecular investigations of
this virus (4, 5), nothing is known about the structure, function,
or regulation of expression of IE genes of CCV. To explore
CCV gene regulation and to gain insight into its relationship
with other herpesviruses, we identified and characterized IE
genes of CCV.

To identify regions of the CCV genome encoding IE RNAs,
a cDNA probe that would hybridize only to those regions of
the CCV genome that encode IE transcripts was synthesized.
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The probe was synthesized from IE RNA isolated from chan-
nel catfish ovary (CCO) cells infected with 5 50% tissue culture
infective doses (20) of CCV per cell in the presence of 100 pg
of cycloheximide per ml. After infection (3 to 4 h), growth
medium was removed and total cellular RNA was prepared
(34). Poly(A)* RNA was isolated with the PolyATract system
(Promega, Madison, Wis.) and was used to generate a ran-
domly primed cDNA probe as previously described (34). The
cDNA probe was then hybridized to a Southern blot of CCV
DNA fragments. Initial experiments with a field isolate of CCV
(Auburn-2) revealed that a 3.9-kb EcoRI-Xbal fragment hy-
bridized to the cDNA probe (data not shown). This fragment
was homologous to the 3,927-bp EcoRI-Xbal fragment from
the Auburn-1 strain of CCV, as determined by analysis of
restriction sites.

To identify other IE genes in the Auburn-1 strain of CCV,
viral DNA from this strain was digested with EcoRI and Xbal
and further restricted with a third enzyme (PstI, BamHI, Sall,
Bglll, or HindIIl). Enzymes were chosen on the bases of the
number of sites present in the CCV genome and the presence
in the polylinker of pTZ19U to facilitate cloning. Although
several fragments hybridized to an IE cDNA probe (Fig. 1A),
these fragments represented only a subset of the fragments
generated in the restriction digests. All of the CCV DNA
fragments that hybridized could be identified on the basis of
the published genomic sequence (8). The size of fragments that
hybridized to the IE cDNA probe changed in the different
digests exactly as predicted by the sequence data. For example,
the 3,046-bp EcoRI fragment identified by the IE cDNA probe
in the EcoRI-Xbal digests was not cut by HindIll, BamHI, Sall,
or Pstl but was reduced to 2,807 bp when the EcoRI-Xbal
digest was subsequently cleaved with Bg/II (Fig. 1A). In some
digests, small fragments derived from the terminal repeat (e.g.,
subfragments of the 7,707-bp EcoRI-Xbal fragment) were not
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FIG. 1. Identification of CCV DNA fragments that encode IE RNA. A 3?P-labeled cDNA probe was synthesized with poly(A)* RNA isolated from CCO cells
infected with CCV in the presence of cycloheximide and hybridized to a Southern blot of CCV DNA digested with restriction enzymes as listed below. (A)
Autoradiogram of Southern blot of CCV DNA digests after hybridization to an IE ¢cDNA probe. Lanes: 1, EcoRI-Xbal-HindlIll; 2, EcoRI-Xbal-BamHI; 3,
EcoRI-Xbal-Sall; 4, EcoRI-Xbal-Bglll; 5, EcoRI-Xbal-Pstl; 6, EcoRI-Xbal; 7, EcoRI. Positions and sizes (in base pairs) of fragments from a HindIII-EcoRI digest of
\ phage DNA are noted on the left. Positions and sizes (in base pairs) of CCV DNA fragments noted in the text are indicated on the right. (B) Representation of the
CCV genome. Thick lines represent direct terminal repeats, and the thinner line represents unique sequence. The location from which clone pPS5660 was derived is
shown. (C) Map of one of the terminal repeats of the CCV genome. CCV DNA fragments represented by clones pPS7707, pPS3927, and pPS3046 are indicated. Letters
above the lines represent relevant restriction sites (X, Xbal; R, EcoRI; B, BstEII). Subfragments labeled 2098 and 997 were derived from pPS3927. The numbers in
each construct label represent the size (in base pairs) of the CCV genomic fragment.

identified by the cDNA probe. Further analysis demonstrated
that these fragments do not encode IE transcripts.

All fragments hybridizing to the cDNA probe were confined
to the terminal repeat region, or an adjacent region, of the
CCV genome. Four fragments (7,707-bp EcoRI-Xbal, 5,660-bp
EcoRlI, 3,927-bp EcoRI-Xbal, and 3,046-bp EcoRI) that hy-
bridized to the IE cDNA probe were isolated and cloned into
pTZ19U, creating clones pPS7707, pPS5660, pPS3927, and
pPS3046, respectively (Fig. 1C). All of these fragments, except
for the 5,660-bp fragment, were derived entirely from the ter-
minal repeat region. The 5,660-bp fragment contained 2,412 bp
from the right terminal repeat and 3,248 bp from the adjacent
unique sequence (Fig. 1B). Previous sequence analysis dem-
onstrated that the terminal repeats are identical (8). Thus, the
2,412-bp portion of the right terminal repeat present in
pPS5660 is identical to the 2,412-bp fragment that exhibits
strong hybridization to the cDNA probe and is derived from
the extreme left portion of the left terminal repeat (Fig. 1).

To precisely localize IE transcripts, each cloned DNA frag-
ment was digested with several restriction enzymes, transferred
to a nylon membrane, and probed with an IE cDNA probe. In
all digests, some fragments hybridized to the probe and others
did not. Hybridization to pPS5660 was restricted to the portion
derived from the terminal repeat (data not shown). All of the
other CCV DNA fragments that hybridized to the cDNA
probe were derived from the terminal repeat, demonstrating
that all CCV IE transcription originates from the terminal
repeat. Although minor amounts of IE gene transcription
from the unique sequence cannot be ruled out, the vast ma-
jority of IE transcription originates from the terminal repeat
region.

Although the position of the IE genes is not generally con-
sidered a unique feature of herpesvirus subfamilies, interesting

patterns emerge when the position of these genes in different
subfamilies is examined. In both betaherpesvirus and gamma-
herpesvirus subfamilies, IE genes are located in unique re-
gions. This location has been demonstrated in genomes of the
gammaherpesviruses Epstein-Barr virus (15), herpesvirus
saimiri (23), and bovine herpesvirus 4 (34) and in the betaher-
pesviruses human herpesvirus 6 (22, 28), murine cytomegalo-
virus (14), and guinea pig cytomegalovirus genomes (38). In
human cytomegalovirus the major IE transcripts are encoded
in the unique region of the genome (31, 32); however, a minor
IE transcript, #s1, is encoded in the repeated region (30). In
contrast, in the alphaherpesviruses, IE genes are located within
repeated regions of the genome or in unique sequences adja-
cent to the repeats. IE genes have been mapped to repeat
regions in the alphaherpesviruses herpes simplex virus type 1,
bovine herpesvirus 1, varicella-zoster virus, equine herpesvirus
1, and pseudorabies virus (2, 6, 7, 12, 16, 26, 37). The position
of the IE genes in the CCV genome, along with the short
replication cycle and rapid destruction of cells in tissue culture
(25), suggests that CCV is more closely related to the alpha-
herpesviruses than to other subfamilies of herpesviruses. Al-
though CCV shares little homology with other alphaherpesvi-
ruses at the level of protein or nucleic acid sequence, perhaps
the IE gene cluster has been conserved in the repeated se-
quences of the alphaherpesviruses. Positional conservation
may result from a selective advantage conferred by the posses-
sion of two copies of the IE genes. Such a gene cluster might
persist even though significant sequence homology is no longer
detectable.

Sequence data indicated the 3,927-bp fragment contained
several ORFs, including ORF 9, which encodes a potential
zinc-binding domain (8). Hybridization of the 3,927-bp frag-
ment to Northern (RNA) blots of poly(A)™ IE RNA revealed
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FIG. 2. Identification of IE transcripts encoded by the 3,927-bp EcoRI-Xbal
fragment. A Northern blot, prepared with RNA isolated from CCO cells infected
with CCV in the presence of cycloheximide, was probed with the cloned 3,927-bp
CCV DNA fragment isolated from pPS3927. Lanes: I, poly(A)" RNA isolated
from CCO cells infected in the presence of cycloheximide; Mi, poly(A)* RNA
isolated from mock-infected cells. Arrowheads labeled ie 1 and ie 2 indicate IE
RNAs of 0.6 and 1.3 kb, respectively. Size estimates were derived from three
separate determinations with either poly(A)" RNA or total RNA and 0.16 to
1.77 kb and 0.24 to 9.5 kb RNA ladders (Life Technologies) as size standards.

the presence of two transcripts, one of approximately 0.6 kb
(iel) and another of approximately 1.3 kb (ie2) (Fig. 2). A
997-bp BstEII-EcoRI subfragment of pPS3927, containing all
of ORF 9, also hybridized to both transcripts (data not shown).
Densitometry showed that iel/ was consistently expressed at a
level approximately six times that of ie2 in CCO cells infected
with the Auburn-1 strain of CCV in the presence of cyclohex-
imide. Because of the abundance of ie/ and the presence of the
potential zinc-binding domain, this region was chosen for fur-
ther characterization. Northern blots probed with three other
cloned CCV DNA fragments (pPS7707, pPS5660, and
pPS3046) revealed additional IE transcripts which are being
characterized.

Because of the number of transcripts and possible complex-
ity of the IE region, transcripts were analyzed by S1 nuclease
analysis, primer extension analysis, and analysis of cDNAs. To
construct a cDNA library enriched in cDNAs representing IE
transcripts, IE RNA was prepared as described above.
Poly(A)" RNA was prepared by two rounds of selection, and
the cDNA library was prepared with a Lambda Zap II cDNA
synthesis kit (Stratagene, La Jolla, Calif.). The library was
amplified and screened by hybridization with a cloned CCV
DNA fragment isolated from pPS3927 and radiolabeled with
32P by random primer extension (Dupont-New England Nu-
clear). After obtaining pure plaques, plasmids containing
cDNAs were obtained from recombinant lambda phage by in
vivo excision (Stratagene).

Twelve cDNAs were isolated after four rounds of screening.
On the basis of length and hybridization to the 997-bp EcoRI-
BstEIl and 2,098-bp BstEIl subfragments of pPS3927 (Fig.
1C), six cDNAs were chosen for further analysis. Approxi-
mately 150 bp were sequenced from each end of the six
cDNAs. Two cDNAs, one 1,070 bp and the other 598 bp, were
chosen for further sequence analysis because their lengths ap-
proximated those of transcripts identified by CCV genomic
clone pPS3927. In addition, both cDNAs strongly hybridized to
the 997-bp probe (data not shown). The longer cDNA,
pC3927L, extends from nucleotide (nt) 12625 to 13695, while
the shorter cDNA, pC3927S, extends from nt 13195 to 13795.
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Both cDNAs were completely sequenced, and comparison with
the genomic sequence indicated that both represent unspliced
mRNAs. pC3927L represents a bicistronic mRNA containing
ORFs 8 and 9, while pC3927S contains only ORF 9. It should
be noted that the 3’ termini of the other four cDNAs were also
located at nt 13795, suggesting that all mRNAs identified are
3’ coterminal (see below).

Using information provided by analysis of the cDNAs, S1
probes were designed to define the 3’ and 5’ ends of the
mRNAs. To determine the 5’ end of the shorter mRNA, a
478-bp AccIlI-Pvull (nt 12915 to 13396) fragment was 5’ end
labeled with y->P and T4 polynucleotide kinase (U.S. Bio-
chemicals). Conditions for hybridization to poly(A)" IE RNA
and S1 nuclease digestion were as previously described (34). A
212-bp fragment was protected, indicating that the 5" end (or
a splice site) is located at nt 13184 (Fig. 3A and F). To confirm
that the fragment produced by protection of 5'-end-labeled
probe actually represented the 5’ end of the RNA rather than
a splice site, primer extension analysis also was employed to
determine the 5’ end of the RNA. An oligonucleotide, PSS 1
(5'-GAAGATCACCCTCTTGATCCTATCCACCTT-3', nt
13251 to 13280), was labeled at the 5’ end with y->?P and T4
polynucleotide kinase and hybridized to poly(A)* IE RNA.
Conditions for hybridization and primer extension were as
previously described (27). Extension of PSS 1 produced a 97-nt
product, placing the start site of ie/ at nt 13185 (Fig. 3B and F).
To determine the 5’ end of the longer RNA, a 208-bp fragment
from a Clal digest of pPSS3927 (nt 12383 to 12593) was 5’ end
labeled and used for S1 nuclease analysis. A 98-nt fragment
was protected, indicating that the 5’ end of the RNA (or a 3’
splice acceptor) is located at nt 12494 (Fig. 3C and F). Primer
extension was performed to confirm that the 5’ end of the
RNA, as determined by S1 analysis, was the actual 5’ end and
not a splice site. Extension of an oligonucleotide, PSS 2
(5'-GAGAGATTGGGCCAGTGAGACCGTGATACA-3', nt
12541 to 12570), produced a 76-nt product, placing the start site
of ie2 at nt 12494 (Fig. 3D and F). Lengths of the primer exten-
sion products indicated that the 5" ends of both mRNAs corre-
sponded with the 5 ends determined by S1 nuclease analysis.

All of the cDNAs isolated from the cDNA library, except for
one, had identical 3’ ends. The 3" end of pC3927L was located
at nt 13695 in a region where there are 10 consecutive A
residues, whereas the 3’ ends of all of the other cDNAs were
located at nt 13795. Several lines of evidence lead us to believe
that the terminus of pC3927L at nt 13695 is an artifact and that
all of the RNAs represented by these cDNAs are 3’ coterminal
at nt 13795. For example, four other cDNAs, three of which
were longer than the short RNA (ie/), had their 3’ termini
located at nt 13795 (data not shown). Furthermore, there are
polyadenylation signals only at nt 13776 and at nt 11499, the
latter being upstream of the 5’ end of the mRNA. To confirm
that the transcripts represented by these cDNAs are 3’ co-
terminal, the 569-bp EcoRI-Miul (nt 14046 to 13477) fragment
was isolated from pPS3927, and the Miul site was 3’ end
labeled with Klenow polymerase (3). Only the Miul site was
labeled by the addition of dGTP and [a-**P]dCTP (3,000 Ci/
mmol). IE RNA protected only one fragment (316 nt) of this
probe, indicating that both IE mRNAs shared the same 3’
terminus (Fig. 3E and F). The apparent 3’ terminus predicted
by cDNA pC3927L at nt 13695 was most likely caused by
hybridization of the oligo(dT) primer/adapter to an AT-rich
region upstream from the 3’ end of the RNA as discussed
above. If the nt 13695 site were the 3’ end of the RNA, a 218-nt
fragment would have been protected. This was not the case.

Both of the IE transcripts characterized were unspliced and
3’ coterminal. This was determined by two independent meth-
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ods: first, cDNAs representing each of the transcripts were
sequenced and the sequence was compared to the published
genomic sequence (8), and second, S1 nuclease analysis en-
compassing the entire transcription unit was performed. Pre-
vious studies of IE genes from other herpesviruses have re-
vealed both spliced and unspliced IE RNAs (6, 39). Although
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FIG. 3. Determination of the 5' and 3’ ends of ie/ and ie2 RNA with S1
nuclease analysis and primer extension analysis. The lanes in all panels are
labeled as follows: Mi, poly(A)* RNA isolated from mock-infected CCO cells; I,
poly(A)* RNA isolated from CCO cells infected in the presence of cyclohexi-
mide; M, size marker; P, probe. (A) S1 analysis of the 5’ end of ie/ with an
AccIII-Pvull fragment (nt 12915 to 13396). Arrowheads on the left indicate the
size and position of fragments in the marker (Mspl digest of pBR322), and
arrowheads on the right indicate the probe (P) and the protected fragment of 212
nt. (B) Primer extension analysis of ie/ with primer PSS1. The arrowhead on the
left indicates the primer extension product of 97 nt, and arrowheads on the right
indicate fragments in the size marker (Mspl digest of pBR322). (C) S1 analysis
of the 5 end of ie2 with a Clal fragment (nt 12384 to 12593). Arrowheads on the left
indicate sizes and positions of fragments in the marker (MsplI digest of pBR322).
Arrowheads on the right indicate the probe (P) and the protected fragment of 98 nt.
(D) Primer extension analysis of ie2 with the PSS2 primer. The arrowhead on the left
indicates the primer extension product of 76 nt, and arrowheads on the right indicate
positions of fragments in the size marker. (E) S1 nuclease analysis of the 3’ ends of
ie] and ie2. The probe was an EcoRI-Mlul fragment (nt 14046 to 13477) radiolabeled
at the 3" end at the Miul site. Arrowheads on the left indicate fragments in the size
marker (Mspl digest of pPBR322), and arrowheads on the right indicate position of
the probe (P), as well as the protected fragment (316 nt). (F) Map of pPS3927
indicating positions of relevant landmarks. The numbers above the fragment indi-
cate nucleotide numbers in the CCV genome from which the fragment was derived.
OREFs 8 and 9 were identified by Davison (8), and ORF 8a was identified in this
work. The letters P, A, C, M, and R indicate the Pvull, AccIll, Clal, Miul, and EcoR1
sites, respectively, on the S1 probes. Asterisks indicate the labeled end of the probe
or protected fragment for S1 experiments and the labeled end of the oligonucleotide
or extension products for primer extension.

many herpesvirus genes have their own polyadenylation sig-
nals, it is not uncommon for transcripts to share 3’ termini
(21). In the case of CCV, this may be due to the relative
paucity of polyadenylation signals in the viral genome (8).
The 5’ end of the longer IE transcript (ie2) is nt 12494, and
the 3’ end of the transcript is nt 13795. Davison’s analysis (8)
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predicted an ORF, ORF 8§, extending from nt 12462 to 13160.
Because the predicted ORF 8 starts upstream of the 5’ end of
the ie2 transcript, it cannot be encoded in this transcript. How-
ever, our work does not preclude the possibility that an mRNA
containing ORF 8 is transcribed at early or late times. Another
OREF is contained within the ie2 transcript from nt 12609 to
13157 which we refer to as ORF 8a. This ORF is in the same
reading frame as ORF 8 and thus represents a 5'-truncated
version. Unlike ORF 8§, the initiation codon of ORF 8a conforms
to the Kozak consensus sequence at positions —3 and +4 (18).

ORF 8 was originally predicted (8) to encode a membrane-
associated protein because of the presence of substantial hy-
drophobic regions. The difference between ORF 8 and ORF
8a is the deletion of a hydrophilic region of 49 amino acids at
the amino terminus. Therefore, ORF 8a contains the hydro-
phobic region and could also encode a membrane-associated
protein. However, the protein encoded by ORF 8a (pI = 5.9)
is predicted to be substantially more acidic than that predicted
for ORF 8 (pI = 6.9), because the truncation eliminates 11
basic amino acids and only 6 acidic amino acids. The putative
product of ORF 8a does not appear to be significantly related
to other proteins when analyzed with FastA (24) or BLASTP
(1) algorithms and the GenBank database.

Both mRNAs characterized in this report also contain ORF
9 (8). iel mRNA contains only ORF 9 and is approximately
sixfold more abundant than the bicistronic ie2 mRNA in cy-
cloheximide-treated cells. The putative protein encoded by
ORF 9 has a predicted pI of 11.3 and contains a potential
zinc-binding domain. Several herpesvirus IE proteins encode
zinc-binding domains, the best-characterized example being
IE110 of HSV-1 (10). The combination of a zinc-binding do-
main and a high pI of the predicted ORF 9 product makes this
a possible candidate for a transcription factor.

The presence of a putative zinc-binding domain and the high
pI suggest that ORF 9 fits the classic paradigm of an IE gene.
In contrast, the predicted characteristics of the protein en-
coded by ORF 8a (i.e., possible membrane association and
high levels of hydrophobicity) would make this an unusual IE
gene. One possible explanation for the appearance of the bi-
cistronic ORF 8a/9 mRNA is that ORF 8a is really an early
gene expressed at low levels because inhibition of protein syn-
thesis by cycloheximide was not complete. However, this is not
likely, because in experiments with a different strain of virus
(Auburn-2), the longer RNA, presumably containing ORF 8a
and ORF 9, was more abundant than the RNA containing
ORF 9 alone (29). Although it may be unusual for an IE
transcript to encode a membrane-associated protein, it is not
without precedent. The unique long region of the HCMV
genome encodes an IE transcript whose predicted product is a
potential membrane glycoprotein (17, 33). Therefore, it is
likely that ORF 8a is an IE gene, but one which is different
from most IE genes described for other herpesviruses.
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