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A characterization of the antigenic determinants (epitopes) of the glycoprotein (G) of infectious hematopoi-
etic necrosis virus was made by expressing different regions of the G gene in Escherichia coli. A cDNA copy of
the G gene was divided into four fragments by TaqI digestion, and the fragments were subcloned into pATH
vectors, placing the expression of each G gene fragment under control of the trpE promoter. The resulting
plasmids, pXL2, pXL3, and pXL7, encoded trpE-G fusion proteins subsequently detected with anti-infectious
hematopoietic necrosis virus sera by Western immunoblots. A comparison of reactivities of the fusion proteins
encoded by these plasmids was made by Western immunoblot and radioimmunoassay with a number of anti-G
specific monoclonal antibodies (MAbs). The nonneutralizing MAb 136J reacted with the trpE-G fusion protein
encoded by pXL3 and fusion proteins encoded by plasmids p52G and p618G, which were described in previous
studies (R. D. Gilmore, Jr., H. M. Engelking, D. S. Manning, and J. C. Leong. Bio/Technology 6:295-300,
1988). Another nonneutralizing MAb, 2F, bound to the pXL3 fusion protein, and the neutralizing MAb RB/B5
recognized the pXL7 fusion protein. All fusion proteins were tested as vaccines in rainbow trout fry. Although
significant protection was induced by all fusion proteins, the pXL3 fusion protein was most effective as a

vaccine.

Infectious hematopoietic necrosis virus (IHNV) is a rhab-
dovirus associated with severe epizootic disease in juvenile
salmonid fish (17, 23). IHNV infections have resulted in
large economic losses to salmon and trout industries. Pres-
ently, there are no chemotherapeutic agents or licensed
vaccines available for prevention or control of the disease;
however, upon immunization with killed IHNV, fish pro-
duce protective serum antibody which neutralizes IHNV in
vitro (1). Because attenuated and killed vaccines are ex-

tremely expensive and have not proven totally efficacious (2,
13), the aquaculture industry is looking for advances in
recombinant DNA technology to provide economical and
effective vaccines.
The IHNV virion contains an unsegmented negative-sense

single-stranded RNA genome of approximately 11,000 nu-

cleotides encoding five structural proteins and one nonvirion
protein (11, 15, 16). The glycoprotein, found on the surface
of IHNV, has been identified as the single viral protein
which induces the production of neutralizing antibodies in
both rabbits and fish. With the glycoprotein, cross-protec-
tive immunity in fish against challenge with different electro-
phoretic types of IHNV is obtained (5). It therefore may be
possible to develop an economical subunit vaccine for
controlling the disease patterned after the glycoprotein of a

single type of IHNV. Polyvalent rabbit antiserum raised
against enzymatically deglycosylated virus retains virus-
neutralizing activity and reacts with glycosylated G protein
in Western immunoblots (5), indicating that different types of
IHNV share a neutralizing epitope(s) not involving carbohy-
drate side chains.
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Previous work with rabies virus glycoprotein showed that
expression of the full-length glycoprotein gene in bacteria
resulted in a denatured protein unable to produce a protec-
tive immune response, presumably because inappropriate
folding mechanisms for disulfide bond formation existed in
Escherichia coli (14). Thus, we sought smaller portions of
the IHNV glycoprotein gene coding for one or a few
epitopes, instead of the intact gene, for construction of
recombinant plasmids for bacterial expression (6).
The IHNV glycoprotein gene of 1,609 nucleotides encod-

ing a protein of 508 amino acids has been cloned and
sequenced (10). Two recombinant plasmids, p52G and
p618G, containing approximately 350 bases of the Sau3AI-
digested IHNV G gene, have been constructed and ex-

pressed in bacteria as trpE-G fusion proteins. The two
plasmids contain identical G gene fragments of 329 bp
encoding amino acids (aa) 336 to 444, which were ligated in
frame to the trpE protein, but they differ by additional G
gene sequences which were ligated out of frame to the 3'
ends of the 329-bp fragments (6). The molecular masses of
the fusion proteins expressed by p52G and p618G were 49
and 48 kDa, respectively. Bacterial lysates containing
trpE-G fusion proteins made from p52G or p618G induced
protective immunity against IHNV in laboratory trials (6)
and led to the development of a prototype IHNV subunit
vaccine (6). Despite the efficacy of the vaccine in laboratory
trials, there still remained questions concerning the number
of immunoprotective regions on the G protein and the
identification of those regions recognized in fish. These
questions led to the development of a number of expression
clones containing different regions of the G protein. The
construction of clones and the characterization of the
epitopes of their expressed fusion proteins are described
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FIG. 1. Construction of trpE-G fusion protein expression plas-
mids. The 1.6-kb cDNA of the IHNV G gene isolated from the pG8
plasmid was digested with TaqI. The G gene fragments were purified
and ligated to ClaI-digested pATH3.

here in an analysis of the antigenic nature of the IHNV G
protein.

Portions of the G gene were subcloned into trpE expres-
sion vectors to create trpE-G fusion proteins (Fig. 1). TaqI
digestion of a 1.6-kb PstI fragment from pG8, which con-
tained the entire G gene, resulted in four fragments: A (245
bp), B (609 bp), C (552 bp), and D (203 bp). Recombinant
plasmids were constructed by the ligation of purified prepa-
rations of each fragment or of a mixture of all four fragments
with the pATH3 vector which had been previously digested
with ClaI. The ampicillin-resistant transformant colonies
were screened for IHNV G protein expression by colony
immunoblot (7) with rabbit polyclonal anti-IHNV sera.
Three plasmids (pXL2, pXL3, and pXL7) isolated from
three positive colonies were chosen for subsequent analyses.
Direct plasmid DNA sequence analyses (8, 21) verified that
pXL2 contained the TaqI B fragment and pXL3 contained
the TaqI C fragment (Fig. 2). The pXL7 plasmid, which was

derived from the ligation mixture of all four fragments,
contained the 3' external D fragment ligated in frame to the
trpE gene. In addition, the 5' external A fragment was ligated
to the 3' external fragment at the PstI site in the same

orientation as the G gene (Fig. 2).
Fusion proteins were expressed in E. coli DHSa cells after

indoleacrylic acid induction as previously described (6). The
induced bacterial cells were harvested by centrifugation
and lysed by high-speed agitation in a minibeadbeater (Bio-
spec Products) with Tris-EDTA buffer (10 mM Tris-1 mM

EDTA, pH 8.0). The trpE-G fusion proteins encoded by
pXL2, pXL3, and pXL7 were detected by Western immu-
noblot (12, 20) with anti-IHNV serum, and the estimated
molecular masses of each protein were 59.3, 57.3, and 43
kDa, respectively (Fig. 3). The trpE component of the fusion
protein contributed 340 aa (37,400 kDa) to each fusion
protein. These estimates were consistent with the molecular
masses calculated from the derived amino acid sequence
obtained from the plasmid DNA sequence analyses for pXL2
(aa 66 to 269), pXL3 (aa 270 to 453), and pXL7 (aa 454 to
508).
The location of linear antigenic determinants of the IHNV

G protein were then determined by reaction with monoclonal
antibodies (MAbs) on Western immunoblots (20). These
results were compared with those for the proteins produced
by p52G (aa 336 to 444) and p618G (aa 336 to 444). The study
included 10 MAbs which had been shown to be reactive with
the IHNV glycoprotein (2, 3). Only those MAbs which
reacted with the IHNV G protein in Western immunoblots
are described here. The nonneutralizing MAb 136J bound to
the pXL3 (aa 270 to 453), p52G (aa 336 to 444), and p618G
(aa 336 to 444) fusion proteins (Fig. 4A). The nonneutralizing
MAb 2F reacted only with the pXL3 (aa 270 to 453) fusion
protein (Fig. 4B). The pXL7 (aa 454 to 508) fusion protein
was recognized by neutralizing MAb RB/B5 (provided by
J. L. Fryer, Oregon State University [22]) (Fig. 4C). Table 1
summarizes the binding activity of each MAb to the trpE-G
fusion proteins.
The pXL2 (aa 66 to 269) plasmid encoding a trpE-G fusion

protein was recognized by anti-IHNV serum (Fig. 3) but not
by any of the anti-G MAbs. Although there are two external
TaqI-digested G gene fragments (totaling 510 nucleotides)
inserted into pXL7 (aa 454 to 508), the TaqI D fragment was
the only sequence expressed as part of the trpE-G fusion
protein. Examination of the sequence indicated that there
was a TAA termination codon at the end of the coding
sequence in the TaqI D fragment (position 1547 in the
original glycoprotein gene) and no consensus recognition site
for translational initiation (19) of the TaqI A fragment
sequence. Therefore, a peptide of only 55 aa from the G
gene was encoded by pXL7 (aa 454 to 508). This peptide
reacted with both anti-IHNV serum (Fig. 3) and the neu-
tralizing MAb RB/BS (Fig. 4C). The results indicated that
there was a neutralizing epitope recognized by RB/BS within
this C-terminal region of 55 aa. A hydropathy plot of the
amino acid sequence of the IHNV G protein indicated that a
very large hydrophobic domain, presumably the transmem-
brane region, was encoded in the G fragment cloned into the
pXL7 (aa 454 to 508) plasmid. This hydrophobic domain
consists of 27 aa from 461 to 487. This would suggest that the

TABLE 1. Summary of the immunoblot characterization
of G subunits by MAbs

Neu- Reactivity of plasmids tested by
IHNV Ig tral- Western blot assayd
isolate'a MAb type' izing

ability' pXL2 pXL3 pXL7 p52G p618G

039-82-SR 136J IgG - - + - + +
Cedar River 2F IgM - - + - - -

Round Butte RB/B5 IgM + - - + - -

a IHNV isolates that were used to generate the MAbs.
b Ig, Immunoglobulin.
-, Unable to neutralize; +, able to neutralize.

d +, Reactivity; -, no reactivity.
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FIG. 2. DNA sequence of the cloned G gene fragments in the plasmid pXL7.

RB/BS epitope is localized to the N-terminal region (aa 453
to 460) of the G fusion protein encoded by pXL7 (aa 454 to
508).
Although the plasmids pXL3 (aa 270 to 453), p52G (aa 336

to 444), and p618G (aa 336 to 444) had DNA inserts of
different sizes, they all contained a common G gene se-
quence from nucleotides 1052 to 1379 (Fig. 5). The plasmid
pXL3 (aa 270 to 453) contained an additional 198 nucleotides
of the G gene sequence at the 5' end. These plasmids
expressed trpE-G fusion proteins of 57.3, 49, and 48 kDa,
respectively. All of these proteins reacted with polyclonal
anti-IHNV sera (Fig. 3) and the nonneutralizing MAb 136J
(Fig. 4A) in Western immunoblots. This result indicated that
the common 109-aa sequence (336 to 444) encoded by these
three plasmids contained a linear epitope recognized by
MAb 136J.
The MAb 2F recognized by Western immunoblot a unique

epitope which was found only in the G subunit defined by
pXL3 (aa 270 to 453) (Fig. 4B). This result indicated that
there was a distinct linear epitope, 2F, located in the unique
66 aa at the N terminus of the pXL3 (aa 270 to 453)-encoded
G protein sequence. MAb 2F was generated against the
Cedar River strain of IHNV, while MAb 136J was raised
against the 039-82-SR strain of IHNV. Since pXL3, a clone
containing G gene sequences from the Round Butte strain of
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FIG. 3. Analysis of trpE-G fusion proteins. Bacterial lysates
were resolved on sodium dodecyl sulfate-10% polyacrylamide gels.
The proteins on the gels were transferred to nitrocellulose and
analyzed with anti-IHNV serum. The trpE-G fusion proteins are
shown. The major bands expressed by pXL2, pXL3, pXL7, p52G,
and p618G migrated at positions of 59.3, 57.3, 43, 49, and 48 kDa,
respectively.
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FIG. 4. Immunoblot characterization of the trpE-G fusion proteins with MAbs. Bacterial lysates were resolved on sodium dodecyl
sulfate-10% polyacrylamide gels, and the proteins were transferred to nitrocellulose. Each blot was developed with the MAb indicated below.
Each lane is marked at the top by the plasmid used to generate the protein samples that were added to that gel well. The location of the
prestained molecular mass marker is shown on the side. (A) MAb 136J. The pXL3 (57.3-kDa), p52G (49-kDa), and p618G (48-kDa) fusion
proteins were recognized by 136J. (B) MAb 2F. The pXL3 fusion protein (57.3 kDa) is indicated by the arrowhead. (C) MAb RB/B5. The
pXL7 fusion protein (43 kDa) is indicated by the arrowhead. The band running just above the fusion protein band is a common cross-reactive
polypeptide that is found in the bacterial lysates. The IHNV lane does not have any reactive bands because too little viral protein was used
in this gel. However, RB/B5 does react with the glycoprotein of IHNV in immunoblots.

IHNV, reacted with the two MAbs, 136J and 2F, all three
virus strains must contain common epitopes defined by 2F
and 136J (Fig. 4A and B). A diagrammatic representation of
these results is shown in Fig. 5.

Lysates of induced cultures of pXL2 (aa 66 to 269), pXL3
(aa 270 to 453), p52G (aa 336 to 444), and pXL7 (aa 454 to

508) were used for the vaccination of 100 rainbow trout fry
(0.4 g each) by immersion. Thirty days after the vaccination,
the fry were challenged with 100 and 1,000 50% tissue
culture infective doses of the Box Canyon IHNV per ml (a
strain which has been classified as a type 2 isolate) (5).
Moribund fish were collected on a daily basis for 30 days.
The presence of virus in all these fish was confirmed by the
production of characteristic cytopathic changes in tissue

TABLE 2. Relative protection induced in fish by bacterial lysates
with different plasmids

% Mortality with virus
Experimental challenge dose'

group
100 1,000

Control 56.0 75.0
pXL2 26.0 48.0
pXL3 2.5 14.0
p52G 19.0 56.0
pXL7 36.0 50.0

a Average percent mortality in three replicate samples of 30 fish each. The
virus challenge dose is the number of 50% tissue culture infective doses per ml
as described by Gilmore et al. (6).
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FIG. 5. Epitope map of the IHNV glycoprotein.
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FIG. 6. Comparison of the locations of epitopes on the glycopro-

teins of IHNV, vesicular stomatitis virus (VSV-Ind), and rabies
virus (rabies-ERA).

culture. Table 2 shows the average percent mortalities in
each experimental group. The pXL3 (aa 270 to 453)-encoded
region of the IHNV glycoprotein induced a strong immuno-
protective response in fish. Although the regions encoded by
pXL2 (aa 66 to 269), p52G (aa 336 to 444), and pXL7 (aa 454
to 508) also induced some protection, the pXL3 (aa 270 to
453) lysate was clearly much more protective as a vaccine.

Although there is a very low level of protein sequence
homology between the IHNV glycoprotein and the glyco-
proteins of two other animal rhabdoviruses, vesicular sto-
matitis virus and rabies virus, the structural domains on
these three glycoproteins (transmembrane region, signal
peptide, positions of cysteines, and location of glycosylation
sites) have also been conserved (10). It should also be
possible to determine whether there is conservation among
the antigenic structures of the rhabdovirus glycoproteins.
The seven epitopes of the Indiana serotype of vesicular
stomatitis virus, including two neutralizing epitopes, have
been mapped to the amino acid sequence 286 to 428 (Fig. 6)
(9). For the rabies virus (Evelyn-Rokitnicki-Abelseth strain)
glycoprotein, amino acids Arg-333, Asn-336, and Gly-357
were found to be essential for neutralization (4, 18, 24). We
have localized three epitopes of the IHNV glycoprotein in
the region of aa 270 to 460 (Fig. 4A and B).

This publication is the result of research sponsored by Bonneville
Power Administration contract DE-A179-84BP16479, project 84-43
(G. R. Bouck and R. Morinaka served as the contracting office
technical representatives on the project); the U.S. Department of
Agriculture to the Western Regional Aquaculture Consortium under
grants 87-CRSR-2-2319 and 88-38500-4027; Oregon Sea Grant with
funds from the National Oceanic and Atmospheric Administration,
Office of Sea Grant, Department of Commerce, under grant no.
NA85AA-D-SG095 (project no. R/FSD-11); and appropriations
made by the Oregon state legislature. S. Ristow and J. Arnzen
acknowledge the support of U.S. Department of Agriculture grant
87-CRSR-2-3039 and the Washington Technology Center.
We thank R. Day for manuscript preparation.

REFERENCES
1. Amend, D. F., and L. Smith. 1974. Pathophysiology of infec-

tious hematopoietic necrosis diseases in rainbow trout (Salmo
gairdneri): early changes in blood and aspects of the immune
response after injection of IHN virus. J. Fish. Res. Board Can.
31:1371-1378.

2. Arakawa, C. K., C. N. Lannan, and J. R. Winton. 1986.
Monoclonal antibodies recognize strains of IHNV. Fish Health
Section. Am. Fish. Soc. Newsl. 14:1.

3. Arnzen, J., and S. Ristow. Unpublished data.

4. Dietzschold, B., W. H. Wunner, T. J. Wiktor, A. D. Lopes, M.
Lafon, C. L. Smith, and H. Koprowski. 1983. Characterization
of an antigenic determinant of the glycoprotein that correlates
with pathogenicity of rabies virus. Proc. Natl. Acad. Sci. USA
80:70-74.

5. Engelking, H. M., and J. C. Leong. 1989. The glycoprotein of
infectious hematopoietic necrosis virus elicits neutralizing anti-
body and protective responses. Virus Res. 13:213-230.

6. Gilmore, R. D., Jr., H. M. Engelking, D. S. Manning, and J. C.
Leong. 1988. Expression in Escherichia coli of an epitope of the
glycoprotein of infectious hematopoietic necrosis virus protects
against viral challenge. Bio/Technology 6:295-300.

7. Helfman, D. M., and S. H. Hughes. 1987. Use of antibodies to
screen cDNA expression libraries prepared in plasmid vectors.
Methods Enzymol. 152:451-457.

8. Holmes, D. S., and M. Quigley. 1981. A rapid boiling method for
the preparation of bacterial plasmids. Anal. Biochem. 114:193-
197.

9. Keil, W., and R. R. Wagner. 1989. Epitope mapping by deletion
mutants and chimeras of two vesicular stomatitis virus glyco-
protein genes expressed by a vaccinia virus vector. Virology
170:392-407.

10. Koener, J. F., C. W. Passavant, G. Kurath, and J. Leong. 1987.
Nucleotide sequence of a cDNA clone carrying the glycoprotein
gene of infectious hematopoietic necrosis virus, a fish rhabdo-
virus. J. Virol. 61:1342-1349.

11. Kurath, G., and J. C. Leong. 1985. Characterization of infec-
tious hematopoietic necrosis virus mRNA species reveals a
nonvirion rhabdovirus protein. J. Virol. 53:462-468.

12. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

13. Leong, J. C., J. L. Fryer, and J. R. Winton. 1988. Vaccination
against infectious hematopoietic necrosis virus, p. 193-203. In
A. E. Ellis (ed.), Fish vaccination. Academic Press, Inc. (Lon-
don), Ltd., London.

14. Malek, L., G. Soostmayer, R. T. Garvin, and E. James. 1984.
The rabies glycoprotein gene is expressed in E. coli as a
denatured polypeptide, p. 203-208. In R. H. Chanock and R. A.
Lerner (ed.), Modern approaches to vaccines. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

15. McAllister, P. E., and R. R. Wagner. 1975. Structural proteins of
two salmonid rhabdoviruses. J. Virol. 15:733-738.

16. McCain, B. B., J. L. Fryer, and K. S. Pilcher. 1974. Physio-
chemical properties of RNA of salmonid hematopoietic necrosis
virus (Oregon strain). Proc. Soc. Exp. Biol. Med. 146:630-634.

17. Pilcher, K. S., and J. L. Fryer. 1978. Viral diseases of fish: a
review through 1978, part 1. Crit. Rev. Microbiol. 7:287-364.

18. Seif, I., P. Coulon, P. E. Rollin, and A. Flamand. 1985. Rabies
virulence: effect on pathogenicity and sequence characteriza-
tion of rabies virus mutations affecting antigenic site III of the
glycoprotein. J. Virol. 53:926-934.

19. Shine, J., and L. Dalgarno. 1974. The 3' terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosome binding sites. Proc. Natl. Acad. Sci.
USA 71:1342-1346.

20. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

21. Wang, L. M., D. L. Weber, T. Johnson, and A. Y. Sakaguchi.
1988. Supercoil sequencing using unpurified templates produced
by rapid boiling. Biotechniques 6:839-843.

22. Winton, J. R., C. K. Arakawa, C. N. Lannan, and J. L. Fryer.
1988. Neutralizing monoclonal antibodies recognize antigenic
variants among isolates of infectious hematopoietic necrosis
virus. Dis. Aquat. Org. 4:199-204.

23. Wolf, K. 1988. Fish viruses and fish viral diseases, p. 83. Cornell
University Press, Ithaca, N.Y.

24. Wunner, W. H., B. Dietzschold, R. I. MacFarlan, C. L. Smith,
E. Cloug, and T. J. Wiktor. 1985. Localization of immunogenic
domains on the rabies virus glycoprotein. Ann. Inst. Pasteur/
Virol. 136E:353-362.

VOL. 65, 1991


