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The genetic variability of nine genes in 12 isolates and strains of ectromelia virus, which causes a smallpox-
like disease (mousepox) in mice, was determined and allows for classification of ectromelia viruses. The low
genetic variability suggests that evolutionary pressure maintains the activity of immunomodulatory genes in
natural poxvirus infections.

Poxviruses are complex DNA viruses (28). Variola virus
(VaV) was the causative agent of smallpox. Vaccinia virus
(VV) was the vaccine agent used to eradicate smallpox (17),
but VaV remains a concern because of its potential use in
bioterrorism (41). Cowpox virus (CPV) is probably a rodent
virus that infects other animal species. Ectromelia virus (EV) is
a highly virulent natural mouse pathogen that causes mouse-
pox, a disease that was proposed as a model of human smallpox
(16, 17).

Poxviruses encode homologues of immune molecules to
modulate host defense mechanisms (3, 47). The epidermal
growth factor homologue VGF enhances cell proliferation,
promoting virus virulence in mice (26). The complement con-
trol protein VCP blocks complement activation and inflamma-
tory responses (23). The semaphorin homologue vSEMA in-
teracts with a receptor in macrophages and induces cytokines
and adhesion molecules (11, 46).

Other viral proteins characterized here are soluble cytokine
receptors which neutralize cytokine activity (1, 27, 30, 42). VV,
CPV, and EV encode soluble viral gamma interferon receptors
(vIFN-�R) with unique broad species specificity (6, 29, 44).
CPV encodes four soluble tumor necrosis factor receptor
(vTNFR) genes, named cytokine response modifier B (crmB)
(19), crmC (39), crmD (24), and crmE (36). Secreted TNF
binding activity is produced by 3 of 15 VV strains due to
expression of CrmC and CrmE (2, 34). crmB is the only vT-
NFR gene predicted to be active in VaV. crmD is active in EV
isolates Moscow-3P2, MP-3, MP-4, and SF (24), whereas crmB,
crmC, and crmE are truncated in EV Moscow. Another TNFR
superfamily member, a secreted CD30 homologue (vCD30),
has been identified in CPVs GRI-90 and Brighton Red and in

EVs Hampstead and Naval (33, 37, 38). vCD30 binds CD30
ligand and has immunomodulatory activity (33, 37).

Viral immunomodulatory genes are frequently determinants
of viral pathogenesis, and thus their genetic variability may
shed light on their relative importance during natural infec-
tions. The expression of immunomodulatory molecules was
investigated in VV strains, but the growth of VV in vitro and
outside its natural host, which is unknown, may have allowed
an accumulation of mutations (2, 4–7). In contrast, EV was
isolated from outbreaks in laboratory mouse colonies, presum-
ably transmitted from a natural reservoir (16, 17), and offered
an excellent opportunity for these investigations. Expression of
binding activity for cytokines is conserved among 12 EV iso-
lates and strains, but genetic variability was not investigated
previously (43–45).

The sequence variability of nine immunomodulatory genes
in 12 EV isolates, totaling 108 genes, was investigated with a
novel experimental approach used to identify single nucleotide
polymorphisms in human genes. Denaturing high-performance
liquid chromatography (DHPLC) subjects PCR products to
ion-pair reverse-phase liquid chromatography (48). Under con-
ditions of partial heat denaturation, heteroduplexes formed in
samples having sequence variation display reduced retention
times relative to their homoduplex counterparts. This identifies
mutations in PCR products of unknown sequence when mixed
with PCR products of known sequence. To our knowledge, this
is the first report using this approach for the study of viral
genes.

We studied a collection of EV isolates originated in tempo-
rally and geographically diverse laboratory mousepox out-
breaks and virus strains derived from them by passage in co-
rioallantoic membranes (43). These included EV Hampstead
(1930), the first EV to be isolated (25); isolates from German
and Austrian outbreaks (EVs MP-1, MP-2, MP-3, MP-4, and
MP-5) (32); and EV Naval, isolated in the United States (12).
We also analyzed the plaque-purified EV strain Moscow-3P2
(10), derived from the highly virulent EV Moscow (1947) (8);
Ishibashi-I-111, originated in Japan (20); and two egg-passaged
derivatives of EV Hampstead, EVs Hampstead Egg (15) and
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Mill Hill (17). EV Hampstead Egg and EV Ishibashi-I-111 are
attenuated in mice after footpad inoculation (16, 17).

Sequence information on EV genes is very limited (9, 16).
EV VGF, VCP, and vSEMA genes were PCR amplified by use
of oligonucleotides based on the VV sequence and were se-
quenced on both strands on an Applied Biosystems 377 se-
quencer (Perkin Elmer). The VGF gene in EV Moscow-3P2
encodes a truncated polypeptide that lacks the transmembrane
anchoring domain (Fig. 1A). VGF is shed from the cell by
proteolytic cleavage (26). Myxoma virus encodes a truncated
VGF that is secreted and active (26); thus, the EV VGF may
also be active. The VCP gene in EV Moscow-3P2 encodes a
full-length polypeptide (18) (Fig. 1B). Consistent with this,
supernatants from EV-infected cultures block the classical and
alternative pathways of complement activation (J. Rivera and
A. Alcami, unpublished data). EV Moscow-3P2 vSEMA was
previously expressed for functional studies, but its sequence
was not reported (11). We found that the vSEMA gene encodes
a polypeptide of similar length to that from VV Copenhagen
and longer than that from VV WR (18, 40) (Fig. 1C).

DHPLC analysis was carried out with an automated system
from TransGenomic (Crewe, United Kingdom) (35). Viral
genes were PCR amplified as overlapping fragments of �500
bp (13) with specific oligonucleotides (Table 1), Taq DNA
polymerase, and 10 to 50 ng of viral core DNA (14). PCR
products were mixed 1:1 with DNA from a reference EV,
denatured at 95°C for 5 s, cooled to 65°C over 40 min, and
loaded onto a preheated reverse-phase column based on non-
porous poly(styrene-divinyl-benzene) particles (SNASep col-
umn; TransGenomic). PCR products were eluted through an
acetonitrile gradient in 0.1 M triethylamine acetate buffer, pH
7, at 0.9 ml/min and were detected at 260 nm. The temperature
for detection of heteroduplexes was deduced from both com-
putational analysis (WaveMaker software; Transgenomic) and
an experimental melting profile of the reference DNA. PCR
samples of unknown sequence were mixed with the control
DNA and run at two to four different temperatures to increase
the probability of detecting mismatches that may not resolve at
some temperatures due to domains with very different GC
content.

FIG. 1. Predicted amino acid sequence of the EV homologues of VGF, VCP, and vSEMA. Shown are pairwise alignments of the predicted
amino acid sequences of VGF (A), VCP (B), and vSEMA (C) from EV Moscow-3P2 and VV Copenhagen (18). Solid backgrounds represent
amino acid differences and stars indicate stop codons. Solid triangles show signal peptide cleavage sites (SP). In the VGF sequence (A), the regions
of higher sequence similarity to host EGF are underlined and the transmembrane anchoring domain is double underlined.
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The chromatograms of the reference strain (Moscow-3P2 or
Hampstead) consisted of a single major peak at most temper-
atures tested, unless some denaturation occurred which broad-
ened the peak (Fig. 2). The chromatograms were different
when the reference DNA was mixed with PCR fragments from
other viruses containing mutations which were detected at
some but not all temperatures. To determine the accuracy of
the DHPLC analysis, the DNA sequences of all the genes were
determined for five EVs (Moscow-3P2, Hampstead, Naval,
MP-5, and Ishibashi-I-111) and of those genes predicted by
DHPLC analysis to have mutations for the other EVs.

The DHPLC analysis showed no mutations in the vIFN-�R
gene among EV isolates (Fig. 2), consistent with the conser-
vation of secreted IFN-� binding activity (44). Mutations in the
vSEMA gene were only identified in EV Hampstead Egg,
which had a truncated polypeptide (Fig. 2 and 3). More genetic
variability was found in the VCP gene (Fig. 2 and 3). The

sequence of the EV Ishibashi-I-111 gene was the most diver-
gent from that of the reference strain EV Moscow-3P2, and
interestingly was almost identical to that of VV Copenhagen
(18). Two point mutations in the VCP gene of EV Ishibashi-
I-111 (G681A and A717C) result in two amino acid substitu-
tions (D231N and K239N) compared to VCP encoded by VV
Copenhagen. This was unlikely to be due to PCR or viral DNA
contamination since it was confirmed in two different prepa-
rations of EV Ishibashi-I-111 DNA, and parallel amplification
of a control gene showed the expected EV sequence (not
shown). The VGF gene was identical in all EVs except for
Naval and MP-5 (Fig. 2). The mutations translated into amino
acid substitutions but retained the shorter polypeptide length
of EV VGF (Fig. 3).

All EVs tested express secreted TNF binding activity (43).
CrmB was found to be truncated in EV Moscow-3P2 due to a
deletion (24). The length of the PCR products amplified from

TABLE 1. Sequences of the oligonucleotides used in these studies

Gene Fragment Annealing
temp (°C) MgCl2 (mM) Oligonucleotide Sequence (5�33�)a

crmB 1 50 2 CKBP1 CCCAAGCTTACCATTACAAATATTATTCATAATAG
CKBP8 CGCGGATCCAACATCGATTCCCATATGATGG

crmC 1 50 2 CrmC2 GTGATATACAGCTATTAATTTCG
CrmC4 GGCATTTTCTACATTGATGACATCC

2 50 2 CrmC3 CACAAAATGTGAACGCTGCCTACC
CrmC5 GTAATTATTAATATGTCTTCATACTG

crmD 1 50 2 CrmD1 CGAGATAATATCCAAGTTAAGCG
CrmD6 TCTGTCCTGTGTGTTACTACACG

2 50 2 CrmD3 AGGCAAATGTAGCAGTAATCAAG
CrmD5 ATCTTGCACTGCGTTGTGAGGTC

3 50 2 CrmD4 GATTGTACTCCTGTCTTTATTGG
CrmD2 ATAACTTTCGTCATCGTTAAGTC

crmE 1 50 3 K3R2 CGGACGCGATATATTCCGACATGG
K3R4 GGAGACAATAACTATTCGAGTCAC

2 55 3 K3R3 CCTTGGTGTCATAGTTGTAGAGGTCC
K3R6 GATGATTAAAAGTTAGGGAGGGGATG

vCD30 1 50 2 CD30-1 GTTCTGGATACATGCACAAAG
CD30-2 GGAGGATAATCATTTGCAAACG

vSEMA 1 50 2 Sema-14 TTTGTCGGATTGTCTATAGTAC
Sema-15 TGCCGTGTATAAATCATAACC

2 50 2 Sema-16 TGATATAAACATATCAAAAGAAGG
Sema-17 TGGTATGTGGAACAACTTTTCC

3 50 2 Sema-18 AAAATTGGGAGGATATACAAAGC
Sema-6 CCCAAGCTTAATAGCGTTGCTGTAAAAATAATTCC

IFN-�R 1 55 3 B8R-1 TATATATTCGATCGCCATGGAC
B8R-4 CGTATACAACAAGTAGATATCAC

2 55 3 B8R-3 CATATCAATTTGTACATCGAGC
B8R-2 TGAGGTTATGTTGATTATGCTACG

VCP 1 55 2.5 VCP-1 AAAGTAGCTGACATAAACCATTG
VCP-2 ATTTGATCGGTGAATCTAAATCG

2 55 2.5 VCP-3 TTAACAGATTCACAAATAGGTGC
VCP-4 TTATTATTTGTACGATGTCCAGG

VGF 1 55 2 VGF-3 TCCCAATCTTGTTATAAACACAC
VGF-6 TTTTTCTGAACGTTGATAGTCTAC

2 55 2 VGF-7 ATTGTTTACACGGTGTCTGTATC
VGF-4 TACAGATACATTGCATAGCATAGC

a Restriction sites added to the oligonucleotide sequence are shown in italics.
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FIG. 2. DHPLC and sequence analysis of EV genes. The genes were PCR amplified under the following conditions: 30 cycles consisting of 95°C
for 1 min, the indicated annealing temperature for 1 min, and 72°C for 1 min, followed by 72°C for 10 min. The PCR fragments were mixed with
the reference DNA and subjected to DHPLC analysis. Elution profiles associated with the DHPLC analysis of PCR fragments from the indicated
genes are shown. x and y axes depict retention times in minutes after injection and intensity of UV fluorescence at 260 nm, respectively. The
fragment number (F) and melting temperature used (T) are indicated, with an asterisk marking those melting temperatures for which mutations
were detected. The reference EV used for each gene is shown in parentheses. The results obtained with the reference DNA alone and when it was
mixed with DNA from viruses that showed no sequence variation are labeled “EV isolates.” The results from those DNA fragments in which
mutations were detected are represented. The base change and the position number of the base affected are given for each chromatogram for
samples containing mutations. The presence of multiple mutations (MM), insertions (Ins), and deletions (�) is indicated.
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FIG. 2—Continued.

10143



all EVs indicated a similar deletion (not shown), and DHPLC
analysis showed genetic variability in EVs Naval and MP-4
(Fig. 2 and 3). CrmC was also found to be truncated in EV
Moscow-3P2 due to mutations (24), and DHPLC analysis in-
dicated identical sequences in all EVs tested (Fig. 2). CrmD
was previously identified as an active vTNFR in EV, and the
sequence of the crmD gene was reported for EVs Moscow-3P2,
MP-3, and MP-4 (24). DHPLC analysis showed that the most
divergent gene was encoded by EV Naval (Fig. 2 and 3), and
mutations were detected in that of EV MP-5. Mutations in the
crmD gene encoded by EVs MP-3 and MP-4 have been iden-
tified (24), but they were not detected by DHPLC. DNA se-
quencing confirmed the absence of mutations in our isolates
(not shown). The crmE gene encodes a truncated 81-amino-
acid polypeptide in EVs Hampstead and Moscow (36), and the
DHPLC analysis showed high conservation among the EV
genomes (Fig. 2). Mutations in the vCD30 gene were detected
in EVs Naval, Ishibashi-I-111, and Mill Hill, but only that in
EV Naval translated into an amino acid substitution (Fig. 2
and 3).

Figure 3 summarizes the genetic variability of nine genes in
12 EVs. The results predicted by the DHPLC analysis in 108
genes were confirmed by DNA sequencing of 52 genes. The

immunomodulatory genes are well conserved. The EV isolates
that showed more variability when compared to EV Moscow-
3P2 or Hampstead were Naval, Ishibashi-I-111, MP-5, and
Hampstead Egg. The most variable genes were those encoding
vCD30 and VCP.

We examined the sensitivity and specificity of DHPLC and
concluded that DHPLC offers a reliable approach for the de-
tection of genetic variability in viral genomes, providing the
following advantages: (i) automation following temperature
optimization, (ii) no requirement for special primers, (iii) no
need for purification of PCR products, (iv) running time of 5
min per sample, and (v) low cost. This technique needs to be
combined with DNA sequencing to determine the nature of
the mutation, but initial DHPLC analysis reduces the need to
sequence all samples. Here we illustrate that DHPLC analysis
of 108 EV genes indicated only 13 genes that presented mu-
tations relative to a reference gene.

Most mutations were detected by using the optimal melting
temperature (Tm) suggested by the WaveMaker software, in
agreement with Jones et al. (21), who described that Tm and
Tm � 2°C are sufficient to detect point mutations. Only the
presence of multiple melting domains of Tm at �4°C apart
requires that more temperatures be used. This was the case for

FIG. 3. Variability of genes encoded by EV isolates and strains. The number of fragments analyzed for each EV gene is shown in brackets. The
genes that are predicted from sequence analysis to be active or for which biological activity has been demonstrated are indicated with one or two
asterisks, respectively. The variability at the DNA level is marked (�), with the fragment shown in parentheses. Mutations and deletions (2)
introduced in the amino acid sequence are indicated. All genes were analyzed by DHPLC, and those that were also sequenced are indicated with
a shaded cell.
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5 of 18 fragments for this study. This problem may be easily
avoided by dividing the gene into smaller fragments with
more homogeneous melting temperatures. No correlation of
DHPLC profiles with mutation type was observed. This is
expected since the degree of denaturation depends on the
nature of both the mismatched and flanking sequences (22,
31).

The EV immunomodulatory genes encoded by EV isolates
are highly conserved and the mutations do not translate into
major amino acid changes (Fig. 3). A mutation in the vSEMA
gene of EV Hampstead Egg was the only one that inactivated
the gene. Expression of secreted binding activity for interleu-
kin-18 (IL-18), IL-1�, TNF, chemokines, IFN-�, and IFN-	/�
is highly conserved among EV isolates and strains (43–45). The
only exceptions were the lack of IL-18 binding protein in EVs
Ishibashi-I-111 and Hampstead Egg and of chemokine binding
activity in EV Mill Hill. EVs Hampstead Egg and Mill Hill
were derived from EV Hampstead by serial passage in cho-
rioallantoic membranes. This may have allowed the introduc-
tion of mutations and caused the attenuation of EV Hamp-
stead Egg in mice (16, 17). The only immunomodulatory gene
inactivated in EV isolates was the IL-18 binding protein en-
coded by EV Ishibashi-I-111, a virus that is attenuated after
footpad inoculation (16, 17). This suggests that there is strong
selective pressure to keep these genes active in natural EV
infections.

This study sheds light on the evolutionary origin of EV
isolates, which is largely unknown (16). EVs isolated from
London, Central Europe, or Moscow had identical sequences,
with the exception of minor differences in EVs MP-4 and
MP-5. The EV isolate from Japan, Ishibashi-I-111, is closely
related to the European isolates, with the exception of the VCP
gene, which suggests recombination with a VV-related poxvi-
rus. The most divergent virus is EV Naval, which was isolated
from a 1995 outbreak in the Naval Medical Research Institute
(Bethesda, Md.) that was initiated after inoculation of mice
with a contaminated commercially prepared mouse serum of
U.S. origin (12). The United States is considered free of
mousepox, and the outbreaks in the United States have been
traced to the importation of infected mice or mouse tissue
from Europe (49). We show that EV Naval is unrelated to the
European EV isolates and therefore may have originated else-
where, consistent with the suggestion that EV-infected mice
exist in the United States (12).

In conclusion, the analysis of EV genetic variability by
DHPLC combined with DNA sequencing has enabled us to
investigate the presence of mutations in 108 EV genes and to
determine the evolutionary relationship among EV isolates.
We provide a detailed characterization of genetic variability in
a poxvirus that has not been passaged extensively in tissue
culture. The high conservation of immunomodulatory genes
among EV isolates suggests the presence of evolutionary pres-
sure to keep these genes active in natural poxvirus infections.

Nucleotide sequence accession numbers. The GenBank
accession numbers for the sequences reported in this paper
are as follows: CD30 gene (four EV isolates), AJ567675 to
AJ567678; CrmB gene (five EV isolates), AJ567679 to AJ567683;
CrmC gene (five EV isolates), AJ567684 to AJ567687 and
AJ567726; CrmD gene (seven EV isolates), AJ567688 to
AJ567693 and AJ567727; CrmE gene (three EV isolates),

AJ567694 to AJ567696; vIFN-�R (four EV isolates), AJ574797 to
AJ574800; SEMA gene (six EV isolates), AJ574801 to AJ574806;
VCP gene (seven EV isolates), AJ574807 to AJ574813; and
VGF gene (five EV isolates), AJ574814 to AJ574818.
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