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The family Poxviridae contains two subfamilies: the Entomopoxvirinae (poxviruses of insects) and the Chordo-
poxvirinae (poxviruses of vertebrates). Here we present the first characterization of the genome of an entomo-
poxvirus (EPV) which infects the North American migratory grasshopper Melanoplus sanguinipes and other
important orthopteran pests. The 236-kbp M. sanguinipes EPV (MsEPV) genome consists of a central coding
region bounded by 7-kbp inverted terminal repeats and contains 267 open reading frames (ORFs), of which 107
exhibit similarity to previously described genes. The presence of genes not previously described in poxviruses,
and in some cases in any other known virus, suggests significant viral adaptation to the arthropod host and
the external environment. Genes predicting interactions with host cellular mechanisms include homologues of
the inhibitor of apoptosis protein, stress response protein phosphatase 2C, extracellular matrixin metallopro-
teases, ubiquitin, calcium binding EF-hand protein, glycosyltransferase, and a triacylglyceride lipase. MsEPV
genes with putative functions in prevention and repair of DNA damage include a complete base excision repair
pathway (uracil DNA glycosylase, AP endonuclease, DNA polymerase b, and an NAD1-dependent DNA ligase),
a photoreactivation repair pathway (cyclobutane pyrimidine dimer photolyase), a LINE-type reverse transcrip-
tase, and a mutT homologue. The presence of these specific repair pathways may represent viral adaptation for
repair of environmentally induced DNA damage. The absence of previously described poxvirus enzymes in-
volved in nucleotide metabolism and the presence of a novel thymidylate synthase homologue suggest that
MsEPV is heavily reliant on host cell nucleotide pools and the de novo nucleotide biosynthesis pathway. MsEPV and
lepidopteran genus B EPVs lack genome colinearity and exhibit a low level of amino acid identity among ho-
mologous genes (20 to 59%), perhaps reflecting a significant evolutionary distance between lepidopteran and
orthopteran viruses. Divergence between MsEPV and the Chordopoxvirinae is indicated by the presence of only
49 identifiable chordopoxvirus homologues, low-level amino acid identity among these genes (20 to 48%), and
the presence in MsEPV of 43 novel ORFs in five gene families. Genes common to both poxvirus subfamilies,
which include those encoding enzymes involved in RNA transcription and modification, DNA replication, pro-
tein processing, virion assembly, and virion structural proteins, define the genetic core of the Poxviridae.

The Poxviridae family consists of large cytoplasmic double-
stranded DNA viruses separated into two subfamilies: the En-
tomopoxvirinae (poxviruses of insects) and the Chordopoxviri-
nae (poxviruses of vertebrates) (130). The entomopoxvirus
(EPV) subfamily is divided into three genera based primarily
on differences in viral host range and virion morphology. Ge-
nus A viruses infect coleopterans, genus B viruses infect lepi-
dopterans and orthopterans, and genus C viruses infect dipter-
ans (7, 54). Insects are the only known hosts of EPVs, and
observed viral host range is restricted to one or a few related
species (7).

A detailed genetic comparison of the two subfamilies has
been limited by the lack of information on EPV genomics.
Restriction endonuclease analysis and DNA cross-hybridiza-
tion studies have, however, suggested large genomic differ-
ences between lepidopteran group B EPVs and chordopoxvi-
ruses (ChPVs) (63, 102). Limited gene comparisons have also
shown that at certain loci, lepidopteran EPV gene order is
distinct from that of ChPVs (66, 175) and that the degree of
amino acid similarity between EPV and ChPV enzymatic and
structural proteins is low (6, 66, 175).

EPVs have been studied mainly because they are potential
insect biocontrol agents and expression vectors (7, 41, 180).
However, EPV genomic organization and molecular mecha-

nisms of replication, pathogenesis, and host range are largely
unknown. Few EPV genes have been characterized in detail,
and additional information on the viral genome and virus-host
interactions is necessary to further develop and improve these
viruses as biocontrol agents (6, 175).

Melanoplus sanguinipes EPV (MsEPV) infects the North
American migratory grasshopper M. sanguinipes, an agricultur-
ally important insect pest, as well as two related grasshopper
species (M. differentialis and M. packardii), the desert locust
(Schistocerca gregaria) (179), and the African migratory locust
(Locusta migratoria) (82, 108). MsEPV produces a large ellip-
soid virion (250 to 300 nm in length) with a rectangular core.
Grasshopper nymphs are infected by MsEPV after oral inges-
tion of virus-containing occlusion bodies. Presumably, the virus
infects cells of the midgut prior to generalization of infection
to the major target organ, the fat body (40, 72). Infection
results in a slow and debilitating disease with high mortality,
occurring 25 to 30 days postinfection. High titers of infectious
spheroids, which can number up to 8 3 107 per grasshopper,
are evident at 12 to 15 days postinfection (72, 127, 208).

Here, we present a genomic analysis of MsEPV. These data
represent the first characterization of an EPV genome; further,
they define the genetic core of the Poxviridae.

MATERIALS AND METHODS

MsEPV DNA isolation and cloning. MsEPV genomic viral DNA was extracted
from gradient-purified viral occlusion bodies obtained from the North American
migratory grasshopper, M. sanguinipes, as previously described (102). Random
DNA fragments were obtained by incomplete enzymatic digestion with Tsp509I
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endonuclease (New England Biolabs, Beverly, Mass.). DNA fragments of 1.5 to
2.5 kbp were isolated after separation on agarose gels, cloned into the dephos-
phorylated EcoRI site of plasmid pUC19, and grown in Escherichia coli DH10B
cells (GIBCO BRL, Gaithersburg, Md.). Double-stranded plasmids pUC19 was
purified by the rapid boiling method (162). DNA templates were sequenced from
both ends with M13 forward and reverse primers, using dideoxy chain terminator
sequencing chemistries (163) and an Applied Biosystems PRISM 377 automated
DNA sequencer (Perkin-Elmer, Foster City, Calif.). Applied Biosystems se-
quence software (version 3.0) was used for lane tracking and trace extraction.
Chromatogram traces were base called with Phred software (43), which also
produced a quality file containing a predicted probability of error at each base
position. The sequences were assembled with Phrap software (42), using the
quality files and default settings to produce a consensus sequence. Subsequent
manual editing was done with the Consed sequence editor (56). The final DNA
consensus sequence represented on average an eightfold redundancy at each
base position.

MsEPV genome organization was confirmed by comparing observed BamHI,
HindIII, and ScaI restriction fragments to the consensus sequence data. Right
and left ends of the genome were confirmed by using AluI, BglII, ClaI, NheI,
PmlI, and Sau3AI restriction digests (New England Biolabs).

DNA sequence analysis. Genome DNA composition, structure, repeats, and
restriction enzyme patterns were analyzed with the Wisconsin Genetics Com-
puter Group (GCG) programs (33). Open reading frames (ORFs) consisting of
more than 60 amino acids, and with a methionine start codon and codon usage
consistent with known EPV gene sequences from GenBank were considered to
be protein encoding (176, 177). DNA and protein comparisons with entries in
genetic databases were performed with FASTA (141) and BLAST programs (2).
Multiple sequence alignments were performed with the CLUSTAL (74, 187),
GCG Pileup (33), MSA (116), and Macaw (166) computer programs. Motif
searches were done against the SBASE release 5 (44) and Prosite release 14 (9)
databases. Other protein patterns were determined with the profile scanning
programs PROBE (134), GIBBS, ASSET (133), and Hidden Markov Model (37,
38). Prediction of transmembrane domains was accomplished with MEMSAT
(84, 85) and TopPred (24) software. Signal peptides were predicted with the
program Sigseq (195). Physical descriptions of proteins were obtained by using
SAPS software (19). Phylogenetic analysis was done with the Phylip computer
programs (45) and Phylo_Win graphic tools (51). Gene families were identified
by using the following criteria: (i) similarity based on BLAST scores (3) and
pairwise clustering with CLUS (94); (ii) cluster profiles produced by PROBE
(134); (iii) statistical significance, determined by using PRDF (142); and (iv) the
presence of unique motifs, determined by using Pileup, GIBBS, and MACAW
(33, 88, 133, 166).

Abbreviations. Organisms have been abbreviated as follows: Amsacta moorei
EPV, AmEPV; Autographa californica nuclear polyhedrosis virus, AcNPV; Af-
rican swine fever virus, ASFV; Choristoneura biennis EPV, CbEPV; Choristo-
neura fumiferana EPV, CfEPV; cowpox virus, CPV; fowlpox virus, FPV; Heliothis
armigera EPV, HaEPV; Melolontha melolontha EPV, MmEPV; Molluscum con-
tagiosum virus, MCV; Orgyia pseudosugata NPV, OpNPV; rabbit fibroma virus,
RFV; swinepox virus, SPV; and variola virus, VAR.

Nucleotide sequence accession number. The MsEPV genome sequence has
been deposited in GenBank under accession no. AF063866.

RESULTS AND DISCUSSION

Organization of the MsEPV genome. The MsEPV genome
was assembled into a contiguous sequence of 236,120 bp, sim-
ilar in size to a previous estimate of 235 kbp (108). Because ge-
nomic termini were not sequenced, the left-most nucleotide of
the assembled sequence was arbitrarily designated base no. 1.

The nucleotide composition is 81.7% A1T, as previously
estimated for MsEPV (101), and is uniformly distributed over
the entire length of the MsEPV genome. The total amino acid
composition of all MsEPV ORFs reflects a bias for residues
with A1T-rich codons. As previously noted in DNAs of other
A1T-rich organisms (182), MsEPV preferentially encodes the
6 amino acids specified by codons exclusively composed of A
and/or T (Lys, Asn, Ile, Leu, Tyr, and Phe). These amino acids
represent the majority (61%) of all those encoded.

Two hundred and sixty-seven ORFs defined as methionine-
initiated ORFs of greater than 60 amino acids are present (Fig.
1). The high A1T content, which results in a paucity of start
codons (2.1%) and a large number of stop codons (14.5%),
facilitates ORF identification. Predicted ORFs represent a 99%
coding density, with an average ORF length of 854 nucleotides.
Forty-four ORFs overlap other ORFs, and 28 smaller ORFs

are completely contained within larger ORFs. Only 98 of the
267 MsEPV ORFs have been assigned a putative similarity or
function based on homologies with other viral or cellular genes
(Tables 1 and 2). Of the 155 most centrally located ORFs
(MSV036 to MSV190), 45 (29%) are ChPV homologues. In
contrast, of 112 ORFs in the terminal genomic regions
(MSV001 to MS035 and MSV191 to MSV267), only 4 (3.5%)
are identifiable ChPV homologues (Fig. 1).

MsEPV has a genomic organization similar to that of other
known chordopoxviruses (53, 122, 169, 170). There is no evi-
dence for introns, both strands are protein encoding, and there
are few overlapping ORFs. ORFs frequently occur in head-to-
tail tandem arrays (Fig. 1). Within the terminal 50 kbp of the
genome, most ORFs are transcriptionally oriented toward
their respective termini. As seen in other poxviruses, the
MsEPV genome contains a central coding region bounded by
two inverted terminal repeat (ITR) regions of approximately 7
kbp each (Fig. 1). The first 126-bp repeat marks the boundary
between the ITR and the central coding region (Fig. 1). There
are also regions internal to the ITR containing additional tan-
dem repeats and several gene families.

ITRs. Although lacking sequence identity, MsEPV and
ChPV ITR tandem repeats are similar (Fig. 1) (121, 190, 204).
MsEPV ITRs contain a series of tandemly repeated sequences,
21-bp repeats (27 and 34 copies in the left and right ITRs,
respectively) followed by blocks of 7-bp repeats (33 and 32
copies), 69-bp repeats (58 and 52 copies), 26-bp repeats (5
copies each), 72-bp repeats (2 copies each), and a 126-bp
repeat (1 copy each). A variable number of incomplete 69-bp
repeats (56 to 59 bp) separate the four terminal blocks of
repeats. Nucleotide identity within sets of repeats is approxi-
mately 60% for the 21-bp repeats and 80 to 98% for the others.
Comparison of 4-kbp noncoding ITR regions of vaccinia virus
and MsEPV shows that the most numerous repeats, 69 or 70
bp long, are accompanied by less-abundant repeats of 125 to
126 bp and 26 bp and incomplete forms of the 69- to 70-bp
repeats (54 to 58 bp). As in orthopoxviruses, there is a nonre-
petitive spacer region within each ITR (53, 122). The coding
capacity of MsEPV ITRs is limited. Four ORFs are present in
the left ITR, and six ORFs are found in the right ITR. Within
each ITR, four ORFs are present as single-copy genes. Three
copies of the most-terminal ORF are present in the right ITR
(MSV265, MSV266, and MSV267).

Gene expression regulatory elements. DNA sequences up-
stream, within, and downstream of MsEPV ORFs exhibited
similarity to promoter and regulatory elements described for
other poxviruses, thus suggesting some degree of conservation
of gene regulatory mechanisms. Of the 14 MsEPV ORFs with
homology to known poxvirus early genes, 8 contain a TGAA
AxxxxA motif in the region 59 of the putative translational start
codon (Table 1), and an additional four genes contain this
motif with only a single nucleotide substitution (data not
shown). This putative early-type promoter element resembles
the early-promoter core consensus sequence found in other
ChPVs (130, 170). This motif has previously been found up-
stream of the thymidine kinase (TK) genes of other EPVs (58,
119), and a similar motif (TGAATxxxxA) is found upstream of
the CbEPV DNA polymerase gene (131). Interestingly, the
upstream sequence of the MmEPV fusolin gene, which dem-
onstrates early promoter activity (111), also contains the TGA
AAxxxxA motif (52). The vaccinia virus consensus early tran-
scriptional stop sequence (TTTTTxT), which has also been
observed downstream of EPV TK and other EPV gene se-
quences (58, 110, 175, 216), is found within 100 bases of the 39
ends of 49 of the 84 MsEPV ORFs preceded by the TGAAA
xxxxA motif.
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FIG. 1. Linear map of the MsEPV genome. ORFs are numbered from left to right based on initiation codon position. ORFs transcribed to the right are located
above the horizontal lines; ORFs transcribed to the left are below. ChPV homologues are indicated with red italicized numbers. Genes with similar functions and
members of gene families are colored according to the figure key. ITRs are represented as heavy black bars underneath the ORF map (numbers indicate sizes [in base
pairs] of nucleotide repeats).
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TABLE 1. MsEPV ORFs

ORF
Position

(length, aa)a Best matchb BlastP
score

%
Identity

Length,
aaa

Predicted structure and/
or functionc

Promoter
typed

MSV001 2631–2446 (62) ITR, 62 aa
MSV002 6320–6054 (89) ITR, 89 aa
MSV003 6756–6577 (60) ITR, 60 aa, TM
MSV004 6814–6350 (155) ITR, 155 aa E
MSV005 8171–7434 (246) TM
MSV006 8831–9055 (75)
MSV007 10282–10473 (64)
MSV008 11327–9828 (500) [P28854, AmEPV ORF Q3] 333 40 205 LRR E
MSV009 12138–11377 (254) [P28854, AmEPV ORF Q3] 286 38 204 LRR E
MSV010 14199–12367 (611) [P28854, AmEPV ORF Q3] 298 35 218 LRR E
MSV011 14293–15807 (505) [P28854, AmEPV ORF Q3] 298 39 226 LRR E
MSV012 15855–16244 (130) E
MSV013 16654–16439 (72) [P28854, AmEPV ORF Q3] 77 36 71 LRR E
MSV014 17462–16731 (244) [P28854, AmEPV ORF Q3] 256 42 171 LRR, TM E
MSV015 18692–17535 (386) [P28854, AmEPV ORF Q3] 325 38 207 LRR E
MSV016 20651–18936 (572) [P28854, AmEPV ORF Q3] 315 40 218 LRR
MSV017 20990–21430 (147)
MSV018 21717–20701 (339) [P28854, AmEPV ORF Q3] 315 37 213 LRR
MSV019 23074–21764 (437)
MSV020 23121–23645 (175) E
MSV021 24438–23659 (260) AF003534, Chilo iridescent virus ORF 074R 128 22 193 MTG motif E
MSV022 24696–24478 (73) E
MSV023 25850–24756 (365) L44593, bacteriophage BK5-T ORF266 135 27 144 ALI motif E
MSV024 26483–25875 (203) AF003534, Chilo iridescent virus OFR 011L 239 37 154 ALI motif
MSV025 26794–26997 (68) TM
MSV026 27095–26526 (190) AF003534, Chilo iridescent virus ORF 011L 201 32 154 ALI motif
MSV027 27979–27089 (297) M96361, AcNPV 41.6-kDa protein 190 32 148 Tryptophan repeat E
MSV028 28594–28172 (141) AF003534, Chilo iridescent virus ORF 011L 125 28 98 E
MSV029 29846–28881 (322) M96361, AcNPV 41.6-kDa protein 133 29 167 Tryptophan repeat E
MSV030 30674–30081 (198) E
MSV031 31112–30690 (141) TM L
MSV032 31140–31895 (252) SP
MSV033 31309–31112 (66) TM, SP
MSV034 32866–31925 (314) M96361, AcNPV 41.6-kDa protein 159 28 150 Tryptophan repeat E
MSV035 34198–32882 (439)
MSV036 37490–34254 (1079) [P30319, CbEPV DNA polymerase] (E9L) 1,668 40 958 DNA polymerase E
MSV037 38330–37944 (129) E
MSV038 38456–38821 (122) L
MSV039 39408–38830 (193) [U60315, MCV MCV062R protein] (G6R) 117 25 127 L
MSV040 40359–39412 (316) E
MSV041 41293–40409 (295) [L22579, VAR poly(A) polymerase regulatory]

(J3R)
299 35 244 Poly(A) polymerase (small subunit)

PAPS

E

MSV042 43777–44037 (87)
MSV043 45280–41324 (1319) [P20504, vaccinia virus RNA polymerase

RPO147] (J6R)
1,313 30 1,185 RNA polymerase, RPO147 E

MSV044 45770–45276 (165) L
MSV045 45881–46579 (233) TM, SP
MSV046 47237–45897 (447) TM, SP E
MSV047 48296–47304 (331) TM, SP E
MSV048 49188–48325 (288) D12680, Rhizopus niveus lipase 142 29 158 Lipase, TM L
MSV049 49565–49218 (116) TM L
MSV050 49581–50717 (379) TM L
MSV051 49855–49661 (65) TM
MSV052 51931–50897 (345) [P20998, vaccinia virus A23R protein] (A23R) 116 26 324
MSV053 53902–51962 (647) [P24486, CbEPV NPH-1] (D11L) 1,997 58 648 Nucleoside phosphohydrolase, NPH-1 L
MSV054 54163–53918 (82)
MSV055 55645–54248 (466) TM L
MSV056 55659–57545 (629) [X76267, VAR (Garcia 66) F2L] (G1L) 98 23 237 Metalloprotease, TM L
MSV057 57947–57552 (132) L
MSV058 58207–57947 (87) L
MSV059 58573–58241 (111) E
MSV060 59204–58623 (194) [P20496, vaccinia virus H2 late protein] (H2R) 316 37 183 TM L
MSV061 59208–60800 (531) Z83109, Caenorhabditis elegans F44G3.3 gene

product
308 28 338 RT

MSV062 61995–60793 (401) SCG motif, TM L
MSV063 62037–64316 (760) [X76265, VAR 82-kDa subunit] (A7L) 410 25 583 Early transcription factor, VETFS L
MSV064 65158–64319 (280) E
MSV065 65228–65881 (218) [P07609, vaccinia virus late transactivator pro-

tein] (A2L)
194 22 198 Late transcription factor, VLTF-3 L

MSV066 67390–67614 (75) TM, SP
MSV067 68454–65875 (860) [P20979, vaccinia virus mRNA capping enzyme,

large subunit] (D1R)
639 28 750 mRNA capping L

MSV068 68466–68945 (160) TM, SP L
MSV069 70676–68952 (575) [U44841, HaEVP rifampicin resistance protein]

(D13L)
1,697 54 572 Morphogenesis, rifampin resistance L

Continued on facing page
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TABLE 1—Continued

ORF
Position

(length, aa)a Best matchb BlastP
score

%
Identity

Length,
aaa

Predicted structure and/
or functionc

Promoter
typed

MSV070 70701–71036 (112)
MSV071 71179–72504 (442)
MSV072 72504–73397 (298) L
MSV073 73510–73707 (66)
MSV074 73619–73843 (75)
MSV075 76302–76490 (63)
MSV076 76309–73400 (970) [P29815, AmEPV spheroidin] 439 25 707 Spheroidin L
MSV077 76411–78204 (598) TM E
MSV078 76944–76744 (67) TM
MSV079 78257–78670 (138) 70 26 88 C2H2 zinc finger L
MSV080 78363–78590 (76) TM
MSV081 78693–79763 (357) P36993, Mus musculus PP2C, beta isoform 329 25 323 Protein phosphatase, PP2C L
MSV082 79775–80191 (139) L
MSV083 79878–80060 (61)
MSV084 80206–80574 (123) E
MSV085 81072–80719 (118) TM L
MSV086 83232–81082 (717) [P20502, vaccinia virus RNA helicase] (I8R) 776 33 651 RNA helicase, NPH-II L
MSV087 83258–83485 (76) D45892, Neurospora crassa thioredoxin 60 26 67 Thioredoxin L
MSV088 83508–84122 (205) L
MSV089 86650–84149 (834) [G41700, RFV C5 protein] (D5R) 548 27 643 Nucleic acid-dependent NTPase, TM
MSV090 86786–87925 (380) [U60315, MCV MC121L protein] (A16L) 389 29 274 Potential membrane protein, TM
MSV091 87971–88189 (73) E
MSV092 88220–88807 (196) L
MSV093 89112–88792 (107) [P33821, VAR E10R protein] (E10R) 194 45 90 Potential redox, yeast ERV1 L
MSV094 89128–89850 (241) [P24361, vaccinia virus F9 protein] (F9L) 262 32 186 Potential membrane protein, TM L
MSV095 89843–90082 (80) TM L
MSV096 90112–90564 (151) E
MSV097 90573–90992 (140) PRF:1906390A, Atriplex nummularia caltractin-

like protein
120 28 128 Calcium binding protein L

MSV098 91014–91337 (108) L
MSV099 92883–91327 (519) TM, SP E
MSV100 93123–93812 (230) P33813, VAR RNA polymerase RPO19 (A5R) 68 26 126 RNA polymerase subunit, RPO19, TM
MSV101 93298–93095 (68)
MSV102 93834–94364 (177) E
MSV103 94376–94828 (151)
MSV104 94827–94513 (105) TM
MSV105 94873–95634 (254) TM E
MSV106 95701–96189 (163) [P20997, vaccinia virus A22 protein] (A22R) 134 29 154 E, L
MSV107 96207–96884 (226) TM, SP L
MSV108 96891–97118 (76) TM, SP L
MSV109 97531–97743 (71) TM, SP
MSV110 97709–97167 (181) TM, SP E
MSV111 97802–98404 (201) TM, SP E
MSV112 98404–98793 (130) TM
MSV113 99618–101639 (674) [P04308 vaccinia virus 70 kDa subunit (D6R) 734 44 379 Early transcription factor, VETFS L
MSV114 102136–101864 (91) TM, SP E
MSV115 102182–103696 (505) [J03399, vaccinia virus G5R protein] (G5R) 189 28 270
MSV116 104571–103621 (317) TM E
MSV117 104621–106429 (603) M13961, Rattus norvegicus DNA polymerase b 185 31 186 DNA polymerase b, SP L

U40707, Caenorhabditis elegans AP endonuclease 162 31 180 AP endonuclease
MSV118 107228–107512 (95) TM
MSV119 108840–106420 (807) [P33067, VAR RNA polymerase-associated pro-

tein] (H4L)
564 26 797 RNA polymerase-associated factor,

RAP94, TM
L

MSV120 108922–109674 (251) E
MSV121 109692–110690 (333) [P15909, FPV protein FP1] (G9R) 380 30 317 Potential membrane protein, TM L
MSV122 110059–109847 (71) SP
MSV123 111375–110686 (230)
MSV124 111409–112209 (267) [S42252, FPV mRNA capping enzyme, small

subunit] (D12L)
95 18 221 mRNA capping, TM E, L

MSV125 112651–112220 (144) E, L
MSV126 113119–112676 (148)
MSV127 113641–113126 (172)
MSV128 114960–113695 (422)
MSV129 115345–114947 (133) [P07615, vaccinia virus L5R protein] (L5R) 90 31 114 TM L
MSV130 115362–116345 (328) [U80056, AmEPV DNA topoisomerase 1] (H6R) 986 59 330 Type I topoisomerase L
MSV131 116598–116344 (85) TM
MSV132 116604–117029 (142) [P29816, AmEPV G4R protein] (A28L) 463 58 139 AmEPV G4R, TM, SP L
MSV133 117022–117405 (128) L
MSV134 117881–117408 (158) TM L
MSV135 118619–117903 (239) P40371, Schizosaccharomyces pombe PP2C 128 22 246 Protein phosphatase, PP2C E, L
MSV136 118649–119098 (150) L
MSV137 119105–119551 (149)
MSV138 119548–120117 (190) L
MSV139 120121–120537 (139) E, L
MSV140 120541–122364 (608) L
MSV141 121630–121433 (66)
MSV142 122781–122365 (139) [M17418, FPV 15.6-kDa protein] (J5L) 171 33 132 Potential membrane protein L

Coninued on following page
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TABLE 1—Continued

ORF
Position

(length, aa)a Best matchb BlastP
score

%
Identity

Length,
aaa

Predicted structure and/
or functionc

Promoter
typed

MSV143 124506–122794 (571) [P33809, VAR poly(A) polymerase catalytic] (E1L) 249 29 322 Poly(A) polymerase (PAPL), TM
MSV144 124539–124778 (80) U01220, Neurospora crassa ubiquitin 356 86 80 Ubiquitin
MSV145 126345–124771 (525) L
MSV146 126360–127091 (244)
MSV147 127018–126704 (105) TM
MSV148 128490–127078 (471) [P20534, vaccinia virus DNA helicase] (A18R) 423 30 376 DNA helicase, TM L
MSV149 128526–129569 (348) P21087, vaccinia virus RNA polymerase RP035

(A29L)
90 20 213 RNA polymerase subunit, RPO35 L

MSV150 130430–129564 (289) [P32817, FPV D10 protein] (D10R) 186 31 200 NTP pyrophosphohydrolase, MutT
MSV151 131400–130462 (313) [P33836, VAR A11R protein] (A11R) 158 22 314 L
MSV152 131427–135344 (1306) [P33817, VAR major core protein precursor P4a]

(A10L)
256 22 840 Core protein, P4a L

MSV153 135325–135537 (71) TM
MSV154 136112–135357 (252) AB000449, Homo sapiens Ser/Thr protein kinase

1 (B1R)
206 32 170 Ser/Thr protein kinase, VRK1 E

MSV155 139728–136159 (1190) [P17474, CPV RNA polymerase RPO132] (A24R) 925 30 770 RNA polymerase, RPO132 E, L
MSV156 140126–143506 (1127) E, L
MSV157 143533–144822 (430) E
MSV158 145485–144811 (225) [X76267, VAR core protein VP8 precursor]

(L4R)
133 28 219 Core protein, VP8 L

MSV159 146202–145528 (225) L
MSV160 146701–146231 (157) L
MSV161 147002–146724 (93) AFO019224, HaEPV ORF F2 protein 154 39 78 HaEPV F2, TM, SP L
MSV162 147019–148584 (522) P26996, Thermus thermophilus NAD1-DNA ligase 178 25 356 NAD1-dependent DNA ligase
MSV163 148808–148593 (72) TM L
MSV164 148850–150793 (648) [P17355 FPV major core protein precursor P4b]

(A3L)
297 24 519 Core protein, P4b, TM L

MSV165 150915–151292 (126) TM, SP L
MSV166 151313–151600 (96) TM, SP L
MSV167 151629–152162 (178) E
MSV168 152391–152176 (72)
MSV169 152435–153124 (230) TM
MSV170 153165–154136 (324) E
MSV171 154863–154132 (244) [P21055, vaccinia virus A32L protein] (A32L) 168 30 204 ATP/GTP binding motif
MSV172 154891–155442 (184) L
MSV173 155472–156842 (457) [P32216, SPV Ser/Thr protein kinase C20L] (F10L) 247 26 375 Ser/Thr protein kinase, KRF1 L
MSV174 157386–157568 (61) TM
MSV175 157502–156840 (221) U90931, Bacteroides fragilis metalloprotease toxin 2 85 29 48 Metalloprotease, SP
MSV176 158396–157683 (238) X89576, Homo sapiens MT2-MMP protein 103 29 130 Metalloprotease, SP
MSV177 159202–158573 (210) TM, SP E
MSV178 159328–159507 (60)
MSV179 160698–159304 (465) U82541, Xenopus laevis matrix metalloprotease 163 25 179 Metalloprotease, TM, SP
MSV180 161788–160760 (343) [P07614, vaccinia virus protein L3L protein] (L3L) 188 32 162
MSV181 161820–163121 (434) TM, SP
MSV182 163771–163121 (217)
MSV183 163810–164535 (242) [U60315, MCV MC069R protein] (L1R) 503 48 224 Myristylated membrane protein, TM
MSV184 164558–165802 (415) TM L
MSV185 165438–165253 (62)
MSV186 165805–166824 (340) [P28854, AmEPV ORF Q3] 124 30 164 LRR
MSV187 166845–167627 (261) [S42254, FPV transactivator protein] (A1L) 98 30 106 Late transcription factor, VLTF-2
MSV188 167805–168008 (68) E, L
MSV189 169331–168003 (443) [P29817, AmEPV G1L protein] (I7L) 1,074 48 452 Core protein, I7L
MSV190 169350–170030 (227) [P29818 AmEPV G2R protein] 268 31 217 AmEPV G2R, TM
MSV191 170628–170020 (203) MTG motif E
MSV192 170671–171021 (117) L
MSV193 170978–171286 (103) TM
MSV194 172239–171013 (409) L44593, bacteriophage BK5-T ORF 266 protein 262 40 157 ALI motif E
MSV195 172550–172290 (87) P24655, AcNPV 38-kDa protein, orf2 91 33 84 ALI motif
MSV196 173145–172540 (202) AF003534, Chilo iridescent virus ORF 011L 275 35 190 ALI motif E
MSV197 174289–173282 (336) M96361, AcNPV 41.6-kDa protein 166 29 162 Tryptophan repeat
MSV198 175515–174319 (399) AF003534, Chilo iridescent virus ORF 074R 150 23 240 MTG motif E
MSV199 176049–175576 (158) AF003534, Chilo iridescent virus ORF 074R 120 25 148 MTG motif E
MSV200 176444–176632 (63)
MSV201 177155–176625 (177)
MSV202 178207–177224 (328) E
MSV203 178373–178555 (61) TM
MSV204 179133–178468 (222) AF003534, Chilo iridescent virus ORF 011L 137 27 161 ALI motif E
MSV205 180752–179163 (530) M96361, AcNPV 41.6-kDa Protein 182 33 146 Tryptophan repeat E
MSV206 181634–180774 (287) U94833, Haemophilus sommus lipooligosaccha-

ride biosynthesis
91 25 236 Glycosyltransferase, TM L

MSV207 181871–181638 (78)
MSV208 182595–181900 (232) U20824, equine herpesvirus uracil DNA glycosy-

lase (D4R)
264 34 214 UNG E

MSV209 182790–183128 (113) [P20996, vaccinia virus A21 protein] (A21L) 69 24 115 SP
MSV210 183142–183474 (111)

Continued on facing page
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Twenty-four of 36 MsEPV homologues of late ChPV genes
(170) contain the consensus poxvirus-late-promoter sequence
(TAAATG) at the translational start site (15, 157, 198). This
late-promoter sequence has been previously described for oth-
er EPV genes, including those encoding spheroidin, the nucle-
oside triphosphatase (NTPase) hydrolase I (NPH-I), and to-
poisomerase (64, 66, 110, 164, 175). Eleven of the 12 remaining

putative MsEPV late genes contain upstream sequences that
have been found at the start of poxvirus late genes. Such se-
quences include TAAAT upstream of the translational start
site (eight ORFs) (158), TAAAAT (one ORF) (95), and TA-
ATG (three ORFs) (157, 158). Similar to the fusolin genes of
other EPVs, 33 MsEPV ORFs contain the TAATG motif at
the translational start site (27, 140, 215).

TABLE 1—Continued

ORF
Position

(length, aa)a Best matchb BlastP
score

%
Identity

Length,
aaa

Predicted structure and/
or functionc

Promoter
typed

MSV211 183743–183501 (81)
MSV212 184138–183740 (133) L
MSV213 184168–185160 (331) L
MSV214 186301–185144 (386) SCG motif, TM L
MSV215 187434–186325 (370) SCG motif, TM, SP L
MSV216 188543–187434 (370) SCG motif, TM L
MSV217 189685–188543 (381) SCG motif, TM L
MSV218 190939–189980 (320)
MSV219 190981–191469 (163)
MSV220 191566–191925 (120) E
MSV221 191912–193381 (490)
MSV222 193368–193838 (157) TM
MSV223 193896–194408 (171) TM E
MSV224 194435–196933 (833) 141 23 627 NTPase/Helicase E, L
MSV225 197342–196917 (142) E
MSV226 197604–197930 (109) E
MSV227 198805–197888 (306) [P28854, AmEPV ORF Q3] 165 30 200 LRR E
MSV228 198841–199677 (279) [P28854, AmEVP ORF Q3] 148 32 167 LRR L
MSV229 199808–200353 (182) AF003534 Chilo iridescent virus ORF 011L 195 37 123 E
MSV230 200414–202423 (670) E
MSV231 200853–201053 (67)
MSV232 201060–201341 (94)
MSV233 201796–201521 (92) TM E
MSV234 201830–201480 (117)
MSV235 204120–202723 (466) D31902, Monodelphis domestica CPD photolyase 1,377 57 429 CPD photolyase
MSV236 204132–204530 (133) E
MSV237 204558–205133 (192) [P20999, vaccinia virus B2R protein (B2R) 434 44 189 E
MSV238 206102–205227 (292) L08594, Arabidopsis thaliana thymidylate

synthase
930 59 286 Thymidylate synthase E

MSV239 206210–207496 (429) [P28854, AmEPV ORF Q3] 341 41 217 LRR E, L
MSV240 208070–209650 (527) [P28854, AmEPV ORF Q3] 330 38 219 LRR
MSV241 209732–210892 (387) [P28854 AmEPV ORF Q3] 310 38 213 LRR E
MSV242 212889–213875 (329) L22858 AcNPV apoptosis inhibitor protein 129 25 132 IAP, TM
MSV243 213634–213822 (63)
MSV244 214649–214005 (215)
MSV245 215215–214658 (186) [P33058, variola virus RNA polymerase RPO18]

(D7R)
93 23 156 RNA polymerase, RPO18 E

MSV246 215380–215583 (68)
MSV247 215660–215232 (143) TM E
MSV248 215803–216252 (150) U75930 OpNPV inhibitor of apoptosis protein 217 29 144 IAP E
MSV249 216210–216398 (63) TM L
MSV250 216350–217672 (441) E
MSV251 218047–219033 (329) C3H2C3 RING finger
MSV252 219048–219530 (161) Tryptophan repeat E
MSV253 219557–220756 (400) [P28854, AmEPV ORF Q3] 275 36 213 LRR E
MSV254 220798–221796 (333) [P28854, AmEPV ORF Q3] 258 41 160 LRR, TM E
MSV255 221829–223037 (403) [P28854, AmEPV ORF Q3] 341 42 208 LRR E
MSV256 223107–223508 (134)
MSV257 223560–225680 (707) [P28854, AmEPV ORF Q3] 238 35 207 LRR E
MSV258 224029–223835 (65)
MSV259 225490–225224 (89) SP
MSV260 227136–227414 (93) [P28854, AmEPV ORF Q3] 116 38 81 LRR
MSV261 227470–229341 (624) [P28854, AmEPV ORF Q3] 341 42 219 LRR E
MSV262 229505–229969 (155) ITR, 155 aa E
MSV263 229563–229742 (60) ITR, 60 aa; TM
MSV264 229999–230265 (89) ITR, 89 aa
MSV265 232644–232829 (62) ITR, 62 aa
MSV266 233334–233519 (62) ITR, 62 aa
MSV267 234162–234347 (62) ITR, 62 aa

a aa, amino acids.
b Accession numbers are from the GenBank or SwissProt database (unless otherwise indicated). Poxvirus data are in brackets; vaccinia virus data are in parentheses.
c Function was deduced from the degree of amino acid similarity to either known genes or Prosite signatures. TM, Z score of $ 1.96 for the prediction of

transmembrane domains by using the Memsat computer program; SP, Z score of $ 2.5 for the prediction of signal peptides by using Sigcleave.
d Putative promoter type. E, early; L, late.
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Transcription and mRNA biogenesis. MsEPV contains ho-
mologues of 18 of the 26 vaccinia virus genes thought to be
involved in transcriptional processes (130) (Fig. 1; Table 2).
This suggests the presence of conserved mechanisms for gen-
erating functional mRNA among the two poxvirus subfamilies.
Vaccinia virus RNA polymerase is encoded by at least eight
viral genes ranging in size from 7 to 147 kDa. MsEPV homo-

logues of the two largest vaccinia virus subunits, RPO147
(J6R) and RPO132 (A24R), and the smaller subunits RPO35
(A29L), RPO19 (A5R), and RPO18 (D7R) are MSV043,
MSV155, MSV149, MSV100, and MSV245, respectively (Ta-
ble 2). Homologues of the three remaining vaccinia virus RNA
polymerase subunits are not identifiable in MsEPV. Amino
acid variability within homologous ChPV RPO subunits sug-

TABLE 2. Chordopoxvirus homologues in MsEPV

Function MsEPV
ORF

Vaccinia
virus
ORF

% Amino
acid identity

(length)

Poxvirus with
highest degree
of homology

% Amino
acid identity

(length)

Gene name and/
or function

Transcription/mRNA modification
RNA polymerase

MSV043 J6R 30 (1,185) RPO147
MSV100 A5R 25 (162) VAR 26 (162) RPO19
MSV119 H4L 26 (797) VAR 26 (797) RAP94
MSV149 A29L 20 (213) RPO35
MSV155 A24R 30 (770) CPV 30 (770) RPO132
MSV245 D7R 23 (133) VAR 23 (156) RPO18

Transcription factors
MSV063 A7L 25 (583) VAR 25 (583) VETFL
MSV065 A2L 22 (198) VLTF-3
MSV113 D6R 44 (379) VETFS
MSV187 A1L 26 (78) FPV 30 (106) VLTF-2

NTPase/helicase
MSV053 D11L 36 (633) FPV 37 (633) NPH-I
MSV086 I8R 33 (651) RNA helicase/NPH-II
MSV148 A18R 30 (376) DNA helicase

mRNA modification
MSV041 J3R 35 (244) VAR 35 (244) PAPS
MSV067 D1R 28 (750) Capping enzyme, large subunit
MSV124 D12L 20 (177) FPV 18 (221) Capping enzyme, small subunit
MSV143 E1L 29 (322) VAR 29 (322) PAPL

DNA replication/repair
MSV036 E9L 29 (943) FPV 30 (926) DNA polymerase
MSV089 D5R 29 (560) RFV 27 (643) NTPase
MSV130 H6R 34 (315) FPV 37 (321) Topoisomerase
MSV150 D10R 35 (91) FPV 31 (200) mutT motif
MSV208 D4R 18 (199) FPV 30 (117) UNG

Structural
MSV069 D13L 28 (445) Rifampicin resistance
MSV090 A16L 27 (368) MCV 29 (274) Putative membrane protein
MSV094 F9L 32 (186) Putative membrane protein
MSV121 G9R 25 (335) FPV 30 (317) Putative membrane protein
MSV129 L5R 31 (114) Putative membrane protein
MSV142 J5L 29 (131) FPV 33 (132) Putative membrane protein
MSV152 A10L 22 (718) VAR 22 (840) Core protein, P4a
MSV158 L4R 27 (219) VAR 28 (219) Core protein, VP8
MSV164 A3L 23 (532) FPV 24 (519) Core protein, P4b
MSV183 L1R 38 (224) MCV 48 (224) Membrane protein
MSV189 I7L 26 (416) FPV 26 (427) Core protein

Enzymes
MSV048 CPV 25 (75) Lipase
MSV093 E10R 42 (100) VAR 45 (90) Potential redox, ERV1
MSV154 B1R 32 (161) Protein kinase
MSV171 A32L 30 (204) ATP/GTP binding motif
MSV173 F10L 24 (407) SPV 26 (375) Protein kinase
MSV056 G1L 23 (591) VAR 23 (591) Metalloprotease

Unknown
MSV039 G6R 21 (146) MCV 25 (127)
MSV052 A23R 26 (324)
MSV060 H2R 37 (183)
MSV106 A22R 29 (154)
MSV115 G5R 28 (270)
MSV132 A28L 33 (146) MCV 38 (141)
MSV151 A11R 22 (314) VAR 22 (314)
MSV180 L3L 32 (162)
MSV209 A21L 24 (115)
MSV237 B2R 44 (189)
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gests that other MsEPV subunits may also be highly variable
and, thus, undetectable by current computer search and anal-
ysis algorithms. In addition, MsEPV contains a homologue
(MSV119) of the RNA polymerase-associated protein RAP94
(H4L), which is specifically required for transcription of early-
promoter templates (Table 2) (130).

Four homologues of vaccinia virus transcription factors are
encoded in MsEPV. MSV113 and MSV063 are homologues of
the two subunits of the vaccinia virus early transcription factor,
VETFS (D6R) and VETFL (A7L), respectively. MSV187 and
MSV065 are homologues of the two late transcription factors
VLTF-2 (A1L) and VLTF-3 (A2L) (Table 2). While MSV113
has 44% amino acid identity to vaccinia virus VETFS, the
levels of amino acid identity to VETFL, VLTF-2, and VLTF-
3 homologues are much lower (22 to 24%). The vaccinia vi-
rus late transcription factor VLTF-1 (G8R), VLTF-4 (H5R),
and G2R gene product homologues are either absent from the
MsEPV genome or unidentifiable. The absence of a VLTF-1
homologue is surprising, since this gene is essential for vaccinia
virus replication and is conserved among ChPV genera (130,
170).

Four MsEPV ORFs, MSV053, MSV086, MSV113, and
MSV148, are homologues of four NTPase-helicase genes
found in vaccinia virus (Table 2). These include the NPH-I
homologue (D11L), the RNA-DNA helicase (NPH-II) homo-
logue (I8R), the small subunit of the early transcription factor
VETFS (D6R), and the DNA helicase (A18R), respectively
(Table 2). These MsEPV ORFs contain motifs conserved among
the NTPase and helicase enzymes of the RNA and DNA he-
licase superfamily II (55, 93). Only NPH-I homologues have
been previously described in other EPVs (65, 110, 175, 217).
As expected, this gene (MSV053) has a higher level of amino
acid identity to EPV genes (58%) than to orthopox-, mollus-
cipox-, and leporipoxvirus homologues (33 to 37%). Another
ORF (MSV224) also contains carboxy-terminal helicase and
NTPase motifs in addition to a cysteine-rich amino terminus,
but it lacks homology to other poxvirus genes.

MSV148 encodes a homologue of the vaccinia virus A18R
gene. A18R encodes a late virion-associated DNA helicase
that is essential for correct viral gene expression and produc-
tive infection (12, 174). The essential nature of A18R suggests
a similar function for MSV148 in MsEPV.

MsEPV contains homologues of vaccinia virus genes in-
volved in transcriptional termination, capping, and polyadenyl-
ation. MSV067 and MSV124 are homologues of the large and
small subunits of the vaccinia virus capping enzyme, D1R and
D12L, respectively (Table 2). MSV143 and MSV041 are ho-
mologues of the large and small polyadenylation polymerase
(PAP) subunits, PAPL (E1L) and PAPS (J3R), respectively
(Table 2).

Nucleotide metabolism. MsEPV lacks all previously described
poxvirus genes involved in nucleotide metabolism (130). Ab-
sent are genes encoding TK, thymidylate kinase, the large and
small subunits of ribonucleotide reductase, dUTPase, glutare-
doxin, and guanylate kinase and the cytidine kinase gene found
in FPV (92). The absence of a TK gene in MsEPV is surprising
given that TK genes have been identified in other group B
EPVs (AmEPV, CbEPV, and CfEPV) (58, 119). This paucity
of viral enzymes suggests that MsEPV replication is heavily
dependent on host cell nucleotide biosynthesis. These differ-
ences in nucleotide metabolism must be of significance for viral
cell and/or tissue tropism within the grasshopper host.

Interestingly, and unlike other known poxviruses, MSV238
encodes a thymidylate synthase (TSY) homologue. MSV238 is
very similar to TSY genes from eukaryotes (52 to 59% amino
acid identity). The 29-amino-acid TSY Prosite motif (PS00091),

which contains the catalytic cysteine residue, is also conserved
in MSV238 with the exception of a single conservative substi-
tution (leucine to isoleucine) at position 170. Homodimeric
TSY catalyzes the methylation of dUMP to the nucleotide pre-
cursor dTMP, thus representing an important part of the de
novo pathway of pyrimidine biosynthesis (21). Despite its ubiq-
uitous distribution in nature, a viral TSY gene has been ob-
served only in a few herpesviruses and bacteriophages (13, 79,
80).

DNA replication. MsEPV contains homologues of most vac-
cinia virus genes involved in DNA replication, including DNA
polymerase (E9L), ATP-GTP binding protein (D5R), DNA
topoisomerase (H6R), and replication essential protein kinase
(B1R) (Table 2). However, it lacks the processivity factor
(A20R) and an ATP-dependent DNA ligase (A50R). Notably,
and unlike any other known virus, MsEPV encodes an NAD1-
dependent DNA ligase homologue (Table 1).

The MsEPV DNA polymerase (MSV036) is homologous to
family B replicative DNA polymerases found in CbEPV (40%
identity over 958 amino acids) and other ChPVs (29 to 30%
amino acid identity over 900 amino acids). MSV036 also ex-
hibits similarity to the DNA polymerase genes of chlorella
virus PBCV-1 (39% identity over 247 amino acids; GenBank
accession no. S35209) and ASFV (21% identity over 452 amino
acids; GenBank accession no. U27575). MSV036 identity to
family B DNA polymerases includes the highly conserved re-
gion I, in which the Prosite family signature (PS00116) is 100%
conserved (5, 207).

MSV089 is homologous to the vaccinia virus ATP-GTP bind-
ing protein D5R (29% identity over 560 amino acids). Al-
though more divergent than other ChPV D5R homologues,
MSV089 contains regions of similarity throughout the protein,
including the extended I (A) type of nucleoside triphosphate
binding motif (55). D5R is known to be essential for viral DNA
replication and is involved in homologous recombination
(159).

Like AmEPV, MSV130 encodes a eukaryotic type I DNA
topoisomerase with homology to vaccinia virus H6R. In MsEPV,
the type I DNA topoisomerase Prosite motif (PS00176) and
the active site residue (Tyr-292) are 100% conserved (172). In
addition, critical residues required for transesterification by
H6R are also conserved (205). Of six critical DNA recognition
motifs described in the vaccinia virus protein, three are con-
served and two are conservatively substituted in MSV130
(168).

MSV162 exhibits similarity to bacterial NAD1-dependent
DNA ligases (Fig. 2B). To our knowledge, this is the first
NAD1-dependent DNA ligase found in a virus genome. Eu-
karyotic organisms and other DNA viruses, including all known
poxviruses, encode ATP-dependent DNA ligases (26, 67, 89,
103, 115, 213). MSV162 is most similar to bacterial Thermus
thermophilus ligase and includes 12 of the 16 Prosite signature
residues (PS01055) and the active-site motif Lys-X-Asp-Gly
(118). Residues essential for adenylation and deadenylation
steps are conserved in MSV162 (Lys-112 and Asp-118, respec-
tively) (118). In addition, MSV162 exhibits partial conserva-
tion of a second NAD1-ligase Prosite signature (PS01056) but
lacks residues typically conserved in the carboxyl terminus. Given
that NAD1-dependent DNA ligases have been found only in
bacteria, the presence of this gene in a eukaryotic virus is
surprising and suggests that MSV162 has a prokaryotic origin.

DNA repair. MsEPV encodes at least seven genes with pu-
tative DNA repair functions (Table 1). These include homo-
logues of genes encoding a uracil DNA glycosylase (UNG)
(MSV208), DNA polymerase b (MSV117), AP endonuclease
(MSV117), DNA helicase (MSV148), a ChPV mutT homo-
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logue (MSV150), cyclobutane pyrimidine dimer (CPD) pho-
tolyase (MSV235), and a LINE-type reverse transcriptase (RT)
(MSV061). Genes for DNA polymerase b and AP endonucle-
ase have not been previously described in poxviruses. Further,
the CPD photolyase and the LINE-type RT have not been
previously found in any virus genome. The presence of this
complement of genes in MsEPV suggests that virally encoded
DNA repair functions are important for virus survival in na-
ture.

Although other large DNA viruses, such as vaccinia virus
and ASFV, contain some genes of the base excision repair
(BER) pathway (181, 191, 212), MsEPV provides the first
example of a virus potentially encoding all genes required for
BER. DNA damage in eukaryotic cells arises spontaneously
from hydrolytic events, oxygen free-radical attack, or methyl-
ation of ring nitrogen by endogenous agents (114). This path-
way is also essential for resistance to DNA damage inflicted by
exogenous DNA-damaging agents such as ionizing radiation
and other radical-inducing agents (167). UNG, AP endonucle-
ase, DNA polymerase b, and DNA ligase act sequentially
through the BER pathway to repair damaged DNA (30). UNG
removes deaminated cytosine (uracil) to generate apurinic or
apyrimidinic sites (AP sites), class II AP endonucleases remove
AP sites after cleaving the DNA strand 59 to the AP site, DNA
polymerase b fills the gap by DNA repair synthesis, and DNA
ligase finishes the repair process by closing the gap (20, 30, 124,
203).

MSV208 is most similar to the equine herpesvirus UNG
(34% identity over 214 amino acids); it has significant identity
to UNG in bacteria (Bacillus subtilis PIR accession no.
S39712), lower eukaryotes (slime mold [Dictostelium sp.];
GenBank accession no. U32866), and higher eukaryotes
(mouse [Mus musculus]; GenBank accession no. X99018) (29
to 34% identity over 195 to 216 amino acids). Surprisingly,
MSV208 exhibits much less similarity to the poxvirus UNG
homologues in vaccinia virus (19% identity over 78 amino
acids) and FPV (30% identity over 117 amino acids). The
MsEPV gene does, however, contain amino acid substitutions
at the predicted UNG active site. Most notably, an aspartic
acid residue has been replaced by an arginine at the N-glyco-
sylic bond cleavage site (residue 60 in MSV208). The signifi-
cance of these residue changes for protein function is not

known. In vaccinia virus and human cytomegalovirus, UNG
enzymes have been implicated in other functions, including
establishing the correct temporal progression of DNA synthe-
sis and viral replication (126, 146, 181). Thus, it is possible
that MSV208 performs other functions unrelated to BER.

Homologues of both class II AP endonucleases and DNA
polymerase b are encoded by MSV117. This gene has homol-
ogy to eukaryotic and viral class II AP endonucleases at its
amino terminus (amino acids 1 to 296) and homology to DNA
polymerase b at its carboxy terminus (amino acids 296 to 607).
MSV117 contains most residues of AP endonuclease class II
Prosite signatures 2 and 3 (PS00730 and PS00731, respective-
ly), which include conserved and potentially metal-binding cys-
teine and histidine residues. The degree of identity of MSV117
to eukaryotic and viral DNA polymerase b enzymes is highest
at the catalytic region (31% identity, over 186 amino acids, to
rat DNA polymerase b (GenBank accession no. M13961) and
includes the DNA polymerase X Prosite signature (PS00522).
Rat DNA polymerase b is a smaller protein (335 amino acids)
consisting of two domains connected by a protease-sensitive
region (96). The 31-kDa carboxyl-terminal domain contains
the residues critical for catalytic activity as defined by the
crystal structure (29). These residues are present in MsEPV
(Arg-469, Asp-476, and Asp-478). ASFV, another cytoplasmic
DNA virus with an arthropod host, encodes both an AP en-
donuclease and a DNA polymerase b in separate ORFs (212).
The ASFV DNA polymerase b (174 amino acids) is the small-
est functional DNA polymerase b enzyme that has been de-
scribed (137). MSV117 has homology to both ASFV genes.

The fusion of the AP endonuclease and DNA polymerase b
genes into one gene has not been previously described. This
fusion is reasonable, however, since the activities of both en-
zymes are coordinately required for DNA BER (14). Although
a common strategy for RNA viruses and retroviruses, polypro-
tein processing has been observed for only a few vaccinia virus
and ASFV structural proteins (4, 130, 173). The absence of
vaccinia virus and ASFV proteolytic cleavage consensus se-
quences (Ala-Gly/Ala-Ser and Gly-Gly-X, respectively) at the
AP endonuclease-DNA polymerase b junction in MSV117
suggests that this gene product may have a dual enzymatic
function.

A role in DNA repair or recombination is possible for

FIG. 2. Multiple amino acid sequence alignments of MsEPV ORFs with DNA repair and replication enzymes. Boldfaced letters represent active site residues,
asterisks mark residues that match Prosite signatures, and shaded residues represent amino acids with identity to those of the corresponding MsEPV ORF. Amino acid
positions are indicated on the right. (A) Alignment of MSV235 with class 2 CPD photolyases; regions I and II represent class 2 CPD photolyase Prosite signatures
PS01083 and PS01084, respectively. Abbreviations: Monodelph, Monodelphis domestica, accession no. D31902; Oryzias, Oryzias latipes, accession no. S52048; Drosoph,
Drosophila melanogaster, accession no. S52047; Arab, Arabidopsis thaliana, accession no. X99301; Methano, Methanobacterium thermoautotrophicum, accession no.
D30752. (B) Alignment of MSV162 with NAD1-dependent DNA ligases; regions I and II represent Prosite signatures PS01055 and PS01056 for NAD1-dependent
DNA ligases, respectively. Abbreviations: Thermus, Thermus aquaticus, accession no. P26996; Ecoli, E. coli, accession no. P15042; Mycoplas, Mycoplasma pneumoniae,
accession no. AE000047.
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MSV117. DNA polymerase b is the simplest naturally occur-
ring DNA polymerase known, and it is thought to function in
a variety of repair mechanisms, including mismatched base
repair (203), AP lesion repair (123), and monofunctional ad-
duct repair (34). DNA polymerase b also seems to be involved
in a repair-type DNA synthesis associated with recombination
(68, 77) and with replicative DNA synthesis (183).

MSV235 shares similarity to class II CPD photolyases from
marsupials, fish, insects, plants, and bacteria (38 to 57% iden-
tity over 428 to 445 amino acids) (Fig. 2B). This gene repre-
sents the first photolyase homologue found in a viral genome.
CPD photolyase is a photoreactive enzyme that mediates re-
pair of UV-induced CPDs in DNA (71, 87). The predicted
protein of 466 residues exhibits 119 of 141 conserved class II
residues (214). Both class II Prosite signatures (PS01083 and
PS01084) in the carboxyl-terminal region (residues 298 to 312
and 425 to 444, respectively) are present, except for a conser-
vative arginine-to-lysine substitution at position 306. Eukary-
otic photolyases possess a protruding amino terminus with
three regions of clustered positively charged amino acids which
have been proposed to contain sequences for nuclear or mito-
chondrial transport (214). Consistent with a cytoplasmic mode
of replication, these regions are absent from MSV235.

The importance of light-dependent DNA repair mechanisms
in maintaining virus populations in nature has recently been
demonstrated. Host cell light-dependent repair mechanisms
have been reported to restore infectivity in up to 52% of sun-
light-damaged viruses in natural marine virus communities (197).
The ubiquity of CPD enzymes in nature (they are found in
bacteria, plants, and mammals), the efficiency of light energy to
repair UV-induced DNA damage, the unienzymatic nature of
the system (71), and the detrimental effects of UV damage on
survival of insect DNA viruses (8) suggest that a photolyase
gene might be found in an insect virus. A virus-encoded pho-
torepair system may thus confer a selective advantage for
MsEPV in nature, where long periods of environmental expo-
sure may occur.

MSV150 is a homologue of vaccinia virus genes D9R and
D10R (Table 2) (91). All three genes contain the Prosite sig-

nature (PS00893) for MutT proteins. The amino acid identity
of MSV150 to Shope fibroma, vaccinia, and molluscum conta-
giosum virus D10R homologues is 28 to 35% over 87 to 91 res-
idues. MSV150 colinearity to D10R is interrupted by two re-
gions (amino acids 65 to 117 and 146 to 180) which are absent
in the vaccinia virus homologue. Although the specific function
of the vaccinia virus D9R and D10R homologues is unknown
(91), bacterial mutT pyrophosphohydrolase genes help prevent
DNA damage and assure fidelity of RNA transcription within
the GO error avoidance system that is responsible for remov-
ing an oxidatively damaged form of guanine (8-hydroxyguanine
or 7,8-dihydro-8-oxoguanine) from both DNA and the nucle-
otide pools (125, 184).

MSV061 has significant homology to LINE-type RTs. The
seven conserved regions (domains I to VII) characteristic of di-
verse retroelements, which include the two critical RT-identify-
ing motifs Asp-h-2X-Ala-Phe and Tyr-h-Asp-Asp-X-3h (where
h is any hydrophobic amino acid and X is any amino acid), are
also present in MSV061 (Fig. 3) (210). Domains II, III, V, and
VII are perfectly conserved, while domains I, IV, and VI con-
tain one, two, and one substituted residues, respectively (Fig.
3). Multiple alignments and phylogenetic trees generated by
the neighbor-joining method with 1,000 bootstrap replicates
(161) show that MSV061 is most closely related (98% boot-
strap support) to the LINE-type transposable elements and
is least closely related to RT from yeast introns and E. coli
MsDNA (Fig. 3 and data not shown). Other distinctive features
of LINE retrotransposons are missing in MSV061, suggesting
that it may be the remnant of an old transposition or a trun-
cated LINE. Genes normally adjacent to LINE RTs, such as
ORF1 or zinc finger-containing ORFs, are not found adjacent
to MSV061 (46, 152, 209). A triple 21-bp repeat located im-
mediately 39 of the MSV061 translational stop codon may be
the remnant of a transpositional event. All available data sug-
gest that MSV061 is a functional viral gene: critical RT motifs
are conserved (Fig. 3), the gene shows normal MsEPV base
composition with typical MsEPV codon usage (data not
shown), and a potential late promoter (TAATG) is located at
the translational start site of the ORF.

FIG. 3. Multiple amino acid sequence alignments of MSV061 with RTs. The seven RT motifs are indicated with roman numbers I to VII (210). Boldfaced letters
indicate invariant amino acids, shaded letters indicate amino acids that are identical to corresponding ones in MSV061, and consensus residues are indicated at the
bottom as follows: h, hydrophobic; p, small polar; c, charged; and x, any amino acid. Uppercase letters indicate the one-letter amino acid code. Amino acid positions
are indicated on the right. Abbreviations: LINE, LINE type of RT; Intron, group II intron; MsDNA, multicopy single-stranded DNA; Cele, Caenorhabditis elegans,
accession no. U00063; Rat, Rattus norvegicus, accession no. X61294; Xenla, Xenopus laevis, accession no. P14381; Dictyo, Dictyostelium discoideum, accession no.
X57031; Aedes, Aedes aegypti, accession no. M95171; Yeast, Saccharomyces cerevisiae, accession no. P21325; Ecoli, E. coli, accession no. V00694.
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Roles for MSV061 in DNA repair, viral DNA replication, or
possibly gene acquisition are all plausible. LINE RT-mediated
repair of double-strand chromosomal breaks has recently been
demonstrated (129, 185). RTs from human L1 or yeast Ty1 or
from the trypanosomatid protozoan Crithidia sp. (CRE1 trans-
poson) can repair double-strand breaks by the insertion of
complementary DNA at the break site. In the absence of ho-
mologous recombination, RTs repair double-strand breaks by
nonhomologous end joining with capture of DNA within the
cleavage site (129, 185).

Long terminal repeat (LTR)-containing retrotransposons
have been found integrated in other DNA viruses. Integra-
tion of LTR-type retrotransposons into baculovirus AcNPV
DNA has been described previously (49). This retroelement is
flanked by LTRs and contains three ORFs similar in size and
location to the gag, pol, and env genes of retroviruses (107).
Also, integrated sequences of avian reticuloendotheliosis virus
have been recently identified in field and vaccine strains of
FPV, thus demonstrating that retroviral genomes can be in-
tegrated into the DNA of large cytoplasmic viruses (73).
MSV061 does not, however, resemble the RT found in either
of these LTR-type transposable elements, and the MsEPV
genome does not contain any other retroviral elements asso-
ciated with LTR transposons, such as gag, pol, env, RNase H,
integrase, or LTR DNA sequences.

Protein modification. Active participation of MsEPV in pro-
tein modification is indicated by the presence of eight viral and
cellular gene homologues. These homologues include two pro-
tein kinases (MSV154 and MSV173), two type 2C cellular pro-
tein phosphatases (MSV081 and MSV135), ubiquitin (MSV144),
and three metalloproteases (MSV175, MSV176, and MSV179).

MSV154 and MSV173 are similar to the two vaccinia virion-
associated serine/threonine protein kinases, VPK1 (B1R)
and VPK2 (F10L), respectively (Table 2). Both ORFs con-
tain the conserved catalytic region IV with an active-site mo-
tif of serine/threonine protein kinases (Prosite PS00108),
and MSV173 has region I with a protein kinase ATP-binding
signature (Prosite PS00107) (69). Although MSV154 lacks the
glycine residues that are conserved in the ATP-binding region
of other poxvirus and mammalian homologues, it does contain
the lysine ATP-binding residue (Prosite PS00107) essential for
the kinase activity found in vaccinia virus VPK1 (113). VPK1 is

necessary for vaccinia virus DNA replication (151), and VPK2
also appears to be essential for virus viability (112).

MSV081 and MSV135 encode protein phosphatase 2C
(PP2C) homologues which are similar to each other and to
PP2Cs from a broad range of organisms (Fig. 4A). To our
knowledge, this is the first report of a PP2C gene in a viral
genome. PP2C is the prototypic member of a large family of
Mg21/Mn21-dependent protein serine/threonine phosphatases
(PPM family) present in both eukaryotes and prokaryotes (11).
The six invariant metal-coordinating residues common to all
PP2C amino-terminal catalytic domains are conserved in
MSV081 and MSV135 (Fig. 4A) (11). In addition, MSV081
contains all 8 amino acids present in the PP2C Prosite signa-
ture (PS01032) while MSV135 has only a single substitution
(Fig. 4A). The different sizes of MSV081 and MSV135 (357
and 239 residues, respectively) indicate that the two are iso-
forms. MSV081 contains a signal peptide and a cleavage site at
the amino terminus, suggesting that it is a secreted protein.
Neither ORF contains the 90-amino-acid carboxyl-terminal
region characteristic of mammalian PP2Cs (28). Among oth-
er functions, PP2C reverses stress-activated protein kinase
cascades in the fission yeast (171), inactivates cystic fibrosis
transmembrane conductance regulation in humans (189), de-
termines cell fate in bacteria (36), and promotes sex determi-
nation in Caenorhabditis elegans (22). Although the pleiotropic
functions of this enzyme preclude predictions of specific roles
during viral infection, a role in regulation of host intracellular
signaling pathways is likely.

MSV144 encodes a ubiquitin homologue (Table 1). Ubiq-
uitin is a highly conserved protein which forms covalent attach-
ments to protein substrates and induces degradation of tar-
geted proteins by the 26S proteasome complex (23). Amino
acid identity between MSV144 and eukaryotic ubiquitin (83 to
88%) includes residues required for protein ubiquitination
(data not shown). This percentage of identity is lower than that
observed among eukaryotic ubiquitin genes (approximately
96%). Several baculoviruses also encode ubiquitin genes (v-
ubi) which are among the most divergent known (76% amino
acid identity to the mammalian ubiquitin consensus) (61, 160,
194).

The presence of ubiquitin and ubiquitin-conjugating en-
zymes in different arthropod viruses (59, 75, 150, 194) and the

FIG. 4. Multiple amino acid sequence alignments of MsEPV ORFs with pro-
tein modification enzymes. (A) Alignment of MSV175, MSV176, and MSV179
with the catalytic or zinc-binding regions of zinc-dependent proteases. Boldfaced
letters represent amino acids which are either histidine zinc ligands or glutamic
acid catalytic residues, and shaded residues represent amino acids with identity
to the corresponding MsEPV ORF. The consensus for the metzincin (Metzn)
subfamily (81) is exhibited underneath. (where b is any bulky hydrophobic amino
acid and x is any amino acid). Abbreviations: Xenop, Xenopus laevis, accession
no. L49412; Human, Homo sapiens, accession no. P39900; Mus, Mus musculus,
accession no. L36244; Gmax, Glycine max, accession no. U63725; Bfrag, Bacter-
oides fragilis, accession no. U90931. (B) Alignment of MSV081 and MSV135 with
eukaryotic PP2C proteins. Boldfaced letters represent metal-coordinating resi-
dues (28), asterisks mark highly conserved residues, shaded residues represent
amino acids with identity to MsEPV, and overlined residues mark the Prosite
signature (PS00142). Abbreviations: Human, Homo sapiens, accession no. P35813;
Param, Paramecium tetraurelia, accession no. Z36985; Sacch, Saccharomyces cerevi-
siae, accession no. U72346; Arabid, Arabidopsis thaliana, accession no. U78721.
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role of ubiquitination in insect development (60) suggest that
MSV144 performs an insect-host-related function. ASFV, an-
other cytoplasmic DNA virus with an arthropod host (144),
encodes a ubiquitin-conjugating enzyme and incorporates ubi-
quitinated proteins into the virion (75, 76, 154). The baculovi-
rus v-ubi product is a nonessential structural protein that af-
fects viral growth in cell culture (150). Covalent attachment of
cellular ubiquitin to specific targets and their subsequent deg-
radation affect numerous processes, including regulation of
gene expression, cell cycle, signal transduction, apoptosis, re-
ceptor-mediated endocytosis, and antigen processing (23, 199).
Indeed, over 45 confirmed or putative cellular substrates for
ubiquitination have been identified, and many are from inde-
pendent cellular regulatory pathways (199).

MsEPV encodes homologues of two types of metallopro-
teases (Table 1). The first type, represented by MSV056, is a
homologue of vaccinia virus G1L. Like G1L, this gene contains
an amino-terminal His-2X-Glu-His inverted metalloprotease
motif and downstream glutamate residues (201). The presence
of a homologue for G1L, a protein known to be involved in
virion core protein processing, and the presence of potential
proteolytic cleavage sites in virion core protein homologues in
MsEPV suggest conservation in poxvirus structural protein
processing and morphogenesis (193, 200).

A second type of metalloprotease catalytic domain, His-Glu-
2X-His (86), characterizes two of three similar ORFs (Fig. 4B).
MSV176 and MSV179 each contain a perfect His-Glu-2X-His
consensus, while MSV175 has a glutamic acid-to-glutamine
substitution at the active-site residue (Fig. 4B). These three
ORFs also contain residues, including a third histidine zinc
ligand and Met turn region downstream of the core His-Glu-
2X-His domain, which are consistent with the metzincin sub-
family of zinc-dependent metalloproteases (16, 81). In addi-
tion, all three ORFs contain putative amino-terminal signal
peptides which are common among extracellular metalloen-
dopeptidases (149). The presence of the His-Glu-2X-His motif
and potential signal peptide and the significant degree of sim-
ilarity to matrixins (mammalian extracellular matrix metallo-
proteinases) suggest that at least MSV176 and MSV179 may
function as extracellular metalloproteases.

Baculoviruses have been shown to encode a metalloprotease
(enhancin) which enhances virulence during infection by di-
gesting the proteins of the host midgut peritrophic membrane
(106, 156). A protein with enhancin-like activity has also been
reported in Pseudaletia separata EPV (211). Thus, MSV176
and MSV179 may perform a similar host-related function in
MsEPV infection.

Cellular functions. MSV048 has significant homology to tri-
acylglyceride lipases found in fungi (Rhizopus spp.), eubacteria
(Synechocystis spp.), protozoa (Plasmodium spp.), and higher
plants (Ipomoea spp.) and similarity at the potential lipase
active site of previously described cowpox and ectromelia virus
ORFs (196) (Fig. 5D). MSV048 contains a potential catalytic
triad (Ser-173, Asp-227, and His-265), the Prosite signature
(PS00120), and a high overall degree of amino acid similarity
to known lipases (Fig. 5D; Table 1) (18, 31, 32). The predicted
size of MSV048 (288 amino acids) is similar to that of most
fungal lipases (265 to 297 amino acids), and it exhibits 29%
identity over 158 amino acids to the most closely related lipase
(from Rhizopus niveous). The presence of a potential signal
peptide suggests that the protein is secreted. Given that the
grasshopper fat body is the major organ infected by MsEPV
(72) and is also the main site of triacylglycerol storage (50,
188), this viral lipase could conceivably be involved in the
hydrolysis of lipids, perhaps functioning as a virulence factor.

MSV242 and MSV248 are similar to viral and cellular in-

hibitor of apoptosis genes (iap) (Table 1) (35, 186). Both pre-
dicted MsEPV IAP proteins contain an amino-terminal bacu-
lovirus IAP repeat motif (BIR motif; Prosite PS01282) and one
C3HC4 RING finger motif (Prosite PS00518) at the carboxyl
terminus. Like baculovirus genes, MSV242 contains two BIR
motifs while the smaller gene, MSV248, contains only a single
BIR. iap genes were initially described in baculoviruses, where
they were shown to inhibit apoptosis of infected cells and to
increase viral infectivity (25). iap-like genes have been identi-
fied in only three virus families, the Baculoviridae (25), Iri-
doviridae (GenBank accession no. P40629), and Asfarviridae
(ASFV) (132), all of which have arthropod hosts. The presence
of iap genes in these viruses suggests that an apoptotic cellular
response to viral infection may be an important host defense
mechanism in diverse arthropods.

MSV097 encodes a protein with homology to the EF-hand
superfamily of calcium binding proteins (Fig. 5B). These in-
clude regulatory and structural proteins such as calmodulin
and caltractin (135). The 12-residue EF-hand loop motif (Pro-
site PS00018) responsible for calcium binding is represented
twice in the amino terminus of MSV097 (Fig. 5B). The level of
conservation within these two EF-hand motifs indicates high-
affinity calcium binding. The carboxyl terminus is, however,
less similar to other calcium binding proteins. Because calcium
binding proteins control multiple intracellular processes, a role
for this gene in virus-cell interactions is likely.

MSV206 has similarity to bacterial glycosyltransferases in-
volved in lipopolysaccharide capsule biosynthesis and patho-
genicity (Fig. 5C). These enzymes, which transfer sugar resi-
dues to lipid moieties or other sugar residues, have not been
described previously in poxviruses (83, 145, 178). The presence
of a transmembrane domain at the carboxyl terminus of
MSV206 (amino acids 252 to 276) suggests that the protein is
membrane associated. In bacteria, sugar polymerization is cat-
alyzed by an inner-membrane-bound transferase complex. In
MsEPV-infected grasshoppers, changes in the distribution of
cell membrane carbohydrates on hemocytes have been ob-
served (72, 127). Thus, MSV206 may modify surface polysac-
charides on infected cells. MSV206 has no similarity to the
baculovirus UDP-glucosyltransferase, which interferes with
normal molting of virus-infected larvae by catalyzing the trans-
fer of glucose to ecdysteroids (138).

MSV087 and MSV093 contain conserved cysteine residues
indicative of redox-active centers found in glutaredoxin and
thioredoxin (Fig. 5A) (39, 78, 105). MSV087 has similarity to
thioredoxin of the fungus Neurospora crassa (23% amino acid
identity over 67 amino acids) and shows partial conservation at
the thioredoxin Prosite signature PS00194 (Fig. 5A). Prolines
27 and 65, which are necessary for maintenance of the E. coli
thioredoxin structure, are conserved in MSV087 (39). Thiore-
doxins are small proteins of approximately 100 amino acids
which participate in redox reactions via reversible oxidation of
a redox-active disulfide bond (78). These enzymes are multi-
functional, performing roles in DNA replication, protein syn-
thesis, protein folding, and photosynthesis (78).

MSV093 has significant homology to the vaccinia virus gene
E10R (53) and a lower level of identity to potential E10R
homologues found in other cytoplasmic DNA viruses and eu-
karyotes (62, 97, 117, 170, 212). The yeast ERV1 gene has been
shown to function in oxidative phosphorylation and appears to
function in eukaryotic cell growth (47, 117). All of these genes
contain the pair of conserved cysteine residues typical of glu-
taredoxin and thioredoxin redox-active centers (78).

Structural proteins. Four ChPV virion core protein homo-
logues are present in MsEPV (Table 2). MSV152, MSV164,
MSV158, and MSV189 are homologues of vaccinia virus A10L,
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A3L, L4R, and I7L, which encode the virion core precursor
proteins P4a, P4b, and VP8 and the core-associated I7L pro-
tein, respectively (130). Interestingly, MSV152 and MSV158,
like their vaccinia virus homologues, contain potential proteo-
lytic cleavage sites (104, 192, 193), which suggests that aspects
of structural protein processing may be conserved between
MsEPV and ChPVs. The proteolysis of P4a, P4b, and VP8
precursor proteins is intimately associated with normal vac-
cinia virus morphogenesis and production of infectious virions
(104, 130, 202).

The overall degree of amino acid similarity between MsEPV
and ChPV core protein homologues is low (22 to 28% identity)
compared to the similarity observed among ChPV homologues
(45 to 65% amino acid identity). Additionally, homologues of
the following vaccinia virus structural genes are not found in
MsEPV, including A4L core protein, F17L and I3L DNA-bind-
ing phosphoproteins, and the G7L, D2L, D3R, and A12L pro-
teins associated with internal parts of intracellular mature viri-
ons (130).

Of the 14 known membrane proteins in vaccinia virus (130),
only L1R is conserved in MsEPV (MSV183), perhaps reflect-
ing the closer relationship between these proteins and host-
specific functions. The vaccinia virus L1R gene, which encodes
a major myristylated membrane protein that is associated ex-
clusively with the primary membrane surrounding the virion
core, is involved in virion assembly (48, 147, 148).

Homologues of five genes representing two conserved ChPV
gene families are present in MsEPV. Invariant cysteine resi-
dues and putative transmembrane domains unique to each
family are conserved in these MsEPV ORFs (170). MSV183
and MSV094, homologues of vaccinia virus L1R and F9L,
respectively, comprise one gene family. MSV090, MSV121,
and MSV142 are homologues of the vaccinia virus genes A16L,
G9R, and J5L and comprise the second gene family. Although
most of the genes in these two ChPV gene families remain poor-
ly characterized, G9R and A16L have been shown to be myri-
stylated and potentially soluble proteins (120). J5L is thought
to be an essential gene (218). The presence of these two gene

FIG. 5. Multiple amino acid sequence alignments of MsEPV ORFs with cellular and viral homologues. Boldfaced letters represent active site residues, asterisks
mark residues from a Prosite signature (when indicated) or those exhibiting $85% conservation, and shaded residues represents amino acids with identity to MsEPV.
Amino acid positions are indicated on the right. (A) Alignment of MSV048 at the active site of triacylglycerol lipases. Abbreviations: Rhizopus, Rhizopus niveus,
accession no. D12680; Synecho, Synechocystis sp., accession no. D64004; Celegans, Caenorhabditis elegans, accession no. U97001; Ipomoea, Ipomoea nill, accession no.
U55867; and Cowpox, CPV putative lipase, accession no. X94355. The Prosite signature is PS00120. (B) Alignment of MSV097 with two EF-hand motifs from
calcium-binding proteins. Abbreviations: Tvaginalis, Trichomonas vaginalis, accession no. U38786; Calbicans, Candida albicans, accession no. P23286; Atriplex, Atriplex
nummularia, accession no. PRF: 1906390A; Smansoni, Schistosoma mansoni, accession no. P15845; Brassica, Brassica napus, accession no. D63152. The Prosite
signature is PS00018. (C) Alignment of MSV206 with bacterial glycosyltransferase genes. Abbreviations: Nmening, Neisseria meningitidis, accession no. U65788;
Hinfluen, Haemophilus influenzae, accession no. U36398; Hpylori, Helicobacter pylori, accession no. AE000592; Phaemol, Pasteurella haemolytica, accession no. U15958;
Hsomnus, Haemophilus somnus, accession no. U94833; Hducreyi, Haemophilus ducreyi, accession no. U58147. (D) Alignment of MSV087 with thioredoxin genes.
Abbreviations: Strept, Streptomyces aureofaciens, accession no. P33791; Coryne, Corynebacterium nephridii, accession no. P00275; Ecoli, E. coli, accession no. M54881;
Eubact, Eubacterium acidaminophilum, accession no. P21610; Neuros, Neurospora crassa, accession no. D45892. The Prosite signature is PS00194.
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families in both subfamilies of the Poxviridae suggests that they
may provide highly conserved replicative or structural func-
tions.

MSV069 is 25 to 28% identical to ChPV rifampin resistance
proteins (vaccinia virus D13L) and 54% identical to the HaEPV
D13L homologue (139). In vaccinia virus, this essential gene is
associated with virion assembly and may direct the formation
of Golgi complex-derived viral crescents, which are the first
morphologically distinct structures observed during poxvirus
assembly (130). Viral crescents have been observed in cells
infected with MsEPV and other genus B EPVs (54, 57, 72, 98).
Thus, a similar role for MSV069 in EPV morphogenesis is like-
ly. Interestingly, homologues of other vaccinia virus genes as-
sociated with early events of virus morphogenesis, such as
A14L and A17L (153, 155, 206), were not identified.

ChPV homologues of unknown function. MsEPV also en-
codes homologues of 10 ChPV genes of unknown function
(Table 2). Four of these homologues exhibit a high degree of
amino acid identity to their ChPV counterparts. MSV237 and
vaccinia virus B2R, which exhibit 44% amino acid identity,
are located in the right termini of their respective genomes
(53). MSV060, which contains a putative signal peptide, and
MSV132, which contains a putative amino-terminal transmem-
brane and signal peptide, exhibit up to 37 and 44% amino acid
identity with ChPV homologues of vaccinia virus H2R and
A28L, respectively (Table 2). Although MSV115 and vaccinia
virus G5R exhibit only 28% amino acid identity, they contain
two prominent protein motifs (Asp-Ala-Glu-Phe-X-Met-Cys-
2X-Ala and Trp-Pro-4X-Asp-Gln-Asp) which are also con-
served in the MCV homologue MC060R.

Gene families of unknown function. MsEPV contains 43
novel ORFs grouped into five gene families. Genes from these
families are asymmetrically distributed in regions terminal to
the conserved central part of the genome. Family members
form tandem arrays occasionally interrupted by other genes
(Fig. 1). The lack of similarity between gene family members
and known ChPV genes and the presence of host range genes
in similar genomic locations in ChPVs suggest that MsEPV
gene families perform host range functions. Analysis of se-
quences upstream of the translational initiation sites suggests
that four of the five gene families may be expressed early in
infection (Table 1).

The leucine-rich repeat (LRR) family contains 21 ORFs
which range in size from 72 to 707 amino acids. The distin-
guishing feature of this family is a 44-amino-acid repeat that
contains regularly spaced leucine residues at 22-amino-acid
intervals. A similar motif is present in the AmEPV Q3 ORF (58)
and accounts for the homology between LRR family ORFs and
the Q3 ORF (Table 1). MsEPV LRR regions are also similar
to Listeria internalin proteins (SwissProt accession no. P25146),
Trypanosoma adenylate cyclase regulatory protein (SwissProt
accession no. P23799), and yeast protein phosphatase SDS22
regulatory protein (SwissProt accession no. P22194). Other
known LRR domain-containing proteins participate in pro-
tein-protein interactions, and most are involved in signal trans-
duction (90, 109, 136).

Seven MsEPV ORFs belong to the alanine-leucine-isoleu-
cine (ALI) motif family. The distinguishing feature of this gene
family is an amino-terminal motif which contains invariant
alanine, leucine, and isoleucine residues. ORFs containing the
ALI motif are divided into two subgroups. Subgroup I includes
four ORFs (MSV024, MSV026, MSV196, and MSV204) which
range in size from 190 to 222 amino acids and contain Ile-Ile-
X-Cys-Phe and Ile-Asp-Leu-Try/Phe-Phe motifs between res-
idues 100 and 150. Subgroup II includes two longer proteins
(MSV023 and MSV194) which lack the carboxyl-terminal mo-

tifs of the first group and instead contain a different, highly
conserved (55% over 365 amino acids) carboxyl terminus. An
additional subgroup II ALI motif protein (MSV195) has only
87 amino acids. Both subgroups of ALI family ORFs demon-
strated amino-terminal homology to motif regions in putative
genes from Chilo iridescent virus (GenBank accession no.
AF003534); AcNPV (GenBank accession no. L22858); bacte-
riophages BK5-T (GenBank accession no. L44593), N15 (Gen-
Bank accession no. AF064539), and A2 (GenBank accession
no. Y12813); and the bacterium Haemophilus influenzae (Gen-
Bank accession no. U32821). While the Chilo iridescent virus
ORF showed extensive homology over the length of subgroup
I ALI family ORFs, subgroup II ORFs shared an extended
amino-terminal motif with the invertebrate virus, bacterio-
phage, and bacterial ORFs (data not shown).

MsEPV ORFs MSV027, MSV029, MSV034, MSV197,
MSV205, and MSV252 comprise the tryptophan (W) repeat
family. The distinguishing feature of this family is the presence
of a repetitive 23-amino-acid motif that contains tryptophan,
leucine, and isoleucine residues. These ORFs contain 3 to 12
copies of the motif, with a tryptophan residue spaced every 23
amino acids and a leucine or isoleucine residue spaced every 11
or 12 amino acids. Three of these ORFs (MSV027, MSV197,
and MSV205) contain a carboxyl-terminal C3H2C3 (RING-
H2) variation of the C3HC4 RING finger motif (17, 165), and
one ORF (MSV029) contains a partial RING-H2 motif. The
similarity of MsEPV W-repeat ORFs to an uncharacterized
41.6-kDa protein from AcNPV (Table 1) is based primarily on
the periodically repeated tryptophan residues present in both
proteins.

The methionine-threonine-glycine (MTG) family contains
four ORFs (MSV021, MSV191, MSV198, and MSV199) and
is defined by a 50-amino-acid amino-terminal motif contain-
ing these three invariant residues and by an internal motif
[SxWxI(5x)FK]. MTG motif ORFs range in size from 158 to
399 amino acid residues. Interestingly, MTG family ORFs
demonstrate similarity to ORFs C72R and C74R from Chilo
iridescent virus (Table 1).

The serine-cysteine-glycine (SCG) family contains five
ORFs (MSV214, MSV215, MSV216, MSV217, and MSV062).
The distinguishing feature of this family is a 37- to 38-amino-
acid motif with invariant serine, cysteine, and glycine residues
around position 170 and a predicted transmembrane domain.
SCG ORFs are relatively uniform in length (386 to 401 amino
acids) and exhibit 34 to 46% amino acid identity.

Relationship of MsEPV to other genus B EPVs. MsEPV re-
sembles other EPVs in genome size, DNA composition, and
the presence of conserved genes (6, 7). However, the absence
of some genes present in other group B EPVs, low levels of
amino acid identity to gene homologues, and extensive rear-
rangements in gene order suggest that MsEPV is distantly
related to other described genus B EPVs. Genomic differences
among EPVs may reflect the diversity within the hexopod class
of arthropods and the long evolutionary presence of insects.

The size of the MsEPV genome (236 kbp) is similar to those
reported for AmEPV (225 kbp) and HaEPV (233 kbp) (63,
175), and the high A1T content of MsEPV (82%) is compa-
rable to that of the AmEPV genome (81.5%) (99, 100). ITRs
of approximately 7 kbp may also be present in HaEPV (175).

MsEPV contains 10 of 16 ORFs previously described in
other EPVs. These include the following: AmEPV G1L (vac-
cinia virus I7L), G2R, G4R (vaccinia virus A28), G5R (spheroi-
din), and G6L (vaccinia virus NPH-1) (66) and their homo-
logues in CfEPV, CbEPV, and HaEPV (110, 175, 217); CbEPV
DNA polymerase (131); AmEPV topoisomerase (143); HaEPV
rifampicin resistance protein (vaccinia virus D13L) (139; and
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the F2 ORF from HaEPV (175). In addition, the 21 ORFs
comprising the MsEPV LRR family are similar to the Q3 ORF
that is located adjacent to the AmEPV TK gene (58). The LRR
gene family and the Q3 ORF contain similar repetitive leucine-
rich sequences, and both are located in terminal genomic lo-
cations.

Known EPV inclusion proteins are divergent or absent in
MsEPV. The MsEPV spheroidin protein exhibits only about
20% amino acid identity to spheroidins of genus A (MmEPV)
and genus B (HaEPV, AmEPV, and CbEPV) viruses. This
contrasts with the 76 to 92% amino acid identity observed
among other spheroidins of genus B viruses (6). In addition,
MsEPV spheroidin contains approximately one-half (20 resi-
dues) the number of cysteines present in AmEPV and CbEPV
(10, 215). As might be expected given the lack of observed
spindle-shaped inclusions in MsEPV-infected cells (72), MsEPV
does not encode a homologue of the major spindle body pro-
tein (fusolin, spindolin) that has been identified in group B
and group A EPVs (6, 52, 70, 128), nor does it encode a gene
with similarity to the AmEPV filament-associated protein (1).
MsEPV lacks a TK gene, which is present in AmEPV, CbEPV,
and CfEPV (6).

The MsEPV genome is not colinear with other described
genus B EPV genomes. Of six known genes that are grouped
adjacently in the AmEPV genome, MsEPV contains five ho-
mologues that are spread over 115 kbp (58, 66). This includes
the spheroidin and NPH-I homologues, which despite their
juxtaposition in all known genus B EPVs are separated by
approximately 20 kbp in MsEPV (66). Similarly, the HaEPV
F2L ORF is only 3 kbp from the HaEPV spheroidin gene,
while MsEPV homologues of these genes are separated by 70
kbp (175). The MsEPV topoisomerase is adjacent to the vac-
cinia virus A28L homologue, while in AmEPV these genes are
separated by over 100 kbp (143). Thus, the conserved colinear
core of genes that has been proposed to exist for EPV genomes
(65, 175) may in fact be conserved only among the lepidop-
teran viruses. Given the above discussion, orthopteran and
lepidopteran EPVs may represent two distinct genera of ento-
mopoxviruses.

Conclusions. The MsEPV DNA sequence provides the first
view of EPV genomics. Comparison of MsEPV with ChPVs
establishes the genetic core of the Poxviridae. EPV genome
analysis provides basic knowledge of viral functions, including
response to DNA damage, nucleotide metabolism, manipula-
tion of cellular stress responses, and virulence, which underlie
viral interactions with the arthropod host and the environment.
An improved understanding of these interactions will lead to
the design of insect biocontrol strategies with enhanced effi-
cacy and versatility.
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