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The genome of the Lymantria dispar multinucleocapsid nucleopolyhedrovirus (LdMNPV) was sequenced and analyzed. It
is composed of 161,046 bases with a G 1 C content of 57.5% and contains 163 putative open reading frames (ORFs) of $150
nucleotides. Homologs were found to 95 of the 155 genes predicted for the Autographa californica MNPV (AcMNPV) genome.
More than 9% of the LdMNPV genome was occupied by 16 repeated genes related to AcMNPV ORF2. Readily identifiable
homologs of several genes that have been reported to play important roles in the AcMNPV life cycle are not present; these
include ie-2, a transcriptional transactivator, and gp64, a major envelope glycoprotein of the nonoccluded form of the virus.
A number of genes lacking in AcMNPV but present in other baculoviruses were identified; these include two viral enhancing
factor homologs, a second copy of a conotoxin-like gene, and a dutpase homolog. Although a single gene predicted to encode
a large subunit of ribonucleotide reductase was found, two different copies of the small subunit gene were present. In
addition, homologs of genes not previously reported for baculoviruses were identified, including a predicted protein with
homology to DNA ligases and another that has motifs most closely related to a yeast mitochondrial helicase. Thirteen
homologous regions (hrs) containing 54 repeated sequences that include 30-bp imperfect palindromes were identified. The
imperfect palindromes are related to those from other baculoviruses. © 1999 Academic Press
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INTRODUCTION

The Baculoviridae, a diverse family of viruses with
arge double-stranded, circular DNA genomes, are
athogenic for invertebrates, particularly insects of the
rder Lepidoptera. Several hundred different insect spe-
ies are reported to be infected by baculoviruses, and
iral diversity is reflected in their host specificity, the
athology of their infection cycle, and major differences

n genome size and G 1 C content. The most extensively
haracterized baculoviruses are Autographa californica
ultinucleocapsid nucleopolyhedrovirus (AcMNPV)

Ayres et al., 1994), Bombyx mori NPV (BmNPV) (Gen-
ank accession no. L33180, a close relative to AcMNPV),
nd Orgyia pseudotsugata MNPV (OpMNPV) (Ahrens et
l., 1997). These three viruses have genome sizes of
28–134 kb, and although AcMNPV and BmNPV have G

C contents of ;40%, OpMNPV has a G 1 C content
hat is significantly higher (56%).

Lymantria dispar (the gypsy moth) is infected by a bac-
lovirus (LdMNPV) that has a genome size of .160 kb

Riegel et al., 1994; Smith et al., 1988). Because of its large
enome size and its potential importance in L. dispar con-

rol programs, we have undertaken a project to characterize

1 To whom reprint requests should be addressed. Fax: (541) 737-
496. E-mail: rohrmann@bcc.orst.edu.
17
he LdMNPV genome. This report describes the sequence
nd organization of the LdMNPV genome and compares it
ith sequence data from other baculoviruses.

RESULTS AND DISCUSSION

enome Organization

The LdMNPV genome is 161,046 bp, which is signifi-
antly larger than those reported for AcMNPV, BmNPV,
nd OpMNPV (;130 kb). In addition, the G 1 C content

57.5%) is similar to that of OpMNPV (55%) but higher than
hose of AcMNPV and BmNPV (both ;40%) (see sum-

ary below). Because of the lack of overall colinearity
ith the AcMNPV genome, we designated the 0 point in

he genome to be the beginning of a run of Ts located
ust upstream of a homologous region (hr1). This results
n the polyhedrin gene designated ORF1. An analysis of
he sequence led to the identification of 163 putative

RFs (Fig. 1, Table 1). Also present are 13 homologous
egions (hrs) (see description below). The relative loca-
ions of the ORFs and hrs are diagramed in Figs. 1 and
, and their names, coordinates, and other details are
hown in Table 1. We identified homologs of 95 AcMNPV
RFs, and when repeated ORFs (see below) are in-

luded, 114 of the LdMNPV ORFs are related to AcMNPV
RFs. Although there is extensive genetic homology, the
verall order of LdMNPV genes relative to AcMNPV is
0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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18 KUZIO ET AL.
imited. About 55 of the LdMNPV ORFs are organized into
wo regions that, although they contain a number of
nversions, deletions, and insertions, have a pattern that
s somewhat similar to that of AcMNPV. These groups
nclude 9 ORFs homologous to AcMNPV ORF139–

RF148 (LdMNPV ORF14–ORF23) and 45 ORFs orga-
ized similarly to the AcMNPV ORF26–ORF113 region

LdMNPV ORF36–ORF109). These data are shown in
olumn 2 of Table 1.

FIG. 1. Organization of the LdMNPV genome. The circular LdMNPV g
epresents restriction endonuclease recognition sites in the virus gen
roportional to the size of the ORF beginning with the polyhedrin gene

ndicated. Homologs of an AcMNPV gene that have not been given gen
t al., 1997; Ayres et al., 1994). ORFs in the 59339 direction are indicate
r locations are shown between the two lines. The bottom part of eac
nits at the bottom are base pairs.
The average amino acid identity of the AcMNPV ho-
ologs in LdMNPV was ;41% (Table 1). The most con-

erved ORFs were polyhedrin and an AcMNPV ORF2 ho-
olog (called Ld-bro-n, see below), both of which show

2% amino acid identity. Three genes likely to be involved in
ate/very late transcription (lef-8, lef-9, and vlf-1; LdMNPV

RF51, ORF64, and ORF86, respectively) were also highly
onserved (60–70% identical). The chitinase (Ld-ORF70)
nd cathepsin (Ld-ORF78) homologs were conserved

is shown in an overlapping linear format. The top part of each panel
the middle part of each panel, ORFs are shown as black rectangles

nated as ORF1. The names of characterized gene homologs are also
ccepted names are indicated with the AcMNPV ORF number (Ahrens
e top line, and the bottom line indicates ORFs in the 39359 direction;

l indicates the percent adenine and thymine (A-T) for that region. The
enome
ome. In

desig
erally a
d on th

h pane
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19LdMNPV GENOME SEQUENCE
.65% identical) along with p74 (Ld-ORF27), 61%; ubiquitin
Ld-ORF43), 71% (note that the LdMNPV ORF is almost
wice as long as that of AcMNPV); sod (Ld-ORF145), 75%;
nd ctl (Ld-ORF149), 77%. Two additional copies of
cMNPV ORF2 homologs, ld-bro-j and -p, (Ld-ORF114 and

ORF161, respectively), at ;60% identity are also among the
ost conserved genes. The 41% overall identity of LdMNPV

nd AcMNPV ORFs is less than that reported for AcMNPV
nd OpMNPV (56%) (Ahrens et al., 1997), and with the
xception of the three AcMNPV ORF2 homologs, the genes
ost conserved in LdMNPV were also well conserved in
pMNPV. With the exception of the ORFs encoding the

ibonucleotide reductase subunits, which are highly con-
erved between LdMNPV and OpMNPV but lacking in

FIG. 1
cMNPV, the LdMNPV and OpMNPV ORFs demonstrated
imilar amino acid sequence identities to the LdMNPV and
cMNPV ORFs. This suggests that the common ancestor of
cMNPV and OpMNPV diverged from LdMNPV before the
eparation of AcMNPV and OpMNPV.

A COMPARISON OF ORF CONTENT BETWEEN
LdMNPV AND AcMNPV

dMNPV homologs of AcMNPV ORFs

Of the 163 ORFs predicted for the LdMNPV genome, 95
cMNPV homologs are represented (Table 2). This is in
ontrast to OpMNPV, which contains 126 homologs of
cMNPV. Of these 94 ORFs, only 3 (Ac-ORF12, -ORF58, and

inued
—Cont
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20 KUZIO ET AL.
ORF139) are not present in OpMNPV (Ahrens et al., 1997).
ncluded in this set of conserved genes are all those impli-
ated as being required for DNA replication (lef-1, -2, and -3;
elicase; dna polymerase; and ie-1) (Kool et al., 1994; Lu

LdM
nd Miller, 1995). Indeed, we have demonstrated that plas-
ids containing these genes are capable of supporting

ransient DNA replication when transfected into uninfected
. dispar cells (Pearson and Rohrmann, 1998), indicating

RFs
NPV O
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21LdMNPV GENOME SEQUENCE
hat their function is conserved. Of 12 additional genes that
ave been implicated in late gene expression or in stimu-

ating DNA replication (Kool et al., 1994; Lu and Miller, 1995),
omologs of 9 late transcription genes are present (lef
–6 and 8–11, 39K, and p47), whereas 3 that are stimu-
atory for replication (lef-7, p35, and ie-2) are not present.
ost of the genes implicated as being structural com-

onents of virions or polyhedra are also conserved be-
ween the two viruses. Genes that likely modulate insect
rowth or development, such as ecdysteroid UDP-glu-
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22 KUZIO ET AL.
osyltransferase (egt) (O’Reilly and Miller, 1989) and a
omolog to fibroblast growth factor (Ld-ORF156), are also
onserved. Two additional conserved genes, chitinase

Ld-ORF70) and cathepsin (Ld-ORF78) (Hawtin et al.,
997; Ohkawa et al., 1994), are thought to be involved in
irion dissemination by causing disintegration of insects

ate in infection. Therefore, genes encoding proteins in-
olved in DNA replication, late transcription, virion struc-
ure, and dissemination account for about a third of the
onserved genes.

cMNPV ORFs with no homologs in the LdMNPV
enome

Homologs of 61 AcMNPV genes are not present in
dMNPV (Table 3). Of these, 22 are also not present in

he OpMNPV genome (Table 3). In particular, two trans-
ctivators of early transcription, ie-2 and pe38, are lack-

ng. ie-2 is not essential for BmNPV viability in cell cul-
ure. When it is deleted, viral growth and late gene
xpression appear unaltered, but DNA replication is re-
uced (Gomi et al., 1997).

A major unexpected finding of this comparison is the

Note. In this viral strain, there is a frame shift in this gene (B
the same ORF number (ORF63).

1 This column indicates the AcMNPV homologs (Ayres et al.,
few cases in which AcMNPV homologs are lacking.

2 This column indicates the percentage amino acid identity b
number of amino acids in the AcMNPV ORF, the percentage ide
percentage identity.

3 This column indicates the presence of early (E) and late (L
TATA sequence with a CAGT or CATT mRNA start site seque
ATAAG, a GTAAG, or a TTAAG.

4 Only selected references are indicated in this column. For
bsence of an envelope fusion protein gene homologous to
he AcMNPV/OpMNPV gp64 genes. In these viruses, GP64
ppears to be a critical protein for the spread of infection

rom cell to cell. Production of an AcMNPV gp64 minus
utant (using cells expressing gp64) led to the conclusion

hat gp64 was required both for cell-to-cell virus spread and
or spread of the infection from the insect gut to the hemo-
el (Monsma et al., 1996). This suggests either that a gp64
omolog is present but highly diverged or that LdMNPV has
ther genes that are involved in membrane fusion or uses

different mechanism for cell entry. The elucidation of
dMNPV cell entry mechanisms may contribute signifi-
antly to understanding the different approaches baculovi-
uses have evolved to infect cells.

To determine whether LdMNPV encodes a protein
hat could function as a replacement for gp64, the
enome was scanned for gene products containing
-terminal signal and transmembrane domains (see
aterials and Methods) that are indicative of trans-
embrane receptor-like proteins. A single candidate

ene was identified (ORF130). This gene has a low
evel of homology to AcMNPV ORF23. Similar analyses

and Slavicek, 1996). The two resulting genes are indicated by

OpMNPV homologs (op) (Ahrens et al., 1997) are shown in the

LdMNPV and AcMNPV homologs. The values shown are the
th the LdMNPV homolog, and the overlap used to calculate the

ter elements within 120 nucleotides of the ATG. E indicates a
–35 nucleotides downstream. L indicates the presence of an

nal references, see Ahrens et al. (1997), Ayres et al. (1994).
ischoff

1994).
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23LdMNPV GENOME SEQUENCE
f the AcMNPV and OpMNPV genomes identified both
he gp64 proteins and AcMNPV ORF23 (OpMNPV

RF21) as the only gene products predicted to contain
oth these domains.

FIG. 2. Circular map of LdMNPV genome. The center circle shows a
re described in the legend to Fig. 1. The inner circles indicate the pos
nd inner circle, BglII.

T

AcMNPV Genes wi

[16]a 19 37 62(lef-9)
[2] 21 38 64( gp37 )

22 40( p47 ) 65 (DNAp
(lef-2) 23 46(odv-e66) 66
(polh) 24( pkip) 50(lef-8) 67(lef-3)
(1629) 25 [2] 52 68
0( pk-1) 26 53 71(iap-2)
1 28(lef-6) 53a 75
2 [2] 29 54 76
3 31(sod ) 57 77(vlf-1)
4(lef-1) 32( fgf ) 58 78
5(egt) 34 59 80( gp41)
7 35(ubi) 60 81
8 36(39K ) 61( fp) 82

Note. Total of 95.
a The numbers in square brackets indicate the number of copies of
dMNPV genes homologous to non-AcMNPV genes
A number of LdMNPV genes are lacking AcMNPV

omologs but are related to genes found in other organ-
sms. These are summarized below and in Table 4.

n kb. ORFs and their orientations are indicated by arrows. The names
f sites for the following enzymes: outer circle, ClaI; middle circle, PstI;

ologs in LdMNPV

83 104(vp80) 138( p74)
89(vp39-capsid) 106 139(me53)
90(lef-4) 108 141(ie-0)
92 109 142
93 110 143(odv-e18/35)
94(odv-e25) 111 144(odv-ec27 )
95(helicase) 112/113 145
96 115 146
98 119 147(ie-1)
99(lef-5) 126(chi ) 148(odv-e56)
100( p6.9) 127(vcath)
101 131( pe)
102 133
103 137( p10)

gs in LdMNPV.
scale i
ition o
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ol)

homolo



t
t
a
1
p
e
a
O
m
s
t
L
e
f
t
1
3
d
t
e
t
r
g
t
r
L

t
m
i
m
a
m
t
1
v
d
n
i
t
w

f
1
o
m
O
f
a
L
q
O
v
s
m
t

a
t
B
e
c
w
i
t
y

c
O

V
V
R
R
R

TABLE 3

1
5
7
1
2
2
3
3
3
4

24 KUZIO ET AL.
Genes involved in DNA replication or DNA repair. Al-
hough a similar set of genes required for DNA replica-
ion has been identified by transient DNA replication
ssays in both AcMNPV and OpMNPV (Ahrens et al.,
996; Kool et al., 1994; Lu and Miller, 1995), critical com-
onents of this process, such as ligases and topoisom-
rases, have not been found in baculovirus genomes
nd therefore are likely supplied by the host cell. Two
RFs were identified in the LdMNPV genome with ho-
ology to genes involved in DNA replication in other

ystems. These include a DNA ligase homolog (ORF22)
hat has ;35% amino acid sequence identity to the
IGASE of vaccinia virus. This gene was cloned and
xpressed in a bacterial system, and the resulting puri-

ied protein product had catalytic properties characteris-
ic of a type III DNA ligase (Pearson and Rohrmann,
998). In addition, an ORF (ORF50) was identified with
1% amino acid sequence identity to a yeast mitochon-
rial helicase, called pif1 (Foury and Lahaye, 1987). Co-

ransfecton of the LdMNPV ligase or pif1 homologs,
ither individually or together, along with the six essen-

ial replication genes, did not stimulate transient DNA
eplication above the level seen with the six replication
enes alone (Pearson and Rohrmann, 1998). Because

ype III DNA ligase and pif1 are associated with DNA
epair and recombination, they may be involved in a
dMNPV DNA repair system.

Genes involved in nucleotide metabolism. Four ORFs
hat are homologous to genes involved in nucleotide

etabolism are present in the LdMNPV genome. These
nclude a homolog of the large subunit and two ho-

ologs of the small subunit of ribonucleotide reductase
nd a gene with homology to dutpase. Although ho-
ologs of these genes are not found in AcMNPV, all

hree are present in the OpMNPV genome (Ahrens et al.,
997). The expression of ribonucleotide reductase by
iruses is thought to allow them to synthesize a source of
eoxyribonucleotides and thereby permit replication in
ondividing cells (Goldstein and Weller, 1988). Dutpase

s a critical enzyme because it converts dUTP to dUMP,
hereby preventing dUTP from incorporation into DNA,

here it is mutagenic. In addition, dUMP is a precursor

AcMNPV Genesa with

( ptp) 42( gta) 63
43 69
44 70(hcf-1)

6 45 72
0 47 73
7(iap-1) 48 74
0 49( pcna) 79
3 51 84
9 55 85
1 44 86( pnk)

Note. Total of 60.
a The numbers that are bold and underlined indicate genes also ab
or the synthesis of dTTP (Mathews and van Holde,
995). The LdMNPV-encoded homologs of ribonucle-
tide reductase are described below. The dutpase ho-
olog differs from that found in the OpMNPV genome. In
pMNPV, dutpase is fused to a homolog of Ld-ORF138 to

orm a reading frame of 319 amino acids. These ORFs
re separate and in different locations in LdMNPV. The
dMNPV dutpase homolog shows 29% amino acid se-
uence identity to the C-terminal 115 amino acids of the
pMNPV ORF. It is similar in size to that from vaccinia

irus (149 and 148 amino acids, respectively), to which it
hows 45% identity. Therefore, this gene appears to be
ore closely related to those from the Poxviridae than to

he OpMNPV ORF.
A mucin-like homolog. Ld-ORF4 encodes a 1029-amino-

cid polypeptide that contains 11 imperfect copies of the
andem repeat SSSTVKPKSSSDKPSDKAK. A modified
LAST search with the low complexity filtering default
nabled produced one top scoring record (GenBank ac-
ession no. P08640) that showed a significant alignment
ith 22% amino acid sequence identity and 34% similar-

ty over 902 amino acids. This polypeptide, encoded by
he yeast DNA regions S1 and S2, encodes a mucin-like
east protein (Lambrechts et al., 1996).

REPEATED GENES

A number of LdMNPV genes are present in multiple
opies. Some of these have homologs in AcMNPV or
pMNPV, whereas others are lacking in these viruses.

TABLE 4

LdMNPV Genes with Homology to Non-AcMNPV
Genes in the Database

iral enhancing factor 1 iap-3a

iral enhancing factor 2 dUTPase
ibonucleotide reductase, large subunit DNA ligase
ibonucleotide reductase, small subunit 1 helicase 2
ibonucleotide reductase, small subunit 2 hrf-1 b

a Birnbaum et al. (1994).
b Thiem et al. (1996).

mologs in LdMNPV

87 120 134
88(cg30) 121 135( p35)
91 122 136( p26)
97 123( pk-2) 140
105 124 149
107 125(lef-7) 150
114 128( gp64) 151(ie-2)
116 129 152
117 130( gp16) 153( pe38)
118 132 154

OpMNPV.
out Ho

sent in
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25LdMNPV GENOME SEQUENCE
omologs of AcMNPV ORF2: A baculovirus repeated
RF (bro) family

A striking feature of the LdMNPV genome is the
resence of 16 ORFs that are related to AcMNPV ORF2

Fig. 3). We have named these ORFs baculovirus re-
eated ORFs (BRO) and have lettered them sequen-

ially in the genome (Fig. 1, Table 1). Although five
opies of bro are present in the BmNPV genome (Gen-
ank accession no. L33180), in AcMNPV there is a
ingle copy, and in OpMNPV there is a small truncated
8-amino-acid representative and two other smaller
elated ORFs (Ahrens et al., 1997). Some of the bro
enes are located in contiguous clusters (Fig. 3). Two
lusters are located near hrs, indicating that they may
ave been duplicated along with the hrs. An analysis
f the relatedness of bro genes from LdMNPV,
cMNPV, and BmNPV is shown in Fig. 4. In this anal-
sis, related domains have been given similar colors.

ost of these genes share a related core sequence,
nd they demonstrate differing degrees of similarity in
ther domains. Outside the shared core region, mem-
ers of the bro gene family were separated into four
roups based on the relationship of different domains.
lignment of the core sequences for groups 1–3 are
hown in Fig. 5. Group I, the largest group, appears to
ave three subgroups of related genes. Several sets of
dMNPV bro genes are related and appear to be the

esult of recent gene duplication; these include Ld-
ro-c and -d, which are distinguished by their length
nd a common 39 region lacking in the other bros (Fig.
). Also, Ld-bro-a, -l, and -o likely evolved from rela-

ively recent duplication events. There is a partial bro
bro-h) located upstream of the -i/-j/-k cluster that
ppears to be a duplication of part of bro-I. Two of the
enes (bro-e and -f) (ORF73 and ORF74) contain con-

iguous overlapping translational stop start signals
TGATG) that result in predicted polypeptides closely
elated to the 59 and 39 regions of Ld-bro-g. This is in

region of five contiguous bro sequences and ap-

FIG. 3. LdMNPV genome map showing the location of homologs to Ac
RF2 homologs (bro) are shown below the line, and the hr sequences

omplete repeats in the hr palindromes. The hr data were generated by
r 30-bp palindrome sequences, including LdMNPV, AcMNPV, BmNPV,
t al., 1994; Cochran and Faulkner, 1983; Garcia-Maruniak et al., 1996;
ears to be an area of intense recombination (see
aterials and Methods), which may account for the

eneration of this duplication and apparent frameshift.
he Ac-bro (ORF2), Bm-bro-d, and Ld-bro-n are the
ost highly conserved genes between these viruses

82% identical in amino acid sequence), suggesting
hat they may have similar functions in the infection
ycle.

Families of related, highly variable genes occur in
ther virus species, including African swine fever virus

Yozawa et al., 1994) and Molluscum contagiosum virus
MCV) (Senkevich et al., 1996). In these viruses, these
enes are grouped at the terminal replicative ends of the
NA. BLAST searches of intravirus proteins clearly iden-

ify these families, but no evidence of similarity exists
hen families of proteins are compared between differ-
nt viruses.

dMNPV ORF37 and ORF47: Duplicated homologs of
cMNPV ORF25

Two copies (ORF37 and ORF47) of homologs to
cMNPV ORF25 were identified in the LdMNPV genome.
hey show ;26% identity to each other, with the C-

erminal 40 amino acids being almost 45% identical.
dMNPV ORF47 is most closely related to AcMNPV
RF25 (30%), with the C-terminal 40 amino acids being
ver 55% identical. LdMNPV ORF37 is ;26% identical to
cMNPV ORF25. The BmNPV homolog of AcMNPV
RF25 encodes a protein that is capable of binding to

ingle-stranded DNA and unwinding partial DNA du-
lexes in vitro (Mikhailov et al., 1998).

iral enhancing factor (VEF)

Although VEF homologs are not found in AcMNPV
Ayres et al., 1994) or OpMNPV (Ahrens et al., 1997),

homolog has previously been reported from the
dMNPV genome (ORF65) (Bischoff and Slavicek, 1997).
eletion of the LdMNPV vef-1 gene caused a decrease

ORF2 (bro genes) and hrs. The location and orientation of the AcMNPV
own above the line. The numbers in brackets indicate the number of
ng the genome using a consensus sequence that finds all baculovirus
V, OpMNPV, and AgMNPV, in the database (Ahrens et al., 1997; Ayres

a et al., 1993; Theilmann and Stewart, 1992; Xie et al., 1995).
MNPV
are sh

scanni
CfMNP
Majim
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27LdMNPV GENOME SEQUENCE
n viral potency, suggesting that VEF-1 may be involved in
iral infectivity (Bischoff and Slavicek, 1997). A second
opy of the gene was identified in the LdMNPV genome

ORF161, Table 1). Both genes differ significantly from
ther vefs and from each other, demonstrating only
30% amino acid sequence identity. VEF is a large

rotein that forms ;5% of the mass of occlusion bodies
f the Trichoplusia ni granulosis virus (TnGV) (Hashimoto
t al., 1991). The VEF protein appears to facilitate bacu-

ovirus infection by disrupting the peritrophic membrane,
hereby allowing virions access to the surface of gut
ells (Derksen and Granados, 1988).

onotoxin-like (ctl ) genes

Conotoxins are small disulfide-rich ion channel antago-
ists isolated from the genus Conus (Olivera et al., 1994). A
ingle ctl gene is present in AcMNPV (AcMNPV ORF3). In
ontrast, the OpMNPV genome encodes two ORFs called
tl-1 and ctl-2. LdMNPV also has two ctl genes. LdMNPV
tl-1 (ORF149) is ;78% identical in amino acid sequence to
cMNPV and OpMNPV ctl-1. In contrast, LdMNPV ctl-2

ORF66) is predicted to be 40 amino acids longer than the
ther baculovirus ctls and shows only 30–40% identity to

he ctl-1 genes. However, it shows higher identity (;53%) to
pMNPV ctl-2. Therefore, in this report, we grouped it with

he ctl-2 lineage. In a study examining the AcMNPV ctl-1
ene, no differences in mortality, motility, or weight gain
ere observed when neonate or late instar Spodoptera

rugiperda larvae were infected with an AcMNPV ctl-1 de-

FIG. 4. Relationships of BROs. AcMNPV, BmNPV, and LdMNPV BRO
ap BLAST pairwise alignments. The polypeptide sequences are re

orresponding to blocks of high sequence similarity (P , 1028). The BRO
o observed sequence similarity of their N-terminal and core domains
egree of conservation, are shaded purple. Degenerate cores are sha
omains (see text). The numbers on the right are the sizes of the ORF

FIG. 5. Alignment of 41-amino-acid core of LdMNPV BRO sequences.
his region is shaded red in Fig. 4. The groups are the same as in Fig.
. The dots above the sequence indicate identical amino acids. The xs

ndicate that amino acids in this position are highly conserved.
etion mutant compared with infection with wild-type virus
Eldridge et al., 1992).

enes involved in nucleotide metabolism: Two
omologs of the ribonucleotide reductase (RNR)
mall subunit

Two adjacent genes (ORF147 and ORF148) that en-
ode predicted ribonucleotide reductase subunits were

dentified in the LdMNPV genome. Both genes showed
ery high homology to the large (R1) and small (R2)
ubunits from OpMNPV (Ahrens et al., 1997) (84 and 83%
mino acid sequence identity, respectively) and like the
pMNPV RNR ORFs showed only low levels of identity to
NR ORFs from other organisms. In addition, R1, but not
2, homologs have been reported for two additional
aculoviruses: S. exigua MNPV and S. littoralis MNPV

van Strien et al., 1997). R1 from these viruses show
8–68% amino acid sequence identity with other eukary-
tic R1s and are distantly related to OpMNPV, HSV, and
scherichia coli R1 (25–27% identity). The R2 subunit

rom OpMNPV was even less well conserved than R1,
howing only 10–16% sequence identity with other R2
olypeptides. In addition, a second R2 homolog (ORF120)
as identified elsewhere in the LdMNPV genome. This
RF shows only limited amino acid sequence identity to
oth the R2 from OpMNPV and the other LdMNPV R2

24% and 22%, respectively). In contrast, the second
dMNPV R2 ORF shows 70% amino acid sequence iden-

ity to R2s of vaccinia virus and golden hamster. This
ndicates that there are two distinct lineages of baculo-
irus rnr genes, including one closely related to other
ukaryotic genes and a second category of distantly

elated genes. The identification of two r2 genes in an
rganism is not unprecedented. Saccharomyces cerevi-
iae has recently been reported to encode two R2 sub-
nits that are ;54% identical (Huang and Elledge, 1997;
ang et al., 1997). However, one of these subunits lacks

ritical amino acids associated with iron binding and
ppears to be catalytically inactive. Evidence suggests

hat it interacts with the other R2 subunit and may play a
tructural role in the RNR complex. In contrast to yeast,
oth LdMNPV RNR2 subunits contain all the conserved
mino acids involved in iron binding.

nhibitor of apoptosis (iap) genes

In OpMNPV and the Cydia pomonella granulovirus
CpGV), a gene has been identified that is capable of
locking apoptosis induced by infection with AcMNPV

ents were carried out using the program Macaw with guidance from
ted as rectangles, with the expanded rectangles of the same color

been grouped into four classes (groups I, II, III, and IV) corresponding
ore region is shaded red. Core flanking regions, which have a lesser
nk. Group IV is composed of BROs with degenerate or missing core
ino acids.
alignm
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28 KUZIO ET AL.
Birnbaum et al., 1994; Crook et al., 1993). These are
alled iap genes, and they subsequently have been
hown to belong to a large gene family with members

n a variety of eukaryotes (reviewed in Clem, 1997). IAP
omologs often contain two tandem baculovirus IAP

epeats (BIR), as described by Birnbaum et al. (1994),
nd a zinc (RING) finger-like Cys/His motif. BIR do-
ains are associated with binding to apoptosis-induc-

ng proteins (Harvey et al., 1997; Vucic et al., 1997).
nalysis of OpMNPV revealed three iap subfamilies
ith one, iap-3, capable of blocking apoptosis in Ac-
NPV-infected S. frugiperda cells (Birnbaum et al.,

994). LdMNPV contains two ORFs (ORF79 and
RF139) that are members of the iap family. LdMNPV
RF79 shows ;30% identity with AcMNPV and OpM-
PV IAP-2s but only 20–24% identity with AcMNPV and
pMNPV IAP-1s. This suggests that LdMNPV ORF79
ay be a member of the IAP-2 subfamily. LdMNPV
RF139 at 155 amino acids is smaller than most iap
omologs. It appears to have a major internal deletion

hat eliminated the BIR-2 domain while retaining the
inc (RING) finger domain (Fig. 6). When these do-
ains are aligned separately to accommodate the

nternal deletion, they show 26–31% identity to AcM-
PV and OpMNPV IAP1s and ;23% identity to IAP-2s.

n contrast, LdMNPV ORF139 shows 42% identity with
pMNPV iap-3 (Fig. 6). This suggests that LdMNPV
RF139 may be a member of the iap-3 subfamily and
e active in blocking apoptosis during LdMNPV infec-

ion.

dMNPV ORF151 and ORF162 are related to
cMNPV ORF12

AcMNPV ORF12 is predicted to encode a peptide of
17 amino acids. Two LdMNPV ORFs share an over-

apping region of similarity with this protein; these are

FIG. 6. Alignment of LdMNPV ORF139, a possible iap-3 homolog.
ashes (-) indicate gaps; amino acid number is indicated on the right;

dentical amino acids are indicated by the vertical line; and colons
ndicate conserved amino acids. The OpMNPV iap-3 sequence is from
irnbaum et al. (1994). The baculovirus IAP repeat (BIR) and zinc finger
omains are overlined and labeled.
d-ORF151 (31% identity) and Ld-ORF162 (30% iden-
ity). Both LdMNPV ORFs are smaller than Ac-ORF12
Ld-ORF151, 168 amino acids; Ld-ORF162, 91 amino
cids).

REPEATED REGIONS

omologous regions

A novel feature of many baculovirus genomes is the
resence of hrs that are located throughout the genome

Ayres et al., 1994; Cochran and Faulkner, 1983; Garcia-
aruniak et al., 1996; Theilmann and Stewart, 1992; Xie

t al., 1995). hrs are composed of repeated sequences
ncompassing both direct repeats and imperfect palin-
romic sequences and are related to one another.
cMNPV has eight hrs, whereas the OpMNPV genome
as five. In these viruses, each hr contains 1–10 imper-

ect palindromes of 30 bp within a directly repeated
equence (Ahrens et al., 1997; Ayres et al., 1994). In both
cMNPV and OpMNPV, hrs can act as enhancers of RNA
olymerase II-mediated transcription (Guarino and Sum-
ers, 1986; Theilmann and Stewart, 1992) and can be-

ave as origins of DNA replication in transient replication
ssays (Ahrens et al., 1995; Kool et al., 1995; Pearson et
l., 1992). In addition, evidence suggests that the bacu-

oviral transactivator, ie-1, binds to hr sequences (Choi
nd Guarino, 1995).

Thirteen homologous regions (hrs 1, 2, 3a, 3b, 3c, 4, 5, 6,
a, 7b, 7c, 7d, and 8) were identified in the LdMNPV ge-
ome that contain 1–7 palindrome repeats for a total of 53

epeats (Fig. 3). A number of partial repeats are also
resent in some hrs. As previously reported, different
dMNPV hrs may be closely related to one another (e.g.,
r1 and hr4 are 89% identical) (Pearson and Rohrmann,
995). There are variations between individual hr palin-
romes and differences within each palindrome that confer
n these structures a direction. Therefore, some clusters of
rs are oriented in the same direction. This directionality is

eflected by the larger direct repeats within which hrs are
ften embedded (Fig. 7). hr7b is limited to a single palin-
rome and is not embedded in a larger direct repeat (Fig.
). In contrast to AcMNPV hrs, which can act as origins
f replication in transient assays, it was found that the
dMNPV hrs had to be linked to an AT-rich sequence
efore they were capable of undergoing replication (Pear-
on and Rohrmann, 1995). Similar to the hrs of AcMNPV
nd OpMNPV, LdMNPV hrs can act as enhancers of early
ene transcription (Pearson and Rohrmann, 1997). The
dMNPV hrs are composed of a series of 72-bp DNA

epeats containing a 30-bp palindrome with MluI sites in
ach arm. This palindrome flanks a combined XhoI--SacI
ite (Fig. 7a). Except for the four variations shown in Fig. 7b,
ll nucleotides in the palindrome are .92% conserved, with

he variable nucleotides being ;60–75% conserved, with
he exception of the 59 G, which is 42% conserved. The
ucleotides comprising the palindrome are designated with
sterisks in Fig. 7b and include 24 of 30 positions. In
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29LdMNPV GENOME SEQUENCE
ddition, compared with the AcMNPV consensus hr palin-
rome, 50% of the sequences are identical (Fig. 7c). The
imilarity between LdMNPV and OpMNPV hrs was not so
learly evident, showing only 40% identity if single gaps are

nserted (not shown). However, when a consensus profile
erived from a number of baculoviruses was used to scan

he LdMNPV genome, all the hrs in the LdMNPV genome
ere identified (Fig. 3). This is further evidence that the hrs

rom different baculoviruses share a common ancestor.
The position of at least some hrs appears to be con-

erved relative to specific baculovirus genes. In particu-
ar, it was found that an hr is conserved immediately
ownstream of AcMNPV ORF83 and the homologous
enes in BmNPV and OpMNPV (Ahrens et al., 1997).
dMNPV hr5 is located immediately downstream of Ld-
RF91, the LdMNPV homolog of AcMNPV ORF83 (Table
). In addition, immediately downstream of this hr is

ocated Ld-ORF92, the homolog of AcMNPV vp39-capsid
AcMNPV ORF89). Because no homologs of the AcMNPV

RFs (ORF84–ORF88) are present in the LdMNPV ge-
ome, this indicates that the position of LdMNPV hr5 is
onserved relative to both the upstream and down-

T

Nucleotide Content and G 1 C Compo

Virus Genome Size (% GC) Cod

dMNPV 161,046 (57.5) 138
pMNPV 131,993 (55.1) 118
cMNPV 133,894 (40.7) 122
mNPV 128,413 (40.4) 114

a The values indicate the number of nucleotides in each category fo
b hr sizes were determined from a profile search.

FIG. 7. LdMNPV hr sequences. (a) The organization of LdMNPV hrs
alindrome (boxed). Conserved restriction enzyme sites are indicated. (
equence are nucleotides that contribute to the palindrome. The nucle
f the LdMNPV and AcMNPV hr consensus sequences. The colons in
tream genes. The ORF organization downstream of this
r in OpMNPV and BmNPV are similar to LdMNPV; ho-
ologs of ORF84–ORF86 are missing in BmNPV and
RF84 and ORF86 are missing in OpMNPV.
Given that hrs share higher similarity within a virus strain

han do any hrs between species, the amplification process
ppears to be tightly linked to functional conservation.
ithin a virus species, the hrs may coevolve with the

roteins with which they interact, such as the transcrip-
ional activator, ie-1. The evidence that hrs arose with a
rogenitor baculovirus and are maintained in diverse ge-
omes further indicates that they play a fundamental role in

he viral life cycle and supports data suggesting that they
re transcriptional enhancers and may also serve as ori-
ins of DNA replication in vivo (reviewed in Lu et al., 1997).

GENOME COMPOSITION AND EVOLUTION

1 C content

Although the LdMNPV genome has a relatively high G
C content (57.5%), there is a markedly uneven distri-

ution of nucleotide composition, with most of the ge-

of Baculovirus Genome Componentsa

C) hrb (% GC) Intergenic (% GC)

.6) 4,590 (57.4) 17,548 (40.4)

.9) 1,619 (58.1) 12,374 (38.2)

.6) 3,103 (33.5) 8,264 (29.7)

.6) 3,418 (31.5) 10,764 (30.5)

by the percent G 1 C content of each category.

n, including the repeated sequence and the location of the imperfect
LdMNPV hr palindrome consensus sequence. The asterisks above the
below the line indicate positions conserved ,92%. (c) A comparison

identity.
sition

ing (% G

,908 (59
,000 (56
,527 (41
,231 (41

llowed
is show
b) The
otides

dicate
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30 KUZIO ET AL.
ome showing high G 1 C, interspersed with abrupt
eaks of A 1 T-rich regions (Fig. 1). Analysis of these
ata (Table 5) shows that coding sequences have a G 1

content of ;60% and the hrs are only slightly lower at
7.4%. In contrast, the sequences located between read-

ng frames have a much lower G 1 C content (40.4%).
imilar patterns of G 1 C distribution are found in
cMNPV, BmNPV, and OpMNPV. AcMNPV and BmNPV
ave a much lower G 1 C content (;40%) and show
ignificantly lower intergenic G 1 C contents (;30%).
pMNPV also follows this pattern (coding sequences,
57%; intergenic sequences, ;38% G 1 C) (Table 5).

aculovirus genes normally have AT-rich promoter se-
uences. Early genes are transcribed by the host cell
NA polymerase II, which uses TATA promoter se-
uences, and late genes are transcribed from the late
romoter TAAG sequence (most often ATAAG) and are

requently surrounded by A 1 T-rich sequences. In ad-
ition, translational initiation and termination sequences
re A 1 T rich. Baculoviruses appear to use the host cell
9 processing machinery, which often requires signals
uch as AATAAA. In addition, it was found that an A 1
-rich sequence was required for the utilization of an
dMNPV hr as an origin of DNA replication in a transient

eplication assay (Pearson and Rohrmann, 1995). There-
ore, although LdMNPV has evolved a very high G 1 C
ontent in the coding sequences, it appears that it may
ave maintained A 1 T-rich intergenic regions to pre-
erve regulatory signals or because enzymes involved in
rocesses using these regions function more efficiently

n low G 1 C environments. In contrast, the translation of
oding sequences may not be under such constraints.

ate promoter frequency

A unique feature of baculovirus late transcription is the
ate promoter element that serves as both the promoter
nd the mRNA start site. This sequence contains TAAG
receded by A, G, or T (Rankin et al, 1988; Rohrmann,
986). To examine the conservation and distribution of
his sequence, the genome sequences of three baculo-
iruses were randomly shuffled, and the frequency of
ach variant of the NTAAG sequence was calculated and
ompared with its actual occurrence (Table 6). In all

nstances, the sequence occurs less frequently than pre-

Frequency of Late Promoter

ATAAG CTAAG

dMNPV 114 (190) 60% 30 (256) 12%
cMNPV 132 (421) 31% 55 (289) 19%
pMNPV 92 (185) 50% 33 (226) 15%

a Predicted NTAAG sequences are shown in brackets and were cal
redicted frequency is preceded by the actual frequency and followed
as ,8.2%. Note: The predicted values differ due to the G 1 C conte
icted; for example, in LdMNPV, 892 NTAAGs are pre-
icted, but only 283, or 32%, of the predicted number are
resent. Similar values were calculated for AcMNPV and
pMNPV. CTAAG, which has not been documented to be
late promoter, is present at ;15% that predicted. This

uggests that they are not used as late promoters and
re selected against because of the disruptive effect they
ay have on viral gene expression or replication. The

ery low frequency of the CTAAG sequence suggests
hat it may also have a disruptive effect on late transcrip-
ion. The viruses had similar frequencies of GTAAG
;30%), but contrary to the prediction, ATAAG occurred

ore often in the G 1 C-rich viruses (50–60%). The
requency of TTAAG showed no clear pattern.

enome content

The LdMNPV genome is ;30 kb larger than the three
ther sequenced baculovirus genomes (AcMNPV,
mNPV, OpMNPV) (Table 5). The sources of the DNA that
ontribute to the large size of the LdMNPV genome are
ummarized in Fig. 8. The LdMNPV genome contains 163
utative ORFs; these include homologs of 94 AcMNPV
enes (Table 2). Excluding the repeated bro genes, these
RFs represent ;90 kb or ;56% of the DNA. A major

ource of additional genetic information results from
ene amplification. The 16 copies of AcMNPV ORF2
omologs called bro genes contribute ;14.5 kb, or 9%, of

ces: Actual (and Predicteda)

GTAAG TTAAG Total (NTAAG)

77 (256) 30% 62 (190) 33% 283 (892) 32%
85 (289) 29% 125 (421) 30% 397 (1420) 28%
71 (226) 31% 106 (184) 58% 302 (821) 37%

from 8192 randomly shuffled genome sequences for each virus. The
ercent of predicted frequency. In all instances, the standard deviation

e virus and the size of the genome (see Table 5).

FIG. 8. The sources of LdMNPV genome content. The chart shows
he relative contribution in genetic content from a variety of sources.
Sequen

culated
by the p
nt of th
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31LdMNPV GENOME SEQUENCE
he DNA in the LdMNPV genome. Genes homologous to
hose from organisms other than AcMNPV are also major
ontributors to the LdMNPV genome. Genes encoding
roteins, such as VEF, ribonucleotide reductase sub-
nits, and dutpase, contribute an additional 16 kb (10%)

o LdMNPV. The LdMNPV genome contains ;35 ORFs
ith no homologs in the database. These require ;12%
f the coding capacity. In addition, LdMNPV hrs compose
n additional 4.6 kb, or 2.8%, of DNA. Dividing the re-
aining DNA (;17.5 kb) (Table 5) by the number of ORFs

163) results in ;106 bp of DNA/gene for 59 and 39
egulatory sequences (Fig. 8). This is about twice the
mount present in AcMNPV (Table 5). Therefore, the

arge size of the LdMNPV genome relative to AcMNPV,
pMNPV, and BmNPV can be accounted for by genes
erived from other organisms, gene amplification, ex-
anded intergenic regions, and unique genes either re-
ruited by LdMNPV or lost by the other viruses.

MATERIALS AND METHODS

ource and cloning of DNA

LdMNPV cosmids were constructed using partial PstI
r ClaI digests of DNA from the LdMNPV clonal isolate
I 5–6 (Slavicek, 1991) and then cloned into the cosmid

ector pHC79 (Hohn and Collins, 1980). LdMNPV strain
I 5–6 is a few-polyhedra (FP) mutant (Bischoff and
lavicek, 1996), and this is reflected in a frameshift in
d-ORF63, the fp locus. All plasmid subcloning was done

n pBluescribe2 (pBS2) or pBluescript2 (pKS2) (Strat-
gene). pBS2 was modified by the addition of a BglII site

Gombart et al., 1989).

NA sequence determination

Plasmid templates for sequencing were prepared us-
ng Qiagen columns (Qiagen Inc.). Sequencing reactions

ere performed using the Taq DyeDeoxy Terminator
ycle Sequencing Kit (Applied Biosystems, Inc.) accord-

ng to the manufacturer’s protocol, with the exception
hat the reactions were performed in 5% DMSO and
ycled to a higher denaturation temperature (97°C). A
erkin-Elmer Cetus model 480 or model TC1 thermal
ycler was used. Reactions were electrophoresed and
nalyzed on an ABI Model 377 Automated DNA Se-
uencer. Primers were designed to generate overlapping
equences of ;300–400 nucleotides in one direction.
his sequence information was then confirmed using
rimers spaced at ;400–450 nucleotides apart for se-
uencing in the opposite direction. Sequencing was
one using templates of plasmid, cosmid, and viral
enomic DNA.

equencing problems encountered

The sequences that we determined correspond closely
o the sizes estimated from restriction enzyme fragments.

owever, difficulty was encountered in sequencing the re-
ion extending from 67433 to 68298. The original cosmid
erived from the genome lacked this region, and we were
nable to clone it into plasmid DNA. The position of the
eleted region was preliminarily located by sequencing a
osmid (c77) from a related strain (LdMNPV A21) of the
irus (Bischoff and Slavicek, 1996; Slavicek et al., 1996). The
eleted sequence was found to be located in a large pal-

ndromic region that was produced by two oppositely ori-
nted bro members related to AcMNPV ORF2. This palin-
romic region is ;3.5 kb with ;70% palindrome matches
ithin the sequence. The sequence that was deleted from

he cosmid DNA, which we were unable to clone, contained
n area that was located between the two oppositely ori-
nted genes. We attempted to sequence through the region
sing primers to flanking regions and viral genomic DNA as

he template. Additional sequence information was ob-
ained using this strategy, but overlaps were not possible
ecause the sequence stopped, possibly due to template
eterogeneity at specific positions. We used PCR to amplify

his region from genomic DNA using primers containing the
equences 67234–67253 (called aeb38) and 68847–68856

called aeb161) that flanked two known XhoI sites and
nother one in the internal unsequenced region. PCR
ielded a ladder of fragments with a major band at 1.6 kb.
he 1.6-kb band was gel purified and, when digested with
hoI, produced two fragments that were cloned. The se-
uence from these clones overlapped the ends of the
equence that we had already derived from direct viral
enome sequencing. The sequence we determined from

he cloned PCR products closely matched the size of the
riginal PCR product. In addition, the sequence we gener-
ted conforms in size to a NotI–HindIII restriction fragment

rom genomic DNA that spans this region. Therefore, we
elieve that the sequence that we obtained fully represents

his region of the genome. However, the region appears to
e unstable, and cloned virus may contain a mixture of
ifferent sequences in this region.

olymerase chain reaction

PCR was performed according to the Perkin-Elmer
eneAmp protocol using Amplitaq DNA polymerase in 2
M MgCl2. Template DNA (10 ng) was amplified using

0 mM of each of the 59 and 39 primers. One cycle of
5°C for 120 s was followed by 35 cycles of 60 s at 95°C,
0 s at 60°C, and a final cycle of 7 min at 72°C. The
esulting products were purified on a 1.5% TAE agarose
el and extracted using the QIAquick gel extraction kit

Qiagen).

NA sequence analysis

DNA sequence data were analyzed using the GCG
uite of sequence analysis programs (Devereux et al.,
984). BLAST searching was performed using the Gap-
LAST search engine (Altschul et al., 1997). For percent

dentity between homologous proteins, default BLAST
arameters were used. Because the alignment was be-
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ween single pairs of known homologs, the Gap-BLAST
wo-pass method and multiple-hits-only option were not
sed. Affine gaps were set to gap’open 9; gap’extend 2.
ercent identities indicate the percent identical residues

n the aligned portions of two sequence. The following
onsiderations led to the designation of ORFs as likely
oding sequences. ORFs with significant homology to
enes in the database were selected using BLAST
earches. ORFs with no homologs in the database and
50 amino acids were selected based on whether their

odon use reflected the composition of a set of large
dMNPV ORFs that are conserved with other baculovi-

uses and, therefore, likely to be expressed (e.g., DNA
olymerase, helicase, lef-8, etc.). If two ORFs overlapped
nd showed similar codon use, the larger was selected.
RFs with significant overlap of hrs were also excluded.
plicing was not taken into account because only one
aculovirus gene (ie-1) has been shown to be spliced

Chisholm and Henner, 1988). Alternate start codon use
s not suspected in baculoviruses; therefore, the possi-
ility of alternate start codons was not investigated.

Searches for motifs within predicted peptides were
erformed using the Prosite database (Bairoch et al.,
997). N-terminal signal and transmembrane domains
ere screened (Kyte and Doolittle, l982; Von Heijne,

986) using SignalP (Nielsen et al., 1997) and PHD (Rost
nd Sander, 1993).

Protein alignments were carried out using the program
ACAW (Schuler et al., 1991) with guidance from Gap

LAST pairwise alignments (Altschul et al., 1997). Re-
ated blocks of sequence were scored when the ob-
erved sequence similarity had a probability of ,1028 of
ccurring at random.

The hr profiles were made by recursive alignment of
he 72-bp repeated region in LdMNPV hr1 to the entire
dMNPV genome. The 72-bp profile is a long quasisym-
etrical repeat containing the MluI–MluI core palin-

rome of the LdMNPV hr regions. This is reflected by the
ppearance of similarity regardless of which strand was
canned. Similarly, the 30-bp baculovirus hr profile was
roduced by aligning to the published sequences of
cMNPV, BmNPV, CfMNPV, and OpMNPV. The final pro-

iles were scanned against the LdMNPV sequence.

ucleotide sequence accession number

The nucleotide sequence data reported in this paper
ill appear in the GSDB, DDBJ, EMBL, and NCBI nucle-
tide sequence databases under accession no. AF
81810.
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