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Abstract

A putative chitinase gene was identified within the fragmentEcoRI-K of the Helicoverpa armigera single-nucleocapsid nucleopolyhe-
drovirus (HearNPV, also called HaSNPV) genome. The open reading frame (ORF) contains 1713 nucleotides (nt) and encodes a protein of
570 amino acids (aa) with a predicted molecular weight of 63.6 kDa. Transcription started at about 18 h post infection (p.i.) and the protein was
first detected at 20 h p.i. The times of transcription and expression are characteristic of a late baculovirus gene. 5′ and 3′ RACE indicated that
transcription was initiated from the adenine residue located at−246 nt upstream from the ATG start site and the poly (A) tail was added at 267
nt downstream from the stop codon. This is the first report on the molecular characterization of achitinase from a single nucleocapsid NPV. The
phylogeny of baculoviral chitinase genes were extensively examined in comparison with chitinases derived from bacteria, fungi, nematode,
actinomycetes, viruses, insects and mammals. Neighbor-joining and most parsimony analyses showed that the baculoviral chitinases were
clustered exclusively within�-proteobacteria. Our results strongly suggest that baculoviruses acquired their chitinase genes from bacteria.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The family Baculoviridae is of rod-shaped viruses with
circular, supercoiled, double-stranded DNA genomes of a
size ranging from about 80–180 kbp. Baculoviruses are in-
sect specific pathogens particularly forLepidoptera, Hy-
menoptera and Diptera (Moscardi, 1999). Generally, bac-
uloviruses are host-specific and cause infected larvae to
liquefy shortly after the onset of mortality (Volkman and
Keddie, 1990). The liquefaction of cadavers is probably piv-
otal to the release of progeny virus and its dissemination into
the environment. Two baculoviral gene products, chitinase
and V-cathepsin, are considered responsible for the liquefac-
tion process (Hawtin et al., 1997; Hom and Volkman, 2000;
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Ohkawa et al., 1994). V-cathepsin, a protease, is believed
to be responsible for the degradation of the proteinaceous
components of cadavers, whereas the chitinase is essential in
liquefying infected cadavers. Genes encoding chitinases are
present in most of the so far completely sequenced baculovi-
ral genomes, except that ofPlutella xylostella granulovirus
(PxGV; Hashimoto et al., 2000). The first chitinase gene in
baculoviridae was identified from theAutographa califor-
nica (Ac) MNPV. It was extensively studied as a prototype
and was found to have endo- and exo-chitinase activities in a
wide pH range from 3.0 to 10.0. In AcMNPV-infected Sf21
cells, the expressed chitinase is located in the endoplasmic
reticulum (Hawtin et al., 1995,1997).

Chitinases are ubiquitous in nature and have been isolated
from bacteria, fungi, nematodes, plants, insects and some
vertebrates (Fukamizo, 2000; Koga et al., 1999; Raghaven
et al., 1994). Usually, chitinases are grouped into distinct
classes according to the divergence of amino acid sequences.
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In plants, there are at least three classes of chitinases, while
in the bacteriumSerratia marcescens, chitinases have been
grouped into at least six classes (Shinshi et al., 1990). Ac-
cording to this classification, baculovirus chitinases were un-
ambiguously classified as chitinase A (chiA). However, the
classification of chitinases based on the divergence of se-
quences was questioned since it caused confusion and was
not efficient (Henrissat, 1999). A simple system was sug-
gested to nomenclature chitinases as family 18 chitinases and
family 19 chitinases (chi18 and chi19, respectively) depend-
ing on their catalytic active site (Henrissat, 1999). Chi18 are
the most widely present chitinases found in procaryotes, eu-
caryotes and viruses. The baculoviral chitinases identified
so far are all belonging to family 18 chitinases. It was pre-
viously suggested that the AcMNPV chitinase is closely re-
lated to the chitinase ofS. marcescens (Hawtin et al., 1995).
Further phylogenetic analyses, however, could not confirm
the proposed lateral transfer from bacteria to baculoviruses
(Kang et al., 1998).

The cotton bollworm, Helicoverpa armigera, is a
world-wide pest causing serious damage to cotton, tobacco,
pepper and tomato plants (Fitt, 1989). The HaSNPV has
been extensively used for the control ofH. armigera since
the first isolation of this pathogen in Hubei province of
China. The genome of this virus has been completely se-
quenced (Chen et al., 2001) and several of its genes such
as theegt (Chen et al., 1997), lef-2 (Chen et al., 1999),
p6.9 (Wang et al., 2001), Ha122 (Long et al., 2003) and
Ha94 (Fang et al., 2003) were characterized. In this paper,
we describe the molecular properties of the HaSNPV chiti-
nase gene including temporal transcriptional regulation and
immunological properties. Additionally, we performed ex-
tensive phylogentic analyses including secondary structure
comparison in order to shed more light into the evolution-
ary relationship between baculoviral and other chitinases.
Accession number AF243498.

2. Materials and methods

2.1. Virus and insect cells

HaSNPV was initially isolated from diseasedH. armigera
larvae collected in Hubei province of China and propagated
in the fourth instar larvae (Zhang et al., 1981; Sun and Zhang,
1994). The insect cell line Hz2e5 was maintained at 27◦C in
Grace’s medium supplemented with 10% fatal bovine serum
(Gibco-BRL) and was infected with budded virus obtained
from the hemolymph of diseased larvae. Titers of BVs were
determined by the end-point dilution method and expressed
as TCID50 units/ml (O’Reilly et al., 1992).

2.2. Cloning and sequencing of the HaSNPV chitinase gene

The putative chitinase gene was previously identified
in the fragmentEcoRI-K of the HaSNPV genome (Peng

et al., 1998). EcoRI-K was cloned into the pTZ19R vector
(Gibco-BRL) and denoted as plasmid pCXW125 (Chen
et al., 2000). The chitinase ORF and its flanking regions
were sequenced in both directions by primer walking
(Sanger et al., 1977).

2.3. 3′-RACE and 5′-RACE

3′RACE was conducted by using the 3′-full RACE
core set (TaKaRa) as recommended by manufacturer. The
oligo(dT)-3 sites adaptor was used for the synthesis of first
strand cDNA by incubation with AMV reverse transcrip-
tase and 1�g of total RNA isolated 72 h post infection
(p.i.) for 1 h at 50◦C. The synthesized first strand cDNA
was used as template in the following PCR reaction with
the three sites adaptor primer and achiA specific for-
ward primer S1: 5′-TTTGTCGAATGGGGCGTTTAC-3′
(493–513 nucleotides (nt) in chitinase ORF). The PCR
products were separated with agarose gel and purified using
Glassmilk (BioStar). The purified products were cloned into
pGEM-T easy vector (Promega) and sequenced with M13
primers.

5′RACE was performed by using 5′-full RACE core set
(TaKaRa). The first strand cDNA was synthesized using
a 5′-end phosphoratedchiA specific reverse transcription
primer (5′-pGTCAACACAAATTCACGCACG-3′; reverse
to 911–891 nt) and AMV reverse transcriptase by incuba-
tion for 1 h with 1�g of total RNA at 50◦C. The RNAs
in the mixture was degraded by incubation with RNase
H for 1 h at 37◦C. The released first strand cDNA was
ligated to circular cDNA by incubation with T4 DNA
ligase at room temperature for 3 h. The junction frag-
ment was amplified with twochitinase specific primers
A1 (5′-GTTTGACTAGCCGAACAGCCG-3′; reverse to
377–357 nt) and S1. A nest-PCR was followed with two
specific internal primers A2 (5′-GCCTTGTTCGCCC-
GACCATAC-3′; reverse to 213–193 nt) and S2 (5′-TTAGC-
GCATGGAACGAACCCT-3′; 728–748 nt). The nested
PCR products were purified from Agarose gel using Glass-
milk, cloned into pGEM-T easy vector (Promega) and
sequenced with M13 primers.

2.4. Transcription time course

Hz2e5 cells were infected with HaSNPV at a multiplic-
ity of infection (m.o.i.) of 10. Total mRNA, collected at
0, 6, 8, 12, 14, 16, 18, 20, 24, 48, 72 h p.i., was isolated
by using Trizol reagent (Gibco-BRL) in a one-step pro-
cedure and blotted onto Hybond-N cellulose membrane
(Ausubel et al., 1996; Chomczynski and Sacchi, 1987).
A chitinase gene specific probe was generated by PCR
on pCXW125 template and two primers (forward primer:
5′-ATGAATAATTATTGTTTGTATTTG-3 ′, reverse primer:
5′-TTCCTATACTAGTAGTCCATTA-3′) located at the start
and stop codons, respectively. The product was purified by
the Glassmilk method (BioStar), labeled by nick-translation
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using [�-32P] dATP, and hybridized to the total mRNA blot
(Church and Gilbert, 1984).

2.5. Western blot analysis

Hz2e5 cells were infected with HaSNPV at an m.o.i. of 10
and the protein samples were prepared at 0, 18, 20, 24, 36,
48, 72, 96 h p.i. They were separated on 12% SDS–PAGE gel
and transferred onto a PVDF membrane by using a Semi-Dry
Transfer Cell (Bio-Rad). The membrane was blocked in 2%
fat-free milk at 4◦C overnight. Immuno-detection was per-
formed by using the primary specific antibody against HaS-
NPV chitinase (Wu et al., 2002) and the secondary antibody
against rabbit IgG conjugated with alkaline phosphatase.
BCIP and NBT (Roche) detection system were performed
as recommended by the manufacturer.

2.6. Computer assisted analysis

The sequence data were compiled and analyzed using
DNASTAR software. The deduced amino acid sequence of
chitinase was explored using the PROSITE network ser-
vice for putative functional motifs searching (Bairoch et al.,
1997). Homologues in GenBank/EMBL databanks were ex-
plored by using PSI-BLAST searching tool (Altschul et al.,
1992). The sequence alignment was performed using Clustal
X software (Thompson et al., 1997). GeneDoc software (ver-
sion 1.1.1004) was used for similarity shading and scoring of
alignment. PAUP program (Version 4.0 beta 10) was used for
generating the phylogenetic trees using the neighbor-joining
method (NJ), most parsimony method and bootstrap anal-
ysis. Phylogenetic tree was visualized using Treeview pro-
gram. Secondary structures were predicted using network
service PHD (profile fed neural network systems from Hei-
delberg;Rost and Sander, 1993, 1994). The results were im-
ported into Bioedit referring to the corresponding amino acid
sequence alignment. Per cent identity of secondary struc-
tures were calculated using GeneDoc software. All align-
ments discussed in the text are available to be downloaded
from http:\www.slfa.de\biotech\chitinase.

3. Results

3.1. Sequence analysis

The putative chitinase gene was previously located at dif-
ferent restriction enzyme fragments of the HaSNPV genome
by hybridization with CfMNPV chitinase probe (Peng et al.,
1998). The positiveEcoRI-K fragment was cloned and se-
quenced by primer walking. The sequence was identical to
the ORF41 of the complete HaSNPV genomic sequence
(Chen et al., 2001). In the HaSNPV genome, the v-cathepsin
and chitinase genes are not adjacent to each other as usually
found in other baculovirus genomes. The chitinase ORF has

a size of 1713 nt, potentially encoding a protein with a pre-
dicted molecular weight of 63.6 kDa. The amino acid (aa)
sequence was deduced using DNAstar software. It has a size
of 570 aa, which is similar to that of known baculoviral chiti-
nases ranging from 551 to 588 aa. The functional motifs of
HaSNPV chitinase were explored by using the protein motif
searching tool PROSITE. A putative tyrosine kinase phos-
phorylation motif RASGDLISY (located at aa 507–515), a
typical chitinase family 18 active motif FDGIDIDWE (aa
308–317) and sixN-glycosylation sites were identified. A
trans-membrane signal MNNYCLYLFAFSILILHSYA was
found at the N-terminus. A characteristic endoplasmic retic-
ulum (ER) targeting sequence, HNEL, was identified at the
C-terminus (Fig. 1; Lewis and Pelham, 1990; Pelham, 1990).

3.2. Transcriptional and expressional analysis

The baculoviral consensus late transcription initiation mo-
tif ATAAG was located at 29 nt upstream of the putative
translation start codon ATG. Two TATA boxes were found at
position−33 and−21 nt upstream from the ATG. The typ-
ical poly(A) signal, AATAAA, was not present downstream
of the chitinase ORF. In order to determine the transcrip-
tional start and stop sites of HaSNPV chitinase, 5′RACE
and 3′RACE were performed with total RNA sample iso-
lated at 72 h.p.i. For 5′RACE, three clones were sent for
sequencing. The results of two clones were same, indicat-
ing that the transcription of HaSNPVchitinase was initiated
from the nucleotide A located at−246 nt upstream from the
start code ATG (Fig. 1). The other clone failed to give any
sequencing signal. It is surprising that our results indicate
HaSNPV chitinase initiates from TAGT (Fig. 1) instead of
the common baculoviral late transcription motif TAAG. The
transcriptional initiation site will have to be confirmed by
further experiments such as primer extension. For 3′RACE,
five clones were sent for sequencing. Four of the five se-
quences indicated that the poly(A) tail was added at 267 nt
downstream from the stop codon and it is 14 nt downstream
from the last A of an AATATA sequence (Fig. 1).

The temporal transcription regulation of HaSNPV chiti-
nase gene in vitro was determined by using Northern blot
analysis. An HaSNPVchitinase specific32P labelled probe
was hybridized to total RNA isolated at 0–72 h p.i. North-
ern blots showed that a specific transcript with a size of
about 2,300 nt was detected by 18 h p.i. (Fig. 2). There-
after the transcripts accumulated until 72 h p.i. The size of
the transcript was in agreement with the size predicted by
the results of 5′RACE and 3′RACE. The transcription pro-
file was indicated as a typical pattern of a late baculovirus
gene.

In order to investigate the expression profile of the native
HaSNPV chitinase in Hz2e5 cells, Western blot analysis was
performed on total cellular proteins prepared at 0–96 h p.i.
A product of about 66 kDa was detected as early as 20 h p.i.
The product increased only slightly with time until 96 h p.i.
(Fig. 3). The results indicated that the HaSNPV chitinase
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Fig. 1. Location of the chitinase gene on theEcoRI map of HaSNPV genome. The position and direction of transcription ofpolyhedrin, Ha40, Ha39,
Ha38 and chitinase (Ha41) are shown. Part of the nucleotide sequence and its flanking regions are shown. The predicted amino acids sequence was
indicated by one letter code. The transcription initiation and termination nucleotides revealed by 5′ and 3′RACE were bolded and underlined. The putative
poly (A) signal AATATA was bolded and italicized.

is a late gene. Its expression pattern was similar to that of
AcMNPV (Hawtin et al., 1995).

3.3. Phylogenetic analysis

An extensive study was conducted to elucidate the phy-
logeny of chitinases derived from various species. The

Fig. 2. Northern blot analysis of total mRNA samples extracted at 0, 6, 8, 12, 14, 16, 18, 20, 24, 48 and 72 h p.i. Size of RNA ladder, 2604 and 1909
nt (Promega) are given to the left. The size of the chitinase transcript is about 2300 nt.

deduced amino acid sequence from HaSNPVchitinase was
explored using PSI-Blast service against the GenBank. A
total of 489 chitinase sequences (all hits with an e value
lower than 6e−7) were downloaded and aligned using
Clustal W program. From this alignment a neighbor-joining
(NJ) tree was constructed (data not shown) to examine the
distances among these sequences. In order to condense the
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Fig. 3. Expression of HaSNPV chitinase in infected Hz2e5 cells. Samples were prepared at 0, 18, 20, 24, 36, 48, 72 and 96 h p.i., blotted onto PVDF
membrane and reacted with anti chitinase antibody. Protein markers are in lane M. The size of the detected chitinase is indicated by an arrow.

Table 1
Chitinase sequences used in this analysis

Taxonomy Name/source Abbreviation Accession

Viruses
Baculoviridae

Nucleopolyhedrovirus
Helicoverpa armigera SNPV HaSNPV AF243498
Autographa californica MNPV AcMNPV AAA66756
Bombyx mori NPV BmNPV NP047523
Hyphantria cunea NPV HycuNPV AAD31762
Lymantria dispar NPV LdMNPV NP 047707
Spodoptera exigua NPV SeMNPV AAF33549
Spodoptera litura NPV SpliNPV NP258310

Granulovirus
Cydia pomonella GV CpGV NP-148794
Xestia c-nigrum GV XcGV AAF05217

Chlorovirus
Chlorella virus PBCV-1 PBCV-1 T17756

Cellular organisms
Bacteria

Proteobacteria
Gammaproteobacteria

Vibrionaceae
Listtonella anguillarm L. anguillarm BAA78114
Vibrio alginolyticus V. alginolyticus BAB21607
Vibrio harveyi V. harveyi AAK11576

Alteromonadaceae
Pseudoalteromonas sp. S9 P.sp.S9 AAC79667
Shewanella baltica S. baltica AAF21124

Aeromonas
Aeromonas punctata A. punctata CAD58828

Enterobactriaceae
Serratia plymuthica S. plymuthica CAD32933
Serratia marcescens S. marcescens A25090
Sodalis glossinidius S. glossinidius CAA72201
Xenorhabdus nematophila X. nematophila CAC38398

Burkholderiales
Burkholderia cepacia B. cepacia AAK72610

Firmicutes
Bacillus halodurans B. halodurans BAB04635
Bacillus thuringiensis B. thuringiensis AAL71886
Bacillus cereus B. cereus BAB16891
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Table 1 (Continued )

Taxonomy Name/source Abbreviation Accession

Actinomycetales
Cellulomonas uda C. uda AAG27061
Streptomyces coelicolor A3(2) S. coelicolor CAB61662

Eukaryota
Magnoliophta

Arabidopsis thaliana A. thaloana T04756
Fungi

Ascomycota
Ajellomyces capsulatus A. capsulatus AAF80370
Coniothyrium minitans C. minitans AAG00504
Grifola umbellata G. umbellata AAO42981
Hypocrea rufa H. rufa AAF19616
Hypocrea virens H. virens AAL78812
Trichoderma asperellum T. asperellum AAF19624

Bilateria
Pseudocoelomata

Nematoda microfilarial chitinase Nematoda AAC47324

Coelomata
Deuterostomi (vertebrata)

Bos taurus B. taurus NP 777124
Danio rerio D. rerio AAH46004
Homo sapiens (glycoprotein 39) H. sapiens1 AAH38354
Homo sapiens (chondrocyte protein 39) H. sapiens2 NP 003991
Mus musculus M. mus AAG60018

Protostomia (insecta)
Araneus ventricocus A. ventricocus AAN39100
Braconid wasp (Chelonus sp.) wasp A53918
Bombyx mori B. mori BAB20017
Choristoneura fumiferana C. fumiferana AAM43792
Drosophila melanogaster D. melanogaster AAF45396
Glossina morsitans G. morsitans AAL65401
Spodoptera litura S. litura BAB12678

number of sequences and to exclude identical sequences,
48 chitinase sequences representing distinct clades were
selected from this tree (Table 1). An NJ and most par-
simony (MP) tree was then inferred and tree topology
was analyzed using bootstrapping (1000 replicates). The
chitinase ofA. thaliana (e value = 6e−7) was used as an
outgroup in order to root the tree. The analysis summa-
rized in Fig. 4 show that the chitinase sequences were
clustered into two well supported subgroups corresponding
to animal (insecta and vertebrata) and non-animal chiti-
nases (fungi, bacteria, viruses). The baculovirus chitinases
clustered within a monophyletic clade, which was well
supported by bootstrapping (NJ: 81% and MP: 93%). The
topology within the baculovirus clade was consistent with
the most parsimonious tree generated with baculovirus
chitinases only (data not shown). The baculoviral chitinases
were clustered within the group of�-proteobacteria (boot-
strap support NJ: 100% and MP: 100%). The chitinases
of S. marcescens, B. cepia, S. plymuthica and A. punctata
appeared to be more closely related to baculovirus chiti-
nases than to other�-protebacteria, indicating that these
bacterial and the baculovirus chitinases had a common
origin.

3.4. Analysis of secondary structures and amino acid
sequences

Seven chitinases (HaSNPV, AcMNPV, CpGV,S.
marcescens, P.sp.S9,C. minitans and B. mori) represent-
ing distinct clades were selected to analyze the relatedness
of their secondary structure. The deduced amino acid se-
quences were aligned and their predicted secondary struc-
tures were introduced into the alignment (Fig. 5). A putative
secretary signal sequence composed of an alpha helix and
iscommon to chitinases, was found at the N-terminus and
denoted as region I (Ayres et al., 1994; Thomas et al.,
1998). A putative ChiN or fibronectin type III domain
(Perrakis et al., 1994, 1997) composed of beta-sheet rich
structure was identified and denoted as region II. The fam-
ily 18 chitin hydrolytic domain was denoted as region III.
The high similarity of the secondary structures of the three
baculovirus chitinases (HaSNPV, AcMNPV and CpGV)
and two bacterial chitinases (S. marcescens and P.sp.S9)
is note worthy (Fig. 5). In comparison with the secondary
structures of�-proteobacterial and baculoviral chitinases,
the insect chitinases (B. mori) and fungal chitinases (C.
minitans) lack region II (Fig. 5). However, significant high
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Fig. 4. A neighbor-joining tree derived from 48 chitinases representing various families of bacteria, fungi, nematodes, insects, mammals and viruses.
Bootstrap values (1000 replicates, nodes supported with more than 50%) are given for neighbor-joining and most parsimony analyses on the branch lines
(NJ/MP). The bootstrap frequency lower than 50 per cent in MP or lower than 80 per cent in NJ is indicated as dashes (‘-’) and not shown.

secondary structure similarity among these seven chitinases
was found in region III, the family 18 hydrolytic active do-
main. This indicated that they could have similar catalytic
function and substrate. Conserved amino acid residues
among prokaryotic and baculoviral chitinases (sequences

with e value higher than 1e−27) were explored using Bioedit
software. Three amino acid residues, Asp309, Asp312 and
Glu316, which constituted the family 18 active site and
were demonstrated to play a central roles in the hydrolysis
of chitin (Papanikolau et al., 2001), were highly conserved.
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Fig. 5. Alignment of the amino acid sequences and the predicted secondary structures of nine selected chitinases. The alignment was refined using
GeneDoc software (version 1.1.004). Three shading levels were set: black for 100% identity, dark gray for 80% identity and light gray for 60%. Regions
were indicated with Roman numbers. The family 18 chitin hydrolytic site was boxed. The sixN-glycosylation sites found in HaSNPV chitinase are
indicated by line and marked asN-gly. The secondary structure units alpha-helixes (H), beta-strands (E) and coils (c) were represented below the
sequences. The gaps are indicated as dashes (‘-’).
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Fig. 5. (Continued ).

Table 2
Pairwise amino acid sequences and secondary structure identity (%) among seven chitinases

HaSNPV AcMNPV CpGV S. marcescens P.sp.S9 C.minitans B. mori

HaSNPV – 92 90 92 77 64 59
AcMNPV 63 – 90 94 78 63 58
CpGV 56 59 – 89 76 63 57
S. marcescens 53 58 50 – 77 62 58
P.sp.S9 44 44 43 45 – 56 55
C. minitans 21 21 20 19 19 – 74
B. mori 15 15 16 16 16 19 –

The percentage amino acid identity was shown below the diagonal and the percentage identity of predicted secondary structure was shown above the
diagonal.
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The similarity of the chitinases was evaluated by calculating
their identities of amino acid positions and the secondary
structures (Table 2). This confirmed the high similarity
between baculoviral and�-proteobacterial chitinases.

4. Discussion

H. armigera is the natural host of HaSNPV and infected
larvae liquefy shortly after death suggesting an active chiti-
nase gene. This study elucidates the transcriptional and ex-
pression properties of the HaSNPV chitinase gene. The data
confirm earlier findings that chitinase is the product of a late
baculovirus gene (Hawtin et al., 1995). The predicted amino
acid sequence of HaSNPV chitinase has 54–91% identity
to other baculovirus chitinases (data not shown). The pres-
ence of the motif HNEL at the C-terminus suggested that the
chitinase might accumulates within the ER before released
(Thomas et al., 1998). Although the mechanism for the chiti-
nase secretion from the ER to the cytoplasm is still unclear,
there is evidence that this motif is important in the retention
and stability of the enzyme within the ER vesicles (Frigerio
et al., 2001; Saville et al., 2002; Wandelt et al., 1992).

Recent phylogenetic analyses to elucidate the relationship
between baculoviral and bacterial chitinases were not al-
ways in agreement.Hawtin et al. (1995)noted that the AcM-
NPV chitinase was closely related toS. marcescens chiti-
nase and suggested a horizontal transfer of this gene from
bacteria to baculovirses. In contrast, this finding could not
be corroborated byKang et al. (1998)who used a slightly
larger data set. We have performed a comprehensive phy-
logenetic analyses starting with nearly 500 chitinase se-
quences deposited in GenBank. From the initial analysis,
48 chitinase sequences which represent distant clades, were
selected, realigned and subjected to NJ and MP analyses
(Fig. 4). Both of the independent methods clearly indicated
a monophyletic relationship of the baculovirus chitinases to
the chitinases of a sub-branch of�-proteobacteria, includ-
ing that ofS. marcescens, B. cepacia, S. plymuthica andA.
punctata. This conclusion was well supported by bootstrap
analyses. This relationship strongly supports the hypothesis
that baculovirus chitinase is most likely to be of a bacterial
origin and was acquired by gene transfer. The separation dis-
tance of baculovirus chitinases from those of insects leaves
only a minimal likelihood to the alternative assumption of
horizontal transfer from the host insect to baculoviruses.

It is well documented that chitinase gene phylogeny only
partially follows the 16S rRNA gene phylogeny, which is
the base of the current bacterial phylogeny. Lateral transfer
of chitinases among bacteria is assumed to be the reason
for this deviation (Cottrell et al., 2000). Although the de-
viation in chitinase gene phylogeny from 16S rRNA gene
phylogeny impairs the interpretation of chitinase phylogeny
trees, our conclusion that baculovirus chitinases most likely
derived fromSerratia-like �-proteobacteria is not hampered
by observation.
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