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Abstract

During the embryonic (pharate first instar) diapause of the gypsy moth, Lymantria dispar, a 55 kDa protein is highly up-regulated
in the gut. We now identify that protein as hemolin, an immune protein in the immunoglobulin superfamily. We isolated a gypsy
moth hemolin ¢cDNA and demonstrated a high degree of similarity with hemolins from three other moth species. Hemolin mRNA
levels increased at the time of diapause initiation and remained high throughout the mandatory period of chilling required to
terminate diapause in this species, and then dropped in late diapause. This mRNA pattern reflects the pattern of protein synthesis.
These results suggest that hemolin is developmentally up-regulated in the gut during diapause. Diapause in this species can be
prevented using KK-42, an imidazole derivative known to inhibit ecdysteroid biosynthesis, and gypsy moths treated in this manner
failed to elevate hemolin mRNA. Conversely, this diapause appears to be initiated and maintained by the steroid hormone, 20-
hydroxyecdysone, and the addition of 20-hydroxyecdysone to the culture medium elevated hemolin mRNA in the gut. Our results
thus indicate a role for 20-hydroxyecdysone in the elevation of hemolin mRNA during diapause. Presumably, hemolin functions
to protect the gypsy moth from microbial infection during its long, overwintering diapause. © 2002 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Diapause, the developmental arrest used commonly by
insects to circumvent adverse seasons, is characterized
at the molecular level by both a major shut-down in the
expression of many genes as well as the up-regulation of
a selective set of genes (reviewed by Denlinger, 2002).
Among the genes that are up-regulated during diapause
are several, but not all, the genes that encode heat shock
proteins (Yocum et al., 1998; Rinehart et al., 2000: Rine-
hart and Denlinger, 2000). Additional diapause up regu-
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lated genes encode an apurinic/apyrimidinic (AP) endon-
uclease that is possibly involved in DNA repair (Craig
and Denlinger, 2000), a defensin-like protein known to
be involved in fighting microbial infections (Palli et al.,
2001), and a drosomycin-like protein that is likely to be
involved in antifungal defense (Daibo et al., 2001). Thus,
several of the diapause up-regulated genes that have
been identified so far encode proteins that may be
involved in stress responses or may contribute to the pro-
tection of the insect during its long period of dormancy.

In the gypsy moth, Lymantria dispar, a conspicuous
55 kDa protein is evident in the midgut and hindgut dur-
ing diapause (Lee and Denlinger, 1996, 1997). This
species enters an obligate overwintering diapause as a
pharate first instar larva: embryonic development has
been completed but development is halted before the
pharate larva completely consumes the yolk (Leonard,
1968; Masaki, 1956). Upon the termination of diapause
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in the spring, the pharate larva consumes the remaining
yolk and breaks through the chorion to begin its larval
life. The 55 kDa gut protein is abundantly synthesized
in early diapause and is evident for approximately the
first 100 days of diapause. Interestingly, a decline in the
synthesis of this protein after 100 days correlates with
the end of a mandatory chilling period required for the
termination of diapause. Eggs chilled at 5 °C for less
than 100 days fail to hatch, while those chilled for more
than 100 days have the capacity to terminate diapause
when they are transferred to 25 °C (Bell, 1989; Tauber
et al., 1990). Although the 55 kDa protein serves as a
good marker for diapause its identity and role have not
been determined.

In this study, we report that the 55 kDa gut protein
in the diapausing gypsy moth is hemolin, as evidenced
by its N-terminal amino acid sequence similarity to other
hemolins, insect immune proteins belonging to the
immunoglobulin superfamily (IgSF) (Faye and Kanost,
1997; Mendoza and Faye, 1999). We also isolated a
gypsy moth hemolin ¢cDNA and determined that its
expression pattern is consistent with the synthesis of the
55 kDa protein. This diapause is induced and maintained
by ecdysteroids, the insect growth hormones (Lee and
Denlinger, 1997; Lee et al., 1997, 1998), and in the
present study we report that the hemolin gene is up-regu-
lated by ecdysteroids, an observation consistent with the
up-regulation of hemolin during diapause. The hemolin
identity of this 55 kDa gut protein suggests that it func-
tions in protecting the gut from microbial infection dur-
ing diapause.

2. Materials and methods
2.1. Insects

Gypsy moth larvae and pupae were obtained from the
Otis Methods Development Center, APHIS, USDA,
Otis, MA and kept in an environmental chamber at 25
°C (16L:8D) until adult eclosion. Pairs of newly
emerged adults were mated in separate containers one
day after eclosion. Females deposited egg masses 1-2
days after mating. Newly deposited eggs were kept at
25 °C for 30 days to allow complete embryogenesis and
the entry into diapause as pharate first instar larvae (Bell,
1989). Egg masses were then chilled for 160 days at 5
°C. Chilled egg masses were transferred to 25 °C for the
completion of postdiapause development.

2.2. Protein purification

After diapause initiation (20-30 days postoviposition)
pharate larvae were separated from the chorion and
rinsed in a saline solution (Ephrussi and Beadle, 1936) to
remove extra-embryonic yolk. Approximately 2000 guts

were dissected in a saline solution and transferred to a
microcentrifuge tube containing 20 mM Tris—HC1 buffer
(pH 8.6). Gut tissues were homogenized and centrifuged
for 15 min at 12,000g at 4 °C. Supernatants and pellets
were stored at —70 °C until use. Dissected guts n =
10 from same age groups of pharate larvae were trans-
ferred to microcentrifuge tubes containing 5 pl Grace’s
medium without methionine (GIBCO) and pulse-labeled
with 10 uCi **S-methionine (1175 Ci/mmol, NEN) for
1.5 h at 25 °C. After incubation, tissues were homogen-
ized, centrifuged as described previously, and the super-
natants and pellets of the 33S-labeled samples were
stored at —70°C.

The supernatants of both the non-radiolabeled and
radiolabeled samples were mixed and diluted with buffer
A (20 mM Tris—HCI, pH 8.6, 10 mg/ml CHAPS) to a
final volume of 2 ml. Proteins in the gut supernatants
were fractionated by Fast Protein Liquid Chromato-
graphy (FPLC) using a mono-Q column (Pharmacia) in
buffer A. After injection of a 2 ml aliquot, the column
was developed with a 1% per min linear gradient of
NaCl at a flow rate of 0.5 ml/min at 4 °C. After fraction-
ation, the amount of incorporation of *3S-methionine into
protein in 5 pl of each fraction was measured by trichlo-
roacetic acid (TCA) preparation (Mans and Novelli,
1961). Radioactivity on the filters was measured using
a liquid scintillation counter.

Proteins in each fraction were analyzed by SDS-
PAGE (Laemmli, 1970). Aliquots of fractions containing
high radioactivity were filtered with a YM-10 membrane
disk (Amicon) and concentrated using a Savant speed-
vacuum dryer. A portion of the concentrated samples
and an original sample were run on an 8% SDS-polyac-
rylamide gel. The gel was stained with Coomassie Brilli-
ant Blue R-250, destained with glacial acetic acid:me-
thanol:water (10:45:45). The gel was dried on filter paper
and exposed to X-ray film.

2.3. Protein sequence analysis

The entire concentrated sample of fraction 11, con-
taining the radiolabeled 55 kDa protein, was run on 8%
SDS-polyacrylamide gels with an upper buffer contain-
ing 0.1 mM thioglycolate. After separation, proteins
were electroblotted to PVDF membrane (Biorad) in
Towbin buffer (25 mM Tris, 192 M glycine, 20%
methanol). After transfer, the membrane was rinsed three
times (5 min each) with deionized water and stained with
0.025% Coomassie Blue R-250 in 40% methanol for 5
min and destained in 50% methanol for 10 min. The
membrane was air-dried and exposed to X-ray film at
—70 °C. The protein band of interest was excised from
the membrane and the N-terminal sequence was determ-
ined by automated Edman degradation using an Applied
Biosystems Model 477A pulsed liquid-phase sequencer
equipped with an on-line HPLC for PTH-amino acid
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analysis. The N-terminal sequence was used to search
the NCBI database using the BLASTP algorithm
(Altschul et al., 1990). The computation for the hom-
ology comparison of the determined partial amino acid
sequence was performed at the National Center for
Biotechnology Information (NCBI) using the BLAST
network service.

2.4. Cloning of hemolin cDNA

Total RNA was extracted from homogenized eggs (25
days old) using the SV total RNA isolation system
(Promega). Poly A* RNA was selected using the PolyA-
Tract mRNA Isolation System III (Promega). Reverse
transcriptase (RT) reactions were performed with 0.6 g
poly A* RNA as a template for cDNA synthesis
(Horodyski et al., 200l1). A sense primer, 5'-
AA(AG)GA(CT)CA(AG)CC(ACT)GC(ACGT)GA-3’
was designed from a portion of the determined N-ter-
minal sequence, KDQPAE. An antisense primer, 5'-
TACATGCA(GA)TA(TGA)ATCAT-3' was designed
from an amino acid sequence MIYCMY that is highly
conserved among insect hemolins corresponding to resi-
dues 231-236 of Manduca sexta hemolin (Sun et al.,
1990; Wang et al., 1995). A PCR reaction was perfor-
med with 0.1 ug of cDNA as a template in PCR buffer
(Stratagene) containing 3.5 mM MgCl,, 0.2 mM dNTPs
and 0.4 uM of each primer in 50 pl. A hot start was
performed by adding 2 units of Taq2000 (Stratagene) in
10 ul PCR buffer into the reaction tubes when the ther-
mal cycler reached 94 °C during the 4 min initial denat-
uration step. The mixtures were then overlaid with 75
ul mineral oil and amplified in a thermal cycler (Perkin—
Elmer 480) for 4 cycles (94 °C, 1 min; 65 °C, 1 min;
72 °C, 1 min), followed by 4 cycles (94 °C, 1 min; 60
°C, 1 min; 72 °C, 1 min), followed by 4 cycles (94 °C,
1 min; 55 °C, 1 min; 72 °C, 1 min), followed by 35
cycles (94 °C, 1 min; 52 °C, 1 min; 72 °C, 1 min), fol-
lowed by a 5 min final extension at 72 °C. The PCR
products were analyzed on a 3% NuSieve-GTG agarose
(FMC BioProducts) gel. The 680 bp PCR product was
excised from the gel, reamplified using the identical PCR
conditions, purified using the Wizard PCR preps DNA
purification system (Promega) and subcloned into
pCRII-TOPO (Invitrogen).

2.5. Rapid amplification of cDNA ends (RACE)

The following gene-specific non-degenerate primers
were designed based on the sequence of the RT-PCR
product:

3’-RACE primer:
5'-CAGGATTACTCTGTCACCTGATG-3',
5'-RACE primer:
5'-CTCAGGTATTGAGGTTCCAGCTC-3'.

The RACE reactions were performed according to the
instructions of the Marathon cDNA amplification kit
(Clontech). Double-stranded ¢cDNA was synthesized
from whole egg poly A* RNA, ligated to the Marathon
adaptor (Clontech), and used as template for 3'- and 5'-
RACE reactions with Adaptor primer 1 (Clontech) and
the above gene-specific primers. The resulting RACE
products were separated on a 1% low melting point
(LMP) agarose gel. A 3'-RACE product (0.9 kb) and a
5’-RACE product (0.7 kb) were excised from the gel and
subcloned into pCRII-TOPO (Invitrogen).

2.6. DNA sequence analysis

The sequences of the RT-PCR and RACE products,
cloned in pCRII-TOPO, were determined using the Big
Dye Terminator Cycle Sequencing Kit (PE Applied
Biosystems) and analyzed at the Ohio University
Sequencing facility. Computer analysis of DNA
sequences was done using DNASIS version 2.1
(Hitachi). Databases were searched using the BLASTP
algorithm (Altschul et al., 1990) and amino acid
sequences were aligned using CLUSTAL W (Thompson
et al., 1994) available by internet access.

2.7. Northern hybridization

Total RNA was prepared from whole eggs or dis-
sected gut tissues. For gut extraction, dehaired eggs were
dissected in sterilized saline solution and guts were col-
lected into RNAlater (Ambion). RNA was extracted
using the SV total RNA isolation system (Promega).
RNA was separated by 1% agarose formaldehyde gel
electrophoresis, stained with ethidium bromide and
transferred onto a Hybond-N nylon membrane
(Amersham). The hemolin RT-PCR clone, pHId-1, was
used as a template to synthesize an antisense RNA
probe. Probes were labeled with *?P to a specific activity
of > 10° cpm/ug using the MAXIscript in vitro tran-
scription kit (Ambion) and **P-UTP (3000 Ci/mmol,
New England Nuclear). Northern blots were hybridized
to the probes at 2 x 10°%pm/ml at 60 °C overnight in a
solution containing 50% (vol/vol) formamide, 5x SSC
(0.15 M NaCl, 0.015 M Na citrate, pH 7.0), 2.5X
Denhardt’s solution (0.02% Ficoll, 0.02% polyvinylpyr-
rolidone, 0.02% BSA), 50 mM sodium phosphate (pH
7.0), 0.1% SDS, 200 pug/ml sheared and denatured her-
ring sperm DNA, 200 pg/ml yeast tRNA, and poly(A)
at 500 pg/ml. Membranes were washed for 2 h in four
changes of 0.1x SSC/0.1% SDS at 65 °C. As a control
for RNA loading, the ethidium bromide-stained gel was
photographed before blotting to visualize the rRNA.

2.8. Physiological analysis

For experiments with the imidazole derivative, KK-42
(1-benzyl-5-[(E)-2,6-dimethyl-1,5-heptadienyl] imidazole)
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dehaired eggs were treated topically with acetone or an
acetone solution containing KK-42 obtained from
Kuwano, Kyushu University, Japan (Kuwano et al.,
1991). Treated eggs were incubated for 5 days at 25 °C
(90-98% RH). After incubation whole guts were dis-
sected from pharate first instar larvae in sterile saline
solution and total RNA was extracted as described pre-
viously. For experiments examining the effect of 20-hyd-
roxyecdysone (20E) eggs were first treated with KK-42
as described previously. After 5 days of incubation,
pharate larvae were carefully removed from the chorion
and extra-embryonic yolk was washed away using saline
solution. Pharate larvae were incubated individually in
a 5 pl hanging drop of Grace’s medium containing 1
pg/ml 20E (Sigma) for an additional 24 h at 25 °C (90—
98% RH) in an environmental chamber. Pharate larvae
in hanging drops of medium containing 10% isopropanol
were used as controls. The whole of Grace’s medium
contained 0.2 pg/ml of the antibiotic gentamycin
(Sigma). After incubation guts were dissected from the
pharate larvae and total RNA was extracted as
described previously.

3. Results

3.1. Purification and sequencing of the 55 kDa
diapause-associated gut protein

When pharate first instar larvae initiate diapause at
15-20 days after oviposition, the rate of total protein
synthesis is greatly reduced, and only a few proteins are
actively synthesized in the gut. One such gut protein
(approximately 55 kDa in SDS-PAGE), mostly present
in the supernatant (Fig. 1A), was abundantly synthesized
during diapause (Lee and Denlinger, 1996).

To isolate this 55 kDa protein, the supernatant mixture
of radiolabeled and non-radiolabeled gut samples was
first fractionated by mono-Q FPLC and the fraction con-
taining the radiolabeled 55 kDa protein was then determ-
ined by TCA precipitation. The highest peak of radioac-
tivity was present in fraction 11 (Fig. 1B). To determine
whether the 55 kDa protein was present in fraction 11,
proteins of fractions 9—15, whole supernatant and whole
gut samples were analyzed with both Coomassie Blue
staining and autoradiography in an SDS-PAGE gel (Fig.
1C). Autoradiography indicated that the 55 kDa protein
was mostly present in fraction 11 (Fig. 1C, bottom). A
few bands of lower molecular weight were also detected
in fraction 11, but the incorporation rates were lower
than that of the 55 kDa protein. In the Coomassie blue
stained gel we detected the 55 kDa protein band that
corresponded to the radiolabeled protein. After con-
firming the presence of the 55 kDa protein, the remainder
of fraction 11 was used to determine its N-terminal
amino acid sequence. The portion of the membrane con-

taining the 55 kDa protein was excised, and the N-ter-
minal sequence was determined to be
DSPVLLPVLKDQPAE. This sequence was used to
search the non-redundant NCBI database using the
BLASTP algorithm (Altschul et al., 1990). The greatest
identity was with the N-terminal regions of the immune
protein, hemolin, from three lepidopteran species, Mand-
uca sexta, Hyalophora cecropia, and Hyphantria cunea.
(Shin et al., 1998; Sun et al., 1990; Wang et al., 1995).

3.2. Isolation and characterization of the gypsy moth
hemolin cDNA

To obtain cDNA fragments encoding portions of hem-
olin two sets of degenerate primers for RT-PCR were
designed. A sense primer was based on a region of the
N-terminal portion of the purified protein. An antisense
primer was based on a region that is highly conserved
among insect hemolins, MIYCMY (corresponding to
residues 231-236 of the Manduca hemolin sequence)
(Wang et al., 1995). An abundant RT-PCR product of
680 bp was obtained, which is similar to the expected
sizes of DNA fragments encoding the corresponding
portion of lepidopteran hemolins. The deduced trans-
lation of the DNA sequence of the RT-PCR product is
highly similar to known hemolins of H. cunea, M. sexta
and H. cecropia (Shin et al., 1998; Sun et al., 1990;
Wang et al,, 1995). To obtain the full-length cDNA
sequence, we designed gene-specific primers from this
DNA fragment to use for amplification of the 3'- and
5'-ends (RACE) (Fig. 2).

Sequence analysis of full-length cDNA revealed a sin-
gle open reading frame (ORF) of 1266 nucleotides (Fig.
2A), beginning with a methionine at residue 18. A
second methionine was present in the frame at residue
24. The sequence flanking this matches more closely
with a consensus translation initiation site (Cavener and
Ray, 1991), but since we cannot be certain which site
is used to initiate protein synthesis, the first methionine
residue is designated as residue 1. A hydrophobic
sequence is present at the N-terminus of the ORF, typical
of secreted or membrane-bound proteins. The most
likely site of signal peptide cleavage is following Ser-
21, but a potential cleavage site is also present following
Ser-26 (Nielsen et al., 1997). The deduced sequence of
Lymantria hemolin contains 4 immunoglobulin (Ig)-like
domains. This is a characteristic feature of other known
hemolin sequences as well as proteins involved in axon
pathfinding and cell adhesion (Djabali et al., 1990; Kidd
et al., 1998). The sizes of the four Ig-like domains
between the conserved cysteine residues that flank the
domains varies from 44 residues (domain I'V) to 58 resi-
dues (domain II) (Fig. 2A and B). The amino acid
sequence that we determined by N-terminal sequencing
matches exactly with the deduced sequence, confirming
that the ¢cDNA clone encodes gypsy moth hemolin.
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Fig. 1. Purification of the 55 kDa gut protein by FPLC using mono-Q anion-exchange chromagraphy and autoradiography. A. Comparison of gut
protein synthesis in the pellet (P) and supernatant (S). Radiolabeled guts were homogenized and separated from supernatant and pellet by centrifug-
ation. Equal amounts of **S-incorporated radioactivity were run on 10% SDS-PAGE gels. B. Separation of supernatant by FPLC using mono-Q
chromatography (top) and the pattern of **S-incorporated proteins (bottom) in each fraction. Gut supernatant was separated by passage through a
mono-Q column equilibrated with 0.1 M Tris (pH 8.6). The amount of *3S-methionine incorporation into protein was measured by TCA precipitation.
C. Identification of the 55 kDa protein in the Coomassie Blue stained gel (top) and in the autoradiography (bottom). FPLC fractions from 9 to 15,
molecular weight markers (M), whole gut (W) and supernatant (S) were run on an 8% SDS-PAGE gel and examined for the presence of the 55

kDa protein.

However, the likely signal peptide cleavage site(s) are
upstream from the N-terminus that we determined. The
fact that the obtained N-terminal sequence follows a
lysine (K) residue suggests that there is a trypsin-like
protease involved. Therefore, it is likely that additional
processing events are implicated in formation of the
mature protein.

A similarity search using the BLASTP algorithm
(Altschul et al., 1990) revealed that Lymantria hemolin
is most similar to hemolins from H. cunea (66%) (Shin
et al., 1998; accession number, AF023276), followed by
M. sexta (47%) (Wang et al., 1995; U11879) and H. cec-
ropia (45%) (Sun et al., 1990; S65948). There is also a
high degree of similarity with numerous proteins of the
IgSF, including neuroglians (35% identity) from Droso-
phila melanogaster (Bieber et al., 1989; AF050085) and
M. sexta (Chen et al., 1997; U50719), D. melanogaster
roundabout (robo) (30%) (Kidd et al., 1998; AE003458),
leech tractin (26%) (Huang et al., 1997) and human cell
adhesion molecule, L1 (26%) (Djabali et al., 1990).
Phylogenetic relationships between the four hemolins
were conducted using MEGA version 2.1 program
(Kumar et al., 2001). The four hemolins were divided
into two subgroups: one for L. dispar and H. cunea, the
other for M. sexta and H. cecropia (data not shown).
The alignment of Lymantria hemolin with three other
hemolins, and the extra-cellular domains of two neurog-
lians, robo and L1 reveals that all Ig-like domains of
hemolin are flanked by conserved cysteine residues, and
the greatest similarity is observed in the regions flanking

these residues that form the Ig-like domain folds by the
formation of disulfide bonds. (Fig. 3).

Potential sites for N- and O-linked glycosylations
were localized. Hemolin in L. dispar contains three puta-
tive N-glycosylation sites (Asn-X-Thr/Ser); there are two
such sites in H. cunea and H. cecropia, and one in M.
sexta. (Shin et al., 1998; Sun et al., 1990; Wang et al,,
1995). Among the three putative N-linked glycosylation
sites of Lymantria hemolin, the site located in domain
III was highly conserved between the hemolins of the
four species. Another N-linked glycosylation site in
domain II was conserved with Hyphantria hemolin and
also with neuroglians of Drosophila and Manduca. How-
ever, an additional N-linked glycosylation site between
domains II and III was unique to L. dispar. Putative O-
linked glycosylation sites were identified by computer
analysis (Hansen et al., 1997) in serine or threonine resi-
dues of hemolins (without signal sequences) of four
species: four in L. dispar, two in H. cunea, one in H.
cecropia but none in M. sexta. The site located in
domain II of Lymantria hemolin was only conserved
with Hyphantria hemolin, but the other sites were vari-
able between species (Figs. 2 and 3).

There is a discrepancy in the apparent size of purified
gypsy moth hemolin (55 kDa) and the predicted size
from the deduced amino acid sequence from hemolin
cDNA sequence. Assuming that the signal peptide is
cleaved after Ser-21, the predicted size of the mature
protein deduced from cDNA is 401 residues, with a pre-
dicted mass of 44.9 kDa (Fig. 2). If we assume that the
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( a) 1 CGCGTTGAAACACTGTGATGAAAATGGATTTCGTGAAAACTAGCATCGTCTTAGCGACGTGCATCGTATTATGCTTATCGCATCCTACG
1 M KM D F VK T S I VLA T C I VL C L S HPT
________________________________ A

90 CCCAGCAAGGATTCCCCAGTGCTTCTCCCAGTCCTGARGGACCAACCAGCTGAGGTCCGCTTCAAGGCTGACARCTACTCGACAGCCCTA

25 P S KD § P VL L PV L KD QPAETV VR RTFIKIA ADNTYSTHA AL

A

180 CTTGAGTGTGCCGTTGAAAACGACGAAAAGGATATCARATACACGTGGTATAAGGATGGAGAACCTTTCGATTGGGAAGCAGCTGGACAT
SSLEAVENDEKDIKYTW!KDGEP!‘DWBAAGH

270 ATAGGCCAACGCCAAGGAGAAGGCAGCATCATGTTCTTCCATCCACAAGTACAAGATGCAGGAACCTATCAATGTTTCGCTCAAACCTCT
85IGQRQGEGSIMFFHPQVQDAGTYQHE’AQTS

360 GCGGGAATTGCAAGCACTCGTCCCATAATTTTCAAAGATATTTTCCTGAACGTTCCAAAAGTGGAGACGAAAATCCACAAGCCAGTTTTT
11 A ¢ I A $ T R P I I F KD I FL NUVU®PIKJVETIZ KTITEHTZ KTPVTF

450 GGGAAACCTTACAAATTGGAGTGCCAGATACCAGAATCATATCCAGAACCAACTATAGTATGGAAGACACAGCTTCGTTCTGATCCGAAG
145GKPYKLEQIPESYPEPTIVWKTQLRSDPK
A

540 GTTACTGT 'CCTAGATCGCAGGATTACTCTGTCACCTGATGGCACTCTATGGTTTTCAAACATAACTGAATCAGATATCAGCCCT
17 v T VD I L DRRTITTULSPDGTULWTPFSVNTITTESTDTISP

A
630 AGTTTTAAATACGTCTGTTTTCGCGAATCGCCTGCTGTTAAAGGAGATGTGGTCTTGGCAGAACATTTCCTGCAAGAGTTGACTCCTAAT
ZOSSFK‘IVFGESPAVKGDVVLAEHFLQELTPN

720 AARGGAACCTATTACTGGCGAGCTGGAACCTCAATACCTGAGTGATGATATGATTGCCAAA ATGTGACC. TTTACTGCATC
235KEPITGEL!PQYLSDDMIAKVGNVTMFYI
A

810 TATGGTGGAACTCCCCTCGGATTCCCAGACTGGTACAAAGATGGTAAATTAATTAAGGCTAGTTGGAGCGACCGAGTTACCGACCATAAC
265 Y 6 6 T P L GVF PDW Y KDGI KT LTIIZ KA ASTUWSDURVYV TDUHN

A
900 CGCACAAGCGGCAAAAGATTGATCATTAACGGAGTTATTCCTGAAGACGAAGGCACTTACACATGTGAAGTCCACAACGGAGTTGGCARA
295RTSGKRLIINGVIPEDEGTY‘1‘EVHNGVGK

990 AAGATGAAGCATACCATGAAATTAACCGTTGACAGTGACCCCAAATTCATTCAGAAAATCGATARACAATTGGACGCCGTTAAGACGCAT
325 K M K H T M KL TV D SDZPI KTFTIGQQZ XKTIDIEKT GQLUDA AVIKTH

1080 GATGTCAAAATACCTTGCCAAGTGACCGGAGTTCCTGAACCAAAAATCACATGGACCTACAATGGTAAACCATTGTCCAACGCAAACTAC

355DVKIPQVTGVPEPKITWTYNGKPLSNANY
a

1170 AAAAATGGTATCCTGACTCTCAGCAATGTGAAGAAATCTGACACTGGATATTACGGCTGCAAGGCCGAGAATGTARATGGCATTATTTAC

3BSKNGILTLSNVKKSDTG‘IYGKAENVNGIIY

1260 ACCGARACCCTTGTCAATGTGGCTTAATTTTTTTTAATCTTACTTTTTARACAATTAATGTCAACACAAAACTATGAAGTTTCTGAACGT
415 T E T L V N V A

1350 TAATATTAATGTCTAATTAATAAACATTTAAAAAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA. 1416

Fig. 2. Nucleotide and deduced amino acid sequences of the L. dispar hemolin cDNA clone. A. The deduced amino acid sequence is shown
below the nucleotide sequence and is numbered from the initiating methonine. The putative signal peptide underlined in dashes and polyadenylation
site is double underlined. The peptide sequence that was determined by N-terminal protein microsequencing is underlined. The cysteine residues
which define the four Ig domains are highlighted as white text on black squares. Three potential sites for N-linked glycosylation (Asn-X-Thr/Ser)
are marked by dark triangles. Four potential sites for O-linked glycosylation are marked by open triangles. B. Schematic representation of L. dispar
hemolin. Four Ig-like domains (I-IV) are symbolized as loops closed by intradomain disulfide (S—S) bonds. Three filled circles represent N-linked
glycosylation sites. Four open circles represent O-linked glycosylation.

mature protein lacks 6 residues at the N-terminus by 3.3. Hemolin expression in relation to diapause
additional processing by trypsin-like proteases, the mass
is 44.3 kDa. The increase in size observed in SDS—
PAGE suggests that there are post-translational modifi-
cations including glycosylations (Fig. 2A and B). The
size of purified hemolin from L. dispar is also greater
than hemolins from M. sexta and H. cecropia (48 kDa;
Ladendorff and Kanost, 1990; Rasmuson and Boman,
1979), suggesting that Lymantria hemolin contains sev-

Gypsy moth embryos normally develop into pharate
first instar larvae within 16-18 days at 25 °C (Bell, 1989;
Lee and Denlinger, 1996). At this time pharate larvae
are fully grown and the body is lightly tanned, but the
pharate larvae are still surrounded by extra-embryonic
yolk inside the chorion. The pharate larvae remain in
diapause for several months and are capable of terminat-

. . . . . ing diapause at 25 °C only after they have been chilled
eral additional glycosylation sites. Most likely these dif- at 5 °C for approximately 100 days. We consider

fe;rences in glycosylation are the reason for the larger diapause to be initiated at approximately day 20 after
size of gypsy moth hemolin. oviposition. We transferred eggs from 25 to 5 °C on day
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Lym hem  ---------——-—-——————--MKMDF€ESE L BTL i C L aHESRENDS PV LS AR RARIRERE ~——— 53
Hyp hem 47
Man hem X : . 42
Hya hem A SVDKY —— =~ -~ 5 £R 42
Dro nrg = ——----—----—mmmeoommm—ee A LVAQLCAGSAE GNRPPRITKOPAHGELLER 55
Man nrg MGETFLCFIALARQARALLTH---- PPKMJKQPTOER T LS B © 48
Dro robo MHPMHPENHAIARSTSTTNNPSRSRSSRMWLLPAWLLL'VA‘NG VRGQYQsﬁIIEHﬁDL BB 73
Hom L1 NVVALRY‘WPLLLCSP‘LLIQIPEEYEGHHVMEP- ITE‘SPRRLVVFPT- 53
Lym hem 126
Hyp hem 120
Man hem 114
Hya hem 114
Dro nrg 128
Man nrg 123
Dro robo 149
Hom L1 131
Lym hem 202
Hyp hem 196
Man hem 191
Hya hem 1 191
Dro nrg 3 204
Man nrg S ETDGQQVV‘AE L 199
Dro robo  IAV{RDDFR-§H AKE 228
Hom L1 AEGAPKWPK-ETVEPVEVEEGESVVEPENPEPEAEPLREYRMN——————— 203
Lym hem 279
Hyp hem 273
Man hem 268
Hya hem 3 : ; : g 268
Dro nrg FRSEYKIGNKV VKQMGVSASQNKHP 1 : ¥ 284
Man nrg TANSIFRNEYKFGNKIY VTQTGIS‘TLNR A SLKE 3 279
Dro robo TAQNLVGTRESSYHKLIVEVKPYFMKE-~~———fj~~~——~~ : BEE 292
Hom L1 HAHFEGTRTI IQKEPI DERVKATESMI DRKPRLLFPTNSH- SHLVELOJOPLVLEL SRR G 280
Lym hem 359
Hyp hem 353
Man hem 348
Hya hem 348
Dro nrg 359
Man nrg 354
Dro robo 365
Hom L1 353
Lym hem

Hyp hem

Man hem

Hya hem

Dro nrg ; : 430/1239

Man nrg -—IEQAEPNPRRQVTANSI ITDLVEKES 425/1264

Dro robo TLMFF*SSHGRQYVAA R 439/1395

Hom L1 : 424/1257

Fig. 3. Alignments between Lymantria hemolin and their related homologs. Alignments of the deduced amino acid sequence of Lymantria (Lym)
hemolin (hem) with three other hemolins of H. cunea (Hyp), M. sexta (Man) and H. cecropia (Hya), and two neuroglians (nrg) of Drosophila
(Dro) and Manduca, and Drosophila roundabout (robo) and human (Hom) L1. Identical residues are highlighted in gray. The four Ig-like domains
are underlined in bold between the conserved cysteine residues. Three potential sites for N-linked glycosylation are marked by reversed dark
triangles. Four potential sites for O-linked glysylation are marked by reversed open triangles. The complete C-termini of neuroglians, robo and L1

are not shown, and their sizes are designated.

30. Diapause can be terminated when the eggs are
returned to 25°C after prolonged chilling (>100 days)
at 5 °C.

To determine the expression profile of hemolin
mRNA in relation to diapause, RNA samples from
whole eggs from several stages of prediapause, diapause
and postdiapause gypsy moths were compared by North-
ern blot analysis (Fig. 4). The pattern of hemolin mRNA
levels changed considerably during this time. A major
1.7 kb mRNA band, was detected with the hemolin
probe from day 4 and its levels greatly increased from
days 10-15 (just before entry into diapause). The level
of the 1.7 kb hemolin mRNA remained high until day
40 (early diapause) which coincides with 10 days of
chilling at 5 °C. However, this transcript was not detect-
able following prolonged chilling periods (days 70 and
130) or following the postdiapause period (4 days at 25

°C after chilling). Another major RNA, approximately
1.4 kb, was present with similar intensity to that of 1.7
kb RNA. At the present time, we do not know the
relationship between these two mRNAs. We believe that
the lower band is not a degradation product, since in all
cases, a discrete band of ribosomal RNA was observed
in the ethidium bromide-stained gel (Fig. 4). This band
most likely represents either a second mRNA transcribed
from the hemolin gene or an artifact caused by comigr-
ation of hemolin mRNA with ribosomal RNA. At days
15 and 20, a faint band of approximately 2.8 kb was also
detected with the hemolin probe. A genomic Southern
blot hybridized to the hemolin cDNA clone yielded 1
or 2 bands of varying intensity, which may indicate the
presence of a cross-hybridizing region or the interruption
of the hemolin gene by introns (data not shown). Regard-
less, the developmental changes in the intensity of hemo-
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