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In this study, we describe the Bombyx mandarina hemo-
lin cDNA. A sequence analysis of cDNA revealed a sin-
gle open reading frame (ORF) of 1233 nucleotides. The
deduced 410 amino acid sequence of B. mandarina
hemolin contains 4 imunoglobulin (Ig) C-2 type
domains. B. mandarina hemolin ¢DNA showed the
highest sequence homology to known those of B. mori.
The developmental profile in terms of expression level
of hemolin mRNA was determined in the absence of a
bacterial challenge. Hemolin mRNA was detected only
in mid-gut, but not in hemocytes, fat body, testis, and
silkglands. Hemolin mRNA in mid-gut was not detected
until the spinning stage of the last instar larva, however,
it dramatically increased at the beginning of spinning
and gradually decreased until pupal stage.

Key words: Bombyx mandarina, Hemolin, Imunoglobu-
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Introduction

Immune responses in insects include phagocytosis, nodule
formation, encapsulation, proteolytic activation of henolox-
idase, and induced synthesis of antimicrobial proteins and
peptides (Gillespie et al., 1997; Bulet ef al., 1999).
Bacterial infections in insects stimulate the synthesis of
several proteins that are secreted into the hemolymph
{Gillespie et al., 1997; Hetru et al., 1998). Many anti-
bacterial proteins were previously reported: lysozymes
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{Powning and Davidson, 1973; Hultmark et al., 1980),
cecropins (Hultmark ef al., 1980), attacins or attacin-like
proteins (Hultmark er al., 1983), defensins (Matsuyama
and Natori, 1988), proline-rich proteins (Casteels ef al.,
1989), apidaecins (Casteels et al, 1989), diptericins
(Dimarcq et al., 1988), hyphancins (Park et al., 1994), lec-
tins (Jomori and Natori, 1992) and hemolins (Sun et al.,
1990). These proteins do not have direct antibacterial
activity, but it can bind to bacterial lipopolysaccharide
(Daffre and Faye, 1997) and may function as an opsonin
to increase the efficiency of phagocytosis (Kanost and
Zhao, 1996).

Hemolin, the major antibacterial protein, was known as a
member of the immunoglobulin superfamily (IgSF) (Lad-
endorff and Kanost, 1991). It has been isolated only in lep-
idopteran insects of Hyalophora cecropia (Rasmuson and
Boman, 1979), Manduca sexta (Ladendorff and Kanost,
1990), Hyphantria cunea (Shin et al., 1998) and Lymantria
dispar (Lee et al., 2002). Recently, in the silkworm, Bom-
byx mori, the hemolin gene was cloned and sequenced
(Kim et al., 2004). The current study describes a hemolin
gene of the wild silkworm, B. mandarina. This species
resembles B. mori in morphology and developmental char-
acteristics. In addition, these two species can be crossed
with each other and the hybrid progeny is fertile. For these
reasons, B. mandarina is believed to be the closest ancestor
of B. mori. In this paper, we describe the cloning and
expression of B. mandarina hemolin for the purpose of
finding differences and similarities with B. mori.

Materials and Methods

Insects
The B. mandarina was collected in the Chilgok area in
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Korea. We collected eggs, Jarva and pupa. They were
reared according to Nho and Kim (1992).

Preparation of RNA

Total RNA were prepared with a TRIZOL reagent (Gibco-
BRL, USA) according to the manufacturer’s instructions.
The amount and quality of the total RNA was checked by
spectrophotometry (OD = 260/280) and by formaldehyde-
containing 1.0% agarose gel electrophoresis.

RACE

The following gene-specific primers were designed based
on the sequence of the fbpv0322 clone in the silkbase
(www.ab.a.n-tokyo.ac.jp/silkbase). The sequences for the
primers were as follows: 3-RACE primer (5-AAAGC-
GACTTTGGGGTCGCCAGCAC-3) and 5-RACE primer
(5-CGGGCACTGGACAGCGGAGITCAAA-3). The RACE
reactions were performed according to the instructions of
the Marathon ¢cDNA amplification kit (Clontech, USA).

/\ 1 gccaagaaggactacacagattgogaagtttttcaaagtttcagaatcaaaatgaattectggacgttattagttttgggaaca
1 M NS W T L L VL G6T

85 tgtgttatttacactacggggeageecgttaattocggagacaaggticecgtictcaaggagegcaccggecegaggtattgttcagagag
12 CV+EIEYTTGAGPVNSGDI KVYVYPVLKEHAPAEVLTFRE

175 ggacaggecacgaggetgeagtgegecacagagggagacgacagtggtgtegaatactogtggegaaaagacggcatgcattttagegte
42 G Q@ ATRLETG GCATEGDDSGVEYSWRIKDGMHTFSYV

265 ggtctagacacgetcaccactatcgacgetggetetottgtgttcagecaaaccaaagetteggacgaaggogagtaccagtgettogee
72 6 LDTLTT I DAGSLVFSQ@TEKASDETGSGEYGOTFA

355 aaaagcgactttggggtegecagocacaagggetactaagetocgecgtacgtacatagagactectgoatttgaggagaaaaaagtgacy
102 K $DF &GV ASTRATKLRRTYI?!ETPAFETETKTEKUVT

445 gtggtegaaggaaaaccetttgaactecgetgtocagtgecogggggetaceegaagecgaccataagetggatgagacatcatgacgag
132 VVEGKPFELROPVPGGEGYPKPTI!I SWMRHIHDE

535 gacggctccactgagatctteatggacagaagagegacttattcaccegagggaaccotgtacttttecaatgegagtcttgacgatgee

162 D6STEI'!? FMDRRATYSPEGTLYFSNASLTDDA
r N

625 aacgataaaaccaagctggtctgeatggoctettotectgecgocgacgaggetgtgoccatagtcacgtattacateacgeaagtgact

192 NDKTEKLVYVOMASSPAADEGVYPIVITYY ! TG@VT

715 ccocgectoggageccacgtatggagagetgateectcagtacttgagtgaccacgtggtggegaaagttggegatetgacgtatetatac
222 PASEPTYGELTLPPGYLSDHVYVAKYGDLTYLY

805 tgcatttatggegegaacteccctageccacccaagetggticcaaggaceggtgtaaacgtggacaacacctacaaggategeataacoege
252 © 1 Y6 6T PLAHPSWS KDGVYNVYDNTYEKDRITR R

895 cacaacaggtcctctgggaggagactggtcatcaaggaggtitgggeagaggacgegggcacttacacgtgegatgtagacaatcaggee

282 H NRSSGRRLV I KEVWAEDAGTYT®DVDNDO A
A

985 ggcagaagactgcaacacacaatcacctttagtgttgtcagtgoaccaaccttcacgactaaaccagagaaacgaacgetggeaacccaa

312 G RRLQGHT I TF SV VSAPTFTTKPEIKRTILATRQ G

1075 ggcgaggacgtcacaatacctigtaaggegacaggaattecgtecacetetagtttegtggacttacaacggogaaceegtgacegaagegg
342 GEDVT | POKATGI!PSPLYVSWTITYNSGETPVTES® G

1165  gtcactggtgacggactggtgatcaaggctgtcaataaatctaatcaaggetactacgggtgtactgectcgaatgageacggcgcagaa

312 VTGEDGE&LVIKAVNKSNOGGYYGOTASNEHGAETE
A

1255  tacgccgaaacggetcttcaagtegettaaattctataatggegacacgectaaggeggccatatgtgttatacaataaaaattaaataa

402 Y AETALQV A *

1345  ataaaaact

[ ]
- s —
(D) GYG) Gy

Fig. 1. Nucleotide and deduced amino acid sequences of B. mandarina hemolin cDNA. (A) The deduced amino acid sequence is
shown below the nucleotide sequence and is numbered from the initiating methionine. The termination codon is shown by asterisk.
The putative signal peptide is underlined in bold and the polyadenylation site is double underlined. The cysteine residues which
define the four Ig domains are circled. Three potential sites for N-glycosylation (Asn-X-Asn/ser) are marked by dark triangles. (B)
Schematic representation of B. mandarina hemolin. Four Ig domains (I-IV) are symbolized as loops closed by intra-domain disul-
fide (S-S) bond. The GenBank accession number is AY515323.
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Double-stranded cDNA was synthesized from the mid-gut
poly(A™) RNA, ligated to the Marathon adapter, and used
as a template for the 5- and 3- RACE reactions with the
Adapter primer 1 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 (1.0
kb) and a 5'-RACE product (0.5 kb) were excised from the
gel and subcloned into pCRII-TOPO (Invitrogen, USA).

RT-PCR

Using total RNA and Oligo(dT),s primer (Ambion, USA)
a cDNA synthesis was performed at 42°C for 60 min and
94°C for 5 min. Subsequently, PCR was performed as fol-
lows: the first denaturation for 2 min at 94°C, 3 steps of 30
cvcles and the last extention for 2 min at 72°C. The 3 step
cycles is consisted of 30 sec at 94°C, 30 sec at 44°C and
1 min at 72°C. Reactions were performed in a GeneAmp
PCR System 2400 (Perkin Elmer, USA). The primers
were designed based on full-length cDNA. The primer
sites are 1 — 19 nt and 1267 — 1287 nt, respectively.

Sequence anlysis and BLAST search

The sequence of the full-length cDNA and RT-PCR prod-
ucts, cloned in pCRII-TOPO (Invitrogen, USA), were
sequenced with a BigDye termination cycle sequencing
ready reaction kit (PE Applied Biosystems, USA). Elctro-
phoresis was performed by an ABI PRISM 310 Genetic
Analyzer (Perkin Elmer, USA). Sequence homology was
determined with BLAST (National Center for Biotech-
nology Information, USA) (Altschul ef al., 1990).

Results and Discussion

Structure and characteristic of Bombyx mandarina
hemolin ¢cDNA
The B. mandarina hemolin full-length cDNA revealed a
single open reading frame (ORF) of 1383 nucleotides,
beginning with a methionine at residue 52 (Fig. 1A) (Gen-
Bank accession number AY515323). The ORF codes for a
protein of 410 amino acids. The deduced amino acids
have four immunoglobulin domains (Fig. 1B). The four
Ig-like domains between the conserved cystein residues
have sizes different from the 58 amino acids (domain I) to
44 amino acids (domain IV). The signal peptide is the
amino-end 18th Glycine. Asparagine, which had the pos-
sibility of a N-linked glycosylation site (Asparagine-X-
Threonine/Serine) is localized in 185 (domain II), 283
(TID) and 383 (IV), respectively (Fig. 1A).

B. mandarina hemolin cDNA has great similarity with
B. mori (Fig. 2). Only six bases were substituted within
the ORF. A similarity search using the BLASTP algorism

B man  GCCAAGAAGGACTACACAGATTGCGAAGTTTTTCAAAGTTTCAGAATCAAAATGAATTCC 60

Bomor  ——e— i i 55
B man  TGGACGTTATTAGTTTTGGGAACATGTGTTATTTACACTACGGGGCAGCCCGTTAATTCC 120
Bomor .o s 155

B.man  GGAGAGAAGBTTCCCATTCTCAAGGAGGCACCGGCCGAGETATTGTTCAGAGAGGGACAG 180
Bamor oo e 175

B man  GOCACGAGGCTGGAGTGCGCCACAGAGGGAGACGACAGTGGTGTCGAATACTCGTGGCGA 240
Bmor ... 235

B.man  AAAGACGGCATGCATTTTAGCGTCGGTGTAGACACGCTCAGCACTATCGACGCTGGCTCT 300
BBOr ..o A 295

B.man  CTTGTGTTCAGCCAAACCAAAGCT TCGGACGAAGGCGAGTACCAGTGCTTCGCCAAAAGC 360
Bmor e 355

B.mor  GACTTTGGGGTCGCCAGCACAAGGGCTACTAAGCTCCBCCGTACGTACATAGAGACTCCT 420
Bmor ... ... G 415

B.man  GCATTTGAGGAGAAAAAAGTGAGGGTGGTCGAAGGAAAACCCTTTGAACTCCGCTGTCCA 480
Bamor o 475

B.man  GTGCCCGGEGGCTAGOCGAAGCCGACCATAAGCTGGATGAGACATCATGACGAGGACGGC 540

BmOr ... 535
B man  TCCAGTGAGATCTTCATGGACAGAAGAGCGACTTATTCACCCGAGGGAACCCTGTACTTT 600
Bamor ......... Coo A 595
B.man  TCCAATGCGAGTCTTGACAGATGCCAACGATAAACCAAGCTGGTCTGCATGGCCTCTTCT 660
Bmor .. 555
B.man  CCTGCCGC TGTGGCCAT, ATTACATCACGCAAGTGAGTCCCGCC 720

Bomor ... G s

8. man  TCGGAGCCCACGTATGGAGAGCTGATCCCYCAGTACTTGAGTGACCACGTGETGGCGAAL 780
BOr 175

B man  TATGGCGGAACTCCCCTAGCCCACCCAAGCTGTTGACGATCTGACGTATCTATACTGCAT 840
BUBOr oo 835

B.man  TGGTCCAAGGACGGTGTAAACGTGGACAACAGCTACAAGGATCGCATAACCCGCCACAAC 900
Boor ... 895

8 man  AGGTCCTCTGGGAGBAGACTGATCATCAAGGAGATTTGGGCAGAGGACGCBRECACTTAC 960
BOr s 958

B.man  ACGTGCGATGTAGACAATCAGGCCGGCAGAAGACTGCAACACACAATCACCTTTAGTGTT 1020
Bmor .. oo 1015

B.man  GTCAGTGCACCAACCTTCACGACTAAACCAGAGAAACGAACGCTGGCAACCCGGGACGAS 1080
Bomor 1075

B man  GACGTGACAATACCTTGTAAGGCGACAGGAATYCCGTCACCTCTAGTTTCGTGRACTTAC 1140
BIOF i 1135

B man  AACGGCGAACCCGTGACCGAAGGGGTCACTGGTGACGRACTGGTGATCAAGGCTGTCAAT 1200
Bmor i 1198

B man  AAATCTAATCAAGGCTACTACGGGTGTACTGCCTCGAATGAGCACGGCGCAGAATACGOC 1260
Bmor ...l T 1255

B man  GAAACGGCTCTTGAAGTCGCTTAAATTCTATAATGGCGACACGCCTAAGGCGGCCATATG 1320
. S 1315

B man  TGTTATACAATAAAAATTAAATAAATAAAAACTAAAAAAMMAAAAAAAAAAARAAAAAAL 1380
BOr oo e 1367

B man AMA 1383
Fig. 2. Nucleotide sequences of hemolin ¢cDNA in Bombyx.
Alignments of the sequence in Bombyx mandarina (B. man)
and Bombyx mori (B. mor). The dots indicate the identity and
the hyphens indicate the gaps assumed.

(Altschul et al., 1990) revealed that it shared homology
with Manduca sexta (Wang et al., 1995; accession num-
ber, U11879) and Hyalophora cecropia (Sun et al., 1990;
S65948) at 47% and Lymantria dispar (Lee et al., 2002;
AF453868) and Hyphantria cunea (Shin et al, 1998;
AF023276) at 42% (Fig. 3). The great similarity with B.
mori (Kim et al., 2003; AY515320), the same genus of B.
mandarina, is 99.6%. These results coincided with the
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Bam MNSWTLLVLGTCY | YTTGOPVNSG-—-DKVPVLKEAPAEVLFREG—————- QAT 45

Hya MAFKS 1 AVLSAG | VGSALPVDKY—————- PVLKDGPAEVLFREN-————— NPT 42

Man MVSKS | VALAAGVAMCYAQPVEKNM-————— PVLKDQPAEVLFRES—~~————QAT 42

Hp ME | LKGGVVLAAG | VLCASAPTQS——K————- ALP | LKDGKAEVLFKADNY---~STA 47

Lym MKMDFVKTS | VLATCAVLCLSHPTPS——KDSPVL - PVLKDQPAEVRFKADNY-———-STA 53

Bom RLECATEG-DDSGVE Y SWRKDGMHF SVGGD———TLTT I DAGSLVFSQTK———ASDEREYQGF AKSDF GVASTRATKLR 116
Hya VLEC! | EG-NDQGVKYSWKKDGKSYNWGEH-——NAALRKDEGSLVFLRPQ-———ASDEGHYQCFAETPAGVASSRV I SFR 114
#an VLEGVTEN-GDKDVKYSWOKDGKEFKWQEH~~~N{ AGRKDEGSLVFLKPE~~~~AKDEGGYRCFAESAAGVATSH! | SFR 114
Hyp FLECALEN-SEKDVEY SWYKNGAPFDWKAAG—H| AERPGEAASCSS | LS~—-PKTKG! YQCFYKTSAGTASTRP I SLK 120
Lym LLECAVEN-DEKD 1KY TWYKDGEPFDWEAAG——H | GORQGEGS IMFFHPG~——VQDAGTYQCFAGTSAGI ASTRP | 1FK 126

I
Bom RTY- IETPAFEEKK—VTVVEGKPFELRGPVPGGYPKPTISWMRHHDEDGST-‘E*NFM—DRRMYSPEGTLYFSNASLDDA 191
Hya KTYL | ASPA-~KTHEKTP | EGRPFOLDCVLPNAYPKPL | SWKKRLSGA-DPNADVTDFDRR | TAGPDGNLYFT IVTKEDY. 191
Man RTYMVVPTT-FKTVEKKPVEGSHLKLECS | PEGYPKPT I VWRKGL GED-ES | ADS— ILARR{ TGSPEGDLYFTSVEKEDV: 191
Hyp KAFLNAPKV—ETKEHTPVFGKPYKLEGQ | PESYPKPTIVIKTALL~S-DPS 1 1EG ILDRR1 TVSPDGNLWFSNYTESDY 196
Lym DIFLNVPK--VETK |HKPVFGKPYKLEGQ | PESYPEPT { VIKTGLR-S-DPKVTVD ILDRRI TLSPDGTLWFSN I TESD! | 202
I
Bom INDKTKLVCMASSPAADEGVP 1VTYY | TQYTPASEPTYGEL | P~—QYLS-DHVVAKVGDLTYLYCI YGGTPLAHPSHSKDG 268
Hya SD1 YKYVCTAKNAAVDEEVVLVEYE IKGVTKDNSGYKGEPVP~~QYVS—KDMMAKAGDV THI YCHYGSNPHGYPNYFKNG 268
Msn 'SESYKYVGAAKSPA | DGDVPLYGYT | KSLEKNTNQKNGELVP--MYVS-NDM | ATKAGDVM! YGMYGGYPHAYPNIFKDG | 268
Hyp 'SPSFKY | GMAGSPVY TEDVVLASHLLKSLYENKEENNGELVP--QYL S-NOMMATKAGDVM  YC1 YGGTPLGFPDWFKDD 273
Lym 'SPSFKYVCF GESPAVKGDVVLAEHFLGEL TPNKEP | TGELEP-~QYLS-DDM I AKVGNVTMFYC| YGETPLGFPDWYKDG 279
Bom VNVDNTYKDR | TRHNRSSGRRLY ! KEVWAEDAGTYTCDVDNGAGRRLOHT | TFSVVSAPTFTTKPEKRTLATPGEDVT 1P 348
Hya JKDVNGNPEDR | TRHNRTSGKRLLFKT TLPEDEGVYTCEVDNGVGKPGKHSLKL TVVSAPKYEQKPEKY [ VWKGGGDVT IP 348
Man IKDVNGKPSDR | TRHNRTSGKRLL IKETLLEDGGTF TCDVNNEVGKPOKHSVKLTVVSGPRFTKKPEKGV | AKOGQDFV | P 348
Hyp KL | EAKPGDRYTDHNRTSGKRLL | KETLLEDGGTYKCEVNNHVGOKGMHSMKL TVVSAPKFVQTPEKQLDVKKTND I EVP 353
Lym KL IKASWSDRVTDHNRTSEKRL | INGV | PEDEGTY TCEVHNGVGKKMKHTMKL TVDSDPKE | GK I DKGLDAVKTHDVK | P 359
bl oo

Bam {CKATG PSPLVSWTYNGEP—~—VTEG——-——VTGDELY | KAVNKSNGGYYGCTASNEHGAE YAETALQVA— 410
Hya ‘CKVTGLPAPNVVWSHNAKP-—LSGG——RATVTDSGLV IKGVKNGDKGYYGCRATNEHGDK YFETLVQVN— 413
Man 'CEVSALPAAPVSWTFNAKP-~~ [ SGS———RVVASPSGLT 1 KG 1 QKSDKGYYGCQAHNEHGDAYAETLV I VA— 413
Hp ICKVSGLPEPK | THTYNGKP~—~LEN-—~-~—PQYKDGVLS | AK | OKSHSGYYGBCKAENEHGL | YAETLVNVY—~ 416
Lym 'COVTGVPEPK | THT YNGKP——~L:SN—————ANYKNG | LTLSNVKKSDTGYYGCKAENVNG I | YTETLVNVA— 422

N

Fig. 3. Alignments between B. mandarina hemolin and their related homologs. Alignments of the deduced amino acid sequence in
Bombyx mandarina (B. man) with four other hemolins of, H. cecropia (Hya), M. sexta (Man), H. cunea (Hyp) and L. dispar (Lym).
The four Ig domains (—) are highlighted in gray between the conserved cystein residues.

phylogenetic relationships of the two species.

Developmental expression of hemolin

The developmental expression profile of hemolim mRNA
was determined by RT-PCR. Hemolin mRNA was not
detected in every tusses as fat body, mid-gut, gonads, silk
glands, or hemocytes of B. mandarina larva in the absence
of bacterial infection (data not shown). At the beginning
of the spinning stage, however, a high amount of hemolin
was detected in the mid-gut. It was expressed only in the
mid-gut at the spinning stage (Fig. 4A). Although hemolin
is an immune protein, it is expressed in the mid-gut not in
the fat body. So, we investigated the expression pattern of
the hemolin mRNA in the fat-body from the final larval
stage to the pupa (Fig. 4B). Hemolin mRNA was not
detected in the fat body of the feeding stage of the forth
instar larva, spinning stage (pre-pupa) and pupa stage. In
another lepidopteran insect, M sexta, hemolin mRNA

appeared in the fat body at the beginning of the wandering
stage and increased in abundance, then gradually declined
until the pre-pupal period (Yu and Kanost, 1999). Fig. 4C
represents the hemolin developmental expression profile
in mid-gut. Hemolin mRNA was expressed at the begin-
ning of the spinning stage. Its level dramatically increased
and reached a maximum on day 2 of the spinning stage.
The hemolin mRNA level then gradually declined, but it
was detected until the pupa stage. Thus, the function of
hemolin is supposed to be unique for the physiological
process at the post-spinning stage in B. mandarina.

In the beginning, hemolin was known as a hemolymph
protein whose synthesis is induced after the infection of
bacteria only in Lepidoptera (Rasmuson and Boman,
1979; Ladendorff and Kanost, 1990). Until recently, it is
suggested that hemolin has many functions in the devel-
opmental stages (Yu and Kanost, 1999, 2002; Bettencourt
et al., 2000). B. mandarina hemolin mRNA was up-reg-
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I 2 3 4 5 67 8

Fig. 4. Expression profile of hemolin mRNA in B. mandarina.
(A) Tissues at the spinning stage. M, maker; 1, fat body; 2, tes-
tis; 3, hemolymph; 4, silkglands; 5, mid-gut. (B) The fat body
during developmental stages. M, maker; 1, 4th instar; 2, begin-
ning of the spinning stage; 3, 2 days of spinning; 4, finished
spinning (pre-pupa); 5, white pupa; 6, 1 day of pupa; 7, 2 days
of pupa; 8, mid-gut (1day of the spinning). (C) The mid-gut
during developmental stages. M, maker; 1, 2nd instar; 2, 1 day
of'the 3rd instar; 3, 3 days of the 3rd instar; 4, 1 day of the final
instar; 5, 3 days of the final instar; 6, 5 days of the final instar;
7, 1 day of the spinning; 8, 2 days of the spinning; 9, finished
the spinning (pre-pupa); 10, white pupa; 11, 1 day of pupa.

ulated in mid-gut at the spinning stage. Further research is
needed to better understand the physiological functions
ircluding that of the egg and moth.
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