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Abstract

Antimicrobial peptides/proteins (AMPs) are a group of immune proteins that exhibit strong anti-
biotic properties against numerous infectious bacterial strains. They are evolutionarily conserved
and present in every kingdom and phylum, ranging from prokaryotes to humans. We analyzed the
transciptome from the larvae of Asian corn borer, Ostrinia furnacalis (Guen€e), and identified
several putative AMP transcripts, Ofglys5, Ofglysé, Ofglys |0, OfgAtt, and OfglID. OfgLys5, OfgLysé,
and Ofglys|0 are all highly homologous with c-type lysozymes, and OfgAtt shows significant
identities with Lepidoptera attacin. The amino acid sequence of OfglLys5 and OfglLys6 possessed all
conserved features critical for fundamental structure and function of c-type lysozyme, including the
two catalytic sites, Glu*> and Asp®. OfgAtt is a typical glycine-rich protein. The antimicrobial ac-
tivity of O. furnacalis hemolymph increased significantly after injection with Escherichia coli, Micro-
coccus luteus, or Beauveria bassiana. OfgAtt, IDD, and Lysé are expressed at low level prior to the
challenge, but strongly induced against Gram-positive and negative bacteria, and fungi. Under the
same inducement conditions, the transcripts of these three genes elevated most when fifth instar
larvae were injected. Therefore, O. furnacalis larvae are induced to produce antimicrobial materials
in the hemolymph after the infection, and increase of lysozyme and attacin may contribute to the
antimicrobial activity.
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Introduction

Insects lack an adaptive immune system, and
have to rely solely on innate immune system to de-
fend against microbial infections [1]. Innate immunity
of insects is divided into two major reaction types:
cellular immunity and humoral immunity [1-3]. Hu-
moral immune system relies mainly on antimicrobial
peptides (AMPs), which are directly active against the
invasive microorganisms. Insect AMPs are synthe-
sized mainly in the fat body (equivalent of liver in
mammals) and secreted into the hemolymph to com-
bat a variety of pathogenic microorganisms [4].

Since the first AMP was purified from the he-
molymph of Hyalophora cecropia in 1980 [5], a large
number of AMPs have been identified from every
kingdom and phylum, ranging from prokaryotes to
humans. These molecules share common features
such as relatively low molecular weight, positive
charge, high heat stability, good water solubility, and
broad-spectrum antimicrobial activity [2,6,7]. Based
on their amino acid composition and antimicrobial
activities, AMPs are generally classified into five
groups: cecropin, insect defensins, lysozymes, pro-
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line-rich proteins, and glycine-rich proteins such as
attacins [8,9]. Thereinto, lysozyme (EC 3.2.1.17) func-
tion as an antibacterial protein by catalyzing the hy-
drolysis of p-14-glycosidic ~bond  between
N-acetylglucosamine and N-acetylmuramic acids of
peptidoglycans in bacterial cell walls [10]. Several
types of lysozymes have been described, i.e., the c
(chicken), g (goose), phage, bacteria, plant, and i (in-
vertebrate) types [11]. C- and i-type lysozymes have
been reported in several insect orders, including
Diptera, Lepidoptera, Orthoptera, Isoptera, and He-
miptera [12-14]. For example, thirteen, eight, and six
c-type lysozyme genes are identified in the genome of
Drosophila melanogaster [15], Anopheles gambiae [16],
and Aedes agypti [17], respectively. Five of eighteen
lysozyme genes in D. melanogaster encode i-type ly-
sozymes [15]. cDNA of over fifteen c-type lyszoyme
have been sequenced from Bombyx mori [18], Galleria
mellonella [19], Hyphantria cunea [20], Manduca sexta
[14], Ostrinia furnacalis [21], Trichoplusia ni [22] etc.

Among the above five major groups of AMPs,
attacins are rich in glycine residues. They are thought
to increase the permeability of the outer membrane of
Gram-negative bacteria by interacting with lipopoly-
saccharides and inhibit the synthesis of outer mem-
brane protein at the transcriptional level [23]. Families
of Attacin-like peptides have been described in the
lepidopteron species B. mori [24], H. cunea [25], H.ni
[22], M. sexta [26], and Spodoptera exiqua [27], as well as
in the dipteran species D. melanogaster [28], Glossina
morsitans [23] etc. Mature attacin peptides are typi-
cally ~ 190 amino acids in length and adopt a “ran-
dom coil” structure in solution [23,29]. This loose,
flexible structure allows relatively free amino acid
substitutions, explaining the low level of amino acid
identity among the attacin homologs in distant taxa
[23].

Another common characteristic for AMPs is the
high inducibility by injury and microorganism infec-
tion. The signaling mechanisms that elicit expression
of AMPs after inducement are best understood in D.
melanogaster. There are at least two major signal
transduction pathways, Imd and Toll, which regulate
the induced expression of AMP genes [30,31]. The
Imd pathway mainly regulates the response to
Gram-negative  bacterial infection and some
Gram-positive bacterial infections, and the Toll
pathway accounts primarily for the response to infec-
tions by fungi and other Gram-positive bacteria
[32,33]. Upon infection, the signaling pathways are
rapidly activated to induce the synthesis of large
amount of AMPs, finally resulting in strong antimi-
crobial activities of hemolymph to kill the invasive
microorganisms. For example, in M. sexta, the tran-
scriptional level of AMP increased around 200-fold

after the injection of Micrococcus luteus [34].

Lepidopteran insect Asian corn borer, Ostrinia
furnacalis (Guenée), is an important insect pest in Asia
and causes serious damage on corn, sorghum, millet
and cotton [35]. Deep understanding of the innate
immunity, especially AMP production, in O. furnacalis
can afford basis for biologically controlling this insect
pest. Here we report the identification of AMP tran-
scripts from the transcriptome of O. furnacalis, and the
expression profile analysis of these genes. We identi-
fied five putative full-lengthed AMPs, OfgLys5,
OfgLys6, OfgLys10, OfgAtt, and OfglID, and discov-
ered that antimicrobial activity of O. furnacalis hemo-
lymph significantly increased upon microbial chal-
lenge, and described that OfgLys6, OfgAtt, and OfglID
were greatly induced after infection, especially in fifth
instar larvae.

Material and Methods

Insects rearing

Asian corn borer (O. furnacalis (Guenée)) was
kindly gifted by Dr. Kanglai He from the Institute of
Plant Protection, Chinese Academy of Agricultural
Sciences. O. furnacalis larvae were reared on an artifi-
cial diet at 28 C under a relative humidity of 70-90%
and a photoperiod of 16 h light and 8 h darkness [36].
Insects at different larval stages were collected for
further experiments.

Identification of AMP transcripts in O. fur-
nacalis transcriptome

The transcriptome from the fifth larvae of O.
furnacalis was sequenced by Illumina technology at
the Beijing Isntitute of Genomics (data not published).
To find AMP genes, a local BLASTN search was per-
formed using sequences of known AMP from D.
melanogaster  and M.  sexta as  queries
(http:/ /cegg.unige.ch/insecta/immunodb/) [14].
The obtained sequencing components with the
P-value lower than 0.01 were retrieved and assembled
into contigs in CAP3 (http://pbil.univ-lyonl.fr/
cap3.php). The resulting similar sequences were ex-
amined manually.

Sequence analysis

The deduced amino acid sequences of potential
O. furnacalis AMPs were aligned using CLUSTAL W.
Phylogenetic trees were constructed by the neigh-
bor-joining method with a Poisson correction model,
using MEGA version 4.0 [37]. For the neighbor-joining
method, gaps were treated as characters, and statisti-
cal analysis was performed by the bootstrap method,
using 1000 repetitions.
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Induction of antimicrobial activity of O. fur-
nacalis hemolymph

To determine the optimized inducement condi-
tions for the production of AMP in O. furnacalis larvae
and further study the expression profiles of AMP
transcripts under these conditions, fifth instar day 0
larvae were injected with formalin-killed Escherichia
coli DH5a, Micrococcus luteus, Beauveria bassiana, or
sterile PBS solution as a control (3 pl/larva).

In particular, for E. coli injection, E. coli DH5a
cultured freshly was treated with formalin and di-
luted with 0.85% saline into three concentration series:
2x10%, 1x106, and 2x10¢ cells/pl. Fifth instar day 0
larvae from the same batch were divided into four
groups, and injected with different concentration of E.
coli and sterile PBS, respectively. At 20 h after injec-
tion, hemolymph was collected as described previ-
ously [35], and 3 larvae from each group were col-
lected and stored at -80°C for further RNA extraction
as the following descriptions. For M. luteus treatment,
dried M. luteus powder was dissolved in sterile 0.85%
saline and diluted into three concentration series: 3,
15, and 30 pg/pl. The O. furnacalis larvae were in-
jected with differently diluted M. luteus, and samples
were collected as described for E. coli injection. For the
induction by B. bassiana, B. bassiana was firstly inocu-
lated on Potato Dextrose Agar plates and incubated at
26°C for 7-10 days. The produced conidia were then
scraped and diluted with sterile water containing
0.1% Tween-80 into three concentration series: 1x104,
1x105, and 2x105 conidia/pl. The O. furnacalis larvae
were injected with differently diluted B. bassiana. Af-
ter 10 h, sampled were collected for further experi-
ments. For each treatment, totally three independent
biological replicates were encompassed.

Antimicrobial activity assay

For antimicrobial activity assay, hemolymph
from around 150 larvae in each group in each treat-
ment were pooled and boiled for 10 min to remove
most high molecular weight proteins and then cen-
trifuged at 12000 rpm for 10 min. The supernatant was
used for the antimicrobial activity assay with agar
well diffusion method described by Hultimark using
E. coli DH5a [38]. For each heat-treated hemolymph
sample, duplicate 50-pl aliquots were assayed. The
antimicrobial activity (U) is defined as the square of
the difference between the radius of inhibition zone
and the radius of loading well.

Reverse transcriptase (RT)-PCR analysis of
AMP mRNA levels under different inducement
conditions

To check the expression profiles of O. furnacalis
AMP under different inducement conditions men-

tioned above, total RNA samples were prepared using
TRizol Reagent (TIANGEN) from individual larva.
Equal amount of total mRNA samples from 3 larvae
were combined for the cDNA synthesis. First-strand
cDNA was synthesized from an oligo(dT) primer fol-
lowing the instructions for QuantScriptRT Kit
(TTANGEN). One pl of 1:5 diluted cDNA was used as
template for RT-PCR experiments. O. furnacalis ribo-
somal protein L8 (rpL8) cDNA was used as an inter-
nal standard to adjust the template amounts in a pre-
liminary PCR experiments. The primers for amplify-
ing OfgLys6, OfgAtt, OfglID, and rpL8 were: Lys6-RTf
(5'- AATTAGCAGTCGTTGTAG-3') and Lys6-RTr
(6'-GAATAGTCCGTAGTCCTT-3"), Att-RTf
(6'-CTGGATTACATGTTCAAGAA-3) and Att-RTr
(5-TCTTTAACATAGAATTAGCG-3'), IID-RTf
(6'-TGCTGACTTGAACGACGATA-3") and IID-RTr
(6'-GCTTAGGTATGGTTTCCACTTAG-3'), rpL8-RTf
(5'-AAGCGAGGAACATCAGCC-3) and rpL8-RTr
(5-GGTCTTGCCACCACGAAT-3"). The thermal cy-
cling conditions were 94 °C for 3min, then 25 cycles of
94 °C for 30 s, 50 °C for 30 s and 72 °C for 1min fol-
lowed by incubation at 72 °C for 5 min. The PCR
products were separated by electrophoresis on a 1.5%
agarose gel.

Moreover, to investigate the expression differ-
ence of O. furnacalis AMP in different larval stages
under the same inducement conditions, third-,
fourth-, fifth-instar day 0 larvae were injected with
2x106¢ cells/pl of E. coli DH5a, or 30 png/pl of M. luteus,
or 2x105 conidia/pl of B. bassiana, respectively. Sterile
PBS injection was used as a control (3pl/larva). Lar-
vae were collected and RT-PCR analysis was per-
formed as described above.

Results and Discussion

Identification of AMP transcripts in O. fur-
nacalis transcriptome

A local BLASTN search of O. furnacalis tran-
scriptome database identified 5 transcripts with de-
duced amino acid sequences similar to those of other
insect AMPs. They include 3 lysozymes, 1 attacin, and
1 potential AMP with the high identity (67%) to M.
sexta immune-induced protein-1 (IID-1)[26]. So far,
little is known about IID except it was reported that it
was highly immune induced [26] and putatively de-
fensive against the pathogens [39]. Based on the ami-
no acid sequence similarities, these five transcripts
were named as OfgLys5, Ofglys6, OfgLys10, OfgAtt,
and OfglID. Their corresponding nucleotide acid se-
quences have been submitted to GenBank with acces-
sion numbers KF146180, KF146181, KF146182,
KF146178, and KF146179, respectively. With the ex-
ception of OfgLys10, all other AMP sequences were

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

1007

successfully cloned in full length and verified by
DNA sequencing. Therefore, along with another Ily-
sozyme (OstrinLysC, EF12065) reported previously
[21], totally 3 lysozyme transcripts have been isolated
from O. furnacalis, with the fourth one (OfgLys10) to be
cloned.

It is notable that a classical AMP gene, Cecropin,
was not identified in this research. Cecropins are cat-
ionic a-helical AMPs, They were initially isolated
from H. cecropia [5], and later discovered in lepidop-
teran and dipteran species [7,24]. There are two pos-
sible reasons to explain why it failed to obtain ce-
cropin homologues by searching O. furnacalis tran-
scriptome. Firstly, Cecropin does exist in O. furnacalis,
but was not sequenced with some unknown reasons.
Secondly, O. furnacalis larvae utilize other AMPs to
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replace the roles of cecropins in defending against
bacteria.

Sequence analysis of O. furnacalis lysozyme

Lysozyme is an important molecule in the innate
immune system, and widely distributed in the dif-
ferent organs or secretions of vertebrates, inverte-
brates, phages, fungi, bacteria, and plants. To inves-
tigate the relationship between O. furnacalis lyso-
zymes and others, a phylogenetic tree was con-
structed based on the amino acid sequences of se-
lected various types of lysozyme using the neigh-
bor-joining method. As Fig.1 shows, the c-, g- and
i-type lysozymes are each clustered together correctly.
Among c-type cluster, the invertebrate and vertebrate
formed a subgroup respectively. All O. furnacalis ly-

sozyme involves in the invertebrate
c-type lysozyme subgroup.

Figure 1. Phylogenetic analysis of deduced amino acid
sequences for various c-, g-, and i-type lysozymes. The
tree was derived from sequence alignment using Clus-
talW. Numbers at the nodes indicates the bootstrap
confidence values of 1000 replicates. The scale bar indi-
cates the number of substitutions per site. The names of
lysozyme genes used in the alignment and phylogenetic
tree were shown as scientific name of species followed by
GenBank accession number of this specific gene.

c type

The amino acid sequences of mature
O. furnacalis lysozymes excluding the
signal peptide were aligned with c-type
lysozymes, including six lepidopteran
lysozymes, as well as lysozymes from the
fruit fly, fish, chicken, mouse, pig, cattle,
and human. Considering OfgLys10 was a
] truncated form, it was omitted from this
alignment. As shown in Fig.2, both
OfgLys5 and OfgLys6 possess all con-
served residues which are fundamental
for the three dimensional structure and
the biological activity of the c-type lyso-
zyme: 8 cysteine residues (Cys®, Cys?,
Cys®, Cys?, Cys’, Cys%, Cys!10, Cysl2)
and two catalytic sites of glutamic acid
(Glu3?) and aspartic acid (Asp3). Based
on the structures determined in silkworm
and chicken, there are two loops in the
secondary structure of lysozymes (Fig.2).
The size of loop-1 is identical in
lepodopteran lysozymes and fruit fly
lysozyme (4 residues) while it is longer in
fish, chicken, mouse, pig, cattle, and hu-
man lysozymes (7 residues). The size of

i type

—

>g type
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loop-2 is conserved among lepidopteran lysozymes (7
residues) while it is longer in other lysozymes, 8 res-
idues in fish and 9 ones in chicken, mouse, pig, cattle,
human, and even in fruit fly.

Sequence analysis of O. furnacalis attacin

Attacins are glycine-rich immune proteins, and
are synthesized as pre/pro-mature peptides. After
removing the signal peptide, the resulting propep-
tides of attacins are further processed to be mature
peptides by cleaving at the site Arg Ala/Val Arg Arg
which is very similar to the potential furin processing
site (RARR) [23]. In this study, we isolated a new at-
tacin transcript (OfgAtt), which is the most highly
similar to M. sexta att-2 with the identity of 51% in
putative amino acid sequences. We also performed
alignment to compare the putative attacin protein
sequences from corn borer with other related insects
(Fig.3). Interestingly, O. furnacalis attacin lacks the
propeptide. It seems that OfgAtt becomes mature
immediately after cleaving the signal peptide at Ser?’,
without the necessary of further removing the prope-
tide. In addition, it is known from the alignment that
O. furnacalis attacin sequence conforms to the
G-module structure and contains two G domains,

namely a G1 domain from Asn% to Lys!%, and G2
domain from Asn'¥ to Arg?%. The conservation of the
G domains implies that they may correspond to func-
tional units. Besides, the recurrent glycine residues
seem highly conserved in aligned attacin protein se-
quences, consisting with the characteristic that at-
tacins are glycine-rich proteins. However, among 18
conserved glycine residues, only half are present in all
aligned insects, while the amino acid residues at the
other 9 sites exhibit more or less varieties (Fig.3).

To understand the evolutionary relationships
among attacins, phylogenetic comparative analysis
was conducted based on the deduced amino acid se-
quences of attacin. As shown in Fig.4, attacins in lep-
idopteron and dipteran species formed two branches
with high bootstrap value, 100 and 96 respectively.
Even in the same clade, attacins analyzed from G.
morsitans, M. domestica, D. melanogaster represent spe-
cies-specific expansions of each gene family and their
phylogenetic placement mirrors that of their host re-
lationships. As expected, O. furnacalis attacin is in-
cluded in the branch containing all analyzed lepi-
dopteran attacins (Fig.4).

OfgLys5 }RTMDRCQIARELNNHGLPégQ———LADWVCLVE' SSGRTEVVGGPNTDGSH GLFQ%%DRYWC
OfgLys6 =VRLRRCEIVQELRTQGFPEAQ---MRDWVCLIENBSGGNTGKVSPVNENGSKBYGLFQINDNYWC
OfEF120625  -KILKRGDIARELRSQGFPESQ---MRDWVCLVENBSAGNTGKVSPTNKNGSKBYGLFQINDKYWE
DmAAF47448 -RTMDRCSLAREMSNLGVPRDQ---LARWACIAEHEBSSYRTGVVGPENYNGSNBYGIFQINDYYWC
TnAAB41353 KYFATNCELVHELRRQGFPEDK--—-MRDWVCLIQNBSGRNTSKMGTINKNGSREBYGLFQINDKYWC
HCuAAA84747  KYYSTREDLVRELRKQGFPENQ---MGDWVELVENBSGRKTDKVGPVNKNGSKBYGLFQINDKYWE
BmAAB40947 KTF-TRCGLVHELRYHGFEENT - - SSRDTSKT-NTNRNG LFQINDRYWC
HceAAR29189 KRF-TRCGLVQELRRLGFDETL---MSNWVCLVENEBSGRFTDKIGKVNEKNGSREBYGLFQINDKYWC
MsAAB31190  KHF-SREELVHELRRQGFPENL---MRDWVELVENESSRYTDKVGRVNKNGSRBYGLFQINDKYWG
HsCAA32175 -KVFERCELARTLKRLGMDGYRGISLANWMCLAKWESGYNTRATNYNAGDRSTRYGIFQINSRYWC
MmAAA39473 —KVYERCEFARTLERNGMAGYYGVSLADWVCLAQHEBSNYNTRATNYNRGDQSTRBYGIFQINSRYWC
SsRAAB16862 -KVYDRGEFARILKKSGMDGYRGVSLANWVCLAKWESDFNTKAINHNVG--STBYGIFQINSRYWG
BtAAC37310 —-KVFERCELARTLKKLGLDGYKGVSLANWLCLTKWEBSSYNTKATNYNPGSESTRBYGIFQINSKWWC
GgCAR23711 -kVFRCELAAAMKRHGLDNYRGY SLGNWVEVAKFBENFNTQHTNRNTDG-5 ILQINSRWWE

DrNP_ 631919

. r. . * .

loop1

-KTLGRCDVYKIFKNEGLDGFEGFSIGNYVCTAYWEBSRFKTHRVRSADTG--K

GIFQINSFKWC

* * ke * kIKD IkkN LA
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TnAAB41353
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BmAAB40947
HceAAR29189
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SsAABl6862
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E——NGPNPGKECN&&CSDITQDDISAAVGCAKK%E%Q—RGFQAWVAWVNKCQG%%%LPDLGSCGL
T--RSGPAGKDCHVTCAELTTDDITKAATCAKK I YKR-HGFRAWYGWKNHEQG--SLPDISNG-—
T--RSGPAGKDCHVTCAEVITDDITKASTEAKK I YKR-HGFRAWYGWRNHEQG--SLPDISNG-—
APPSGRFSYNECGLSENALLTDDITHSVRGAQKVLSQ-QGWSAWSTWH-YESG--WLPSIDDEF-
S--KTSTPGKDCNVTCAEMLLDDITKASKCAKKIYKR-HKFQAWYGWRNHCQG--TLPDISKC--
S==-NTRTPGKDCNVTCADLLLDDITKASTCAKKIFKR-HNFRAWYGWRNHCDGK-TLPDTSNC--
S--KGASPGKDENVKCEDILTDD I KARKCAKK I YKR- HRFDAWY GWKNHEQG--SLPDISSE——
S--KGTTPGKDENVTENQLLTDDISVAATCAKK I YKR-HKF DAWYGWKNHCQH--GLEDISDE-—
S--NGSTPGKDENVKCSDLLIDDITKASTCAKK I YKR-HKFQAWYGWRNHCQG--SLEDISSC-—
NDGKTPGAVNAGHLSESALLODNIADAVACAKRVVRDPQGIRAWVAWRNREONRDVROYVOGEGY
NDGKTPRAVNACGINCSALLQDDITAATIQCAKRVVRDPQGIRAWVAWRAHCONRDLSQYIRNCGV
NDGKTPKAVNACHISCKVLLDDDLSQDIECAKRVVRDPLGVKAWVAWRAHCONKDVSQYIRGCKL
NDGKTPNAVDGEHVSESELMENDIAKAVACAKQIVSE-QGI TAWVAWKSHERDHDVSS YVEGETL
NDGRTPGSRNLCNIPESAILSSDITASVNCAKK IVSDGNGMS AWV AWRNREKGT WV OAKW IRGERL

DrNP_631919

L

loop2

DDG-TPGGKNLCKVACSDLLNDDLKASVGCAKLIVEM-DGLKSWETWDS YCNGREKMSRWVKGCEQ

* k1 : M * * *

Figure 2. Sequence alignment of O. furnacalis lysozymes with fruit fly, fish, chicken, mouse, pig, cattle, human and lepodipteran lysozymes. Gaps are

“n

indicated by “-”. Completely conserved amino acids are indicated by “*”, and conservative substitutions by “:”” and “.” below the sequences. Eight absolutely
conserved cysteines are shaded in light grey, and two catalytic sites are shaded in dark grey. Residues forming secondary structures of lysozymes in B. mori
and chicken are presented in boxes. Two loops in the secondary structures are underlined.
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1 Signal peptide Propeptide 50
OfgAtt -MLSLVFALGCLLVG-VNS—=-—-—-——————-—————————————————— QGT-EGSMGVNSDESSSFGAK
MsDQ072728 MSLSCLFLVALALVG-AESRY--IADDVVLVP-————--— MMVSRVRRDTH-GSVTVNSDET SGAVVK
HceCRA40886 MFGKIVFLLLVALCAGVQSRYLIVSEPVYYIEHYEEPELLASSRVRRDAH-GALTLNSDGTSGAVVK
BmAAB34519 MSKSVALLLLCACLA--SGRH-—-—-—--"-"""""-—-———— VPTRARRQA--GSFTVNSDGET SGAALK
HcuAAD09288 MEFFIGTAICASFNEESGYSLNGYYDSGINFDSDEFSPSWILSHHRARRQL--GSVFLNPDSTSRANIK
DmAF220546 MOKTSILILALFATAEAVPTTG--————————————————— PIRVRRQVLG SLASNPAIGADARLN
. . * - -
OfgAtt LPLVTGSRNQLSAT IAQPS—-—---GAITKG-LALDN SVSHTSLP! QLTGAGRLGLVH
MsDQ072728 VPFAGDDKNVFSAIGGLDLDKNLKMSGAT TLTNTHIP: KLTAAGKLNVFH
HceCARA40886 VPF. DKNIVSAIGSVDLTDRQKLGAAT SLTDTHIP KMTAAGKVNVEH
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Figure 3. Alignment between the deduced amino acid sequences of attacin from O. furnacalis (OfKF146178), M. sexta (MsDQ072728), H. secropia
(HceCAA40886) B. mori (BmAAB34519), H. cunea (HcuAAD09288), and D. melanogaster (DmAF220546). Gaps are indicated by “-”. Completely conserved

amino acids are indicated by “*”, and conservative substitutions by :” and *“.” below the sequences. Amino acid residues that have been conserved in all or
most of analyzed species are shaded in dark grey. Signal peptide, propeptide, and G| and G2 domain of mature peptide are shown.
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40| G. morsitans AttA1 AY607104
00| &- morsitans AttB CAP78961
Sh G. morsitans AtA AAL34113
94 | V—— X  G. morsitans AttD CAP78962 Diptera
1 Ool M. domestica Att1 DQO62744
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Figure 4. Phylogenetic relationship of attacin among corn borer and other species. The phylogenetic tree was estimated by the neighbor-joining method
in MEGA version 4.0 based on sequence alignment using ClustalWW. Numbers at the nodes represent bootstrap proportions on 1000 replicates. The scale
bar indicates the number of substitutions per site. The circled bootstrap value indicates that analyzed attacins forms into two separate branches. The names
of attacins in the tree were shown as scientific name of species followed by GenBank accession number of this specific gene.

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

1010

Increase of antimicrobial activity of hemo-
lymph upon bacterial and fungal infection in O.
furnacalis

To determine the optimal inducement conditions
for the AMP production in O. furnacalis larvae, we
injected  different concentrations of E. coli
(Gram-negative bacteria), M. luteus (Gram-positive
bacteria), and B. bassiana (fungi) into fifth instar lar-
vae, and checked the antimicrobial activities of he-
molymph using agar well diffusion method. As
shown in Fig.5, among three selected concentrations,
only the lowest injected concentration (2x105 cells/pl
for E. coli, or 3 pg/pl for M. luteus, or 1x10* conidia/pl
for B. bassiana) failed to induce detectable antimicro-
bial activity. The other two injections with higher dose
both resulted in significant elevation in activity. This
increase was even greater in larvae that were injected
with most microbes. The antimicrobial activity of
hemolymph increased up to 8.96+3.84, 13.80+1.84,
10.77+1.49 units, respectively, when the larvae was
injected by 2x106 cells/pl of E. coli, or 30 pg/pl of M.
luteus, or 2x10° conidia/pl of B. bassiana (Fig. 5). It
suggested that bacterial or fungi infections both could
induce the production of AMPs in O. furnacalis larvae,
which may conferred the antimicrobial activity on the
hemolymph to eliminate the invasive microbes.
Normally, the larger amount of microorganisms, the
more AMP synthesis they may induce. Taking in-
duction effects and convenient operability together,
the injection of M. luteus at the concentration of
30pg/pl might be a good choice for AMP production
in future experiments.

Expression profiles of OfglLys6, OfgAtt, and
OfgliD

Among three identified O. furnacalis lysozymes,
OfgLys10 is partial, and OfgLys6 is more similar to
other known lysozymes. Therefore, we only focused
on Ofglys6 in the expression profile assay. Along
with the other two identified transcripts, we used
RT-PCR methods to analyze the transcriptional ex-
pression of OfgLys6, OfgAtt, and OfglID after im-
mune challenge, as well as in different larval stages
(Fig. 6). OfgLys6, OfgAtt, and OfglID were all ex-
pressed at trace level in the control group with the
injection of sterile PBS. When larvae were injected
with E. coli, M. luteus, and B. bassiana, transcript
abundance of these three genes increased strongly
(Fig.6A). Generally speaking, the injection at the

highest concentration led to the strongest induction of
OfgLys6, OfgAtt, and OfIID. However, the transcript
level of OfgLys6 remained nearly unchanged in larvae
that were challenged by different concentration of E.
coli. Similar case occurred for OfyLys6 responding to
the injection of B. bassiana.

We also detected the transcript abundance of
OfgLys6, OfgAtt, and OfQIID in the larvae in different
stages of development. Considering it was difficult to
detect the expression level of OfgLys6, OfgAtt, and
OfRIID in the larvae without any immune induce-
ment, we compared their transcript level in third-,
fourth-, and fifth-instar larvae with immune injection
instead of in the un-challenged larvae. As Fig.6B
shows, after the injection of E.coli, M.luteus, or B. bas-
siana, transcripts of OfgLys6, OfgAtt, and OfglID were
detected in all injected larvae. This is consistent with
the result in Fig.6A. Moreover, no obvious difference
was observed for the transcript abundance of these
three AMPs in third-instar larvae and in fourth-instar
larvae. The transcripts of OfgLys6, OfgAtt, and OfIID
reached to the highest level in fifth instar stage. Taken
together, such results suggested that expression of the
OfgLys6, OfgAtt, and OfgIID is inducible in O. fur-
nacalis larvae, and they are induced to the largest ex-
tent in fifth instar larvae.
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Figure 5. Antimicrobial activity assay of O. furnacalis hemolymph after the
inducement by E. coli (A), M. luteus (B), and B. bassiana (C). The bars
represent mean * S.D. (n = 3). Bars labeled with different letters (a, b, and
¢) are significantly different (one-way ANOVA, followed by the New-
man-Keuls test, P <0.05).
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Figure 6. RT-PCR analysis of transcriptional levels of OfgAtt, IID, Lysé in O. furnacalis larvae induced by different microbes (A) and in different stages (B).
Ribosomal protein L8 (rpL8) was used as an internal standard to indicate a consistent total MRNA amount. The injection dose of E. coli, M. luteus, and B.
bassiana, and larval stage are shown above each figure. More details about the treatments were seen under “Material and Methods”.

Conclusions

Production of AMP is an important immune re-
sponse against the infection of invading microorgan-
isms because AMPs have broad-spectrum antimicro-
bial activities. Studies on identification and function-
ing mechanism of AMP have been extensively inves-
tigated in invertebrates and vertebrates. Here we
identified 5 AMP transcripts from O. furnacalis in
which OfgLys5 and OfgLys6 belong to c-type lyso-
zymes, and OfgAtt is lepidopteran attacin rich in gly-
cine residues. We also discovered that antimicrobial
activity of O. furnacalis hemolymph increased signifi-
cantly and expression levels of OfgLys6, OfgAtt, and
OfglID induced highly after the injection with bacteria
or fungi. We hope that this work could provide the
basis for further studying the induction mechanism of
AMP in important agriculture pest, O. furnacalis, and
even in other insects and higher animals. The ac-
quired knowledge might contribute to biological con-
trol of this serious insect pest.
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