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Abstract

The most important pathogenic fungus of the silkworm, Bombyx mori L. (Lepidoptera: Bombyci-
dae), is Beauveria bassiana (Balsamo-Crivelli ) Vuillemin (Hypocreales: Clavicipitaceae), which
causes significant damage to sericulture production. Therefore, diagnosing fungal disease and
developing new control measures are crucial to silk production. To better understand the respon-
sive and interactive mechanisms between the host silkworm and this fungus, variations in
silkworm gene expression were investigated using the suppression subtractive hybridization
method following the injection of B. bassiana conidia. Two cDNA libraries were constructed,
and 140 cDNA clones were isolated. Of the 50 differentially expressed genes identified, 45 (112
clones) were identified in the forward library, and 5 (28 clones) were identified in the reverse li-
brary. Expression profiling of six of these genes by quantitative polymerase chain reaction
(qPCR) verified that they were induced by the fungal challenge. The present study provides in-
sight into the interaction between lepidopteran insects and pathogenic fungi.

( Abbreviations: BmGAPDH, Bombyx mori glyceraldehyde-3-phosphate dehydrogenase; qPCR, quantitative )
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Introduction

Beauveria bassiana Balsamo-Crivelli Vuille-
min (Hypocreales: Clavicipitaceae) is an
entomopathogenic fungus that grows naturally
in soil and has been widely used in the biolog-
ical control of insects in forests. However, its
mechanism of action remains elusive despite
chemical and synthetic methods of analysis
(Grogan and Holland 2000; Hao et al. 2001).
In the natural environment, B. bassiana usual-
ly infects insects and causes white muscardine
disease through cuticle penetration. The fun-
gus is then fought by the innate immune
responses of the insects, including cellular and
humoral mechanisms (Lavine and Strand
2002; Hou et al. 2011). Entomopathogenic
fungi replicate in the insect hemolymph.
However, the insect genes that respond to
fungal infection and replication are still not
well known.

The silkworm, Bombyx mori L. (Lepidoptera:
Bombycidae), is a typical lepidopteran insect
and is economically important for silk produc-
tion in many developing countries. It has also
contributed enormously to the study of insect
genetics and immunology (Goldsmith et al.
2005; Li et al. 2005; Liu et al. 2009).

B. bassiana is one of the major fungal patho-
gens of the silkworm and can cause enormous
damage to the sericulture industry. The mo-
lecular mechanism by which it infects
silkworms 1is still poorly understood. There-
fore, elucidating the mechanism of antifungal
immunity of the silkworm is important to im-
prove its antifungal ability. The identification
and study of differentially expressed insect
genes after immune challenge will lead to a
better understanding of the breadth and regu-
lation of insect immune responses.
Suppression subtractive hybridization (Di-
atchenko et al. 1996) has been used to identify
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immune-inducible genes in the mosquito
(Oduol et al. 2000), tsetse fly (Hao et al.
2001), and Manduca sexta (Zhu et al. 2003).
In the present study, suppression subtractive
hybridization was used to identify the differ-
entially expressed genes between Beauveria-
injected and water-injected silkworm larvae,
and these data were verified by real-time
quantitative  polymerase chain reaction
(qPCR).

Materials and Methods

Silkworm strain

The silkworm strain Dazao, provided by the
Sericultural Research Institute of the Chinese
Academy of Agricultural Sciences, was used
in the study. The larvae were reared on fresh
mulberry leaves at 25° C. Third-day fifth
instar larvae were used in the experiments.

Treatment with B. bassiana conidia

B. bassiana conidia were diluted to a
concentration of 10° spores/mL with sterile
distilled water. Each larva was injected with 1
pL of the conidia solution. The larvae of the
control group were injected with the same
amount of sterile distilled water. The larvae
were reared under high temperature and high
humidity conditions (28° C and 95% RH) for
8 hours to promote conidia germination and
then returned to normal conditions (25 °C and
80% RH).

Cuticle and hemolymph collection

After injection with the conidia and sterile
distilled water, the cuticles and hemolymph of
the larvae were collected at 3, 6, 9, 12, and 24
hours after injection. The hemolymph was
directly mixed with pre-joined Trizol reagent
(Life Technologies,
www.lifetechnologies.com) in an Eppendorf
tube. The cuticles were quickly washed in a
diethylpyrocarbonate-treated phosphate
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buffered saline solution (137 mM NaCl, 2.68
mM KCI, 8.1 mM Na,HPO,, and 1.47 mM
KH,POj4 at pH 7.4) and immediately frozen in
liquid nitrogen.

Isolation of total RNA and polyA+ RNA
The total RNA from the -cuticles and
hemolymph of the B. bassiana-injected and
water-treated larvae was extracted using
TRIzol reagent and subjected to DNase I
(Takara Bio, www.takara-bio.com) treatment
according to the manufacturer’s instructions.
The total RNA concentration was determined
using a  Biophotometer  (Eppendorf,
www.eppendorf.com) by measuring the
absorbance values at 260 nm and 280 nm
(A260:A280). Equal amounts of total RNA from
the samples of the five time points were
pooled. The Oligotex mRNA Mid Kit
(Qiagen, www.qgiagen.com) was used to
purify polyA+ RNA from the RNA pool, and
2 pg of poly(A)+ RNA was used as the
starting material for reverse transcription to
construct the subtracted cDNA libraries.

Construction of c¢DNA libraries by
suppression subtractive hybridization
Suppression subtractive hybridization was
performed using a Clontech PCR-select
cDNA subtraction kit (Clontech Laboratories,
www.clontech.com). Reciprocal forward and
reverse  subtractions  were  performed
according to the manufacturer’s instructions.
The RNA extracted from the cuticles and
hemolymph at all the time points was equally
mixed. The forward library was constructed
using the cDNA of the B. bassiana-injected
cuticles and hemolymph as the tester and the
cDNA of the control as the driver. The reverse
library was constructed using the cDNA of the
control as the tester and the cDNA of the B.
bassiana-injected cuticles and hemolymph as
the driver.
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The subtracted cDNA libraries were generated
by inserting the differentially expressed
cDNA fragments into the pGEM-T Easy vec-
tor (Promega, www.promega.com) and
transforming these vectors into JM109 compe-
tent cells. Aliquots (100 pL) of the
transformation mixture were then spread onto
Luria-Bertani agar plates containing 100
mg/mL ampicillin, 80 mg/ml X-gal, and 50
mM isopropyl 1-thio-f-D-galactopyranoside
and incubated at 37° C overnight. Some sub-
tractive clones were sequenced, and the
nucleotide and amino acid sequence homolo-
gies were determined by searching the
NCBI/GenBank database using the BLASTX
algorithm.

Confirmation of differentially expressed
genes by real-time qPCR

The total RNA from the -cuticles and
hemolymph of B. bassiana-infected and
control larvae was extracted using Trizol
reagent (Life Technologies). The RNA was
treated with DNase 1 following the
manufacturer’s instructions. The
concentration of DNase I-treated RNA was
adjusted with H,O to 1 pg/uL, and 1 pg of the
DNase I-treated RNA was reverse transcribed
in a 20 pL reaction using a PrimeScript RT
reagent kit (TaKaRa). Real-time qPCR was
performed using 2 pL of the diluted first-
strand cDNA (1/100) in each 20 pL reaction
mixture. The reaction was performed with
specific primers for amplifying the following
genes: chemosensory protein 11, muscle LIM
protein isoform 1, transferrin, arylphorin, sex-
specific  storage-protein SP1  precursor,
lysozyme, moricin, and the low molecular
lipoprotein 30K pBmHPC-6 (Lp-c6) (Table
1). The relative expression levels of each gene
at different time points were normalized using
the Ct values obtained for B. mori
glyceraldehyde-3-phosphate  dehydrogenase
(BmGAPDH), an endogenous control gene,
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amplification in the same plate. In each assay,
the expression level is shown relative to the
lowest expression level, which was arbitrarily
set to one. All samples were tested in
triplicate. The mean values and the standard
deviations were used for the analysis of the
relative transcript levels for each time point
using the relative quantitative method (AACY).

Real-time qPCR was performed using 2 pL of
diluted first strand cDNA (1/100) in each 20
pL reaction volume using SYBR Premix Ex
Taq (TaKaRa) according to the manufactur-
er’s instructions. Specific primers for the
genes chemosensory protein 11, muscle LIM
protein isoform 1, transferrin, arylphorin, sex-
specific storage-protein SP1 precursor, low
molecular lipoprotein 30K pBmHPC-6 (Lp-
c6), lysozyme, moricin, and BmGAPDH are
listed in Table 1. The final concentration of
each primer was 100 nM. The reactions were
run in triplicate on an Opticon system (Bio-
Rad, http://www.bio-rad.com) using the
following thermal cycling parameters: 95° C
for 5 sec and 40 cycles at 60° C for 10 sec and
72° C for 10 sec. The melting curves were
constructed after amplification. The data were
analyzed and normalized relative to the
BmGAPDH transcription levels using Opticon
monitor analysis software (BioRad). The
AACt method was used to evaluate the relative
expression differences.

Results

EST sequencing and identification

The cDNA libraries, both forward and re-
verse, were constructed from the silkworm
larvae injected with B. bassiana conidia using
suppression subtractive hybridization. The
forward library was constructed with cDNA
from the B. bassiana-injected cuticles and
hemolymph as the tester and cDNA of the
control as the driver, whereas the reverse li-
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brary used cDNA of the control as the tester
and cDNA of the B. bassiana-injected cuticles
and hemolymph as the driver. A total of 140
cDNA clones were isolated, 112 from the
forward library and 28 from the reverse li-
brary. In total, 45 genes were identified in the
forward library, and five genes were identified
in the reverse library (Tables 2 and 3).

The genes present in the forward library were
upregulated by B. bassiana infection (Table 2)
and were more abundant than the genes in the
reverse library (Table 3). Using blast2GO
software and the annotations of the Spodop-
tera frugiperda sequences (Barat-Houari et al.
2006), the subtractive genes were classified
into five groups: genes encoding proteins
ubiquitously expressed by many cell types
(AI-AIX), genes responsible for cell-cell
communication (BI-BIII), genes encoding
transcription factors and gene-regulatory pro-
teins (C), genes encoding molecules expressed
in insects (DI-DIV), and others (EI-EII).
There was only one overlapping gene between
the two libraries, which encodes the B. mori
30 kDa lipoprotein 19G1 precursor (Tables 2
and 3).

Some upregulated genes identified in our pre-
vious study on the percutaneously infected

silkworm were also induced in the present ex-
periment, such as putative cuticle proteins,
heat shock proteins, ribosomal proteins, and
the antimicrobial proteins lysozyme and the
cecropin B precursor. The newly identified
genes in the present study included those en-
coding ferritin, transferrin, ATP synthase
subunit, troponin, storage proteins (arylphorin,
sex-specific storage protein (SP1), and sex-
specific storage protein 2 (SP2)), a 30 kDa
lipoprotein, and chemosensory protein 11
(CSP11). The genes that encode ferritin, trans-
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ferrin, heat shock proteins, CSP11, and stor-
age proteins were immune-responsive, and the
genes that encode moricin and gloverin 4 were
anti-microbial, whereas the genes that encode
ribosomal proteins, elongation factors, and
ATP synthase were involved in the pathologic
processes. Furthermore, ribosomal proteins
also participated in signal transduction.

Determination of differentially expressed
c¢DNAs by real-time qPCR

The differential gene expression in the larval
cuticles and hemolymph upon B. bassiana in-
fection was determined via real-time qPCR
(Figure 1). The present study focused on the
genes that were present in the forward library,
as they are likely responsive to the B. bassi-
ana infection and may contribute to the
resistance of the silkworm against B. bassiana
infection and propagation. The transcript
abundances of the selected eight genes ex-
pressed differently in the hemolymph between
the B. bassiana-injected and the water-
injected larvae were compared using real-time
qPCR (Figure 1).

In the hemolymph of the B. bassiana-injected
larvae, the transcript level of the CSP11 gene
was the highest at 6 hours after injection and
then gradually decreased, whereas the tran-
scription in the control larvae stayed almost
constant in the same period (Figure 1A). The
hemolymph transcript levels of the low mo-
lecular lipoprotein 30K pBmHPC-6 (Lp-c6)
gene exhibited the same expression pattern for
both B. bassiana-injected and water-injected
larvae and reached a peak at 6 hours after in-
jection; however, its transcript levels in the B.
bassiana-injected larvae were much higher
than those in the water-injected larvae (Figure
1F). The gene transcript levels of muscle LIM
protein isoform 1, transferrin, sex-specific
storage-protein SP1 precursor, and arylphorin
reached their peaks at 9 hours after injection
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and then gradually decreased in both the B.
bassiana-injected and the water-injected lar-
vae. However, the transcript levels in the B.
bassiana-injected larvae were much higher
than those in the water-treated larvae, and the
transcript level of the arylphorin gene was the
highest among the six genes (Figure 1B—-1E).
In the B. bassiana-injected larvae, the tran-
script levels of lysozyme and moricin reached
their peaks at 6 hours and 9 hours after injec-
tion, respectively, and then gradually
decreased; however, their expression levels
not significantly different from the water-
injected control. The transcription of these
genes in the cuticles in the same period was
also detected, but the differential expression
between the B. bassiana-injected and water-
injected larvae was not obvious and almost
negligible (data not shown).

Discussion

The mechanisms of immune responses to bac-
teria in silkworms have been extensively
studied. The responsive mechanisms of in-
sects to fungal infection and some antifungal
peptides have drawn the attention of research-
ers, and related signal transduction molecules
have been identified (Belvin and Anderson
1996; Hoffmann 2003). Differential gene ex-
pression in silkworm larvae percutaneously
infected with B. bassiana was reported in our
previous study (Hou et al. 2011). To better
understand the silkworm responsive mecha-
nism to fungal infection, silkworms were
infected in the present study by injecting B.
bassiana conidia into the hemolymph of the
larvae, and the genes that were differentially
expressed upon infection were analyzed.

After fungal conidia enter the hemolymph of
the silkworm, a series of immune changes oc-
curs in the hemolymph (Hoffmann and
Reichhart 2002; Tzou et al. 2002). The ex-
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pression levels of some genes that are respon-
sive to fungal invasion also change after
fungal injection, as identified in the present
study. Most of these genes are functional;
their expression was upregulated, and they are
likely to play important roles as the infection
progresses. In the present experiment, only a
few differentially expressed genes were de-
tected in the reverse library. These results are
similar to those of our previous study (Hou et
al. 2011). Therefore, the subsequent analysis
focused on the identification of differentially
expressed genes present in the forward library
because these genes are likely responsive to B.
bassiana infection and may affect B. bassiana
proliferation in the silkworm larvae.

The differentially expressed genes identified
in the forward library were upregulated, which
implies that these genes are induced by or re-
sponsive to B. bassiana infection. Some of
these genes encode storage proteins, such as
arylphorin, SP1, SP2, and some 30 kDa lipo-
proteins. These storage proteins are the major
nutrient sources for growth and development,
especially for insect metamorphosis (Willott
et al. 1989; Spyliotopoulos et al. 2007). They
are also constituents of the sclerotizing system
of the cuticle (Dong et al. 1996). Among these
storage proteins, arylphorin transcript levels
were suppressed during parasitization of Heli-
othis  virescens larvae by Campoletis
sonorensis (Shelby and Webb 1997). In the
fifth instar silkworm larvae, the amount of
SP1 is higher females than in males ( Tojo et
al. 1980; Mine et al. 1983). In the present
study, the transcript levels of these storage
protein genes were upregulated in both the
infected and control larvae and reached their
peak level at 6-9 hours after injection, alt-
hough the transcript level in the infected
larvae increased more sharply (Figure 1 D-F).
This implies that a sharp increase in these
storage proteins in the hemolymph likely con-

Hou et al.

tributes to the inhibition of the generation and
proliferation of B. bassiana at the early stage
of infection. The increase in the transcript lev-
el in the control larvae may contribute to
sclerotization of the cuticle, which heals inju-
ries to the exoskeleton caused by puncturing.

The muscle LIM protein and chemosensory
proteins may play important roles in the early
events of the recovery process of skeletal
muscles to injury and in cuticle synthesis, tis-
sue formation, and regeneration (Nomura
Kitabayashi et al. 1998; Stathopoulos et al.
2002; Sabatier et al. 2003; Barash et al. 2005;
Fort et al. 2007). LIM participation is required
in many morphologic and histologic changes
in insects during the transformation from larva
to adult (Liu et al. 2007). Some chemosensory
proteins might be involved in the immune re-
sponse (Oduol et al. 2000; Stathopoulos et al.
2002; Sabatier et al. 2003). In the present ex-
periments, the transcript levels of LIM and
CSP11 were also upregulated by injecting ei-
ther conidia or water, but the degree of
upregulation was greater when condidia were
injected (Figure 1A and B). This result im-
plies that muscle LIM protein and CSP11 are
not only involved in the recovery and synthe-
sis of damaged skin but also strongly respond
to B. bassiana invasion. However, the effect
of the increase in the transcript levels on the
generation of conidia and the proliferation of
B. bassiana needs to be studied further.

Transferrin (Tf) is a multifunctional protein
(Nichol et al. 2002) that possesses antimicro-
bial properties against bacteria and fungi
(Yoshiga et al. 1997; Yun et al. 1999; Ku-
charski and Maleszka 2003; Thompson et al.
2003). BmTf may play an important role in
pathogen clearance in insect innate immunity
(Yun et al. 2009). In the present test, the ex-
pression level of the BmTf gene increased at
the early stage of injection and reached its

Journal of Insect Science | www.insectscience.org

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science: Vol. 13 | Article 138

peak at 9 hours after injection (Figure 1C).
Perhaps BmTf affected B. bassiana gene ex-
pression in the B. mori host cells and resulted
in the inhibition of B. bassiana proliferation.

Compared with our previous study on cuticle
infection, many storage proteins and transport
proteins were present in the hemolymph when
the larvae were injected with B. bassiana. We
found that the changes in the transcription
levels of genes in the cuticle were not obvious
in the hemolymph by real-time qPCR. These
results suggested that the fungal pathogen re-
sistance mechanism is different between the
hemolymph and the cuticle.

In conclusion, B. bassiana infection and the
defense response in the silkworm are complex
processes that involve signal recognition and
transduction and the production of antifungal
factors. Differentially expressed genes were
identified in silkworm larvae infected with B.
bassiana, which are probably induced by and
responsive to the infection. These results may
provide new insights into the complex interac-
tions between B. bassiana and silkworms and
may be used to gain a better understanding of
the defense strategies elicited by the lepidop-
teran host against fungal infection. Further
studies are necessary to identify the functions
of these genes and their roles in the silkworm
defense upon fungal infection.

Acknowledgements

This project was supported by the National
Natural Science Foundation of China (Grant
Number 31272498) and the Project of Jiangsu
University of Science and Technology (Grant
Number 2009CY 1491).

Hou et al.

References

Barash 1A, Mathew L, Lahey M, Greaser ML,
Lieber RL. 2005. Muscle LIM protein plays
both structural and functional roles in skeletal
muscle. American Journal of Physiology—
Cell Physiology 289: C1312-1320.

Barat-Houari M, Hilliou F, Jousset F, Sofer L,
Deleury E, Rocher J, Ravallec M, Galibert L,
Delobel P, Feyereisen R. 2006. Gene
expression profiling of Spodoptera frugiperda
hemocytes and fat body using cDNA
microarray reveals polydnavirus-associated
variations in lepidopteran host genes transcript
levels. BioMed Central Genomics 7: 160.

Belvin MP, Anderson KV. 1996. A conserved
signaling pathway: the Drosophila toll-dorsal
pathway. Annual Review of Cell and
Developmental Biology 12: 393—-416.

Diatchenko L, Lau Y, Campbell AP,
Chenchik A, Mogadam F, Huang B,
Lukyanov S, Lukyanov K, Gurskaya N,
Sverdlov ED. 1996. Suppression subtractive
hybridization: a method for generating
differentially regulated or tissue-specific
cDNA probes and libraries. Proceedings of
the National Academy of Sciences of the USA
93: 6025-6030.

Dong K, Zhang D, Dahlman DL. 1996.
Down-regulation of juvenile hormone esterase
and arylphorin production in Heliothis
virescens larvae parasitized by Microplitis

croceipes. Archives of Insect Biochemistry
and Physiology 32: 237-248.

Fort S, Wanner KW, Maleszka R. 2007.
Chemosensory proteins in the honey bee:
Insights from the annotated genome,
comparative analyses and expressional

Journal of Insect Science | www.insectscience.org

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science: Vol. 13 | Article 138

profiling. Insect Biochemistry and Molecular
Biology 37: 19-28.

Goldsmith MR, Shimada T, Abe H. 2005. The
genetics and genomics of the silkworm,
Bombyx Mori. Annual Review of. Entomology
50: 71-100.

Grogan GJ, Holland HL. 2000. The
biocatalytic reactions of Beauveria spp.

Journal of Molecular Catalysis B: Enzymatic
9: 1-32.

Hao Z, Kasumba I, Lehane MJ, Gibson WC,
Kwon J, Aksoy S. 2001. Tsetse immune
responses and trypanosome transmission:
implications for the development of tsetse-
based strategies to reduce trypanosomiasis.
Proceedings of the National Academy of
Sciences of the USA 98: 12648—-12653.

Hoffmann JA. 2003. The immune response of
Drosophila. Nature 426: 33-38.

Hoffmann JA, Reichhart JM. 2002.
Drosophila innate immunity: an evolutionary
perspective. Nature Immunology 3: 121-126.

Hou C, Qing G, Liu T, Mei X, Zhang R, Zhao
P, Shen Z, Guo X. 2011. Differential gene
expression in silkworm in response to
Beauveria bassiana infection. Gene 484: 35—
41.

Kucharski R, Maleszka R. 2003.
Transcriptional profiling reveals
multifunctional roles for transferrin in the
honeybee, Apis mellifera. Journal of Insect
Science 3: 27. Available online:
http://www.insectscience.org/3.27

Lavine M, Strand M. 2002. Insect hemocytes
and their role in immunity. /nsect

Hou et al.

Biochemistry and Molecular Biology 32:
1295-1309.

LiM, Shen L, Xu A, Miao X, Hou C, Sun P,
Zhang Y, Huang Y. 2005. Genetic diversity
among silkworm (Bombyx mori L., Lep.,
Bombycidae) germplasms revealed by
microsatellites. Genome 48: 802—-810.

Liu F, Ling E, Wu S. 2009. Gene expression
profiling during early response to injury and
microbial challenges in the silkworm, Bombyx

mori. Archives of Insect Biochemistry and
Physiology 72: 16-33.

Liu'Y, Niu BL, Weng HB, Shen WF, He LH,
Qi XP, Meng ZQ. 2007. Cloning and
structural analysis of MLP in the silkworm,
Bombyx mori. Yi Chuan 29: 1097-1102.

Mine E, [zumi S, Katsuki M, Tomino S. 1983.
Developmental and sex-dependent regulation
of storage protein synthesis in the silkworm,
Bombyx mori. Developmental Biology 97:
329-337.

Nichol H, Law JH, Winzerling JJ. 2002. Iron
metabolism in insects. Annual Review of
Entomology 47: 535-559.

Nomura KA, Arai T, Kubo T, Natori S. 1998.
Molecular cloning of cDNA for p10, a novel

protein that increases in the regenerating legs
of Periplaneta americana (American

cockroach). Insect Biochemistry and
Molecular Biology 28: 785-790.

Oduol F, Xu J, Niar¢ O, Natarajan R, Vernick
KD. 2000. Genes identified by an expression
screen of the vector mosquito Anopheles
gambiae display differential molecular
immune response to malaria parasites and
bacteria. Proceedings of the National

Journal of Insect Science | www.insectscience.org

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science: Vol. 13 | Article 138

Academy of Sciences of the USA 97: 11397—
11402.

Sabatier L, Jouanguy E, Dostert C, Zachary D,
Dimarcq JL, Bulet P, Imler JL. 2003.
Pherokine-2 and -3: Two Drosophila
molecules related to pheromone/odor-binding
proteins induced by viral and bacterial

infections. European Journal of Biochemistry
270: 3398-3407.

Shelby KS, Webb BA. 1997. Polydnavirus
infection inhibits translation of specific
growth-associated host proteins. Insect

Biochemistry and Molecular Biology 27: 263—
270.

Spyliotopoulos A, Gkouvitsas T, Fantinou A,
Kourti A. 2007. Expression of a cDNA
encoding a member of the hexamerin storage
proteins from the moth Sesamia nonagrioides
(Lef.) during diapause. Comparative
Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology 148: 44—
54.

Stathopoulos A, Van DM, Erives A,
Markstein M, Levine M. 2002. Whole-
genome analysis of dorsal-ventral patterning
in the Drosophila embryo. Cell 111: 687-701.

Thompson GJ, Crozier YC, Crozier RH. 2003.
Isolation and characterization of a termite
transferrin gene up-regulated on infection.
Insect Molecular Biology 12: 1-7.

Tojo S, Nagata M, Kobayashi M. 1980.
Storage proteins in the silkworm, Bombyx
mori. Insect Biochemistry 10: 289-303.

Tzou P, De GE, Lemaitre B. 2002. How
Drosophila combats microbial infection: a
model to study innate immunity and host-

Hou et al.

pathogen interactions. Current Opinion in
Microbiology 5: 102—-110.

Willott E, Wang XY, Wells MA. 1989. cDNA
and gene sequence of Manduca sexta
arylphorin, an aromatic amino acid-rich larval
serum protein. Homology to arthropod

hemocyanins. Journal of Biological Chemistry
264: 19052—-19059.

Yoshiga T, Hernandez VP, Fallon AM, Law
JH. 1997. Mosquito transferrin, an acute-
phase protein that is up-regulated upon
infection. Proceedings of the National
Academy of Sciences of the USA 94: 12337
12342.

Yun EY, Kang SW, Hwang JS, Goo TW, Kim
SH, Jin BR, Kwon OY, Kim KY. 1999,
Molecular cloning and characterization of a
cDNA encoding a transferrin homolog from
Bombyx mori. Biological Chemistry 380:
1455-1459.

Yun EY, Lee JK, Kwon O. 2009. Bombyx
mori transferrin: genomic structure,
expression and antimicrobial activity of
recombinant protein. Developmental &
Comparative Immunology 33: 1064—-1069.

Zhu Y, Johnson T, Myers A, Kanost M. 2003.
Identification by subtractive suppression
hybridization of bacteria-induced genes
expressed in Manduca sexta fat body. Insect

Biochemistry and Molecular Biology 33: 541—
559.

Journal of Insect Science | www.insectscience.org

Downloaded From: https://complete.bioone.org/journals/Journal-of-Insect-Science on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Journal of Insect Science: Vol. 13 | Article 138

Hou et al.

(Table I. Primers used in real-time qPCR for confirmation of the differentially expressed genes.

Gene Accession No. Forward Prmer Reverse Primer
TTCATGCCACAAC | AGTCAGCTTGCC
Bm GAPDH EU141495.1 TGCTACA ATTAAGAG
arylphorin subunit alpha P14296 TTGCCACGGTTTC | TAGCTGCGGCTT
Precursor GTTGTT CAGGATT
. GCACTGTTCGCTG | TCGCAAGGGGAT
chemosensory protein 11 | NP_001037068 CTGICTAC GTTTCTAAG
sex-specific storage- NM 001113276 TCGTCGTGTAATG | TACCGAGGGGCA
protein SP1 precursor - GAAAGCG GCATAAGT
. AGTTCTAGGGCTA | GTGACCTCTTTC
transferrin NP 001037014 TCAGACAAAAT AATGACTTCG
muscle LIM protein NP 001103762 CACAGCAGTCTCG| TTATCAGCGGGT
isoform 1 - GCATCAC TTGAAAGG
low molecular lipoprotein NM 001044021 AGTGCCGACTCCC | AAGGACAAGAC
30K pBmHPC-6 (Lp-c6) = AATACCAA AAGCCCGAGA
GCATTTCGCTGCC |TGAGGAACTGGG
S NM_001043983| ™"1rA GTAATGT | TATGTCTGGTC
. . ACAGCCGCTCCAG|GACCTTTACCGA
e NM_001043364|" ~ s A AAATACCTA |CTGCCTTTCCTAC
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-

able 2. Differentially expressed genes from the forward SSH library and their major functional categories.

Gene Name AAccession Function Class Clone Source
Number Number
myosin 1 light chain | AY829797 | AI Ca ion binding 1 i
obligua
anuscle LMTereeinll 8 105/76.2] WA Lsin ion binding N1 Bunby
isoform | mori
troponin C NP 001037594 | Al Ca ion binding 1 B;:Zifx
ferritin NM 001044115 | Al iron ion transport 1 B‘;’Zﬁf &
transferrin (TT) NP 001037014 | Al iron ion transport 1 Bz:’zﬁf =
cuticular protein RR-1 ATV cytoskeleton, Bombyx
motif 46 (CPR46) bl et membrane proteins . mori
larval cuticle protein Sl klion Bombyx
p NP 001036828 | shape and membrane | 3 )
LCP-22 Precursor : mori
proteins
larval cuticle protein X74320 AlV cytoskeleton | Bombyx
(LCP30 gene). shape and proteins mori
beta-tubulin (Tub2) | NM 001043499 |  AIV cytoskeleton | B::z’:f”‘
ribosomal protein L7a| ABS57440 A\./ protein synthgsm, 1 el
ribosomal proteins melpomene
1'|boso¥nal protein S11 NP 001037111 AY protein synthgsm, | Bomb}_)x
isoform 2 = ribosomal proteins mori
ribosomal protein NM 001044105 AY protein synthgms, | Bombj_zx
SI5A ribosomal proteins mori
sibosamal proteintS15 || B 0010372091] o P1oieIl ST Sy Bomon
_ ribosomal proteins mori
elongstontactorl N o 410 || AV proteinsynthestsl | 20 || YHeea
alpha casta
translation elongation Banihve
factor 2 (tef2), NM 001044128 | AV protein synthesis 2 mori
transcript vqriant 1 i
H+ transporting ATP NM 001098342 AVI ATP synthesis 1 Bamb}-)x
synthase subunit e enzyme mori
ATP synthase subunit AF117583 AVI ATP synthesis 1 Manduca
Y _ enzyme sexta
chaperonin subunit6a (op 051040108 || AV ATP enzyme | Bonan
zeta _ mori
chitin deacetylase ACB54958 el 1 He!fcr?veJ?a
enzymes armigera
catalase NM 001043447 | AVII stress response 5 B(:n”::fx
heat shock protein 1 | NM 001098297 | AVII stress response 1 BZ;:?TX
heat shock protein 20 EU934239 AVII stress response 4 b;j;;f
alcohol dehydrodenase| AY725189 AVII stress response 4 Aok
hypogaea
utative rubisco Hena
P AM748403 AVII stress response 1 unguiculata
activase (Rca gene) :
(cowpea)
: : : AVIII protein
. Bomb
Eoegmaldis il 0as deordation and I omo
factor : mori
processing
low molecular mass Bombus
30 kDa lipoprotein ACO35751 AIX transport protein 9 morf

19G1 precursor

~
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/Table 2. Continued.

low molecular Bombux
lipoprotein 30K NM 001101726 | AIX transport protein 2 mor.Ji} ’
pBmHPC-12 (Lp-c12)
low molecular Bomibvs
lipoprotein 30K NM_ 001044021 | AIX transport protein 5 morf
pBmHPC-6 (Lp-c6) ‘
low molecular B
lipoprotein 30K NM 001101727 | AIX transport protein 2 mor:rl'}
pBmHPC-19 (Lp-c19)
low molecular o
lipoprotein 30K NM 001101728 | AIX transport protein 2 morf
pBmHPC-23 (Lp-c23)
peptidoglycan
recognition protein S1 [ NM 001043371 | AIX protein targeting 1 B;:;’;ﬁfx
(PGRP-S1)
et i BII intracellular signal B
ChemOosensory proteill | \ip 001037068 | transduction pathway | 2 4
11 = mori
molecules
lysozyme NM 001043983 DI AMP 2 Bi;”;ﬁf"
cecropin B precursor | NP_001037460 DI AMP 4 Bg’;ﬁf *
moricin NM_001043364 DI AMP 2 Bomby
- mori
gloverin 4 NM 001044219 DI AMP 2 BZﬂﬁfx
sex-specific storage- onthve
protein (SP1) NM 001113276 | DII storage molecule 3 " );'
precursor :
= o P14296 DII storage molecule 12 Hiiiduca
alpha Precursor sexta
sex-specific storage- ) Bombyx
brotein 2 (SP2) NM 001044125 | DII storage molecule 11 mori
utative protein L R Clostridium
p b YP_ 001089806 | other proteins of 2 o
translocase - : difficile 630
i unknown function
27KDs shycopoteinill ooy 61 043415 [ Dl metabolism 1 Bomoys
(p27K) - mori
. . EI; similar to known
TEA:puativeoutigle ) Jonsas |[protein Putnotenough| 2 Bons
protein : . 5 mori
information to classify
EI; similar to known Bombyx
putative cuticle protein| ACY06938 | protein but not enough 2 mmj’
information to classify
cuticular protein S T Bombyx
hypothetical 43 NP 001166198 | protein but not enough 1 mori

information to classify

unknown

EIII; no significant
similarity to known
proteins

unknown

EIII; no significant
similarity to known
proteins

unknown

EIII; no significant
similarity to known
proteins

unknown

EIII; no significant
similarity to known
proteins

~
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(Table 3. Differentially expressed genes in the reverse SSH library and their major functional categories.
Gene Name Accession Function Class Clone Source
Number Number
S-formylglutathione . Roseobacter
e ZP 01750351 | AVI catabolism enzymes 9 sp. CCS2
ribosomal protein NP 001037263 AY protein synthgsm, 5 Bomb%)x
S8 — ribosomal proteins mori
low molecular mass Bombua
30 kDa lipoprotein | ACO35751 AIX transport protein 3 mor?)
19G1 precursor
. . EI similar to known protein
putative Eee ACY06938 |but not enough information 5 Bomb%) x
protein CPH43 . mori
to be classified
EIII with no significant
unknown similarity to known 6
proteins
N\ J
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Figure 1. Variations in expression levels of fungus-responsive genes in the hemolymph of silkworms, Bombyx mori, infected with
Beauveria bassiana. The third-day larvae of the fifth instar of Dazao strains were infected with B. bassiana. Total RNA was extract-
ed from the hemolymph at the indicated time points after infection and subjected to DNase | treatment and reverse transcription.
Two microliters of each 10-fold diluted first strand cDNA (20 ng) was analyzed in each real-time qPCR reaction. The reaction was
performed with specific primers for amplifying each of the six genes. The relative expression level of each gene at each time point
was normalized using the C: values obtained for the BnGAPDH amplifications run in the same plate. In each assay, the expression
level is shown relative to the lowest expression level, which was set to one. All samples were tested in triplicate. The mean value
+ SD was used for the analysis of the relative transcript levels for each time point using the A ACt method. The B. bassiana-
injected and water-treated individuals are shown on the left (blue) and right (purple), respectively. A. Chemosensory protein | I;
B. Muscle LIM protein isoform |; C. Transferrin; D. Sex-specific storage-protein SP| precursor; E. Arylphorin; F. Low molecular
lipoprotein 30K pBmHPC-6 (Lp-c6); G. lysozyme; H. Moricin. High quality figures are available online.
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