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Abstract

Previously our research group used the microarray analysis and suppression subtractive
hybridization technologies to find a Bombyx mori resistance related gene (NCBI ID: NP_001153678.1)
to B. mori nucleopolyhedrovirus (BmNPV) and the gene was named Bm123. But there are no more
confirmatory studies about Bm123. In this study, BmNPV resistant strain NB, susceptible strain 306,
hybrid group 3069xNBJ (resistant strain) and NB2x3064 (resistant strain) were analyzed by
transcriptomic sequencing and Weighted Gene Co-expression Network Work Analysis (WGCNA) to
verify the new gene Bm123 function. Correlation analysis between the WGCNA data and phenotype
showed that Bm123 is a gene in ME Turquoise module. This module has a strong correlation with
disease resistance phenotype (correlation coefficient is 0.753, P value is 0.0047), indicating that
Bm123 is a correlated gene with anti-BmNPV. The full length of Bm123 gene was 691 bp, which is not
similar with any sequences of other species in NCBI database. But the Bm123 protein contained the
transcriptional activator (multiprotein bridge factor 2, MBF2) domain in the 34 to 122 amino acid
sequence, closely to Tribolium castaneum by the evolutionary relationship analysis. The BmNPV
resistance function, developmental expression pattern and tissue expression pattern of Bm123 were
analyzed by using silkworm resistant strain BCio (screened by eight backcross and two generation of
NB and 306 through hybridization and selfing method, each generation is constructed from the feed by
adding BmNPV), NB and sensitive strain 306. It was found that after infection with orally BmNPV, the
MRNA and protein levels of Bm123 were up-regulated in the midgut of BC10 and NB, and almost not
expressed in 306, indicating that Bm123 was a gene associated with resistance to BmNPV. Bm123
protein expression in various tissues of silkworm (fat body, hemolymph, midgut, epidermis, testis, ovary,
malpighian tubule and silk gland) was analyzed. It was found that Bm123 was highly expressed in the
midgut and malpighian tubule, while the expression in other tissues was lower. Analysis of Bm123
expression in different development stages of silkworm (eggs, 15'to 5" instar larvae, pupae and moth)
found that the expression level of Bm123 increased in the 39, 4" and 5™ instar. The expression level of
Bm123 decreased during the pupae and moth stages. It was speculated that the expression of Bm123
was related to the evolution of resistance genes in silkworm. In situ hybridization showed that the
Bm123 gene of BCio was localized in the nucleus of columnar epithelial cells of the midgut, suggesting
that Bm123 protein interacts with BmNPV in the silkworm cell nucleus.
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Introduction

Silkworm (Bombyx mori) is one of the most silkworm production, accounting for about 70 % of
important economic insects in China. However, the the loss of cocoons caused by the whole silkworm
silkworm diseases seriously threaten sericulture disease (Singh et al., 2019). Sericulture researchers
development. B. mori nucleopolyhedrovirus have reported pathogenesis, transmission routes,
(BmNPV) in particular has a more serious impact on and prevention and treatment methods of the

disease, especially the screening of disease
resistance genes has been the key research
direction. By investigating the 344 silkworms
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Table 1 The reaction process of Bm123 gene expression by Northern blot

Composition Dosage
Bm123 PCR amplified fragment 50 ng
Random primer (0.2 pg/uL) 4 L
Sterilized water Add to 10 pL
Incubate at 70 °C for 5 min, quickly place on ice

dNTP mix (2.5 mM each) 2 uL

Bovine serum albumin (BSA) (10 mg/mL) 2 uL
10xbuffer 2 uL

Klenow enzyme (5 u/pL) 1L
a-32P-dCTP 1L
Sterilized water Add to 20 pL

Incubation was done at 37 °C for 1 h.

silkworm can inactivate BmMNPV (Hayashiya, 1978).
The B. mori lipase-1 (BmLipas-1) isolated from the
digestive juice of silkworm has a strong anti-BmNPV
activity (Ponnuvel et al., 2003). The Bms3a gene
expression level was changed in resistant strains of
silkworm, indicating Bms3a was related to
resistance of silkworm to BmNPV (Xu et al., 2008).
Different protein expression between resistant and
susceptible strains of silkworms revealed that
B-N-acetylglucosaminidase and aminoacylase (Liu
et al., 2010a), serine protease-4 and caspase-1 (Qin
et al., 2012) were related to the resistance of
silkworm to BmNPV. It is also reported that arginine
kinase and polyprotein are related to silkworm
resistance to viruses in the fat body proteome of
three silkworm strains (NB, 306 and BCy) (Liu et al.,
2010b). B. mori serine protease 142 (BmSP-142),
isolated from the digestive juice of silkworm, has
anti-BmNPV  activity (Li et al., 2017).
Phosphoenolpyruvate carboxykinase mitochondrial
subunit (PEPCK-M) can enhance the expression of
autophagy genes (ATGs) to inhibit BmNPV
proliferation (Guo et al., 2019). However, the nuclear
hormone receptor (BmNHR96) of silkworm promotes
BmNPV entering into the body of silkworm, which is
a gene promoting virus infection (Yang et al., 2017).
Autophagy gene (BmATG13) can promote proliferation
and replication of BmNPV (Xiao et al., 2019).

There have been many reports on the
resistance related genes of silkworm to BmNPV, but
there is no evidence to prove the main gene, and its
disease resistance mechanism has been unclear.
Previously, our research group used microarray
analysis (Zhou et al, 2013) and suppression
subtractive hybridization technology (Gao et al.,
2018) screened different expression gene in midgut
infected by BmNPV of silkworm resistant strain
near-isogenic line BCio (screened by eight
backcross and two generation of NB and 306
through hybridization and selfing method, each
generation is constructed from the feed by adding
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BmMNPV), resistant strain NB, and susceptible strain
306. This research found that Bm123 (NCBI ID:
FJ770215) was up-regulated in the two resistant
strains as a resistance related gene. However, there
is no study reported the BMNPV antiviral
characteristics of Bm123. In this study, first, BmNPV
resistant strain NB, susceptible strain 306, hybrid
group 3069 xNBJ (resistant strain) and NBYx3063
(resistant strain) were analyzed by transcriptomic
sequencing to verify the new gene Bm123 function.
Further, resistant functional analysis of Bm123 were
executed using BCip, NB and 306 infected by
BmNPV.

Materials and Methods

Silkworm strains and virus

Silkworm highly resistant strain BCi, NB,
NB9x3064, 30692xNBJ and susceptible strain 306
of BmNPV were used in this study. BCyg is screening
by eight backcross and two generation of NB and
306 through hybridization and selfing method, each
generation is constructed from the feed by adding
BmNPV screening. The NB9x3064 strain was
obtained by breeding male NB and female 306, and
the 3069xNBJ strain was obtained by breeding
male 306 and female NB. The BmNPV T3 viral strain
was used.

Virus feeding and tissue collection

The silkworms were reared in the clean
silkworm room, and samples were taken at the egg,
1st, 2nd 3 4% and 5" instars, pupae and moth
stages, and ten samples were collected at each
stage. When the silkworm reached the 5™ instar,
each silkworm was fed with 1 x 106 BmNPV per os.
After 6, 12, 24, 36, 48, and 72 h of virus feeding, the
silkworms were dissected to collect fat body,
hemolymph, midgut, epidermis, testis, ovary,
malpighian tubule and silk gland tissues of silkworms,
and stored at -70 °C.
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Fig. 1 (A) volcano plot showing 1007 DEGs between 3069 xNBJ and 306; among which Bm123 (transcriptome ID:
BGIBMGAO004287) was an up-regulated gene. (B) WGCNA module analyzes the correlation between differential
genes and phenotypic traits; (C) Visualization analysis of Bm123 in ME turquoise

Transcriptomic sequencing and Weighted Gene
Co-expression Network Work Analysis (WGCNA) to
screen resistant genes

1) Sequencing reagents and instruments

The cDNA library construction kit (SuperScript Il
Reverse Transcriptase) was purchased from
Invitrogen.The TruSeq RNA Sample Prep and
TruSeq PE Cluster were purchased from lllumina
company.

Instruments: Nucleic acid protein analyzer
(NanoDrop, Thermo); Bioanalyzer (Agilent 2100
Bioanalyzer, Inc.); Genome Analyzer Il (lllumina).

2) Transcriptomic sequencing process

Nanodrop, Qubit 2.0 and Aglient 2100 were
used to detect the purity, concentration and integrity
of RNA samples to ensure the quality of samples for
transcriptomic sequencing. After the sample was
qualified, the library was constructed. Eukaryotic
mRNAs were first enriched with magnetic beads
containing Oligo (dT), mRNA was randomLy
interrupted by Fragmentation Buffer. Secondly, the
first cDNA strand was synthesized using mRNA as
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template and random Hexamers. Then buffer,
dNTPs, RNase H and DNA Polymerase | were
added to synthesize the second cDNA strand.
AMPure XP Beads were used to purify cDNA.
Purified double stranded cDNA were then repaired,
added A tail and connected for sequencing. Then
AMPure XP Beads were used to select the fragment
size. Finally, cDNA library was obtained by PCR
enrichment. After the library was constructed, Qubit
2.0 and Agilent 2100 were used to detect the library
concentration and Insert Size, respectively. Q-PCR
method was used to accurately quantify the effective
concentration of the library to ensure the quality.
HiSeq 2500 was wused for high-throughput
sequencing and the sequencing reading length was
PE125. The raw data were obtained. Joint
sequences and low quality reads of raw data were
filtered and removed to obtain high quality clean
data. Clean Data were sequentially assembled to
obtain the unigene library of the species. Based on
unigene library, the expression quantity analysis and
gene structure analysis are carried out, and the



differential expression analysis was carried out
according to the gene expression quantity in
different samples or different sample groups.

3) Screening and analysis of differentially expressed
genes (DEGS)

In the process of analysis of differentially
expressed genes(DEGs), the accepted effective
Benjamini-Hochberg method have been used to
correct the original significance p values (p-value),
and finally the adjusted p values (False Discovery
Rate, FDR) were used to screen significantly DEGs.
In the screening process, FDR < 0.01 and FC (Fold
change) < 2 were used as screening criteria. FC
represented the ratio of the expression quantity
between two samples groups.

4) Correlation analysis between phenotypes and
genotypes of DEGs

Weighted correlation network analysis (WGCNA)
was used to analyze the relationship between
biological characteristics and DEGs to detect
BmNPV resistant genes. WGCNA (v1.47) was used
to construct an unsigned co-expression network on
the transcription expression matrix (Langfelder and
Horvath, 2008). The nodes were defined as genes
and grouped into different gene networks with similar
expression levels. The WGCNA algorithm first
assumes that the gene network follows a scale-free
distribution and defines the relevant time of gene
co-expression (Wang et al., 2017a). The correlation
module diagram of genotype and phenotype was
constructed through WGCNA analysis.
CutreeDynamic and mergeCloseModules were used
as network construction and module detection
methods. The relationship between modules and
specific phenotype was analyzed. If the module
correlation coefficient is close to 1, most of the
modules are related to the corresponding
characteristics. In this study, the relationship
between transcripts and sample characteristics was
investigated, and important modules related to the
characteristics were identified. Cytoscape (V3.5.0)
was used to visualize the co-expression network
(Shannon et al., 2003).

Sequence characteristics and evolutionary analysis
of Bm123

The sequence of silkworm Bm123 was obtained
by transcriptomic analysis. Bm123 amino acid and
protein analysis used NCBI-BLAST
(http://Amww.ncbi.nlm.nih.gov/blast). Protein blast in
the NCBI database revealed that Bm123 contained
multiprotein bridge factor 2 (MBF2) domain. MBF2
gene of several species was downloaded from NCBI,
and the protein sequences of Bm123 and other
species were compared. The 13 sequence names
and sequence numbers were as follows: Culex

tarsalis  (JAV33098.1); Drosophila persimilis
(EDW32147.1); Drosophila grimshawi
(EDWO01064.1); Drosophila mojavensis

(EDWO09458.1); Drosophila willistoni (EDW85625.2);

Drosophila sechellia (EDW56946.1); Drosophila
pseudoobscura  (Q290W?7); Samia  cynthia
(BAA34219.1); Danaus plexippus plexippus

(OWRA45174.1); Drosophila virilis (EDW62015.1);
Tribolium castaneum XP 001811691.1);
Sergentomyia schwetzi (QHO60785.1); Nyssomyia
neivai (JAV05291.1). Multiple sequence alignment of
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Bm123 was performed using DANMAN 8.0, and
evolutionary tree analysis was performed using NJ
method of MEGA 5.2.

Identification of Bm123 gene expression using
Northern blot

A random primer method was used to
synthesize the silkworm Bm123 specific probe and
a-32P-dCTP  purchased from Beijing Furui
Corporation, China. The reaction process is as in
Table 1.

After oral administration of BmMNPV 48 h, the
midgut of silkworm strains, including NB, 306 and
BC1o were collected. Total RNA was extracted using
the Trizol method. Non-deformable Polyacrylamide
gel electrophoresis gel was used to separate RNA
and transfer to the membrane, and prehybridize.
After prehybridization, the probe
0-32P-dCTP-Bm123 was added to continue
hybridization for 12 h to 16 h. And then the
membrane was wrapped with plastic film and placed
in a cassette. Then, the X-ray film was pressed
tightly. The cassette was placed at -70°C for 3 d to
develop autoradiographs.

Identification and quantification of Bm123 by
Reverse transcription PCR (RT-PCR) and
quantitative real-time PCR (QRT-PCR)

The eggs, larvae, pupae, moth and various
tissues of silkworm 5% instar (fat body, hemolymph,
midgut, epidermis, testis, ovary, malpighian tubule
and silk glands) of silkworm BCi0, NB and 306 strain
were collected. RT-PCR and QRT-PCR were
performed with Bm123 specific primers, including
5'CCCCAGTTCCACTAACAGAGC'3,

5'GGTGAGTTTATGAACCGAAGAGT'3. The
housekeeping gene was ribosomal protein L8
(BMRPL-8), the primers:

5TTCCGCGATCCATACAAGTTC'3,
5'CGACCTCTATCACCCATTTTCTCT'3.

Bm123 expression analysis using Western blot

The silkworm BCio and 306 strains were
collected, and the midgut of eggs, larvae, pupae,
moth and 5" instar tissues (fat body, hemolymph,
midgut, epidermis, testis, ovary, malpighian tubule
and silk gland) were cut and placed. The sample
were added liquid nitrogen and ground into powder.
5 mL RIPA lysate was added and ground for 10 min.
The homogenate was transferred to an EP tube and
centrifuged at 10,000 rpm for 10 min. The
supernatant was transferred to a new EP tube as
WB samples. SDS-PAGE electrophoresis was
performed, and the membrane was transferred. After
transmembrane, samples were incubated at room
temperature for 1 h by the primary antibody of
Bm123 (anti-rabbit antibody, self-made by our
research group). After washing three times with
PBST (phosphate-buffered saline with tween),
anti-rabbit secondary antibody were added and
incubated at room temperature for 1 h. After washing
the membrane three times with PBST, the color was
developed, and the picture was taken.

In situ hybridization analysis of silkworm midgut
After 48 h of BmNPV infection, fresh midgut of
silkworm NB and 306 strains were collected and fixed



Table 2 Partial transcriptomic differential expression genes between 3069 xNBJ& and 306

Gene_ID Gene description FC(306_NB/306) Log2FC(306_NB/306) Pvalue  Significant Regulate
BGIBMGAO003323 Putative membrane protein 3827.188 11.90206916 4.37888E-46 yes up
BGIBMGAO014524 Serine protease 9968.006 13.28308917 2.1291E-29 yes up
BGIBMGA010640 Lipase 2125.396 11.05351565 9.29749E-21 yes up
BGIBMGA004287 Hypothetical midgut protein Bm123 95.534 6.577938594 1.6705E-06 yes up
BGIBMGA002905 Acyl-CoA binding protein 35.65 5.155814899 6.29306E-23 yes up
BGIBMGA005781 Heat shock protein 25.4 3.229 1.691120945 0.004663434 yes up
BGIBMGA012031 Carboxylesterase 0.419 -1.255001364 1.08571E-16 yes down
BGIBMGA000029 Nucleolar protein family A member 2 0.284 -1.815229193 3.41449E-13 yes down
BGIBMGA009073 Serine protease inhibitor 0.344 -1.539012289 5.66688E-09 yes down
BGIBMGA008116 CTP synthase 0.434 -1.204447268 2.48365E-07 yes down
BGIBMGA007371 Bm8 interacting protein 2d-2 0.35 -1.516173143 0.003090896 yes down

with 4 % paraformaldehyde. An in situ hybridization
analysis was performed. The overnight fixed
samples were embedded, sectioned and incubated
with 100% methanol containing 3 % peroxidation
hydrogen at room temperature for 10 min to block
endogenous peroxidation activity. After washing with
phosphate-buffered saline (PBS), the slides were
incubated in citric acid buffer (1.8 mM citric acid and
8.2 mM sodium citrate) at 95 °C for 10 min. And then
the slides were incubated with blocking buffer (10 %
bovine serum albumin and PBS) at room
temperature for 1 h. The sections were incubated
with a-32P-dCTP-Bm123 for 1 h. After washing with
PBS, the slides were incubated with anti-rabbit
IgG-HRP for 30 min followed by diaminobenzidine
(DAB) substrate solution. Then the picture were got.

Statistical analysis

All data were analyzed using OriginPro 8.5.1
and GraphPad prism 6. The T-test between the two
groups was used to determine the statistically
significant of different sample by SPSS. The data
were triplicate. Statistical significance was defined
as *p <0.05, *p<0.01,n=3.

Results

Transcriptomic sequencing and WGCNA analysis
According to the transcriptomic analysis of NB,
306 and their positive and negative hybrid strains,
1007 DEGs between 3069xNBJ and 306 were
purchased, including up-regulated 783 genes and
down-regulated 224 genes. Bm123 belonged to the
up-regulated genes database and its ID was
BGIBMGAQ04287 in transcriptomic data (Fig 1A).
Partial DEGs data in Table 2 showed that FC
(306_NB/306) and Log2FC (306_NB/306) of Bm123
were 95.53 and 6.578, indicating it was a
significantly up-regulated gene. In order to screen
BmNPV resistant genes, the relationship between
DEGs and biological phenotypic characteristics was
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analyzed through WGCNA and the relationship
correlation module was established. The results
showed that there were six modules represented by
six colors, namely ME green, ME yellow, ME blue,
ME brown, ME red and ME turquoise (Fig 1B).
Among them, the genes of ME green and ME yellow
were negatively correlated with phenotypic trait of
resistance, and these of ME blue, ME brown, ME red
and ME turquoise were positively correlated with
resistance. The correlation coefficient with BmNPV
resistance phenotype in ME turquoise modules is
0.753 (P value 0.0047), followed with silk gland
phenotype (coefficient 0.389, P value 0.211).
However the coefficients with silkworm pupae weight,
cocoon layer, cocoon weight, midgut and moth
weight were 0 in this module (Fig 1B). These results
indicated this module is most closely correlated with
BmNPV resistance phenotype, yet not correlated
with other phenotypes. Visualization analysis of
DEGs in ME turquoise found Bm123
(BGIBMGA004287) existed in this module (Fig 1C),
indicating Bm123 is a BmNPV resistant related
gene.

Bm123 gene sequence analysis

Bm123 gene obtained from transcriptome
analysis data was compared in NCBI-BLAST (NCBI
ID FJ770215), but no gene with high indentity
consistency was found. The full length of this gene is
691bp, including open read frame (ORF) 372bp, 5
'non-translated region 45bp, 3' non-translated region
274bp.The ORF encoded a polypeptide chain of 123
amino acids (Fig 2A). The translated amino acid
sequences were analyzed by BLASTP similarity
comparison in NCBI to obtain other insect proteins
with similar sequences. The amino acid sequence
similarity between these proteins and Bm123 protein
is 40 % ~ 50 %, respectively. There is no high
similarity between silkworm and other insects both in
the gene sequence and the protein sequence,
indicating that Bm123 is a newly discovered gene. But
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Fig. 2 (A) Full length of Bm123 gene of silkworm; (B) Bm123 protein domain prediction and analysis; (C)
Multi-sequence alignment analysis of Bm123 protein sequences with MBF2 proteins of 13 species; (D)
Evolutionary tree analysis of Bm123 protein sequence and MBF2 protein of these species,Culex tarsalis
(JAV33098.1); Drosophila persimilis (EDW32147.1); Drosophila grimshawi (EDW01064.1); Drosophila mojavensis

(EDW09458.1);

Drosophila  willistoni (EDW85625.2);

Drosophila sechellia (EDW56946.1);

Drosophila

pseudoobscura (Q290W?7); Samia cynthia (BAA34219.1); Danaus plexippus plexippus (OWR45174.1); Drosophila
virilis (EDW62015.1); Tribolium castaneum (XP 001811691.1); Sergentomyia schwetzi (QHO60785.1); Nyssomyia
neivai (JAV05291.1)
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Fig. 3 Bm123 levels analysis in the midgut of silkworm infected by BmNPV. (A) Northern blot verification of Bm123
gene differentially expressed in the midgut of silkworm BCio, NB and 306 infected by BmNPYV 48 h; (B) QRT-PCR
analysis of different time expression patterns of Bm123 gene in BCi and 306 midgut of silkworm infected by
BmNPV; (C and D) WB detected the different time protein expression of Bm123 in BCio and 306 of silkworm

midgut infected by BmNPV. p* < 0.1, p** < 0.05,n =3

the amino acid sequence of Bm123 protein 34 ~ 120
contains a transcription activator MBF2 domain.
Comparing of seven species on NCBI, Drosophila
Mojavensis (EDW09458.1); Tribolium Castaneum
(XP 001811691.1); Drosophila Virilis (EDW62015.1);
Drosophila Grimshawi (EDW01064.1); Drosophila
Willistoni (EDW85625.2); Drosophila Sechellia
(EDW56946.1); Drosophila Pseudoobscura
(Q290W?7), the MBF2 domain was found to be
conserved (Fig 2B), suggesting that Bm123 protein
was related to transcriptional activation. Multiple
sequence alignment analysis between Bm123 and
13 MBF2 related genes of other species found that
the domain of Bm123 protein was consistent with
that of MBF2 related proteins of other species (Fig
2C). Then, the MBF2 related protein sequences of
these species were selected for the evolutionary tree
analysis with the Bm123 ORF region (Fig 2D). It was
found that the Bm123 protein of silkworm was most
similar to that of Tribolium castaneum in terms of its
evolutionary relationship and was subsequently
classified into a branch with Culex tarsalis.

Identification of the Bm123 differential expression by
Northern blot

To further identify the differential expression of
the Bm123 gene, total RNA from the midgut tissue of
silkworm resistant strains (NB and BCig) and
susceptible strain (306) were extracted before and
after feeding virus, and Northern blot analysis was
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performed. Bm123 specific cDNA labeled with
a-32P-dCTP was used as a probe named
a-32P-dCTP-Bm123, and 18srRNA was used as an
internal reference. As shown in Fig 3A, the Bm123
hybridization band of BCip and NB strains was
slightly stronger than that of the strains without virus
feeding, and the hybridization signal was not
observed in 306 strain. These results indicated
Bm123 levels were higher in NB and BCyo strains
than that in 306.

Analysis of Bm123 mRNA level by QRT-PCR

The expression phase of Bm123 in midgut
tissues was detected by QRT-PCR. The expression
level of Bm123 was low at 0 h of feeding virus, while
increased significantly from 6 h to 36 h infected by
BmNPV, and the mRNA expression level reached
and remained the highest level after 36 h. However,
no change in the Bml123 expression level was
observed in the midgut of 306 strain, and the
expression level was very low (Fig 3B). The above
results indicated that BmNPV up-regulated the
mRNA expression of Bm123 gene in resistant
silkworm strain.

Analysis of Bm123 protein expression level by
Western blot

Western blot analysis of Bm123 protein in
midgut tissue showed that the expression level of
Bm123 protein of BCg strain was significantly higher



A Cc

RNA of Bm123 RNA of Bm123

_—_——" e S o
= G — — — — — — — S

o e Bm123 s P e i aabe Sl = Bm 123
Egg 15t 2" 39 gth sthpypaeMoth L B IR TR
& I W 0 o
WB of Bm123 o RN
w & gt
¥
WB of Bm123
B Value calculation of WB D Value calculation of WB
Bm123
Bm123 w 24
@« 257 e
© @ 184
> 20- p
< S
% 154 3 124
5 sl 3
g -

B & & S S

Life cycle O TS o &
Q’b & _\,b(\ 6’\\
Q‘b \‘0
2R
Tissues

Fig. 4 RT-PCR and Western blot analysis of Bm123 gene expression in BCj, tissues and at various developmental
stages.(A and B) Expression level of Bm123 at various developmental stages (egg, 1%, 2", 39, 4" and 5% instars,
pupae and moth stages) of midgut; (C and D) Expression level of Bm123 in different tissues (fat body, hemolymph,
midgut, epidermis, testis, ovary, malpighian tubule and silk gland ). p* < 0.05, p** <0.01, n=3

than that of 306 strain. The protein expression level was low. From 3" instar, the expression level of
reached the highest at 24 h after feeding BmNPV, Bm123 rose, and the expression level of Bm123
and the expression level decreased slightly after 72 reached the highest in the 5" instar. The expression
h. There was no obvious expression of Bm123 level of Bm123 decreased during the pupae and
protein in the midgut of 306 strain (Fig 3C and D). moth stages (Fig 4A and B).
This result was consistent with the analysis of RNA Bm123 was expressed in all tissues of the
expression analysis (Fig 3A and B), indicating that silkworm, but the expression level was different in
the difference in Bm123 protein expression in the different parts. The expression of Bm123 was the
midgut of BC10 and 306 strains was very obvious. highest in the midgut and malpighian tubule, and the
expression in other tissues was lower (Fig 4C and D).
Expression levels of Bm123 protein at various The results of Western blot were similar with
development stages and tissues of silkworms RT-PCR results, which indicates that there are
To further analyze the expression of Bm123 tissue differences in Bm123 expression at both the
gene in silkworms, different development stages of mRNA and the protein levels, and Bm123
BC1o and different tissues of BCyo 5" instar larvae expression level is controlled by development
were collected, Bm123 expression levels were regulation.
detected from mRNA and protein levels. During the
development of silkworm from eggs, 1%, 2", 39, 4t Positioning of Bm123 gene in midgut
5% instar larvae, pupae to moth, Bm123 mRNA and Bm123 gene was localized by in situ
protein expression levels were different. From eggs hybridization in BCip and 306 midgut. The midgut
to 2" instar larvae, the expression level of Bm123 tissues of BC1o and 306 strains were selected after
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Fig. 5 In situ hybridization detection of Bm123 gene localization in the midgut. A and B were BC1o midgut tissue;C
and D were 306 midgut tissues.The red box shows the nuclei, and the arrows shows positive signal.The Bar = 50

pum

BmNPV infection. The color reaction generated by
immunological binding of a-32P-dCTP-Bm123
specific label determined the expression position of
Bm123 gene in midgut cells. At low magnification,
there was a clear positive hybridization signal in the
midgut tissue of BCio strain (Fig 5A). Under high
magnification, Bm123 was mainly located in the
nucleus of columnar epithelial cells in the midgut
(Fig 5B). No positive signals were observed in 306
strain (Fig 5C and D).

Discussion

The resistance gene of silkworm strains to
BmNPV is controlled by major dominant genes
(Watanabe, 1986). Comparative  genomics,
transcriptomics and proteomics analyses revealed
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that many genes and proteins might be involved in
BmNPYV resistance (Bao et al., 2010; Zhou et al.,
2013; Wang et al., 2017b; Yu et al., 2017; Wu et al.,
2019), such as V-ATPase (LU et al., 2013) and
Bm-SP142 (Li et al., 2017). However, are these
genes associated with resistance to BmNPV the
dominant genes? It's still hard to determine. In this
study, transcriptomic sequencing was used to
identify the DEGs of four silkworms strains, including
NB, 306, NB9x3064, and 3069xNBJ. The
correlation between BmNPV resistance phenotype
and DEGs of 3062xNBJ and 306 was analyze by
WGCNA to further identify the BmNPV resistance
characteristics of Bm123. WGCNA is the most
widely used method for disease studies and genes
related to traits Identification (Chen et al., 2017;
Huang et al., 2017; Liu et al., 20174a; Liu et al., 2017b;



Wang et al., 2017a). Through WGCNA analysis, ME
turquoise module represented the high correlation of
genotype and BmNPV resistance phenotype was
found (Fig 1B). Bm123 in this module, meant a
BmNPV resistance related gene (Fig 1C), and
Bm123 was significantly up-regulated (Table 2).
Both microarray analysis technology (Zhou et al.,
2013) and suppression subtractive hybridization
technologies (Gao et al., 2018) showed that Bm123
was an significantly up-regulated BmNPV resistance
related gene. These results were consistent with our
research.

In order to study the function of Bm123, the full
length of Bm123 protein was amplified and analyzed,
and its protein domain was predicted. Through
protein comparison analysis, Bm123 sequence
contained the MBF2 conserved domain. MBF2 is a
transcription activated positive co-factor isolated
from silkworm, combined with FTZ-F1 (fushi tarazu
factor-1) to jointly activate gene transcription (Li et
al., 1997; Liu et al., 1998). Evolutionary analysis
shows that MBF2 gene is insect-specific and can
resist bacterial invasion (Zhou et al., 2016a). In situ
hybridization of this study showed that Bm123 gene
of BCip was localized in the midgut columnar
epithelial nucleus, and Bm123 was not present in
306 (Fig 5). As known, FTZ-F1 is a nuclear hormone
receptor transcription factor, mostly present in the
nucleus (Sultan et al, 2014). Therefore, we
hypothesized that MBF2 binds to FTZ-F1 in the
nucleus. In addition, MBF2, BMFTZ-F1 and TATA
Binding protein (TBP) form complexes (Li et al.,
1994), and TBP was also found to interact with viral
proteins (Lin and Green, 1991; Scholer et al., 1991).
It is known that BmNPV enters the host nucleus and
begins to replicate and proliferate.Therefore, we
speculated that Bm123 protein could be involved in
transcriptional regulation and virus interaction by
binding FTZ-F1 and TBP in the nucleus, accelerating
the transformation of silkworm larva into pupae
(Cruz and Martin, 2007; Konopova et al., 2011), to
escape from the infection of BmNPV, which may
also be the original cause of the evolution of
resistance of silkworm.

The near-isogenic lines BC1o, showed the same
BmNPV resistance feature with NB strain, but its
genetic background was 99.99 % similar to the
susceptible strain 306, indicating the expression
differences gene between BCi, and 306 may be
mostly related with resistant phenotype. So next,
BC10, NB and 306, were used for Bm123 resistance
performance analysis. The increasing expression of
Bm123 DNA, mRNA and protein levels were
detected by Northern blot, QRT-PCR and Western
blot, indicating that BmNPV improved Bm123 activity
in midgut in NB and BCy strains. However, virus has
no effect on the Bm123 activity in the midgut of 306
strain. Further study on the expression pattern of
BCyo strain Bm123 at developmental stage found
that the protein expression of Bm123 reached its
peak in the third to fifth stages of the larva,
interestingly the gene expression increased with the
increase amount of eating mulberry leaves (Fig 4A
and B). It is a meaningful result. BmMNPV usually
exists on mulberry leaves, which are eaten by
silkworm, so the silkworm can get easily infected. In
the egg and pupal stage, silkworm does not eat

172

mulberry leaves, but eat a lot of mulberry leaves in
the larva stage, which is the main stage of silkworm
oral infection of BmNPV. Therefore, we supposed
that the high expression of resistance-related
genes in the larval stage may be a major defense
mode formed in the long-term evolution of silkworm.
Previous studies have shown that mulberry leaves
containing BmNPV can activate the disease
resistance gene of silkworm (Aikawa, 1962; Feng
et al., 2013). But resistance to the virus of silkworm
is weaker in later larval stages (Teakle et al., 1986;
Kirkpatrick et al., 1998). Recent studies on the
silkworm infected with Nosema bombycis also
showed that long-term species evolution would
lead to differences in disease-resistant genes
among silkworm in different regions (Hassan et al.,
2020), and this evolutionary nature of species
supported our suppose. In addition, the expression
level of MBF2 gene in silkworm was the highest
before the 4™ instar molting and then gradually
decreased (Zhou et al.,, 2016b), and MBF2 was
detected on the second and third days of the 3, 4"
and 5" instars (Liu et al., 2000). These results
indirectly confirm our previous speculation that
Bm123 can activate transcription and participate in
hormone regulation, promote the growth of silkworm
larvae, and regulate virus infection, but how to
regulate is still unknown. The Bm123 tissue
expression pattern of BCio strain found that the
expression level was relatively higher in the midgut
and malpighian tubule. Silkworm midgut is an
important barrier for resisting BmNPV infection
(Hath-Stapleton et al.,, 2003). Up-regulation of
several resistant genes (BMLIPpase-1, BmNox and
Bmserine Protease-2) was also detected in the
midgut of four BmNPV resistant strains (P50, A35,
A40 and A53) (Cheng et al., 2014). Hence,
disease-resistant genes of silkworm strain should be
highly expressed in the midgut, which is consistent
with the results of this experiment. Malpighian tubule

of Lymantria dispar has certain immune
characteristics (Pannabecker et al.,, 1995). In
addition, from the perspective of embryonic

development, both the malpighian tubule and the
midgut originate from the endoderm, so the
malpighian tubule also has the characteristic of high
expression of resistance genes. This study also
found that Bm123 was highly expressed in the
malpighian tubule of resistant silkworm strain. By
detecting the gene expression pattern of BmNPV,
some studies have found that the virus has obvious
viral tissue tendency in host larvae (Hikida et al.,
2018). The conclusion of this study can also explain
the tissue tendency of gene expression.

This research verified the BmNPV resistance
related function of the new gene Bm123 based on
transcriptional sequencing and WGCNA of silkworm.
The function and expression characteristics of
Bm123 gene associated with anti-BMNPV revealed
that Bm123 is a gene with transcription activator
(MBF2) domain which located in cell nucleus of
silkworm midgut. Further analysis of the resistance
function of Bm123 as well as the development
expression pattern and tissue expression pattern
showed that Bm123 had obvious specific period and
tissue expression characteristics as a BmNPV
resistance gene.
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