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ABSTRACT ARTICLE HISTORY
Changes in chromatin accessibility caused by histone modifications regulate gene transcription. Received 4 August 2024

However, little is known about associations between gene expression changes caused by histone Revised 2 May 2025
modifications and viral infections. We investigate the midguts of silkworms infected with Bombyx Accepted 19 May 2025
mori cypovirus (BmCPV) at 48 h and 96 h post infection (CPV48 and CPV96), and corresponding KEYWORDS
midguts of uninfected silkworms (GUT48 and GUT96) using CUT&Tag-seq and RNA-seq. We report Bombyx mori: cypovirus;
H3K9me3, H3K9ac, and gene expression profiles at the genome-wide level to change with BmCPV H3K9me3; H3’K9ac; gené
infection. Differential H3K9me3 peak-related genes were mainly enriched in MAPK, Wnt, and expression
Hippo signalling pathways; Differential H3K9ac peaks-related genes were mainly enriched in the
Hippo signalling, apoptosis, and citrate cycle pathways; and differentially expressed genes (DEGs)
were mainly enriched in carbon metabolism, protein processing in endoplasmic reticulum, and
glycolysis/gluconeogenesis pathways. Integration analysis between H3K9me3/H3K9%ac peaks and
gene expression revealed changes in gene expression profiles to be associated with alteration of
H3K9me3/H3K9ac at promoters; gene expression correlates negatively with corresponding
H3K9me3 signals in gene bodies, and positively with corresponding H3K9ac signals at the
transcription start site. Intersection genes with log,foldchange of both CUT&Tag-seq peak and
RNA-seq FPKM > 1 were screened and annotated. Genes shared by differential H3K9me3 peak-
related genes and DEGs were enriched in insect hormone biosynthesis, MAPK signalling, and TGF-
beta signalling pathways, and genes shared by differential H3K9ac peak-related genes and DEGs
were enriched in glycolysis/gluconeogenesis, TGF-beta signalling, and mitophagy pathways.
These results indicate that BmCPV regulates gene expression through H3K9me3/H3K9ac.
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Introduction

Histone modifications (including acetylation, methyla-
tion, phosphorylation, ubiquitylation, SUMOylation,
ADP ribosylation, deimination, and proline isomeriza-
tion) are common posttranslational modifications that
are important in various intracellular physiological
activities [1,2]. Of these, histone acetylation and histone
methylation (especially histone lysine methylation)
occur most commonly.

Histone lysine methylations have mainly occurred in
lysine residues of histone 3(H3) and histone 4 (H4) in
the following forms: mono-, di-, and trimethylation [3].
Based on the effect on transcriptional activity, histone
methylations have been classified into active and
repressive histone marks. In eukaryotes, both euchro-
matin and heterochromatin are present [4].
Euchromatin with a loose structure is beneficial for
the binding of transcription factors and gene expres-
sion, and heterochromatin, with a tightly intertwined
structure, can repress the binding of transcription fac-
tors, leading to gene silence.

H3K9 methylations, especially H3K9 trimethylation
(H3K9me3), are closely related to gene silencing and
heterochromatin formation [5]. Endogenous retroviruses
are silenced by the interaction of H3K9 methyltransfer-
ase SETDB1 with heterochromatin protein HP1 [6].
Virus proliferation is inhibited by H3K9 methylation,
and H3K9 methyltransferase Suv39 hl-mediated
H3K9me3 can induce inhibition of Epstein - Barr
virus (EBV) BZLFI gene transcription in B95-8 cells,
further repressing the transition of EBV-infected cells
from latency to replicative cycles [7]. Both H3K9me3
and the trimethylation of lysine 27 of histone 3
(H3K27me3) increase with chromatin regulator CTCF
knockdown, which repressed the lytic transcription of
herpes simplex virus-1 [8,9]. Tripartite motif-containing
protein 28 (Trim28) negatively inhibits prototype foamy
virus (PFV) replication by acting as a transcriptional
restriction factor that is enriched in viral long terminal
repeat promoter and modulates the H3K9me3 mark
[10]. EBV was also located in perichromatic regions
that are enriched for acetylation of lysine 9 of histone 3
(H3K9ac) and trimethylation of lysine 4 of histone 3
(H3K4me3), which are associated with transcription
activation. EBV nuclear antigen (EBNA) leader protein
(LP) and EBNA2 preferentially interact with human
B-cell transcription factors at or near pre-patterned pro-
moter sites, further increasing activation-associated his-
tone marks (such as H3K9ac) [11,12]. EBV oncoprotein
EBNA3C can recruit histone activation epigenetic marks
such as H3K4mel, H3K4me3, H3K9%ac, and H3K27ac
for transcriptional activation of autophagy genes [13].

Bovine herpesvirus 1 (BoHV-1) infection at the late stage
can dramatically decrease histone H3 acetylation
(H3K9ac and H3K18ac), and BoHV-1 replication was
enhanced by histone acetyltransferase (HAT) activator
and inhibited by HAT inhibitor, suggesting HAT-
dependent histone H3 acetylation plays an important
role in BoHV-1 replication [14,15]. Unlike these viruses,
however, hepatitis B virus (HBV) transcription and
replication are repressed by histone deacetylase [16,17].
Increasing evidence indicates that viral infection can
regulate histone methylation/demethylation and acetyla-
tion/deacetylation, plays a key role in regulating gene
expression, and controls the process of viral infection at
the whole genome level [18,19]. The silkworm (Bombyx
mori) is a model lepidopteran species. Histone modifica-
tion in silkworm embryonic cells can be regulated by the
steroid hormone ecdysone 20-hydroxyecdysone [20],
and H3K27ac at enhancers was required for transcrip-
tional activation of ecdysone-responsive genes [21]. The
peak of H3K27ac occurs near transcription start sites
(TSS) of methyl-modified genes in silkworms. Previous
reports indicate that histone modifications changed in
silkworms after exposure to stress [22]. Ultraviolet irra-
diation increased H3K27me3, and the genome-wide dis-
tribution and accumulation of H3K4me3 marks in
silkworm cells changed with B. mori nucleopolyhedro-
virus (BmNPV) infection [23,24]. Changes in histone
modifications are also accompanied by alterations in
gene expression. The genes with high H3K4me3 enrich-
ment expressed at high levels in BmNPV-infected cells
and vice versa [24].

Changes in mRNA [25], IncRNA [26], miRNA [27],
circRNA [28], and protein expression patterns [29] in
silkworms infected with B. mori cytoplasmic polyhe-
drosis virus (BmCPV) have been identified at the
whole genome level using multi-omics techniques. In
eukaryotes, the initial expression pattern of genes at
the whole genome level was determined by chromatin
accessibility, which is regulated by histone modifica-
tions [30,31]. However, it remains unclear how
changes in histone modifications caused by BmCPV
infection affect gene expression. We use CUT&Tag-
seq and RNA-seq to detect changes in H3K9me3/
H3K9ac and gene expression and report changes in
gene expression profiles to be associated with altera-
tions in H3K9me3/H3K9ac modification at promoters
and gene bodies. Changes in gene expression levels
caused by histone modifications are closely related to
BmCPV infection. These findings deepen our under-
standing of how BmCPV infection regulates gene
expression through epigenetic modifications at the
genome-wide level.



Materials and methods
Silkworm strains, cell lines, and virus

The silkworms (Dazao strain) used were provided by
Jiangsu Province Silkworm Germplasm Resources
Protection Bank (Suzhou, China). The silkworms were
reared with mulberry leaves at 26°C with 70°C85%
relative humidity. BmN cells derived from silkworm
ovary were cultured in TC-100 medium (AppliChem,
Darmstadt, Germany) supplemented with 10% foetal
bovine serum (Gibco-BRL, Gaithersburg, Maryland,
USA). Preparation of BmCPV stock solution (a lysate
of 10® polyhedra/mL) was carried out following our
previous study [32].

Samples preparation

The silkworms on the first day of the fifth instar were
fed with the mulberry leaves coated with the BmCPV
polyhedra suspension (1 x 10’/mL, 1 mL) for 10 h, fol-
lowed by feed with fresh mulberry leaves. After 48 and
96 h, the midguts (200 mg) dissected from eight silk-
worms were collected and named Group CPV48 and
Group CPV96, respectively. The midguts (200 mg) of
corresponding healthy silkworms without challenge
were used as controls (Group GUT48 and GUT96).
Two copies were prepared for each sample. The sam-
ples were rapidly frozen in liquid nitrogen and stored at
-80°C.

CUT&Tag-seq

The CUT&Tag assay was conducted according to pre-
vious reports [33,34]. Briefly, the midguts (200 mg)
were homogenized with 1 mL XHB buffer (Novoseq,
Beijing, China), followed by centrifugation for 5 min at
500 x g at 4°C to obtain cell suspension (1 x 10°).
Concanavalin A coated magnetic beads (Novoseq,
Beijing, China) were added to bind to cells. The bead-
bound cells were resuspended in Dig-wash Buffer
(20mm HEPES pH 7.5 150mm NaCl; 0.5 mm
Spermidine; 1x Protease inhibitor cocktail; 0.05%
Digitonin) with 2mm EDTA and anti-H3K9me3 or
anti-H3K9ac antibody (Cell Signaling Technology,
Boston, US), followed by incubation overnight at 4°C.
After removing the unbound antibody, the cells were
resuspended in Dig-wash Buffer containing Guinea-pig
-anti-rabbit antibody (Thermo Fisher, Massachusetts,
US) and incubated for 30 min, then with pA-Tn5 trans-
posase (Novoseq, Beijing, China) for 1h. To remove
free pA-Tn5 transposase, the cells were placed on
a magnetic rack and washed with 1 mL Dig-wash buffer
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three times for 5min each time. Finally, the DNA
bound to the target protein was purified by the phenol-
chloroform method [34].

To amplify libraries, the DNA obtained by
CUT&Tag assay was amplified by PCR using
a universal i5 and a uniquely barcoded i7 primer [35].
The PCR products were purified with AMPure beads
(Beckman Coulter, California, USA) and were tested by
Agilent Bioanalyzer 2100 (Novoseq, Beijing, China) to
evaluate the library quality. The libraries were
sequenced on the Illumina Novaseq platform
(Novoseq, Beijing, China) by Beijing Nuohe Zhiyuan
Technology Co., Ltd. All sequencing were deposited in
the NCBI database (Supplemental Table S1).

CUT&Tag-seq data processing and bioinformatics
analysis

Raw reads were assessed by FastQC (version 0.11.5)
software, followed by processing with Fastp software
(version 0.20.0) using a parameter with length_re-
quired = 50; n_base_limit = 6 to obtain the clean reads.
The obtained clean reads were further assessed by Q20,
Q30, and GC content.

The clean reads were aligned to reference (B. mori)
genome  (https://silkdb.bioinfotoolkits.net)  using
Burrows-Wheeler Aligner (BWA, version 0.7.12) soft-
ware with specific parameters (-T 25, -k 18). The reads
with mapping quality 213 were used to further analyse.

To identify regions with signal enrichment or “peaks”
for each library, MACS2 (version 2.1.0) software [36] was
applied for peak calling using a parameter with “macs2 -q
0.05 -f AUTO - call-summits - nomodel - shift —100 —
extsize 200 —keep-dup all.” By default, the peaks with
q-value <0.05 were used for all data sets.

The findMotifsGenome.pl program in HOMER
(v4.11) software [37] was used to identify conservative
motifs of peaks (3000 bp upstream of transcription start
site (TSS), gene bodies, transcription end sites (TES))
with “len 8,10,12,14 -gc -size given -homer2 -
dumpFasta.” To visualize the CUT&Tag signals inten-
sity at specific genomic regions such as TSS, gene
bodies, TES, and peaks, normalized signals from indi-
vidual libraries were conducted using the
computeMatrix module of DeepTools software [38].

Peaks from pooled replicates were merged using
deepTools [38], and the mean RPM (Reads per million
mapped reads) from each group was calculated. The
peaks with foldchange of RPM more than two were
considered as differential peaks. Genes related to differ-
ential peaks were screened using ChIPseeker [39].

Gene Ontology (GO) enrichment analysis for differ-
ential peak-related genes was conducted by the GOseq
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R package [40]. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway (http://www.genome.jp/
kegg/) analysis was performed using KOBAS software
[41]. GO terms and pathways with corrected p-values
less than 0.05 were considered significant.

Analysis of RNA-seq data

Total RNAs for library preparation were extracted from
midguts (200 mg) by Trizol Reagent (Sangon Biotech,
Shanghai, China) and checked by Agilent 2100 bioana-
lyzer. Transcriptome library construction was con-
ducted according to the previous report [36]. The
library was sequenced on the Illumina Novaseq plat-
form (Novoseq, Beijing, China) by Beijing Nuohe
Zhiyuan Technology Co., Ltd. All sequencing were
deposited in the NCBI database (Supplemental Table
§1). RNA-seq data processing, mapping clean reads to
the B. mori genome, differentially expressed genes
(DEGs) and gene function annotation were performed
according to previous reports [40,41].

Integrative analysis of CUT&Tag-seq and RNA-seq

The computeMatrix modules of DeepTools software
were used to calculate the average signal intensities of
CUT&Tag of each sample at 3000bp upstream of TSS,
gene body, and 3000bp downstream of TES, respec-
tively, under a resolution 50 bp bin size [38]. Scatter
plots were constructed using the gene expression levels
represented by Fragments Per Kilobase of exon model
per Million mapped fragments (FPKM) and the
CUT&Tag signals represented by the log,RPM at the
promoter regions (2000 bp upstream and downstream
of TSS) to assess the correlation between gene expres-
sion and histone modification. The genes were divided
into five classes according to their expression levels and
defined genes with FPRK values of 0-1 as non-
expressing genes, the remaining genes were classified
into four classes based on the quartiles more than
18.76, 7.00-18.76, 2.94-7.00, and 1-2.94 of the overall
FPKM value. The distribution of CUT&Tag signals of
genes with different expression levels at 3000 bp
upstream of TSS, gene body, and 3000bp downstream
of TSS was used to detect the effect of histone marks on
gene expression. A heatmap, which was generated by
using the median values of Log;, transformed FPKM of
RNA seq for DEGs (up-regulated, down-regulated, and
non-differentially expressed genes) and the correspond-
ing median values of Log;q transformed RPM of
CUT&Tag signals, to analyse the association between
dynamic  H3K9me3/H3K9ac modifications and
dynamic gene transcription [42]. The cumulative

fraction curve and boxplot were generated by using
log,foldchange of CUT&Tag-seq RPM values at the
promoter regions for three classes of genes (up-
regulated, down-regulated, and non-differentially
expressed genes). The cumulative fraction curve of
log,foldchange of RNA-seq FPKM values of genes
related to CUT&Tag differential peaks (up-regulated,
down-regulated, and non-differential peaks) to analyse
of the association between differential H3K9me3/
H3K9ac signalling and DEGs according to the previous
report [43]. The Kolmogorov-Smirnov Goodness of Fit
Test (K-S test) was used to examine the significant
differences in the log,foldchange mentioned above.
Moreover, the log,foldchange of RNA-seq FPKM
values and log,foldchange of CUT&Tag-seq RPM
values were used in the four-quadrant graph to screen
the intersection between DEGs and differential peak-
related genes [43].

SDS-PAGE and Western blot

The total proteins extracted from BmCPV-infected
midguts (CPV48 and CPV96) and their corresponding
healthy midguts (GUT48 and GUT96) were, respec-
tively, mixed with 5 x SDS loading buffer (Beyotime,
Beijing, China) and incubated in 100°C for 10 min,
then subjected to SDS-PAGE with 5% stacking gel
and 12% separating gel. Western blot was conducted
by using rabbit anti-H3K9me3 (Abclonal, Wuhan,
China), anti-H3K9ac (Abclonal, Wuhan, China) and
anti-H3 (Abclonal, Wuhan, China) antibodies as the
primary antibodies, and the HRP-labelled goat anti-
rabbit IgG was used as the secondary antibody
(Proteintech, Shanghai, China). Histone 3 was used as
an internal control [44-46]. All of the experiments were
repeated three times.

Chromatin immunoprecipitation (ChIP), ChIP-qPCR
and qPCR

The ChIP assay was conducted using the ChIP Assay
Kit (Beyotime Biotech, Shanghai, China) according to
the product description. Briefly, the midguts were cut
into 1-3 mm” in size. After 1x PBS was added into the
15mL centrifuge tubes (10 mL PBS per gram tissue),
formaldehyde saturated solution was added to the final
concentration of 1.5% for cross-linking. To terminate
the cross-linking reaction, glycine was added at a final
concentration of 0.125 M in the total solution, followed
by rotation for 5min. Subsequently, the supernatant
was discarded after centrifugation at 1000 rpm for
5 min. The precipitate was washed with 5 mL of cooled
PBS for five times. The obtained precipitate was


http://www.genome.jp/kegg/
http://www.genome.jp/kegg/

dispensed into 1.5mL centrifuge tubes (30 mg tissue
per tube) and was added with cooled PBS. Then, the
grinder (Kimble Chase New Jersey USA) was used to
grind the precipitate for 2-3 min. After centrifugation
at 500 x g for 3 min, the supernatant was discarded.
The above steps were repeated 3-5 times. The precipi-
tate was resuspended with a 1 mL cooled PBS to obtain
the cell suspension. Then, the cell suspension was fil-
tered with a cell sieve (100 um). The filtrate was cen-
trifuged at 500 x g for 3 min and the supernatant was
discarded. The collected cells were resuspended to the
concentration of 1 x 10* cells/mL with SDS lysis Buffer
(Beyotime Biotech, Shanghai, China) for complete lysis.
Subsequently, the ultrasonic crushing was carried out
by the UP200S ultrasonic crusher (Xinzhi Biological
Company, Zhejiang, China) with the condition of 40%
intensity and 9.0 sec/5.0 sec for 15min. The superna-
tant was collected after centrifugation at 12,000 rpm for
5min. Then, 1.8 mL ChIP Dilution Buffer (Beyotime
Biotech, Beijing, China) containing 1 mm PMSF was
added into the supernatant. Wherein 20 L mixture was
used as input for follow-up detection. The remaining
mixture was added with 5pL anti-H3K9me3/H3K9%ac
antibody (Abcam, Cambridge, England) for slow rota-
tion overnight at 4°C. In order to precipitate proteins
or corresponding complexes recognized by anti-
H3K9me3/H3K9ac antibody, 60puL Protein A+G
Agarose/Salmon Sperm DNA (Beyotime Biotech,
Beijing, China) was added for 1-h slow rotation at
4°C. Then, the supernatant was removed after centrifu-
gation at 1000 g for 1 min at 4°C. The precipitate was
washed with Low Salt Immune Complex Wash Buffer
(Beyotime Biotech, Beijing, China), High Salt Immune
Complex Wash Buffer (Beyotime Biotech, Beijing,
China), LiCl Immune Complex Wash Buffer
(Beyotime Biotech, Beijing, China) once and was
washed with TE Buffer (Beyotime Biotech, Beijing,
China) twice in sequence (1 mL washing solution were
added for 5-min slow rotation at 4°C, and were
removed by 1-min centrifugation with speed of
1000 x g at 4°C). The washed precipitate was resus-
pended with 250 uL Elution Buffer (1%SDS and 0.1 M
NaHCO;) twice. The collected supernatant (approxi-
mately 500 uL) was incubated with 20uL 5M NaCl
for 4h at 65°C. Meanwhile, the Input sample was
incubated with 1 pL 5M NaCl for 4 h at 65°C so as to
obtain Input DNA. After that, the sample was incu-
bated with 10puL 0.5M EDTA, 20pL 1M Tris
(pH=6.5) and 1pL protease K(20 mg/mL) for 1h at
45°C. Next, the equal volume of phenol was added to
the mixture for mixing by a vortex. The phenol-
chloroform method was used to purify DNA. To verify
the level of histone modification, qPCR was carried out
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with the purified DNA and Input DNA as templates.
The primers were listed in Supplemental Table S2. All
experiments were repeated three times. The 274
method was used to calculate the relative histone mod-
ification level of the target genes. The calculation for-
mulas were as follows [47]:

A Ct[normalized ChIP] — (Ct[ChIP] - (Ct[lnput] — LOg2

(Input Dilution Factor))

Input Dilution Factor(IDF) = (fraction of the

Input chromatin saved) — 1

AA Ct[ChIP/NIS] = A Ct[normalized ChIP]—

A Ct[[gg}

Fold Enrichment = 2(_AA Cticurenis))

The total RNAs were extracted from the BmCPV-
infected midguts (CPV48 and CPV96) as well as corre-
sponding healthy silkworms (GUT48 and GUT96)
using  TransScript® One-Step gDNA  Removal
(TransGen Biotech, Beijing, China), and the cDNA
was synthesized with ¢cDNA Synthesis SuperMix kit
(TransGen Biotech, Beijing, China). Subsequently, the
cDNA was used as a template, and the expression level
of the BmCPV vpl gene was determined by real-time
PCR with the specific primer pairs (Supplemental Table
S3) using TransStart” Tip Green real-time PCR
SuperMix (TransGen Biotech, Beijing, China). The
housekeeping gene translation initiation factor 4A
(TIF-4A) of B. mori was used as an internal control
for normalization. The 27**“' method was used to
calculate the relative expression level of the target
gene [48]. Each experiment was repeated three times.

Statistical analysis

Data analysis was performed with SPSS software
ver. 28.0 (SPSS, Inc., Chicago, USA) and GraphPad
Prism 8.0 (GraphPad Software, LaJolla, USA). All
experimental data are expressed as the mean +s.e.m.
Paired t-test was used for statistical analysis (ns,
p > 0.05* p<0.05; ** p<0.01; ** p<0.001).
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Figure 1. Effects of BmCPV infection on H3K9me3 and H3K9ac in the silkworm midgut. (a) H3K9me3 and H3K9ac were detected by
Western blot in the midgut of 5th instar silkworms infected with BmCPV at 48 and 96 h post-infection and corresponding healthy
silkworms. Histone H3 was used as an internal reference. The first antibody was a rabbit anti-H3K9me3 antibody (1:1000) and rabbit
anti-H3K9ac antibody (1:1000), and the second antibody was the HRP-conjugated goat anti-rabbit IgG (1:5000). Left, Western blot
detection of H3K9me3 and H3K9ac; right, grayscale results of signaling bands of Western blot; lane CPV48 and CPV96, the midgut of
5th instar silkworms infected with BmCPV at 48 and 96 h post-infection; lane GUT48 and GUT96, the midgut corresponding healthy
silkworms without infection, the experiments were repeated three times (*p < 0.05; **p < 0.01). (b) The distribution of H3K9me3/
H3K9ac peaks in different regions of the genome. The X axis was the sample name and the Y axis was the proportion of functional
regions. (c,d) The distribution of H3K9me3 and H3K%ac peaks in the genome. The X axis was the position of reads in the genome and
the Y axis was the density of reads. TSS, transcription start sites; TES, transcription end sites.

Results

BmCPYV infection regulates H3K9me3/H3K9ac
modification levels in the silkworm

BmCPV specifically infects silkworm midgut epithe-
lial cells. To verify if histone modifications can be
regulated by BmCPV infection, we examined changes
in H3K9me3 and H3K9ac levels in the midgut of

BmCPV-infected silkworm by Western blot. Levels
of H3K9me3 in Group CPV48 were lower than levels
in Group GUT48; levels in Group CPV96 were
higher than those in Group GUT96 and levels in
Group CPV96 were higher than those in Group
CPV48, while the changes in H3K9ac levels were
just the opposite (Figure 1(a) and Supplemental
Figure SI).
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Figure 2. Identification of differential H3K9me3 and H3K9ac peaks. (a) Cluster analysis of the enrichment multiples of H3K9me3
peaks between four groups, including GUT96 vs GUT48, CPV48 vs GUT48, CPV96 vs GUT96 and CPV96 vs CPV48 group. The logo in
the upper right corner indicated the enrichment multiple. The greater the upregulation multiple, the darker the red; the greater the
downregulation multiple, the darker the blue. each row represents a H3K9me3-enriched peak. (b) Cluster analysis of the enrichment
multiples of H3K9ac peaks between four groups, including GUT96 vs GUT48, CPV48 vs GUT48, CPV96 vs GUT96 and CPV96 vs CPV48
group. each row represents a H3K9ac-enriched peak.
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BmCPV infection changes H3K9me3/H3K9ac
modification profiles in silkworm midguts

H3K9me3 and H3K9ac modification profiles in Group
CPV48, Group CPV96, Group GUT48 and Group
GUT96 (n=2) were determined using CUT&Tag.
Raw and clean reads and the ratios of clean and
mapped reads for each sample were presented in
Supplemental Table S4. Obtained data met require-
ments for further analysis.

To characterize histone modification profiles, glo-
bal enrichment of H3K9me3/H3K9ac modification
was determined using the percentage of the genome
covered by peaks in both replicates (Supplemental
Figure 2 and Supplemental Figure 3). Coverage of
identified H3K9me3 (H3K9ac values in parentheses)
peaks was about 43-46% (50-60%) for the distal inter-
genic region, 30-40% (20-25%) for promoters,
10-12% (16-18%) for introns, and 6-8% (2-4%) for
exons (Figure 1(b)).

Average signal intensities of H3K9me3/H3K%ac
peaks occurred at gene bodies (transcripts scaled to
3000 bp upstream and 3000 bp downstream regions)
peaked at TSS and were lowest at TES. However, signal
intensity differed in the midguts of BmCPV-infected
and non-infected silkworms (Figure 1(c,d)). To under-
stand the regulatory effect of BmCPV infection on
H3K9me3/H3K9ac, cluster analysis of the enrichment
multiples of H3K9me3/H3K9ac peaks between four
groups, including GUT96 vs GUT48, CPV48 vs
GUT48, CPV96 vs GUT96, and CPV96 vs CPV4S,
was performed. Results show that H3K9me3/H3K%ac
changed with silkworm development and BmCPV
infection (Figure 2(a,b)). The H3K9me3 enrichment
pattern in the GUT96 vs GUT48 group is opposite
that of the H3K9ac enrichment pattern in the GUT96
vs GUT48 group (Figure 2(a,b)). Similarly, the number
of H3K9me3-upregulated peaks is more than that of
H3K9me3-downregulated peaks, while the number of
H3K9ac-upregulated peaks is less than that of
H3K9ac-downregulated peaks (Supplemental
Figure 4). BmCPV infection increased differential
H3K9me3 and H3K9ac peaks (Figure 2(a,b)).
Although the H3K9me3 enrichment pattern in
CPV48 vs GUT48 groups is contrary to that in
CPV96 vs GUT96 group, the numbers of H3K9me3-
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upregulated peaks in CPV48 vs GUT48 group and
CPV96 vs GUT96 group both exceed that of
H3K9me3-downregulated peaks (Supplemental
Figure 4(a)). The H3K%ac enrichment pattern in the
CPV48 vs GUT48 group is similar to that in CPV96 vs
GUT96 group (Figure 2(b)). Numbers of H3K%ac-
upregulated peaks in both groups exceed downregu-
lated peaks (Supplemental Figure 4(b)). In the CPV96
vs CPV48 group, the H3K9me3 enrichment pattern is
opposite that of the H3K9ac enrichment pattern in the
GUT96 vs GUT48 group (Figure 2(a,b)), although
numbers of H3K9me3- and H3K9ac-upregulated
peaks both exceed that of H3K9me3- and H3K9ac-
downregulated peaks (Supplemental Figure 4).
Changes in levels (up or down) of regulation of differ-
ential peaks in H3K9ac differed from those in
H3K9me3, suggesting that H3K9me3/H3K9%ac modifi-
cation profiles in the silkworm midgut were altered by
BmCPV infection.

Differential H3K9me3/H3K9ac-peak-related genes
are associated with BmCPV infection

To understand differential H3K9me3/H3K9ac-peak-
related genes caused by BmCPV infection, gene ontol-
ogy (GO) enrichment analysis was performed. GO
terms annotated to differential H3K9me3-peaks in the
GUT96 vs GUT48 comparison were mainly enriched
into potassium channel regulator activity, potassium
channel inhibitor activity, and apoptotic process. The
main enriched GO terms in the CPV48 vs GUT48
comparison were cytoplasm, cellular component orga-
nization, and cellular macromolecule metabolic pro-
cess. Those for the CPV96 vs GUT96 comparison
were telomere organization, anatomical structure
homoeostasis, and serine-type endopeptidase activity.
For the CPV96 vs CPV48 comparison these were neu-
rotransmitter transporter activity, neurotransmitter:
sodium symporter activity, pilus assembly/pilus organi-
zation, and transporter activity (Figure 3(a)). For
H3K9ac, the main GO terms annotated to differential
H3K9%ac-peaks in the GUT96 vs GUT48 comparison
were response to bacterium, defence response to bac-
terium, and interleukin-3 receptor binding; those for
the CPV48 vs GUT48 comparison were mitochondrial

Y-axis represented the GO term. (c,d) KEGG enrichment of differential H3K9me3 peaks and H3K9ac peaks, respectively. The X-axis
represented rich factors and the Y-axis represented KEGG enrichment pathways. The smaller the p-value, the higher the significance
of enrichment. The number of genes is represented by the size of a dot, with larger dots indicating more genes. Rich factor, the ratio
of the number of genes with differential H3K9me3/H3K9ac peaks in this pathway term to the number of all genes in this pathway

term.
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outer membrane, organelle outer membrane, and outer
membrane. The main enriched GO terms in the CPV96
vs GUT96 comparison were nucleoside-triphosphatase
regulator activity, small GTPase mediated signal trans-
duction, and regulation of small GTPase mediated sig-
nal transduction. Enriched GO terms for the CPV96 vs
CPV48 comparison were mainly establishment of pro-
tein localization to membrane, and protein localization
to membrane and phosphotransferase activity
(Figure 3(b)).

KEGG enrichment analysis of differential H3K9me3-
peak- and H3K9ac-peak- related genes revealed that the
enriched pathways for differential H3K9me3 peaks
were mainly involved in pyruvate metabolism, phos-
phatidylinositol signalling system, and the Hippo sig-
nalling pathway in the GUT96 vs GUT48 comparison;
the MAPK and Wnt signalling pathways, and circadian
rhythm in the CPV48 vs GUT48 comparison; dorso-
ventral axis formation, and MAPK and Hippo signal-
ling pathways in the CPV96 vs GUT96 comparison;
and the Hippo signalling pathway, insect hormone bio-
synthesis, ubiquitin-mediated proteolysis, and MAPK
signalling pathway in the CPV96 vs CPV48 comparison
(Figure 3(c) and Supplemental Table S5).

For differential H3K9ac peak-related genes, the
main enriched KEGG pathways were dorso-ventral
axis formation, citrate cycle (TCA cycle), and pan-
tothenate and CoA biosynthesis in the GUT96 vs
GUT48 comparison; Hippo signalling pathway - mul-
tiple species, apoptosis-multiple species, and the
citrate cycle (TCA cycle) in the CP48 vs GUT48 com-
parison; neuroactive ligand-receptor interaction,
dorso-ventral axis formation, and pantothenate and
CoA biosynthesis in the CPV96 vs GUT96 compari-
son; and ABC transporters, longevity regulating path-
way-multiple species, dorso-ventral axis formation,
and fatty acid elongation in the CPV96 vs CPV48
comparison (Figure 3(d) and Supplemental Table
S6). Significant changes have occurred in GO and
KEGG enrichment of differential H3K9me3/H3K9ac-
peak-related genes following BmCPV infection, sug-
gesting that these genes are associated with BmCPV
infection.
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Association of DEGs with BmCPV infection

To understand the response of gene expression profile
to BmCPV infection at the whole genome level, RNA-
seq was performed on parallel samples from
CUT&Tag-seq. Basic RNA-Seq data and box plots of
gene expression for each sample are presented in
Supplemental Table S7 and Supplemental Figure 5.
There were 107 DEGs (|logyfoldchange|>1) in the
GUT96 vs GUT48 comparison, including 70 DEGs
that were up-regulated and 37 DEGs that were down-
regulated (Figure 4(a)). After BmCPV infection, the
number of DEGs increased. Of the 1104 DEGs in the
CPV48 vs GUT48 comparison, 592 were up-regulated
and 512 were down-regulated. Of the 359 DEGs in the
CPV96 vs GUT96 comparison, 104 were up-regulated
and 254 were down-regulated. Of the 798 DEGs in the
CPV96 vs CPV48 comparison, 293 were up-regulated
and 505 were down-regulated (Figure 4(a)).

To better understand the response of silkworms to
BmCPYV infection, GO and KEGG enrichment analyses
were performed on DEGs. GO terms were mainly
enriched in endoplasmic reticulum, and endomem-
brane system and hydrolase activity, acting on carbon -
nitrogen (but not peptide) bonds in the GUT96 vs
GUT48 comparison (Figure 4(b)). Transmembrane
transport, transmembrane transporter activity, and
transporter activity were mainly enriched in the
CPV48 vs GUT48 comparison (Figure 4(b)).
Oxidoreductase activity, acting on NAD (P)H, mito-
chondrial inner membrane, and organelle inner mem-
brane was mainly enriched in the CPV96 vs GUT96
comparison (Figure 4(b)). Transferase activity, transfer-
ring hexosyl groups, unfolded protein binding, and
transferring glycosyl groups, were mainly enriched in
the CPV96 vs CPV48 comparison (Figure 4(b)).

For the GUT96 vs GUT48 comparison, KEGG
enrichment analysis of DEGs revealed the main
enriched pathways to be biosynthesis of amino acids,
protein processing in endoplasmic reticulum, and
sphingolipid ~ metabolism (Figure  4(c) and
Supplemental Table S8). For the CPV48 vs GUT48
comparison, DEGs were mainly enriched in carbon

the adjusted p-value (-logqgpadj), and the dashed line represented the threshold line for screening differential genes. The red dots
represented up-regulated genes, the green dots represented down-regulated genes and the blue dots represented non-differentially
expressed genes. (b) GO enrichment of DEGs. The top 30 GO terms were enriched in GUT96 vs GUT48, CPV48 vs GUT48, CPV96 vs
GUT96 and CPV96 vs CPV48 groups, respectively. The X-axis represented GO terms and the Y-axis represented the adjusted p-value (-
logippadj). The numeral over the bar represented the number of DEGs annotated to this GO term. The red, green and blue bars
represented GO terms belonging to biological process (BP), cellular component (CC) and molecular function (MF), respectively. (c)
KEGG enrichment of DEGs. The X-axis represented rich factors and the Y-axis represented KEGG enrichment pathways. The smaller
the p-value, the higher the significance of enrichment. The number of genes is represented by the size of a dot, with larger dots

indicating more genes.
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metabolism, protein processing in endoplasmic reticu-
lum, and glycolysis/gluconeogenesis (Figure 4(c) and
Supplemental Table S8). For the CPV96 vs GUT96
comparison, the most significantly enriched pathways
were oxidative phosphorylation, then pentose and glu-
curonate interconversions, and retinol metabolism
(Figure 4(c) and Supplemental Table S8). The main
enriched KEGG pathways in the CPV96 vs CPV48
comparison were protein processing in endoplasmic
reticulum, carbon metabolism, and pyruvate metabo-
lism (Figure 4(c) and Supplemental Table S8). Overall,
following BmCPV infection, significant changes
occurred in the GO terms and KEGG enrichment path-
ways of DEGs in the midgut of silkworms, indicating
that DEGs are involved in the virus-host interaction.

Changes in gene expression level caused by
alteration of H3K9me3 modification levels are
associated with BmCPV infection

To understand the regular roles of H3K9me3 modifica-
tion on gene expression, we performed an integration
analysis between differential H3K9me3 peaks and
DEGs. We first characterized the distribution of
CUT&Tag-seq peak signals for all genes. Read densities
of H3K9me3 modification intensity surrounded TSS
and gene bodies (transcripts scaled to 3000 bp
upstream and 3000 bp downstream) (Figure 5(a)).
Scatter plots of correlations between all CUT&Tag-seq
signals (log,RPM) for H3K9me3 in promoter regions
(2000 bp upstream and downstream of TSS) and all
gene expression levels revealed a relationship between
gene expression levels and their H3K9me3 modification
level (Figure 5(b)). The distribution of CUT&Tag-seq
signals of genes with different expression levels revealed
gene expression level to correlate weakly and positively
with the intensity of CUT&Tag-seq signals in the
upstream 3000 bp region of TSS, negatively with the
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intensity of CUT&Tag-seq signals in the TSS to TES
region and to not significantly correlate with the inten-
sity of CUT&Tag-seq signals in the downstream 3000
bp region of TES (Figure 5(c)). A heatmap was gener-
ated using median values of Log;, transformed FPKM
of RNA seq for DEGs and the corresponding median
values of Log;o transformed RPM of CUT&Tag-seq
signals in promoters. The increase in H3K9me3 mod-
ification level in promoters, to some extent, increased
gene expression level (Supplemental Figure 6).

To determine if there was an accompanying change
in H3K9me3 modification with genes with significant
changes in transcription levels, the cumulative fraction
of log,foldchange of CUT&Tag-seq RPM values at pro-
moter regions for differentially up-regulated, down-
regulated, and non-differentially expressed genes were
calculated. An increase in H3K9me3 modification in
the promoter region promoted corresponding gene
expression levels in the CPV96 vs GUT96 and GUT96
vs GUT48 comparisons (Figure 5(d)). Similar results
were obtained by estimating the cumulative fraction of
log,foldchange of gene expression level with up-
regulated, down-regulated, and non-differentially
H3K9me3-peaks (Figure 5(e)). These results suggest
that changes in gene expression profiles were associated
with alteration of H3K9me3 modification in the pro-
moter region.

The log,foldchange of both CUT&Tag-seq peak and
RNA-seq FPKM was used to assess correlations
between changes in H3K9me3 modification and gene
expression and to identify intersection genes between
them [43]. For the GUT96 vs GUT48, CPV48 vs
GUT48, CPV96 vs GUT96, and CPV96 vs CPV48
comparisons there were 5, 118, 54 and 40 intersection
genes (Figure 6(a)). To understand intersection gene
functions, KEGG annotation and enrichment analyses
were performed. Intersection genes were enriched in
circadian rhythm and neuroactive ligand-receptor

sites. (b) Scatter plots of the correlations between all CUT&Tag signals for H3K9me3 and all gene expression levels in promoter
regions. The X-axis represented CUT&Tag-seq signal levels for H3K9me3 (log,RPM of the promoter region), and the Y-axis
represented gene expression levels (FPKM). The yellower the dot was, the stronger the relevance between gene expression level
and CUT&Tag-seq in promoter was. Due to the presence of two biological replicates in each group, the average value of all replicates
within that group was taken. (c) CUT&Tag signal distribution of genes from RNA-seq. Genes from RNA-seq were classified into one of
five bins based on their FPKM values.Values.The X-axis represented gene regions(from 3000 bp upstream of the TSS to 3000 bp
downstream from the TESs) and the Y-axis represented average CUT&Tag signals for H3K9me3(RPM). TSS, transcription start sites;
TES, transcription end sites. (d) Cumulative distribution function (CDF) plots and boxplots of three groups of genes. The genes were
divided into up-, non- and down-regulated genes based on gene expression levels log,foldchange. in CDF plots, the X-axis
represented H3K9me3 CUT&Tag-seq RPM values log,foldchange of up-, non- and down-regulated genes while the Y-axis represented
cumulative fraction values. In boxplots, the X-axis represented three groups of genes, including up-, non- and down-regulated genes
and the Y-axis represented H3K9me3 CUT&Tag-seq RPM values log,foldchange. p-values were obtained by KS tests on CUT&Tag-seq
RPM of three types of genes pairwise. () CDF plots of genes related to differential H3K9me3 peaks. The X-axis represented RNA-seq
FPKM log,foldchange and the Y-axis represented cumulative fraction values. p-values were obtained by KS tests on RNA-seq FPKM of
three types of genes pairwise.
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Figure 6. Identification of H3K9me3-related intersection genes. (a) Quadrantal distribution plots of H3K9me3-related and DEGs. The
X-axis represented the RNA-seq FPKM log2foldchange and the Y-axis represented CUT&Tag-seq of all H3K9me3 peaks log,



interaction in the GUT96 vs GUT48 comparison; vita-
min B6 metabolism, insect hormone biosynthesis,
MAPK signalling pathway, and neuroactive ligand-
receptor interaction in the CPV48 vs GUT48 compar-
ison; circadian rhythm-fly, oxidative phosphorylation,
TGF-beta signalling pathway, insect hormone biosynth-
esis, and MAPK signalling pathway in the CPV96 vs
GUT96 comparison; and taurine and hypotaurine
metabolism, oxidative phosphorylation, autophagy-
animal, and insect hormone biosynthesis in the
CPV96 vs CPV48 comparison (Figure 6(b) and
Supplemental Table S9). These results indicated that
changes in intersection gene expression levels caused
by H3K9me3 modification are associated with BmCPV
infection.

Changes in gene expression level caused by
alteration of H3K9ac modification levels are
associated with BmCPV infection

To characterize correlations between H3K9ac modifica-
tion and gene expression in silkworms, the distribution
of H3K9ac peak signals for all genes at promoters (TSS,
3000 bp upstream and downstream of gene body
regions) was examined. H3K9ac signals peaked at TSS
(Figure 7(a)). Scatter plots of correlations between all
CUT&Tag-seq signals (log,RPM) for H3K9ac at pro-
moters (2000 bp upstream and downstream of TSS)
and all gene expression levels revealed a positive corre-
lation between gene expression levels and their H3K9ac
signals (Figure 7(b)).

The distribution of CUT&Tag-seq signals of genes
with different expression levels revealed gene expres-
sion levels to correlate positively with the intensity of
CUT&Tag-seq H3K9ac signals at TSS (Figure 7(c)).
A heatmap generated using median values of both
Log;o FPKM of RNA seq for DEGs and Log;o RPM of
CUT&Tag-seq signals revealed the H3K9ac signals to
correlate positively with corresponding gene expression
levels (Supplemental Figure 7). Furthermore, the cumu-
lative distribution of the log,foldchange of CUT&Tag-
seq RPM values of promoter regions for differentially
up-, down-, and non-differentially expressed genes was
used to examine if genes with significant changes in
transcription levels were accompanied by changes in
H3K9ac modification. H3K9ac signals promoted corre-
sponding gene expression levels only in the GUT96 vs
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GUT48 comparison (Figure 7(d)). The cumulative dis-
tribution of log,foldchange of gene expression level
with up-, down-, and non-differentially regulated
H3K9ac peaks was used to assess the effect of changes
in H3K9ac signals on corresponding gene expression.
Expression levels of genes with RNA-seq (log,fold-
change) < 0 were promoted by H3K9ac modification
in the GUT96 vs GUT48 comparison; expression levels
of genes with RNA-seq (log,foldchange) > 1 were
inhibited by H3K9ac modification level in the CPV48
vs GUT48 comparison; expression levels of genes with
RNA-seq (log,foldchange) > 0 was promoted by
H3K9ac modification level in the CPV96 vs GUT96
comparison; and gene expression levels were inhibited
by H3K9ac modification level in the CPV96 vs CPV48
comparison (Figure 7(e)). These results suggest that not
all gene expression differences are determined by
H3K9ac modification levels.

The log,foldchange of both CUT&Tag-seq peaks and
RNA-seq FPKM were used to assess correlations
between changes in both H3K9ac modification and
gene expression and to identify intersection genes
between them. For the GUT96 vs GUT48, CPV48 vs
GUT48, CPV96 vs GUT96, and CPV96 vs CPV48
comparisons there were 2, 117, 25, and 18 intersection
genes (Figure 8(a)). KEGG analysis revealed the func-
tion of intersection genes to be enriched in the FoxO
signalling pathway in the GUT96 vs GUT48 compar-
ison; glycolysis/gluconeogenesis, pyruvate metabolism,
TGF-beta signalling pathway, insect hormone biosynth-
esis, and mitophagy-animal in the CPV48 vs GUT48
comparison; glycine, serine and threonine metabolism,
cysteine and methionine metabolism, and biosynthesis
of amino acids in the CPV96 vs GUT96 comparison;
and phosphonate and phosphinate metabolism, circa-
dian rhythm - fly, and protein export in the CPV96 vs
CPV48 comparison (Figure 8(b) and Supplemental
Table S9). These results indicate that changes in inter-
section gene expression levels caused by H3K9ac mod-
ification are associated with BmCPV infection.

Validation of CUT&Tag-seq data and RNA-seq data

To verify the CUT&Tag-seq data, we randomly selected
eight genes with differential H3K9me3 peaks and dif-
ferential H3K9ac peaks (Supplemental Table S10).
Purified DNAs obtained by ChIP assay were used as

foldchange). The dashed lines represented that the absolute value of RNA-seq FPKMlog,foldchange) was 1 or the absolute value of
CUT&Tag-seq of all H3K9me3 peaks log,foldchange was 1. (b) KEGG enrichment of intersection genes. The Y-axis represented the
KEGG pathway, and the X-axis represented the rich factor. Qvalue, corrected p-value.
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Figure 7. Association analysis of differential H3K9ac-peak and DEGs. (a) Heatmap of all CUT&Tag-seq signals for H3K9ac from 3000
bp upstream of the TSS to 3000 bp downstream from the TES of genes. TSS, transcription start sites; TES, transcription end sites. (b)



qPCR templates, with input DNA as a positive control.
Changes in H3K9me3/H3K9ac levels in gene regions by
ChIP-qPCR were in accordance with CUT&Tag-seq
data, indicating high credibility of CUT&Tag-seq data
(Figure 9(a,b) and Supplemental Table S10).

To verify reliability of RNA-seq data, we randomly
selected six up- and six down-regulated DEGs in each
treatment (Supplemental Table S3). The qPCR results
trended in the same way as RNA-seq data, indicating
the high credibility of RNA-seq data (Figure 9(c)).

Discussion

To establish infection, a virus can hijack expression of
host genes by regulating histone modifications.
Papilloma virus can induce rabbit epithelial cells to
express arginase that causes histone arginine modifica-
tion [49]. Simian vacuolating virus 40 can change levels
of H3 and H4 acetylation [50]. Human T-lymphotropic
virus 1 infection can cause H4 acetylation in suppres-
sion factors related to cyclin-dependent kinases, and
change H3K27me3 levels in genes associated with tran-
scription regulations, immunity responses, and cellular
metabolism [51,52]. Hepatitis C virus infection mainly
changes H3K9ac enrichment in cis-regulatory element
regions, H3K4me3 enrichment in gene body regions,
and H3K9me3 enrichment in TSS [53]. Merkel cell
polyomavirus infection can down-regulate H3K27me3
[54]. High-risk human papillomavirus infection can
induce down-regulation of H3K27me3 and H3K9me2,
and up-regulation of H3K4me3 and H3K%ac [54-56].
Increasing evidence suggests that virus infection can
regulate histone modification [57-63]. BmNPV infec-
tions can up-regulate H3K4me2 and H3K4me3 in
B. mori [59]. In this study, we report levels of
H3K9me3 to be down-regulated 48h post-infection
with BmCPV and levels of H3K9me3 to be up-
regulated at 96-h post-infection. However, the opposite
occurs with H3K9ac levels, suggesting that regulation of
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virus infection on H3K9me3 and H3K%ac is dynamic.
H3K9me3 is mostly enriched in regions outside the
gene and often co-located with retrotransposons [64].
However, H3K9me3 can also be enriched at intron and
exon regions [65,66], and some promoters [67].
H3K9ac was mostly enriched downstream of TSS
[68,69]. We report H3K9me3/H3K9ac-enriched peaks
to occur mostly in distal intergenic regions, then pro-
moter regions, introns and exons, and for BmCPV
infection to have no significant effect on the distribu-
tion of H3K9me3/H3K9ac modifications. As a typical
suppressive epigenetic marker, H3K9me3 is closely
related to heterochromatin formation and transcrip-
tional silencing [70-72]. H3K9me3 enriched in the
gene body outside transcription initiation sites corre-
lates positively with transcriptional activity, especially
gene expression in the heterochromatin region [73,74].
However, H3K9ac, a typical active epigenetic marker, is
closely related to transcription initiation and elongation
[75]. We report H3K9ac modification to be associated
with gene transcriptional activation, and for the effect
of H3K9me3 on gene expression to depend on the
H3K9me3 level and H3K9me3-enriched regions.
Responses of the host to infection vary depending on
the virus, so changes in histone modifications after viral
infection are specific. H3K9me3-enriched genes caused
by EBV infection are mainly annotated in the neuron
function and protein kinase A pathway, whereas levels
of H3K%ac at sites of EBV nuclear antigens that are
critical for lymphoblastoid cell line outgrowth increased
[12,76]. Proteins encoded by HBV can promote enrich-
ment of H3K9me3 in genes related to cell migration,
DNA modification, and ARF protein signal transduc-
tion [77]. Severe acute respiratory syndrome corona-
virus 2 infection led to the enrichment of H3K9me3 in
genes related to protein glycosylation and glycan reg-
ulation [78]. In cells infected with HIV-1, the histone
islands with reduced H3K9ac enrichment were anno-
tated into a p63 transcription factor network, whereas

Scatter plots of the correlations between all CUT&Tag signals for H3K9ac and all gene expression levels in promoter regions. The
X-axis represented CUT&Tag-seq signal levels for H3K9ac (log,RPM of the promoter region), and the Y-axis represented gene
expression levels(FPKM). The yellower the dot was, the stronger the relevance between gene expression level and CUT&Tag-seq in
promoter was. Due to the presence of two biological replicates in each group, the average value of all replicates within that group
was taken. (c) CUT&Tag signal distribution of genes from RNA-seq. Genes from RNA-seq were classified into one of five bins based on
their FPKM values. The X-axis represented gene regions(from 3000 bp upstream of the TSS to 3000 bp downstream from the TESs)
and the Y-axis represented average CUT&Tag signals for H3K9ac(RPM). TSS, transcription start sites; TES, transcription end sites. (d)
Cumulative distribution function (CDF) plots and boxplots of three groups of genes. The genes were divided into up-, non- and
down-regulated genes based on gene expression levels log,foldchange. in CDF plots, the X-axis represented H3K9ac CUT&Tag-seq
RPM values log,foldchange of up-, non- and down-regulated genes while the Y-axis represented cumulative fraction values. In
boxplots, the X-axis represented three groups of genes, including up-, non- and down-regulated genes and the Y-axis represented
H3K9%ac CUT&Tag-seq RPM values (log,foldchange). p values were obtained by KS tests on CUT&Tag-seq RPM of three types of genes
pairwise. (e) CDF plots of genes related to differential H3K9ac peaks. The X-axis represented RNA-seq FPKM log,foldchange and the
Y-axis represented cumulative fraction values. p values were obtained by KS tests on RNA-seq FPKM of three types of genes pairwise.
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Figure 8. Identification of H3K9ac-related intersection genes. (a) Quadrantal distribution plots of H3K9ac-related and differentially
expressed genes. The X-axis represented the RNA-seq FPKM log,foldchange and the Y-axis represented CUT&Tag-seq of all H3K9ac



islands with increased H3K9ac enrichment were
involved in the RNA polymerase III transcription ter-
mination pathway [79]. BoHV-1 infection can decrease
H3K9%ac enrichment in nuclear factor erythroid 2 p45-
related factor 2 genes, which are a key transcriptional
factor regulating a panel of antioxidant and cellular
defence genes in response to oxidative stress [14].
Using GO enrichment analysis, we identify differential
H3K9me3-enriched genes in cytoplasm and cellular
component organization at 48 h post-infection and cen-
tromere regions and anatomical structure homoeostasis
at 96 h post-infection; and for differential H3K9ac-
enriched genes to be assigned to mitochondrial outer
membrane, and organelle outer membrane at 48 h post-
infection, and linked to nucleoside-triphosphatase reg-
ulator activity, and small GTPase mediated signal trans-
duction at 96 h post-infection. These results indicate
that GO terms annotated with differential H3K9ac/
H3K9me3 peak-related genes changed with BmCPV
infection and that an association between H3K9ac/
H3K9me3 modification and viral infection exists.

H3K4me3-enriched genes were annotated to the
toll-like receptor pathway in zebrafish after infection
with spring viraemia of carp virus [80]. We found
differential H3K9me3-peak-related genes to be mainly
enriched in the MAPK and Wnt signalling pathways at
48 h post-infection with BmCPV, and enriched in the
MAPK and Hippo signalling pathways at 96 h post-
infection. Differential H3K9ac-peak-related genes were
mainly enriched in the Hippo signalling pathway and
citrate cycle (TCA cycle) at 48h post-infection, and
neuroactive ligand-receptor interaction and dorso-
ventral axis formation at 96h post-infection.
Differential H3K9me3- and H3K9ac-peak-related
genes were both enriched in the Hippo signalling path-
way, which plays a key role in controlling tissue size
[81]. Silkworms infected with BmCPV are thin and
small. Therefore, we speculate that the size of the
infected silkworm body may be jointly regulated by
H3K9me3 and H3K9ac.

Gene expression profiles changed with B. mori latent
virus (BmLV) [82], B. mori bidensovirus (BmBDYV)
[83], BmNPV [84] and BmCPV infection [85]. We
report numbers of up-regulated genes to exceed those
of down-regulated genes in the CPV48 vs GUT48 com-
parison. In the CPV96 vs GUT96 comparison, there
were fewer up-regulated genes than down-regulated

VIRULENCE (&) 19

genes. DEGs in the CPV48 vs GUT48 comparison
were mainly enriched in transmembrane transport
and transmembrane transporter activity GO terms at
48h post-infection. DEGs in the CPV96 vs GUT96
comparison were enriched in oxidoreductase activity,
acting on NAD(P)H, and mitochondrial inner mem-
brane GO terms. Therefore, we infer that substance
transport is mainly affected during the early stages of
BmCPV infection and that energy metabolism is
mainly affected in the later stages of BmCPV infection.
KEGG enrichment analysis revealed DEGs to be mainly
enriched in the synthesis of amino acids in the GUT96
vs GUT48 comparison, possibly because silk protein
synthesis occurs during the development of the 5th
instar silkworm. DEGs in the CPV48 vs GUT48 com-
parison were mainly enriched in carbon metabolism
and glycolysis/gluconeogenesis pathway, while those
in the CPV96 vs GUT96 comparison were mainly
enriched in the oxidative phosphorylation pathway
and pentose and glucuronate interconversions; this sug-
gests that regulation of carbon metabolism occurs
mainly during early BmCPV infection stages, and that
of energy metabolism occurs in later infection stages.

In eukaryotes, the initial gene expression pattern at
the whole genome level depends on chromatin accessi-
bility [86,87]. H3K9me3 is closely related to gene tran-
script silencing [88,89], while H3K%ac is related to gene
transcript activation [90]. Gene expression can be regu-
lated by EBV, KSHYV, and HBV infections at the whole
genome level by changing histone modifications
[18,19,70-72,77,91]. We report the modification levels
of H3K9me3/H3K9ac to change significantly with
BmCPYV infection, and for the two to trend in opposite
ways. This suggests a transition between H3K9me3 and
H3K9ac, that is caused by histone methyltransferases
and HATs. When histone methyltransferases are
released from chromatin, the exposure of H3K9me3
occurs and allows the binding of HATs to H3K9,
resulting in a transition of H3K9me3 to H3K%ac [92-
94]. This transition is dynamic [95]. Changes in gene
expression patterns at the whole genome level are
related to the dynamic modification of histones after
BmCPYV infection.

We report a complex correlation between
H3K9me3/H3K9ac mark and gene expressions, with
integration analysis between CUT&Tag-seq peak sig-
nals and RNA-seq FPKM. Results indicate gene

peaks log,foldchange. The dashed lines represented that the absolute value of RNA-seq FPKM log,foldchange was 1 or the absolute
value of CUT&Tag-seq of all H3K9ac peaks log,foldchange was 1. (b) KEGG enrichment of intersection genes. The Y-axis represented
the KEGG pathway, and the X-axis represented the rich factor. Qvalue, corrected p-value.
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Figure 9. Confirmation of CUT&Tag-seq and RNA-seq data. (a,b) Changes of H3K9me3/H3K9ac levels in gene regions. The H3K9me3/
H3K9ac levels in corresponding gene regions were identified by ChIP-qPCR. The corresponding gene region was divided into several



expression levels correlate negatively with the intensity
of H3K9me3 peak signals in the gene body, and posi-
tively with the intensity of H3K9me3 peak signals in
promoters. This suggests that the impact of H3K9me3
modification on gene expression depends on the region
where the H3K9me3 modification is located, consistent
with previous reports [70-72]. Gene expression levels
correlate positively with the intensity of CUT&Tag-seq
H3K9ac signals at TSS [96,97]. We report the effect of
H3K9ac modification on gene expression levels with
different RNA-seq (log,foldchange) to differ after silk-
worms were infected with BmCPV, indicating that
BmCPV infection altered the impact of H3K9ac mod-
ification on gene expression.

KEGG analysis revealed that the intersection genes
with the log,foldchange of both H3K9me3 peak and
RNA-seq FPKM > 1 were enriched in insect hormone
biosynthesis and the MAPK signalling pathway in the
CPV48 vs GUT48 comparison, and oxidative phos-
phorylation, TGF-beta signalling pathway, insect hor-
mone biosynthesis, and the MAPK signalling pathway
in the CPV96 vs GUT96 comparison. MAPK cascades
play key roles in proliferation, differentiation, apopto-
sis, and stress responses [98]. Intersection genes with
log,foldchange in both H3K9ac peak and RNA-seq
FPKM > 1 were enriched into glycolysis/gluconeogen-
esis, pyruvate metabolism, TGF-beta signalling path-
way, insect hormone biosynthesis, and mitophagy-
animal in the CPV48 vs GUT48 comparison, and gly-
cine, serine and threonine metabolism, cysteine and
methionine metabolism, and biosynthesis of amino
acids in the CPV96 vs GUT96 comparison. Activation
of the MAPK signalling pathway is required for effi-
cient infection by BmNPV [1]. Therefore, we suggest
that the role of the MAPK signalling pathway in
BmCPV infection is regulated by H3K9me3/H3K9%ac
modification. Autophagy, apoptosis, and growth and
development of silkworm cells are regulated by insect
hormones [99,100]. After being infected with BmCPV,
silkworm development is hindered, leading to autop-
hagy [101]. We speculate that BmCPV infection inhi-
bits the development of silkworms by regulating
H3K9me3/H3K9%ac modification levels of genes related
to insect hormone biosynthesis. BmCPV specifically
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infects the silkworm midgut. We report DEGs regu-
lated by H3K9ac to be enriched in glycolysis/gluconeo-
genesis, pyruvate metabolism, and amino acid
metabolism, which may explain the small body of
BmCPV-infected silkworms.

In conclusion, H3K9me3/H3K9%ac and gene expres-
sion profiles at the genome-wide level changed with
BmCPYV infection, changes in gene expression profiles
associated with H3K9me3/H3K%ac enrichments at gene
regions occurred, a negative correlation existed between
H3K9me3 enrichments at gene bodies and gene expres-
sion, and a positive correlation existed between H3K9ac
enrichments at TSS. Intersection genes shared by dif-
ferential H3K9me3 peak-related genes and DEGs were
enriched in insect hormone biosynthesis, MAPK signal-
ling, and TGF-beta signalling pathways, and genes
shared by differential H3K9ac peak-related genes and
DEGs were enriched in glycolysis/gluconeogenesis, and
TGF-beta signalling and mitophagy pathways. These
findings suggest that changes in gene expression levels
caused by H3K9me3/H3K9ac modifications are asso-
ciated with BmCPV infection in silkworms.
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