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Abstract

Congenital infection caused by vertical transmission of microsporidia N. bombycis can result in severe economic
losses in the silkworm-rearing industry. Whole-transcriptome analyses have revealed non-coding RNAs and their
regulatory networks in N. bombycis infected embryos and larvae. However, transcriptomic changes in the micro-
sporidia proliferation and host responses in congenitally infected embryos and larvae remains unclear. Here, we
simultaneously compared the transcriptomes of N. bombycis and its host B. mori embryos of 5-day and larvae of 1-,
5- and 10-day during congenital infection. For the transcriptome of N. bombycis, a comparison of parasite expres-
sion patterns between congenital-infected embryos and larva showed most genes related to parasite central carbon
metabolism were down-regulated in larvae during infection, whereas the majority of genes involved in parasite
proliferation and growth were up-regulated. Interestingly, a large number of distinct or shared differentially expressed
genes (DEGs) were revealed by the Venn diagram and heat map, many of them were connected to infection related
factors such as Ricin B lectin, spore wall protein, polar tube protein, and polysaccharide deacetylase. For the tran-
scriptome of B. mori infected with N. bombycis, beyond numerous DEGs related to DNA replication and repair, mRNA
surveillance pathway, RNA transport, protein biosynthesis, and proteolysis, with the progression of infection, a large
number of DEGs related to immune and infection pathways, including phagocytosis, apoptosis, TNF, Toll-like recep-
tor, NF-kappa B, Fc epsilon RI, and some diseases, were successively identified. In contrast, most genes associated
with the insulin signaling pathway, 2-oxacarboxylic acid metabolism, amino acid biosynthesis, and lipid metabolisms
were up-regulated in larvae compared to those in embryos. Furthermore, dozens of distinct and three shared DEGs
that were involved in the epigenetic regulations, such as polycomb, histone-lysine-specific demethylases, and his-
tone-lysine-N-methyltransferases, were identified via the Venn diagram and heat maps. Notably, many DEGs of host
and parasite associated with lipid-related metabolisms were verified by RT-qPCR. Taken together, simultaneous tran-
scriptomic analyses of both host and parasite genes lead to a better understanding of changes in the microsporidia
proliferation and host responses in embryos and larvae in N. bombycis congenital infection.
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Introduction

The microsporidia are a group of unicellular intracellular
pathogens closely related to fungi [1]. They have a wide
range of hosts, including invertebrates and all classes
of vertebrates. To date, more than 1500 species belong-
ing to over 200 genera have been described [2]. Nosema
bombycis (N. bombycis), the first reported microsporidia,
is a parasite that causes silkworm pébrine disease, result-
ing in a significant economic losses to the sericulture
industry. This microsporidian can infect and transmit
horizontally in host silkworm larvae, as well as vertically
in host silkworm embryos [3]. Ma et al,, have reported
that N. bombycis induced a broad immune response in
the larvae of silkworms [4]. Song et al., have confirmed
by transcriptomic analysis that, they replicate at all stages
of embryonic development [5]. The characteristics of
microsporidia proliferation and host responses in con-
genitally infected embryos and larvae remains misunder-
stood till now, despite the fact that we have accumulated
preliminary knowledge regarding the biology of micro-
sporidia and host responses upon infection.

Host-pathogen interactions are highly complex and are
regulated by a large number of host and pathogen genes.
Pathogen infection can induce the activation of host
immune genes, which facilitate the clearance of patho-
gens. On the other hand, the proteins produced by the
pathogens have the capacity to modulate host cellular
processes and the immune system of the host, enabling
their survival and replication within the host. Recently,
transcriptomic analysis with a focus on gene expres-
sions of both host and pathogens has proven to be a valu-
able tool in enhancing our understanding of the intricate
dynamics underlying host-pathogen interactions [6-9].
Several intracellular parasites, including Leishmania,
E. falciformis, and Toxoplasma gondii, as well as their
respective hosts, have been studied by dual RNA-seq
analyses, which have successfully identified important
coding and noncoding genes expressed by both the host
and pathogen during infection [10-14]. We also used
high-throughput RNA sequencing to investigate the non-
coding RNAs of both the host and pathogen during N.
bombycis congenital infection in silkworm embryos and
larvae [15]. In our current study, we aim to further elu-
cidate pathogen proliferation and host responses dur-
ing congenital infection in silkworm embryos and larvae
using a dual RNA-seq approach.

Zebrafish is a frequently used model organism in study-
ing the pathogenesis of infectious diseases in vertebrates,
mostly due to its well-developed immune system [16, 17].
In addition, zebrafish embryos and larvae are used to elu-
cidate the innate host factors involved in disease progres-
sion due to the temporal distinction between the innate
and adaptive immune responses [18]. Mycobacterium
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marinum leads to granuloma development in zebrafish
embryos and larvae, and three main phases (early-, mid-
dle- and late-phase) in the host responses have been dis-
covered [19]. In invertebrates, B. mori has been widely
used to study disease pathogenicity [20]. N. bombycis, an
important pathogen of silkworms, can infect silkworm
embryos and induce immunosuppression in the host,
and during the stages of larvae development, N. bomby-
cis proliferates and activates host immune systems [15].
A similar phenomenon has also been reported in the
zebrafish embryos and larvae infected with M. marinum
[19]. Nevertheless, the mechanisms by which N. bomby-
cis modulates the hosts for its survival and persistence
within silkworms are still not fully understood. Further
investigation of the interactions between N. bombycis
and its host is essential for the advancement of utilizing
N. bombycis as a model system for studying congenital
infections in invertebrates.

In this study, we performed transcriptomic analyses
to assess gene expression of the pathogen and host dur-
ing N. bombycis congenital infection. By comparing the
transcriptomes of N. bombycis, we found that, most of
its genes related to central carbon, amino acid, and lipid
metabolisms were down-regulated, whereas the majority
of genes involved in cell proliferation and growth were
up-regulated in larvae compared to those in embryos
during infection. Several genes, such as Ricin B lectin,
spore wall protein, polar tube protein, and polysaccharide
deacetylase, may have a vital role in the microsporidia
infection. Meanwhile, N. bombycis induced host cellu-
lar and humoral immune responses in turn, and these
immunity responses decreased in the late stages of con-
genital infection in larvae. Most genes related to glucose,
amino acid and lipid metabolisms were down-regulated
in larvae compared to those in embryos infected with
N. bombycis. Additionally, many host DEGs, such as
polycomb protein, lysine-specific histone demethylase,
and histone deacetylase, were involved in the epigenetic
regulations in the host. According to the recent study
conducted in parasites, such as Toxoplasma gondii, Leish-
mania amazonensis, and Plasmodium falciparum, epi-
genetic modification changes the host cell transcription
there by promote infection [21-23]. The findings pre-
sented in this study lay the foundation for a comprehen-
sive understanding of the molecular pathways involved in
the N. bombycis congenital infection in silkworms.

Materials and methods

Data collection

All RNA-seqs are available under the Sequence Read
Archive (SRA) with the BioProject accession number
(PRJNA953616) as previously described [15]. The data
includes 12N. bombycis-infected silkworm samples and
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12 normal control silkworm samples. Briefly, N. bomby-
cis-infected eggs were prepared (placed in an incubator
at 26°C), and samples were collected from individuals at
5days in the embryos (I-E5), 1day in the larvae (I-L1),
5days in the larvae (I-L5), and 10days in the larvae
(I-L10). Concurrently, normal control silkworm eggs
were prepared at the same condition (placed in another
incubator at 26 °C). Samples were collected from individ-
uals at 5days in the embryos (NI-E5), 1day in the larvae
(NI-L1), 5days in the larvae (NI-L5), and 10days in the
larvae (NI-L10). RNA extraction, library construction,
and sequencing were conducted as previously described
[15].

Differential expression analysis of the pathogen

and the host

RNA-seq analysis of the pathogen and host was con-
ducted by Gene Denovo Biotechnology Co. (Guang-
zhou, China) as previously described [15]. Expression
values were calculated as fragment per kilobase per mil-
lion fragments mapped (FPKM) and normalized by totals
per million read. Expression values obtained at 5days in
the embryos were used as the baseline for gene expres-
sion comparison. Absolute fold change >2 and a P value
<0.05 were calculated based on FPKM, and DEGs were
identified. Considering that silkworms undergo a com-
plete metamorphosis during their life cycles, the genes
involved in host development were excluded from the list
of identified DEGs during parasite infection.

Functional enrichment analysis of pathogen and host

The DEGs for both N. bombycis and B. mori were
mapped to the Gene Ontology (GO) terms (http://www.
geneontology.org/), and the enrichment analysis was per-
formed using the genomes of N. bombycis and B. mori
as references. Distribution of the GO categories were
assigned into three categories: biological process, cellu-
lar components, and molecular functions. Then, a scat-
terplot visualization was constructed using REVIGO
[24]. Meanwhile, the DEGs for both N. bombycis and B.
mori were mapped to a Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway [25-27]. Finally, the enrich-
ment results were visualized by the ggplot2 package in R
software (version 4.2.2).

The identification of specific and shared DEGs in both the
pathogen and host

To study gene functions in the different stages during N.
bombycis infection, the specific and shared DEGs of the
pathogen and host were analyzed using TBtools (version
1.098), and the heat map was also constructed using the
same software [28].
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RT-gPCR validations

To validate RNA-seq results, 12 lipid metabolism
genes, including 6 genes from the N. bombycis and 6
genes from the silkworms, were selected for relative
expression analyses using RT-qPCR assays. The RT-
qPCR primers are shown in Supplementary Table 1. For
RT-qPCR analysis, qPCR reactions (95 °C for 5min, fol-
lowed by 40 cycles of 95°C for 20s, 60°C for 30s, and
72°C for 205s) were performed using SYBR Green qPCR
kit (Yeasen, Shanghai, China). Tubulin and B-actin were
used as the endogenous control of N. bombycis and B.
mori, respectively. All qPCR experiments were con-
ducted in triplicate.

Statistical analyses

A student’s ¢-test was used to assess statistical differences
in gene expressions between 10days, 5days, and 1day in
the larvae regarding 5days in the embryos during infec-
tion of N. bombycis. Data are expressed as the mean of
three independent experiments. p <0.05 was considered
statistically significant.

Results

Differential expression analysis of N. Bombycis and host
silkworm genes in congenitally infected silkworm embryos
and larvae

To investigate the differences in the gene profile of N.
bombycis in embryos and larvae, expression values
(FPKM) obtained at 5days in the embryos were used as
the baseline for gene expression comparison. As previ-
ously described, there were 223 (104 up-regulated and
119 down-regulated), 109 (79 up-regulated and 30 down-
regulated), and 251 (200 up-regulated and 51 down-
regulated) DEGs in N. bombycis at I-L1, I-L5 and I-L10,
respectively [14]. These different DEGs in N. bombycis
were listed in Supplementary Table 2.

For silkworms, as shown in sFig. 1A-C, there were 5660,
5377, and 5574 DEGs at I-L1, I-L5 and I-L10, respectively,
compared to those at I-E5 during N. bombycis infection.
In normal silkworms, there were 5373, 5337, and 5257
DEGs at I-L1, I-L5 and I-L10, respectively, compared to
those at I-E5, among which 4544, 4222, and 4260, respec-
tively, were shared with the infected silkworms with the
remaining (1116, 1155, and 1314 genes, respectively)
being considered as specific DEGs (Fig. 1A-C). As shown
in Fig. 1D, there were 453 up-regulated and 663 down-
regulated, 434 up-regulated and 721 down-regulated, and
519 up-regulated and 795 down-regulated genes at I-L1,
I-L5, and I-L10 during N. bombycis infection, respec-
tively. These different DEGs in silkworms were listed in
Supplementary Table 3.
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Fig. 1 Differential gene expression of silkworm in congenitally infected embryos and larvae. A: Differential gene expression of silkworm

between 5-day embryos and 1-day larvae during N. bombycis infection are shown in a volcano plot; B: Differential gene expression of silkworm
between 5-day embryos and 5-day larvae during N. bombycis infection are shown in a volcano plot; C: Differential gene expression of silkworm
between 5-day embryos and 10-day larvae during N. bombycis infection are shown in a volcano plot; D: The number of DEGs of silkworm at 1-, 5-,

and 10-day larvae using as control the expression values at 5-day embryos

Functional enrichment analysis of N. Bombycis genes

in congenitally infected silkworm embryos and larvae

To identify key molecular pathways involved in the con-
genitally infected silkworm embryos and larvae, GO
enrichment analysis of the different DEGs for N. bomby-
cis was performed. The results showed that many DEGs
in N. bombycis were involved in RNA biosynthetic pro-
cess, DNA-templated transcription, biosynthetic process,
and carbon metabolic process at 1day in the larvae dur-
ing N. bombycis infection (Fig. 2A). As shown in Fig. 2B,
in addition to genes related to RNA biosynthetic process,
DNA-templated transcription and biosynthetic process,
several genes were involved in regulation of cellular pro-
tein metabolic process. GO enrichment analysis revealed

that many DEGs in N. bombycis belonged to RNA bio-
synthetic process, DNA-templated transcription, bio-
synthetic process, cellular metabolic process, cellular
nitrogen compound metabolic process, and nitrogen
compound metabolic process (Fig. 2C). As shown in
Fig. 2D, all DEGs of N. bombycis were mapped to GO
terms. Many DEGs were involved in DNA-templated
transcription, RNA biosynthetic process and cellular
metabolic process.

KEGG enrichment analysis of the DEGs for N. bomby-
cis was performed to identify key pathways altered dur-
ing infection. KEGG enrichment analysis revealed that 10
to 20 DEGs in N. bombycis belonged to metabolic path-
ways, and several DEGs in N. bombycis belonged to RNA
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Top 18 of GO annotation(l-E5-vs-I-L1 N.bombycis)
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Fig. 2 GO enrichment analysis of significant differential genes of N. bombycis in congenitally infected silkworm embryos and larvae. A: GO
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 1-day larvae during N. bombycis infection; B: GO
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 5-day larvae during N. bombycis infection; C: GO
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 10-day larvae during N. bombycis infection; D: GO
enrichment analysis of significant differential genes in N. bombycis between embryo and larva during infection. Bubble color indicates p-value,
and size indicates the frequency of the GO term in the underlying GOA database. The axes in the plot have no intrinsic meaning. The guiding
principle is that semantically similar GO terms should remain close together in the plot

polymerase, protein processing in endoplasmic reticu-
lum, biosynthesis of amino acids, and ribosome biogene-
sis at 1day in the larvae, respectively (Fig. 3A). We found
that except for genes related to purine and pyrimidine
metabolism, other genes related to metabolisms were
down-regulated at 1day, 5days, and 10days in the larvae
compared to those at 5days in the embryos (Fig. 3B-C).
Additionally, genes related to RNA polymerase, ribosome
biogenesis, and protein processing in the endoplasmic
reticulum were up-regulated at 1day in the larvae. Mean-
while, several up-regulated DEGs were related to cell
cycle, non-homologous end-joining, and SNARE interac-
tions in vesicular transport at 5days in the larvae.

Several DEGs were involved in the mitogen-activated
protein kinase (MAPK) signaling pathway, endocyto-
sis, DNA replication, and mRNA surveillance pathway,
and most of these genes are up-regulated at 10days in
the larvae compared to those at 5days in the embryos.
Subsequently, in order to understand the difference in
microsporidia proliferation in embryos and larvae during
infection, all the DEGs were mapped to KEGG enrich-
ment analysis in larvae, compared to those in embryos.
KEGG enrichment analysis showed that some DEGs in N.

bombycis were involved in metabolic pathway, RNA poly-
merase, MAPK signaling pathway, and protein process-
ing in endoplasmic reticulum in larvae (Fig. 3D). Notably,
most down-regulated genes of N. bombycis in larvae were
related to central carbon metabolism (sFig. 2A-F). Fur-
thermore, in N. bombycis, some genes related to RNA
polymerase, purine metabolism, pyrimidine metabolism,
MAPK signaling pathway, and protein processing in the
endoplasmic reticulum were up-regulated in larvae dur-
ing infection. Overall, the data suggest that the spore pro-
liferation activity was weaker in embryos than in larvae,
and the spores may inhibit their basic metabolic activity
and obtain nutrients from the host in larvae.

Functional enrichment analysis of silkworm genes

in congenitally infected silkworm embryos and larvae

In the same way, GO enrichment analysis of the different
DEGs for silkworms was performed. As shown in Fig. 4A,
many DEGs were involved in tRNA aminoacylation for
protein translation, tRNA aminoacylation, regulation of
cholesterol process, regulation of cellular protein meta-
bolic process, regulation of steroid metabolic process,
and lymphocyte proliferation in 1-day larvae compared
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Fig. 3 KEGG enrichment analysis of significant differential genes of N. bombycis in congenitally infected silkworm embryos and larvae. A: KEGG
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 1-day larvae during N. bombycis infection; B: KEGG
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 5-day larvae during N. bombycis infection; C: KEGG
enrichment analysis of significant differential genes of N. bombycis between 5-day embryos and 10-day larvae during N. bombycis infection; D: KEGG
enrichment analysis of significant differential genes in N. bombycis between embryo and larva during infection. A red font represents the number
of up-regulated genes, and a green font represents the number of down-regulated genes

to those in 5-day embryos during infection. GO enrich-
ment analysis revealed that many DEGs were related to
DNA replication, RNA processing, RNA-splicing, DNA-
templated DNA replication, cell cycle, cell cycle process,
nitrogen compound metabolic process, and macromole-
cule metabolic process in 5-day larvae compared to those
in 5-day embryos during infection (Fig. 4B). As shown
in Fig. 4C, many DEGs belonged to DNA repair double-
strand break repair, nucleotide-excision repair, cellular
response to stress, response to stress, virion assembly,
viral budding, protein oxidation, and amino acid across
plasma membrane in 10-day larvae. Lastly, all DEGs of
silkworms were mapped to GO terms, and a large num-
ber of DEGs were involved in the regulation of DNA
replication, DNA replication, RNA processing, RNA
metabolic process, DNA strand elongation, DNA strand
elongation involved in replication, and nitrogen com-
pound metabolic process (Fig. 4D).

For silkworms, KEGG enrichment analysis revealed
that 10, 5 and 10 DEGs were related to aminoacyl-tRNA
biosynthesis, protein export, and mRNA surveillance
pathway during infection at 1day in the larvae, respec-
tively. Almost all of these genes were down-regulated
compared to those at 5 days in the embryos (Fig. 5A), indi-
cating that N. bombycis inhibits host protein biosynthesis
and transport in 1-day larvae. Meanwhile, some genes
related to the biosynthesis pathway, including glyco-
sylphosphatidylinostitol (GPI)-anchor, glycosphingolipid,
and terpenoid backbone biosynthesis, were down-reg-
ulated in 1-day larvae. Additionally, some genes related
to insulin signaling pathways, insulin resistance, phago-
cytosis, and apoptosis were expressed differently in 5-day
embryos and 1-day larvae. As shown in Fig. 5B, at 5days
in the larvae, KEGG enrichment analysis evidenced
that a large number of down-regulated DEGs in silk-
worms were involved in DNA replication, RNA transport,
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mRNA surveillance pathway, nucleotide excision repair,
cell cycle, and mismatch repair, homologous recombi-
nation, cellular senescence, fanconi anemia pathway,
ubiquitin-mediated proteolysis, base excision repair, and
spliceosome, suggesting that N. bombycis causes irrevers-
ible damage to the silkworms. In contrast, several genes
related to 2-oxocarboxylic acid metabolism and phe-
nylalanine, tyrosine, and tryptophan biosynthesis were
up-regulated in 5-day larvae compared to those in 5-day
embryos during infection. At 10days in the larvae, we
only found that a few genes related to the fanconi ane-
mia pathway and DNA replication were down-regulated
compared to those at 5days in the embryos (Fig. 5C).
Additionally, some genes related to Fc epsilon RI signal-
ing pathway, TNF signaling pathway, Toll-like receptor
signaling pathway, and human diseases were expressed
differently in 10-day larvae and 5-day embryos.
Interestingly, some genes related to arachidonic acid
metabolism, linoleic acid metabolism, fat digestion and
absorption, ether lipid metabolism, alpha-linoleic acid
metabolism, and glycerophospholipid metabolism were

up-regulated in 10-day larvae compared to those in
5-day embryos during infection, suggesting that those
lipid-related metabolisms play an important role in the
N. bombycis infection in larvae. Lastly, all the DEGs of
silkworms were mapped to KEGG enrichment analy-
sis. As shown in Fig. 5D, the results showed that some
DEGs related to DNA replication, Fanconi anemia
pathway, RNA transport, mismatch repair, mRNA sur-
veillance pathway, nucleotide excision repair, homolo-
gous recombination, and non-homologous end-joining
were down-regulated in larvae compared to those in
embryos. KEGG enrichment analysis revealed that
some genes related to the Toll-like receptor signaling
pathway, NF-kappa B signaling pathway, TNF signaling
pathway, and some diseases were expressed differently
in larvae and embryos. Notably, several genes related to
fat digestion and absorption, arachidonic acid metabo-
lism, and linoleic acid metabolism were up-regulated
in larvae compared to those in larvae during infection
(sFig. 3A-C), suggesting that N. bombycis may utilize
host lipids to facilitate its own replication in larvae.
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Fig. 5 KEGG enrichment analysis of significant differential silkworm genes in congenitally infected silkworm embryos and larvae. A: KEGG
enrichment analysis of significant differential silkworm genes between 5-day embryos and 1-day larvae during N. bombycis infection; B: KEGG
enrichment analysis of significant differential silkworm genes between 5-day embryos and 5-day larvae during N. bombycis infection; C: KEGG
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The specific and shared DEGs analysis of the pathogen

and host in congenitally infected silkworm embryos

and larvae

To further investigate gene functions, those DEGs of the
pathogen and host were divided into the specific and
shared DEGs by the Venn diagram. As shown in Fig. 6A,
for the pathogen, 151, 24, and 152 genes were the specific
DEGs in larvae at 1, 5, and 10days, respectively, and 17,
44, 31, and 24 genes were shared in DEGs, among which
24 were shared over all the larvae stages, compared to
those in embryos. In the larvae at 1day, the specific
DEGs of the pathogen included heat shock protein, Ricin
B lectin, spore wall protein, and polar tube protein that
involved in infection and stress response (Fig. 6B). Addi-
tionally, hexokinase-2, glucose-6-phosphate isomerase,
and serine palmitoyl transferase 1 related to metabolism
pathways were specific DEGs in 1-day larvae compared
to those in 5-day embryos. For larvae at 5days, 24 spe-
cific DEGs of the pathogen included subtilisin, spore
wall protein 12, mevalonate kinase, and valyl-tRNA
synthetase (Fig. 6C). The specific DEGs of the pathogen

included DNA replication fork-blocking protein FOBI,
meiosis-specific protein HOP1, serine protease inhibi-
tor 106, leptin receptor gene-related protein, longevity
assurance protein 1, serum response factor 1, and 2Fe-2S
ferredoxin at the larvae for 10days, compared to those
at the embryos for 5days (Fig. 6D). Additionally, Ricin B
lectin 6 and polysaccharide deacetylase 3 related to infec-
tion process were up-regulated in 10-day larvae com-
pared to those in 5-day embryos. As shown in Fig. 6E, at
1-day and 5-day larvae, 17 common DEGs included iso-
leucyl-tRNA synthetase and threonyl-tRNA synthetase,
that were involved in amino acid biosynthesis. Mean-
while, trehalose-phosphatase, glycerol-3-phosphatase
dehydrogenase, and fructose-bisphosphate aldolase
related to metabolisms were down-regulated in 1-day
and 5-day larvae compared to those in 5-day embryos.
At 5-day and 10-day larvae, 44 common DEGs encoding
polysaccharide deacetylase 1, polysaccharide deacetylase
2, serum response factor, endonuclease, and spore wall
and anchoring disk complex protein 1, and spore wall
and anchoring disk complex protein 2 were up-regulated,
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Fig. 6 The specific and shared DEGs analysis of N. bombycis during the congenital infection. A: Venn diagram showing the number of specific

and shared genes in N. bombycis in congenitally infected silkworm embryos and larvae; B: The heat maps show a subset of specific genes expressed
by N. bombycis in 1-day larvae; C: The heat maps show a subset of specific genes expressed by N. bombycis in 5-day larvae; D: The heat maps show
a subset of specific genes expressed by N. bombycis in 10-day larvae; E: The heat maps show a subset of shared genes expressed by N. bombycis

in 1-day and 5-day larvae; F: The heat maps show a subset of shared genes expressed by N. bombycis in 5-day and 10-day larvae; G: The heat maps
show a subset of shared genes expressed by N. bombycis in 1-day and 10-day larvae; H: The heat maps show a subset of shared genes expressed

by N. bombycis in 1-, 5-, and 10-day larvae

compared to those in 5-day embryos (Fig. 6F). At 1-day
and 10-day larvae, 31 common DEGs encode trans-sial-
idase, mitochondrial protein import protein MAS5, and
heat shock protein (Fig. 6G). Notably, at 1, 5, 10- day
larvae, 24 common DEGs included the down-regulated
genes, such as trehalose-phosphate synthase, polar tube
protein 3, and threonyl-tRNA-synthase, and the up-
regulated genes, such as polysaccharide deacetylase 3,
anamorsin, exosome complex exonuclease RRP4, and
adenylate kinase (Fig. 6H).

For host, 722, 576, and 741 DEGs were unique in lar-
vae at 1, 5, and 10days, respectively, and 128, 307, 122,
and 144 DEGs were shared among all stages of larvae
(Fig. 7A). As shown in Fig. 7B, the specific DEGs in lar-
vae at 1day included immune-related genes, such as pep-
tidoglycan recognition protein, scavenger receptor, and
cecropin, and dopamine receptor. In larvae at 5days, the
specific DEGs included angiotensin-converting enzyme,
hexokinase-2, branched-chain amino acid aminotrans-
ferase, and immune-related genes (MyD88, enbocin, and
gloverin) (Fig. 7C). As shown in Fig. 7D, the unique DEGs

included perilipin, cytochrome P450, protein lethal (2)
essential for life 1, protein lethal (2) essential for life 2,
and cationic amino acid transporter in larvae at 10days.
At 1-day and 5-day larvae, 128 common DEGs included
suppressor of cytokine signaling (SOCS), insulin-related
peptide binding protein 2 (IBP2), venom dipeptidyl
peptidase 4, and partitioning defective protein 6, com-
pared to those in embryos at 5days (Fig. 7E). As shown
in Fig. 7F, compared to those at embryos, for 5-day and
10-day larvae, these common DEGs consisted of Caveo-
lin, lysine-specific demethylase 8, vitellogenin receptor,
and Yokozuna. For 1-day and 10-day larvae, 122 com-
mon DEGs included diacylglycerol O-acyltransferase 1,
Spitzle 3, pro-phenol oxidase, and brachyuran (Fig. 7G).
Importantly, those 144 common DEGs included poly-
comb, histone deacetylase, and lysine-specific histone
demethylase, which were down-regulated at all the larvae
stages compared to those at embryos. Additionally, ser-
pin 5, amino acid transport, protein spétzle 3, transferrin,
and gelsolin were up-regulated at each stage of the larvae
compared to those in embryos (Fig. 7H).



Shen et al. BMC Genomics (2024) 25:321

[

peptidoglycan recognition protein 52

peptidoglycan recognition protein precursor

inducible nitric oxide synthase-ike protein

Cecropin family

gelsolin, cytoplasmic-like

scavenger receptor type C precursor

mucin-3A

protein-lysine N-methyltransferase EEF2KMT

TBC1 domain family member 14

Outer membrane efflux protein

[ nistone-ysine N-methyltransferase SETD1B
dopamine D2-lke receptor

|| nistone-lysine N-methyltransferase E(z)

[ |chitin deacetylase 4

‘(\:s

dopamine receptor-1

A5 10 050 of

05 100 150

450180050 030 050 100 150

pyroglutamyl-peptidase 1 isoform X1

adipose triglyceride lipase brummer

growth arrest and D damage-inducible pi

histone deacetylase complex subunit SAP18 c
ATP-binding cassetts sub-family D member 3 perilipin
— 3-alpha
protein disabled P riopoiso PPN
general transcription factor IIH subunit 2 optomotor-blind protein isoform Xé
integrator complex subunit 3 homolog scavenger receptor class B member 1 isoform X2
MyD8s b ppa-
antibacterial peptide enbocin 3 precursor angiotensin-onverting enzyme isoform X1
© bombyxin C-1 precursor
gloverin 4 precursor Tetraspanin
P38 map kinase transient receptor potential channel pyrexia
apyrase-like XP 004933542.1 Ia-rolated protein 6
P-glucuronosyltransf 1 cytochrome P450
ooy ransforase 28 protin lethal(2)essential for lfe-like 1
proteln toll ke Iacform X protein lethal(2)essential for life-like 2
y facilitated trehalose transporter Tret1-like
angiotensin-converting enzyme-like cationic amino acid transporter 3
hexokinase-2-like i“;"’;:"‘* aloprote hibitor protein-ike
. y inducible metalloproteinase inhibitor protein-like
B Jornchecchain-amine.acd aminotansfrss, cptosoi i Eroo o
ERONCI

5 s
esterase E4 isoform X1 ATP-binding cassetts sub-family G member 8
6-pyruvoyltetrahydropterin synthase
polycomb protein Pcl isoform X3

synaptic vesicle glycoprotein 2B isoform X2
erythroid differentiation-related factor 1

Glutathione S-transferase, N-terminal domain tyrosine kinase receptor Cad96Ca isoform X2
Caveolin

tight junction protein ZO-1 isoform X13

cell division cycle

cyclin-dependent kinases regulatory subunit
protein timeless homolog isoform X1

methyltransferase-like protein 16

partitioning defective protein 6

venom dipeptidyl peptidase 4

SOCS box lysine-specific d 8
D -directed R polymerase Il subunit RPB11
diptheria toxin resistance protein
vitellogenin receptor, partial
poly(A) polymerase type 3

ozuna

receptor-

1BP2

S0CS2-12 protein

5o o S PRCRCRY
& P2 EP W

catalase
ubiquitin-conjugating enzyme E2 G2

histone deacetylase complex subunit SAP30 homolog
Iysine-specific histone demethylase 1A

scavenger receptor class B member 1-like isoform X1
|| CCRA4-NOT transcription complex subunit 11 ';':::"""55""“"" alpha2

Spatzle 3 amino acid transporter-like protein

pro-phenol oxidase i

32 kDa apolipoprotein precursor

1 isoform X1
iption initiation factor TFIID subunit 2

death related ced-3/Nedd2-like protein

i x1

gelsolin
transferrin precursor

cytochrome P450, family 315, subfamily A
serine proteinase stubble-like

sex peptide receptor

glucose dehycrogenase [FAD, quinone]
brachyurin
cod.6 protein soform X1
IR
S

~ s
&P
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Validation of differently expressed host and pathogen
genes by quantitative reverse transcription polymerase
chain reaction (RT-qPCR)

Transcriptomic analyses showed that N. bombycis lipid-
related genes, such as serine palmitoyltransferase 1 (SPT1),
3-ketodihydrosphingosine reductase (Temperature-sen-
sitve csg2A suppressor 10, TSC10), CDP-diacylglycerol-
inositol  3-phosphatidyltransferase (Phospatidylinositol
synthase, PISI), glycerophosphodiester phosphodiester-
ase 2 (GDPD2), and glyceraldehyde-3-phosphate dehy-
drogenase (G3PD), were down-regulated in larvae at 1, 5,
10days, compared to their expressions in embryos at 5days
(Fig. 8A). Additionally, glycerol3-phosphate dehydroge-
nase 1 (GPDI) in N. bombycis was up-regulated in larvae
at 1, 5, 10days, compared to it expression in embryos at
5days. For silkworms, lipid-related genes, such as acetoa-
cetyl-CoA thiolase 1 (ACAT1), fatty acid transport protein
(Solute carrier family 27 member 4, SLC27A4), 1-acyl-
glycerol-3-phosphate  O-acyltransferase 1 (AGPATI),
and gamma-glutamyltranspeptidase 1 (GGTI), were
up-regulated, and 3-hydroxy-3-methylglutaryl-CoA syn-
thase 1 (HMGCS1) and scavenger receptor class B mem-
ber 2 (SCARB2) genes were down-regulated in larvae at
1, 5, 10days, compared to their expressions in embryos
at 5days (Fig. 8A). To validate our findings revealed by
transcriptomic analysis, a subset of those aforementioned
genes was selected, and RT-qPCR quantified their relative
expressions. As shown in Fig. 8B, the variations in gene
expression quantified by RT-qPCR were largely consistent

with what we have observed in transcriptomic analysis.
In addition to confirming that N. bombycis utilizes host
lipids to facilitate its replication, our RT-qPCR data vali-
dated that RNA-seq is a powerful tool for the comprehen-
sive evaluation of genetic alterations both in the host and
parasites.

Discussion

Bombyx mori is a well-known lepidopteran insect, and
its complete life cycle includes four different stages:
embryo (egg), larva, pupa, and moth (adult). Given that
its genome has been fully sequenced, B. mori has now
become an important insect, not only for the sericulture
industry but also for molecular biology studies. N. bom-
bycis can transovarially transmit to silkworm embryos,
leading to congenital infection [5], as well as it can
also infect silkworm larvae through horizontal transmis-
sion. However, the proliferation of N. bombycis and host
responses in silkworm embryos and larvae are still not
well understood. In this study, using dual RNA-seq, we
were able to evaluate the systemic gene expressions of N.
bombycis and its host silkworm at the embrynic and lar-
val stages. We identified novel pathways involved in the
interaction of the pathogen and host. Due to its capacity
to survive in the host and cause congenital infection, N.
bombycis is not only a significant pathogen for sericul-
ture but also an important model for studying immune
evasion strategies, pathogen survival mechanisms, and
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immune responses in invertebrates. Our study on the
congenital infection of N. bombycis at the transcriptom-
ics level can help researchers to better utilize this patho-
gen as a model organism.

The comparative transcriptomics analysis in our study
identified the genes of the pathogen that were differently
expressed in N. bombycis-infected embryos and larvae.
We identified that many parasitic genes, including RNA
polymerase, purine, and pyrimidine metabolism, were
up-regulated in larvae compared to those in embryos,
suggesting that the replication of microsporidia was more
efficient in larvae. Additionally, many genes involved in
protein processing in the endoplasmic reticulum were
up-regulated in larvae, compared to those in embryos,
indicating that protein processing capacity in larvae was
greater than that in embryos. Furthermore, three genes
related to the MAPK signaling pathway were up-regu-
lated in larvae. The MAPK signaling pathway is closely
related to cell proliferation and differentiation [29]. It has
been reported that the microsporidian parasite Encepha-
litozoon cuniculi exhibited reduced intracellular replica-
tion in the parasite-infected mice treated with a MAPK
inhibitor [30], suggesting that the MAPK signaling path-
way plays an important role in the parasite growth.

Moreover, many genes in metabolic pathways, such
as carbon metabolism, starch and sucrose metabolism,
glycolysis, pentose phosphate pathway, and sphingolipid
metabolism, were down-regulated in larvae, suggest-
ing that the larvae’s survival is more dependent on the

nutrients from the host compared to parasite growth
during the embryonic stage. He et al.,, found that the
majority of the genes involved in trehalose synthesis
metabolism, glycolysis, and the pentose phosphate path-
way were down-regulated in the sporoplasm, compared
to those in the mature spores, suggesting that the sporo-
plasm may inhibit its basic metabolic activity and obtain
the nutrients from host silkworm [31]. Some studies have
reported that two kinases are involved in nutrient signal-
ing: the target of rapamycin (TOR) kinase and AMP-acti-
vated kinase (AMPK), which are essential for metabolism
change during the lytic cycle of intracellular parasites,
such as Trypanosoma brucei and Toxoplasma gondii [32,
33]. However, the mechanism of metabolic change in
microsporidia is unclear. Taken together, the evidence
may indicate that the gene expressions of pathogens are
characterized by down-regulated genes related to central
carbon metabolism and up-regulated genes related to cell
proliferation and growth.

Notably, several parasite genes, such as polysaccharide
deacetylase, spore wall protein, polar tube protein, and
Ricin B lectin, were differentially expressed, as revealed
by our comparative transcriptomic analysis of embryos
and larvae. We found that three polysaccharide deacety-
lase genes were up-regulated in larvae. Polysaccharide
deacetylases are conserved and found in many bacte-
ria, fungi, and insects [34]. They are mainly responsible
for metal-dependent deacetylation of O- or N- acety-
lated polysaccharides, including peptidoglycan, chitin,
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and acetylxylan, which is crucial for cell shape, neutral
polysaccharide synthesis, and Bacillus anthracis patho-
genicity [35]. Xu et al, reported that a polysaccharide
deacetylase from Puccinia striiformis f. sp. Tritici (Pst),
Pst_13661, may modify the fungal cell wall to prevent
being recognized by host plants [36]. Spore wall protein
12 and polar tube protein 3 have been described as the
putative virulence genes that are involved in establishing
host-pathogen interactions [37, 38]. Ricin B lectins were
identified in microsporidian genomes, and those pro-
teins enhance spore adhesion to host cells [39, 40]. In N.
bombycis, some Ricin B lectin proteins were verified, and
NbRBL28 is involved in controlling the cell cycle progres-
sion by regulating the expression of host cell genes [41].
Our findings, combined with previous evidence, suggest
that those infection-related genes, such as polysaccharide
deacetylase, spore wall protein, polar tube protein, and
Ricin B lectin, are vital during microsporidia infection.

The comparative transcriptomics analysis revealed the
DEGs of silkworms between the embryos and larvae dur-
ing infection. The large number of genes associated with
DNA replication and repair, including DNA replication,
fanconi anemia pathway, mismatch repair, mRNA sur-
veillance pathway, nucleotide excision repair, homolo-
gous recombination, and non-homologous end-joining,
were down-regulated in larvae during N. bombycis con-
genital infection, suggesting that N. bombycis infection
may cause major damage to the larvae and even death,
but only minor damage to the embryos. At least two dif-
ferent mechanisms can explain such differences in viru-
lence between embryos and larvae. First, the number of
N. bombycis (parasite load) in embryos is less than that
in larvae, and the virulence was weaker than that in lar-
vae [42]. Second, N. bombycis proliferated mainly around
yolk granules and the newly formed intestinal lumen in
the embryonic stage [5], whereas N. bombycis prolif-
erated in all types of tissues in the larvae stage. Micro-
sporidia may use these strategies to develop vertical
transmission in embryos.

We have recently reported that N. bombycis infection
leads to host embryo immunosuppression [15]. In the
early stage of congenital infection in larvae, beyond DNA
replication and repair, mRNA surveillance pathway, RNA
transport, protein biosynthesis, and protein export genes,
the expression of genes related to phagocytosis, apopto-
sis, and TNF signaling pathway were different from those
in embryos, suggesting that cellular immunity plays an
important role in the fight against microsporidia infec-
tion; in the middle and late stages of congenital infection
in larvae, some genes related to infection and immune
pathways, including Toll-like receptor signaling pathway,
NF-kappa B signaling pathway and human diseases, were
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also differentially expressed in embryos and larvae during
infection of N. bombycis, indicating that humoral immu-
nity plays a major role during infection. We also found
that the majority of those genes were down-regulated in
larvae, especially 10-day larvae, indicating that N. bom-
bycis was able to inhibit host immune responses. The
inhibition was stronger with increasing parasite loads in
the later stages of infection. Interestingly, the RhoGAP
protein, histamine-releasing factor, and elongation factor
1 alpha, which have been described as immune suppres-
sive factors in other parasite species [43, 44], have not yet
been identified in microsporidian.

Previous study has shown that microsporidia can hijack
the host’s basic metabolisms for their growth and repro-
duction [45]. For example, Tang et al., have reported that
most proteins involved in basic metabolism and lipid
droplet protein pelilipin were up-regulated in ovaries fol-
lowing infection [46]. Hu et al., found that most silkworm
metabolism-related genes, especially those involved in
fatty acid consumption and ATP synthesis pathways,
were up-regulated [47]. We also found that N. bombycis
infection leads to metabolism dysregulation in embryos.
In 1-day larvae, several DEGs were associated with insu-
lin signaling pathways and insulin resistance, suggesting
that glucose and lipid metabolisms were involved in the
process of N. bombycis infection. In 5-day larvae, several
DEGs were involved in 2-oxocarboxylic acid metabolism,
and phenylalanine, tyrosine, and tryptophan biosynthesis
were up-regulated compared to those in embryos dur-
ing infection, suggesting that amino acid metabolisms
play an important role in the microsporidia infection.
Importantly, many genes involved in arachidonic acid
metabolism, linoleic acid metabolism, fat digestion and
absorption, ether lipid metabolism, alpha-linoleic acid
metabolism, and glycerophospholipid metabolism were
found to be up-regulated mostly in 10-day larvae. In
contrast, most lipid-related genes in N. bombycis, such
as SPT1, TSC10, PIS1, GDPD2, and G3PD, were down-
regulated in larvae during N. bombycis infection. These
findings suggest that microsporidia can hijack host basic
metabolism, especially host amino acid and lipid metabo-
lisms, to facilitate their proliferation and development.

Lastly, we compared host-specific and common DEGs
in embryos and larvae during N. bombycis infection, and
found that several genes that are involved in the epigenetic
regulation mechanism, such as histone-lysine-N-meth-
yltransferase EEF2KMT, histone-lysine-N-methyltrans-
ferase SETD1B, histone-lysine-N-methyltransferase E(z),
polycomb protein Pcl, lysine-specific histone demethyl-
ase 1A, histone deacetylase complex subunit SAP30, and
deacetylase complex subunit SAP18, were most signifi-
cantly down-regulated in larvae. DNA methylation and
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Fig. 9 Schematic diagram showing the changes in the pathogen proliferation and host responses in congenitally infected embryos and larvae.

In the larvae infected with N. bombycis, parasite genes related to parasite proliferation and growth were up-regulated, whereas genes related

to central carbon metabolism were down-regulated compared to those expressions in embryos. As the infection progresses in embryos and larvae,
host responses including immunity and metabolisms varied. Epigenetic modification was likely to participate in the pathogen-host interactions

post-translational histone modifications are two major
types of epigenetic modifications that regulate gene
expression by modifying chromatin accessibility to tran-
scriptional regulators [48]. Epigenetic modification plays
an important role in the survival of intracellular parasites,
including Plasmodium falciparum, leishmania, and Toxo-
plasma gondii [49-52]. Meanwhile, intracellular parasites
also modulate host epigenome by histone acetylation, his-
tone deacetylation, histone methylation, and DNA meth-
ylation to evade host immunity and maintain long-term
persistence in the host [53-56]. Our findings provide
additional evidence that the interactions between micro-
sporidia and their hosts in embryos and larvae depend
heavily on epigenetic modifications.

Overall, our study can help researchers understand
how the pathogen and host genes are expressed differ-
ently in N. bombycis congenitally infected embryos and
larvae (Fig. 9). The results of this study may also shed
light on how N. bombycis and silkworms interact. How-
ever, more research is needed to confirm the significance
of carbon, amino acid, and lipid metabolisms on micro-
sporidia proliferation and development. Notably, our
work has significant implications for our understanding
of how epigenetic regulators play a role in the interac-
tions between microsporidia and hosts.
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