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Abstract

Background: 20-hydroxyecdysone (20E) plays important roles in insect molting and metamorphosis. 20E-induced

autophagy has been detected during the larval-pupal transition in different insects. In Bombyx mori, autophagy is

induced by 20E in the larval fat body. Long non-coding RNAs (IncRNAs) function in various biological processes in

many organisms, including insects. Many IncRNAs have been reported to be potential for autophagy occurrence in
mammals, but it has not been investigated in insects.

Results: RNA libraries from the fat body of B. mori dissected at 2 and 6 h post-injection with 20E were constructed
and sequenced, and comprehensive analysis of INcRNAs and mRNAs was performed. A total of 1035 IncRNAs were
identified, including 905 lincRNAs and 130 antisense IncRNAs. Compared with mRNAs, IncRNAs had longer
transcript length and fewer exons. 132 IncRNAs were found differentially expressed at 2 h post injection, compared
with 64 IncRNAs at 6 h post injection. Thirty differentially expressed INcRNAs were common at 2 and 6 h post-
injection, and were hypothesized to be associated with the 20E response. Target gene analysis predicted 6493
INcRNA-mRNA cis pairs and 42,797 IncRNA-mRNA trans pairs. The expression profiles of LNC_000560 were highly
consistent with its potential target genes, Atg48, and RNAi of LNC_000560 significantly decreased the expression of
LNC_000560 and Atg4B. These results indicated that LNC_000560 was potentially involved in the 20E-induced
autophagy of the fat body by regulating Atg4B.

Conclusions: This study provides the genome-wide identification and functional characterization of IncRNAs
associated with 20E-induced autophagy in the fat body of B. mori. LNC_000560 and its potential target gene were
identified to be related to 20-regulated autophagy in B. mori. These results will be helpful for further studying the
regulatory mechanisms of IncRNAs in autophagy and other biological processes in this insect model.
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Background

Macroautophagy (hereafter autophagy) is an essential,
evolutionarily conserved cellular degradation and recyc-
ling process in all eukaryotes [1]. The role of autophagy is
to maintain cellular homeostasis by degrading intracellular
components. Autophagy is a process involving induction,
cargo recognition and packaging, vesicle formation, and
breakdown. A series of autophagy-related (A#g) genes are
required for the initiation, nucleation, expansion, and
completion of bodies known as autophagosomes, which
eventually fuse with lysosomes [2]. Autophagy is essential
to many physiological and developmental processes, and
defects in autophagy are often associated with diseases
and tumor progression [3, 4].

Autophagy is regulated by several ATG proteins, which
are evolutionary conserved from yeast to mammals, ATG
proteins are classified into six functional complexes includ-
ing ATGI1-kinase complex, phosphatidylinositol-3-kinase
complex, ATG2-ATG18 complex, ATG9 membrane pro-
tein, ATG8 conjugation system and ATG12 conjugation
system [5]. ATG4 is the only cysteine protease specific to
ATGS8, and essential for the conjugation and deconjugation
of ATG8. Although ATG4 and ATGS8 are evolutionarily
conserved, higher eukaryotes have multiple homologs for
both proteins. In contrast to the Atg4d and Atg8 in yeast,
there are four ATG4 and six ATG8 homologs in mammals,
the protease activity of the ATG4 homologs is markedly
different, but ATG4B exhibits much higher activity than
the other homologs [6, 7]. ATG4 homologs are important
for autophagosome formation, autophagy is inhibited by
suppressing ATG4 expression [8]. In B. mori, 15 Atgs have
been identified in the genome [9, 10], and include two Atg4
homologs, AtgdB and Atg4-like, but their function are still
not characterized.

In insects, autophagy is an important physiological
process during metamorphosis. The molting and metamor-
phosis of insects are regulated primarily by 20-
hydroxyecdysone (20E) and juvenile hormone (JH) [11, 12].
20E-induced autophagy can be detected during the larval—
pupal transition in different insects as well as in B. mori. In
the fat body, the ecdysone receptor (EcR) is necessary for
the induction of autophagy by 20E in Drosophila melanoga-
ster and B. mori, while Atg genes are upregulated in B. mori
during molting and pupation [10, 13, 14].

Long non-coding RNAs (IncRNAs) are a large class of
RNA transcripts that are longer than 200 nucleotides
and lack protein-coding potential [15]. The majority of
IncRNAs are transcribed by RNA polymerase II, and
processed by 5’-capping, 3’-polyadenylation, and alterna-
tive splicing, similar to mRNAs [16]. In the last decades,
advances in transcriptome sequencing have led to the
identification of a large number of IncRNAs in various
eukaryotic organisms using new technologies and bio-
informatics methods [17-22], but there are still few
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studies into their functions. Recently, IncRNAs have
attracted attention because of their critical roles in or-
ganismal growth, development, senescence, and death.
There is evidence that IncRNAs participate in a range of
biological processes, such as X-chromosome silencing
[23], dosage compensation [24], chromosome modifica-
tion [25], genomic imprinting [26], and control of gene
expression [27].

Several studies have investigated the regulatory mecha-
nisms of IncRNAs in autophagy from multiple aspects in
mammals. For example, high glucose levels have been
shown to reduce the expression of the IncRNA HI9,
which activates the transcription of DIRAS3 and induces
autophagy by repressing the PI3K/AKT/mTOR pathway
[28]. LncRNAs HOTAIRM promote the initiation of
autophagy by increasing ULK expression [29]. The
IncRNAs PCGEM1 affect the nucleation of autophagy by
regulating the expression of Beclinl [30]. The IncRNAs
APF can promote the extension and fusion of autopha-
gosomes [31]. The IncRNA MALATI can also regulate
the expression of LAMP1 by miR-23-3p during the for-
mation of autolysosomes [32]. However, research into
insect IncRNAs and their functions during metamor-
phosis and autophagy is still scarce.

The silkworm B. mori, an economically important in-
sect which undergoes complete metamorphosis, is a
good model to study the role of IncRNAs in autophagy.
The fat body is an organ which is important for nutrient
storage and energy metabolism in insects. It plays critical
roles in the regulation of insect metamorphosis by co-
ordinating different hormones and nutritional signals
[33, 34]. Previous studies have shown that the injection
of 20E into actively feeding larvae up-regulates Atg genes
and reduces TORC1 activity, inducing autophagy in the
fat body [10]. Although some progress has recently been
made on the investigation of silkworm IncRNAs [35—
41], their functions remain poorly understood, including
whether and how they regulate autophagy and metamor-
phosis. In this study, the IncRNAs associated with the
20E response in the fat body of B. mori were identified
and validated. The function of the selected IncRNA was
further characterized by studying the specific expression
patterns and its target gene. To the best of our know-
ledge, our study was the first to identify IncRNA that
might be involved in the 20E-induced autophagy in silk-
worm. Our results lay a foundation for future studies in
elucidating the regulatory role of IncRNAs in autophagy
and other biological processes in B. mori.

Results

Genome-wide identification of IncRNAs using RNA-seq
We first estimated the 20E-induced autophagy in the fat
body from the 2-day-old 5th instar larvae using Lyso-
Tracker Red staining. The staining was undetectable in
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the control samples. However, in the 20E-induced sam-
ples, the staining increased in fat body 2-12 h post-
injection with 20E (h.p.i.20E) but became less intense at
24 h.p.i.20E (Fig. 1). The expression of the autophagy-
related genes, Atgl and A#g8, in the fat body at 2, 6, 12,
and 24 h.p.i.20E showed that their expression did not
change at 2 h.p.i.20E, but had increased significantly at 6
and 12 h.p.i.20E, then decreased at 24 h.p.i.20E (Fig. 2).

Based on these results, and those of previous studies
[10, 42], 12 libraries from controls and treated fat bodies
at 2 and 6 h.p.i.20E were constructed and sequenced.
Approximately 82 to 108 million raw reads were gener-
ated per sample, and 80 to 105 million clean reads per
sample with high quality were retained. Approximately
85.12-90.61 % of clean reads were mapped to the silk-
worm genome, and 75.91-85.27 % of clean reads were
uniquely mapped. The clean reads were mapped with a
reference annotation, and 56.67-64.67 % of them were
mapped to mRNAs (Additional file 1: Table S1).

The putative IncRNAs were identified following several
filtering steps (Fig. 3a). The protein-coding potential of
each transcript was predicted using the Coding Potential
Calculator (CPC, http://cpc.gao-lab.org/) and the Protein
Families Database (PFAM) [43] (Fig. 3b). In total, 1035
putative IncRNAs were identified. According to their
genomic location and neighboring genes, they were clas-
sified into two types: lincRNA (long intergenic non-
coding RNA) and antisense IncRNA. LincRNAs are tran-
scripts located in the intergenic regions between two
protein-coding genes. Antisense IncRNAs are transcripts
that have exonic overlap with a known protein-coding
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gene on the opposite strand. A total of 87.3% of the
identified IncRNAs were lincRNAs, and 12.7 % were
antisense IncRNAs (Fig. 3c). Information about all
IncRNAs is shown in Additional file 2 (Table S2).

Characteristic features of IncRNAs and mRNAs

A total of 1035 IncRNAs and 14,622 mRNAs were ob-
tained from the fat body of silkworm (Additional file 3:
Table S3). The features of the IncRNAs, including tran-
script length, exon number, and expression levels, were
assessed and compared with those of mRNAs. The size
of the IncRNAs varied from 212 nt to 42,442 nt, with
60 % of IncRNAs having a length = 1000 nt. The mean
length of lincRNAs was 2412 nt, and that of antisense
IncRNAs was 4027 nt, greater than the mean length of
mRNAs (1224 nt) (Fig. 4a). LncRNAs had fewer exons
than mRNAs: 2.48 for lincRNAs and 2.95 for antisense
IncRNAs versus 5.44 for mRNAs on average (Fig. 4b),
and the expression level of IncRNAs was lower than that
of mRNAs (Fig. 4c). These results provided an overview
of transcriptional changes in the expression of IncRNAs
in the silkworm fat body in response to 20E treatment.

Differential expression of IncRNAs and mRNAs

Expression changes of IncRNAs and mRNAs in different
silkworm samples were investigated based on the Frag-
ments Per Kilobase of exon model per Million mapped
fragments (FPKM) values of genes. In total, 166 differen-
tially expressed IncRNAs and 3041 mRNAs were de-
tected in silkworm fat body after 20E injection (Fig. 5).
Thirty-five upregulated and 97 downregulated IncRNAs

Control

20E

2h 6 h 12h 24 h

Fig. 1 Autophagy detection after 20E treatments in B. mori fat body by LysoTracker Red staining (red, magnification 40 x, the scale is 50 um)
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Fig. 2 Expression analysis of Atg7 (a) and Atg8 (b) in 20E treated fat body by gqRT-PCR. Data were normalized to the housekeeping gene actinA3
and are shown as the mean =+ standard error, *P < 0.05, **P < 0.01, no significant differences are denoted by n.s. above bars, Two tailed, paired
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were found at 2 h.p.i20E between treated and control
(T_2h vs. C_2h), 31 upregulated and 33 downregulated
IncRNAs were found at 6 h.p.i.20E between treated and
control (T_6h vs. C_6h), 878 upregulated and 1177
downregulated mRNAs were detected in the T 2h vs.
C_2h group, and 755 upregulated and 972 downregu-
lated mRNAs in the T_6h vs. C_6h group (Table 1). As
shown in Figs. 5 and 30 differentially expressed IncRNAs
and 741 differentially expressed mRNAs were shared be-
tween the two groups (Additional file 4: Table S4). Heat-
maps constructed from these data are shown in Fig. 6.

GO and KEGG analysis of IncRNA target genes

To explore the function of the identified IncRNAs, their po-
tential target genes were predicted using cis (co-location)
and trans (co-expression) methods. A total of 6493 cis-
regulatory IncRNA-mRNA pairs were predicted within a
region 100 kb upstream and downstream of IncRNAs, of

which 1032 were within 10 kb upstream and downstream
of the nearby target genes. GO analysis [44] showed that
four GO terms were significantly enriched (corrected p-
value < 0.05) in the T_2h vs. C_2h group. However, there
was no significant enrichment of GO terms in the T_6h vs.
C_6h group (Additional file 5: Table S5). KEGG analysis
[45] indicated that 94 pathways were enriched in cis-regula-
tory target genes of IncRNAs in the two groups. The most
enriched pathways included “Phosphatidylinositol signaling
system,” “Ribosome biogenesis,” and “Glyoxylate and dicar-
boxylate metabolism.” The pathways “Hippo signaling path-
way — fly,” “Notch signaling pathway,” and “Wnt signaling
pathway” were common among the top 20 enriched path-
ways (Additional file 6: Table S6).

With respect to the trans regulation of IncRNAs, 42,797
trans-acting IncRNA-mRNA pairs were predicted, includ-
ing 42,651 positive correlation IncRNA-mRNA pairs (r >
0.95) and 146 negative correlation pairs (r < — 0.95). There

a LncRNASs
T 2h vs C_2h T_6h_vs_C_6h

102 30 34

Fig. 5 Overlapped differentially expressed IncRNAs (@) and mRNAs (b) in T_2h vs. C_2h and T_6h vs. C_6h

b MRNASs
T 2h_vs_C_2h T_6h_vs_C_6h

1314 741 986
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Table 1 Number of differentially expressed transcripts in each

group

Transcripts T_2h vs. C_2h T_6h vs. C_6h

IncRNA up-regulated 35 31
down-regulated 97 33

mRNA up-regulated 878 755
down-regulated 1177 972

were 45 significantly enriched GO terms (corrected p-
value < 0.05) in the T_2h vs. C_2h group, and none in
the T_6h vs. C_6h group. Twenty GO terms associ-
ated with metabolism or biosynthesis were enriched
in the category Biological Process, two in Cell Com-
ponent and two in Molecular Function (Additional
file 7: Table S7). KEGG analysis showed 98 pathways
enriched in trams-acting target genes of IncRNAs in
the two groups. The most enriched pathways were
“Fatty acid biosynthesis,” “Citrate cycle,” and “Prote-
asome.” In the two groups, “Fatty acid biosynthesis,”
“Fatty acid metabolism,” and “Citrate cycle” were the
most enriched pathways among the downregulated
target genes, while “Proteasome” and “Lysosome” were
the most enriched pathways in the upregulated target
genes. “Wnt signaling pathway” was the most
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common pathway among the top 20 enriched path-
ways in the T_6h vs. C_6h group (Additional file 8:
Table S8).

Functional analysis of mRNA in silkworm fat body
Differentially expressed mRNAs were analyzed using GO
and KEGG enrichment. Seven GO terms were significantly
enriched in the Biological Process and Molecular Function
categories in the T_2h vs. C_2h group. Sixteen GO terms
were significantly enriched in the T_6h vs. C_6h group
(corrected p-value < 0.05), including 9 in Biological Process,
3 in Cell Component, associated with proteasome complex,
and 5 in Molecular Function, related to different enzyme
activities (Additional file 9: Table S9). KEGG analysis
showed 113 pathways enriched in the differentially
expressed mRNAs in the two groups. The most enriched
pathways of mRNAs in the two groups were “Citrate cycle,”
“Fatty acid metabolism,” and “Proteasome.” “Fatty acid me-
tabolism,” “Fatty acid biosynthesis,” and “Citrate cycle” were
the most enriched pathways for downregulated genes, and
“Proteasome,” “Lysosome,” and “Peroxisome” were the
most enriched pathways for upregulated genes. “Regulation
of autophagy,” “Hippo signaling pathway—fly,” “Notch sig-
naling pathway,” and “Jak-STAT signaling pathway” were
the most common pathways in both groups (Additional file
10: Table S10).

N
.C_2h and T_6h vs. C_6h
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Validation and detection of differentially expressed
IncRNAs and mRNAs

To validate the RNA-seq results, four IncRNAs and two
mRNAs were chosen for qRT-PCR analysis. LNC_
000560 and LNC_000063 were significantly upregulated
at 2 and 6 h.p.i.20E compared with control, whereas
LNC_000458 and LNC_000585 were significantly down-
regulated. The predicted trans target genes (r >0.95) of
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LNC_000560 and LNC_000063 were Atg4B and HR3 re-
spectively, which are essential proteins playing important
roles in 20E regulated autophagy and the molting or
metamorphosis of insects. As shown in Fig. 7, LNC_
000560, LNC_000063, LNC_000458, LNC_000585,
Atg4B, and HR3 showed significantly different expres-
sion at 2 and 6 h.p.i.20E, and observation was consistent
with the RNA-seq data.
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Fig. 7 gRT-PCR validation of selected IncRNAs and mRNAs in 20E treated fat body. a LNC_000560, b LNC_000063, ¢ LNC_000458, d LNC_000585,
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Because AtgdB has not been functionally identified in
B. mori, the phylogenic analysis of ATG4B homologs
from different species was performed. The results
showed that Atg4dB of B. mori was more conserved with
the homologs from other lepidopteran species and D.
melanogaster AtgdA. The sequence identitiy was 100 %
identical to the AtgdB of B. mandarina, 88 % to Helicov-
erpa armigera and Manduca sexta AtgdB, 50 % to the D.
melanogaster AtgdA, 47 % to Homo sapiens ATG4B, and
46 % to Mus musculus ATG4B, but only 33 % identities
to the B. mori Atgd-like, 30 % to the Drosophila AtgdB,
and 25 % to the Saccharomyces cerevisiae Atg4 (Fig. 8).
The alignment of the sequences showed that the pre-
dicted functional domain, peptidase C54, was evolution-
ary conservation among the different ATG4 homologs
(Fig. 9).

Since Atg4B is an essential protein involved in autoph-
agy, to further study the function of IncRNA in 20E-
induced autophagy, we focused on LNC_000560 and its
target gene Afg4B to explore the regulatory function of
IncRNAs in the silkworm. We further analyzed the ex-
pression profiles of LNC 000560 and Atg4B in the fat
body at 2, 6, 12, and 24 h.p.i.20E, at different developmen-
tal stages and in different tissues of silkworm larvae. LNC_
000560 and Atg4B showed highly similar expression pat-
terns in the fat body. The expression of LNC_000560 and
Atg4B was significantly increased at 2, 6, and 12 h.p.i.20E,
and decreased to basal levels at 24 h.p.i.20E (Fig. 10).

Their expression trend at different developmental
stages was also consistent, while several peaks were de-
tected from the second day of 5th instar larvae to the
adult stage. Especially both exhibited expression peaks at
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the later stage of larvae and pupae, as well as on the sec-
ond day of the pupal stage (Fig. 11a). The expression of
LNC_000560 in larval tissues was high in the epidermis
and fat body, and relatively low in other tissues, with no
expression in the hemolymph or midgut (Fig. 11b).
Atg4B showed a similar expression pattern as LNC_
000560, although its highest expression was observed in
testis (Fig. 11c).

RNA interference of IncRNA

To further study the regulation relation between LNC_
000560 and Atg4B, we performed RNAi experiment to
knockdown the expression of LNC_000560 in the fat
body of silkworm larvae. Compared with dsEGFP con-
trol, we found that the expression of LNC_000560 and
Atg4B in fat body was significantly decreased after LNC_
000560 knockdown, which indicated that the expression
of LNC_000560 was successfully down-regulated and it
could indirectly participate in the regulation of autoph-
agy by regulating its target gene Atg4B (Fig. 12).

Discussion

In insects, the fat body undergoes dramatic changes, via
a process known as fat body remodeling, during meta-
morphosis from larva to pupa [34, 46, 47]. Fat body re-
modeling is regulated mainly by 20E and the AMPK-
TOR pathway [48]. To identify IncRNAs involved in
20E-induced autophagy in the fat body, we chose the 2
and 6 h.p.i.20E experimental times for RNA-seq analysis.
A total of 1035 putative IncRNAs were obtained, includ-
ing 905 lincRNAs and 130 antisense IncRNAs. Previous
studies have identified 11,810 IncRNAs from 21 different
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Fig. 8 Phylogenetic analysis of the ATG4 homologs from different species. Bmor: Bombyx mori (Atg4B: XP_004929228.2; Atg4-like: ACJ46060.1),
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tissues [36], 6281 IncRNAs from the available RNA-seq
data of B. mori [37], 599 IncRNAs in the silk gland [38],
13,159 IncRNAs in BmN cells [41]. The divergence of
IncRNAs numbers in B. mori may be due to the use of
different samples and methods. Most of the IncRNAs
were located in intergenic regions, and had 2-3 exons,
which were consistent with 65.6 % lincRNA in BmN cell
and 74.83 % in silk gland. LncRNAs, especially antisense
IncRNA, were longer than mRNAs, although they pos-
sessed a lower number of exons, which were also similar
to those observed in previous studies [36—38]. Silkworm
IncRNAs showed lower expression levels than protein-
coding mRNAs observed, as in mammals [49].
Differential expression analysis showed that 166 differ-
entially expressed IncRNAs and 3041 mRNAs appeared
to be related to the 20E response, among which 30 dif-
ferentially expressed IncRNAs and 741 such mRNAs
were shared between the two groups (T_2h vs. C_2h and
T_6h vs. C_6h). The cis and trans method was used to
predicted the function of the identified IncRNAs, we
found 6493 IncRNA-mRNA pairs in the cis prediction
and 42,797 IncRNA-mRNA pairs in the trans prediction.
KEGG analysis showed that most of the pathways
enriched in cis-regulatory genes were different from
those enriched in trans-acting genes. The pathways most
enriched in differentially expressed mRNAs were “Cit-
rate cycle,” “Fatty acid metabolism,” and “Proteasome,”
similar to the trams-acting target genes. Therefore, we
speculated that the identified IncRNAs might function
mainly as trans-acting genes rather than as cis-regulatory
genes. Besides, among 42,797 trans-acting IncRNA-
mRNA pairs, more than 99 % of them were positive
correlation. The pathways most enriched in both down-
regulated trams-acting target genes and mRNAs were
“Fatty acid biosynthesis,” “Fatty acid metabolism,” and
“Citrate cycle,” whereas, those enriched in upregulated
genes were “Proteasome” and “Lysosome.” The insect fat
body is the main organ involved in energy metabolism
and is analogous to the adipose tissue and liver in verte-
brates. In Drosophila, the fat body is a crucial tissue
controlling energy storage and utilization, and meeting
the changing energy demands of all developmental
stages. Lipids, composed of fatty acids and cholesterol,
are the main form of energy storage [47]. In the last dec-
ade, several studies have found that the expression of
many genes involved in energy metabolism is downregu-
lated by 20E in the Drosophila midgut and fat body,
blocking their metabolic activity for the initiation of
metamorphosis [50, 51]. Further evidence in silkworm
indicated that the fat body is a responsive tissue, which
modifies metabolic activity in response to molting and
pupation induced by 20E [52]. Autophagy-lysosome and
ubiquitin-proteasome are the two major protein degrad-
ation systems in all eukaryotic cells. They are responsible
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for maintaining protein homeostasis by degrading intra-
cellular proteins [53]. Hence, we assume that the identi-
fied IncRNAs may function mainly through the positive
correlation target genes, and the downregulation of these
genes may play a role in fat body development, and up-
regulated genes may function mainly in the degradation
of intracellular proteins via autophagy or ubiquitin
pathway.

Several IncRNAs have been identified in the silkworm,
but only a few of them have so far been functionally
characterized [35, 39, 40]. We predicted 71 trans-regu-
lated target genes for LNC_000560, 8 for LNC_000063,
12 for LNC_ 000458, and 50 for LNC _000585. We se-
lected LNC_000560 and LNC_000063 to verify the ex-
pression of their target genes in the fat body. The results
showed that Atg4B and HR3 were significantly up-
regulated, similar to LNC_000560 and LNC_000063.

Atg4B, a target gene of LNC_000560, is the main hu-
man ortholog of four different ATG4 family members
involved in autophagy and can cleave most of the human
ATGS8 homologs [54]. Increases in ATG4B levels are ac-
companied by the induction of autophagy in pneumonia
and fibrosis [55]. The phylogenic analysis and functional
domain alignment indicated that, apart from the Atg4B
of lepidopteran species, the B. mori Atg4B was more
conserved with D. melanogaster AtgdA and mammals
ATG4B, and B. mori AtgdB-like was more conserved
with D. melanogaster AtgdB. The functional difference
between AtgdB and Atg4B-like in B. mori requires more
investigation. In B. mori, a previous study demonstrated
that Atg4-like is the least sensitive to 20E of the 13 Atg
genes [10]. In our study, Atg4B was significantly up-
regulated after 20E treatment, which indicated that
Atg4B expression was more sensitive to 20E than Atg4-
like. The expression profiles of LNC_000560 and Atg4B
were highly consistent in 20E-treated fat bodies and in
the different developmental stages from larvae to adults.
Moreover, RNAi of LNC_000560 significantly decreased
the mRNA level of Azg4B. While autophagic activity is
reduced in Azg4 deficient yeast and Atg4b deficient mice,
the deletion of Atg4c in mice has little impact on au-
tophagy, Atg4d silencing prevents autophagosome for-
mation and induces cell death [54—56]. Therefore, LNC _
000560 may be involved in the 20E-induced autophagy
of the fat body by up-regulating its target gene Atg4B.
However, it remains unclear how LNC_000560 regulate
the expression of its target genes and participate in au-
tophagy and the development of B.mori. Further studies
should be conducted to clarify the regulatory mechanism
between IncRNAs and their target gene.

Conclusions
In the current study, 1035 IncRNAs were identified from
12 RNA-seq libraries of the B. mori fat body, including
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905 lincRNAs and 130 antisense IncRNAs. In total, 166
IncRNAs showed significant changes in expression when
responding to 20E. Prediction of target genes showed
that some IncRNAs and mRNAs were involved in im-
portant biological processes, such as autophagy and
molting. The functional study of LNC_000560 and its
target genes indicated a potential role of LNC_000560 in
20E-induced autophagy of B. mori via the indirect regu-
lation of Atg4B. These results provide a solid foundation
for further study into the regulatory mechanisms of
IncRNAs in 20E-induced autophagy, and their roles in
other biological processes in B. mori.

Methods

Silkworm rearing and tissue collection

All experiments were carried out with silkworm strain
Dazao p50, obtained from the Sericultural Research In-
stitute, Chinese Academy of Agricultural Sciences. Lar-
vae were reared on fresh mulberry leaves at 25°C under
12 h light/12 h dark cycles.

The 20E levels in the 2-day-old 5th instar larvae are
low, and the fat body is sensitive to 20E [57]. Accord-
ingly, insects at this stage of development were chosen
for injection of 5 pug 20E (Solarbio, SE8010) per larva.
Control insects were injected with the same volume of
solvent. The fat body tissues of ten individuals were dis-
sected from the larval abdominal segment at 2, 6, 12,
and 24 h.p.i.20E, and tissues from each time point were
pooled. The insects’ whole bodies from each day of the
4th and 5th instar stages after discarding the food resi-
dues, as well as each day of pupae until the 3rd day of
adulthood were collected. The head, epidermis,
hemolymph, midgut, malpighian tubules, fat body, silk
gland, testis, and ovary were collected from the 3rd day
of 5th instar larvae. Three biological replicates were used
for each experiment. All samples were frozen immedi-
ately in liquid nitrogen and stored at — 80°C until use.

LysoTracker Red staining

LysoTracker is an acidotropic dye that stains cellular
acidic compartments, including lysosomes and autolyso-
somes. It has been used to detect autophagy-associated
lysosomal activity from yeast to human [58, 59]. Lyso-
Tracker Red staining has proven to be an effective indi-
cator of autophagy in B. mori fat body [10]. Newly
collected fat body tissues were fragmented by forceps,
washed with PBS, stained with LysoTracker Red DND-
99 at a final concentration of 50 nM (L7528, Thermo
Fisher Scientific, USA) for 5 min at 37°C, and washed
again with PBS 3 times. The LysoTracker Red staining
of the samples was observed under a Nikon Eclipse C1
confocal microscope.
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RNA extraction, library construction and sequencing
Total RNA from the silkworm’s fat body tissue at 2 and
6 h.p.i.20E was extracted using the Trizol reagent (Invi-
trogen) and further purified with RNeasy kits (Qiagen).
RNA quantification and quantification were detected in
Novogene Bioinformatics Institute (Beijing, China) fol-
lowing standard procedure. RNA purity was checked
using a NanoPhotometer spectrophotometer (IMPLEN,
CA, USA). RNA concentration was measured using
Qubit RNA Assay Kits in a Qubit 2.0 Flurometer (Life
Technologies, CA, USA). RNA integrity was assessed
using RNA Nano6000 Assay Kits from the Bioanalyzer
2100 system (Agilent Technologies, CA, USA).

RNA-seq was carried out following standard Illumina
protocols as previous reported [60]. A total of 3 ug RNA
per sample was used as input material for RNA sample
preparation. Ribosomal RNA was removed using Epi-
centre Ribo-zero™ rRNA Removal Kits (Epicentre, USA),
and rRNA-free residue was cleaned up by ethanol precipi-
tation. Subsequently, sequencing libraries were generated
using the rRNA-depleted RNA with NEBNext Ultra™ Dir-
ectional RNA Library Prep Kits for Illumina (NEB, USA),
following manufacturer’s recommendations. Finally, the
products were purified, and the library quality assessed
using the Agilent Bioanalyzer 2100 system. The clustering
of the index-coded samples was performed on a cBot
Cluster Generation System using TruSeq PE Cluster Kits
v3-cBot-HS (Illumina), according to the manufacturer’s
instructions. After cluster generation, the libraries were
sequenced on an Illumina HiSeq 2500 platform (Novo-
gene Bioinformatics Institute, Beijing, China) and 125 bp
paired-end reads were generated.

Mapping to reference genome

Data analysis was conducted by the Novogene Gene
Regulation Department (Beijing, China) as previous re-
ported [60]. Raw read data in FASTQ format were proc-
essed using custom Perl scripts. In this step, clean data
were obtained by removing reads containing adapter or
ploy-N, and low-quality reads, from the raw data. The
Q20, Q30, and GC contents of the clean reads were cal-
culated. All downstream analysis were based on the
clean, high quality reads. Reference genome and gene
annotation files of silkworm B. mori were downloaded
from SilkDB website (http://silkworm.genomics.org.cn/)
and NCBI genome site (https://www.ncbi.nlm.nih.gov/
genome/). An index of the reference genome was built
using Bowtie v2.0.6 and paired-end clean reads were
aligned to the reference genome using TopHat v2.0.9
(http://ccb.jhu.edu/software/tophat/index.shtml) [61].

Transcriptome assembly
The mapped reads of each sample were assembled using
both Scripture (beta2) [62] and Cufflinks v2.1.1 (http://
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cole-trapnell-lab.github.io/cufflinks/) [63] in a reference-
based approach. Both methods use spliced reads to
determine exon connectivity, but the methods use two
different approaches. Scripture uses a statistical segmen-
tation model to distinguish expressed loci from experi-
mental noise, and uses spliced reads to assemble
expressed segments. It reports all statistically signifi-
cantly expressed isoforms at each locus. Cufflinks uses a
probabilistic model to simultaneously assemble and
quantify the expression level of a minimal set of iso-
forms which provides a maximum likelihood explanation
of the expression data in each locus.

LncRNA identification and classification

The putative IncRNAs were screened and identified from
the silkworm transcriptome. The filtering process in-
cluded five steps: (1) single exon transcripts were elimi-
nated; (2) transcripts of <200 bp were removed; (3)
transcripts that overlapped with any protein-coding exon
in the sense orientation were filtered out; (4) transcripts
with fragments per kilobase of transcripts per million
mapped reads (FPKM) < 0.5 were removed; and (5) tran-
scripts with protein-coding potential as predicted by either
CPC or PFAM were excluded, while transcripts without
protein-coding potential made up the candidate set of
IncRNAs [64, 65]. The putative IncRNAs were classified
into two groups, lincRNA and antisense IncRNA, using
the class code module in Cuffcompare (http://cole-
trapnell-lab.github.io/cufflinks/cuffcompare/) [66].

Expression analysis of IncRNAs and mRNAs

The expression levels of both IncRNAs and protein-
coding genes in each sample were measured using
Cuffdiff (v2.1.1) [66]. Gene FPKMs were calculated by
summing the FPKMs of transcripts in each gene group.
FPKM stands for fragments per kilobase of exon per
million mapped fragments, which is calculated based on
the length of the fragments and reads count mapped to
each fragment. Cuffdiff provides statistical routines for
determining differential expression in digital transcript
or gene expression data, using a model based on the
negative binomial distribution. Transcripts with a g-
value < 0.05 were identified as differentially expressed.

Co-location analysis and functional enrichment

Cis-regulatory IncRNAs target and regulate the neigh-
boring protein-coding genes [67, 68]. We searched the
protein-coding genes within 100 kb / 10 kb upstream or
downstream of all the identified IncRNAs, and then ana-
lyzed their function by functional enrichment. All co-
located genes were used for GO enrichment analysis and
KEGG enrichment analysis. GO enrichment analysis of
the neighbor genes were implemented using goseq [69].
KEGG metabolic pathway enrichment analysis was
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carried out using KOBAS2.0 [70]. GO terms and KEGG
pathways with p-values < 0.05 were considered signifi-
cantly enriched.

Co-expression analysis

The expression levels of the identified IncRNAs and
mRNAs from the two different stages were used to
analyze the co-expression relationships of IncRNAs and
protein-coding genes. Pearson’s correlation coefficients
between the expression levels of 1035 IncRNAs and 14,
622 mRNAs were calculated with custom scripts (r>
095 or r<-0.95), and the candidate IncRNA target
genes were used for functional enrichment analysis to
predict the function of IncRNAs. Hypergeometric test
and Benjamini—Hochberg FDR (false discovery rate) cor-
rection were used for statistically analysis, and only GO
terms or KEGG pathways with corrected p-values < 0.05
or FDR < 0.05 were considered significant.

Expression validation of the selected IncRNAs and mRNAs
Atgl is required for autophagosome initiation and is
sensitive to 20E injection, Atg8 is the protein most
widely used to monitor autophagy [71, 72]. The expres-
sion of the autophagy-related genes, Atgl and Atg8, in
the fat body at 2, 6, 12, and 24 h.p.i20E was evaluated
using qRT-PCR. The relative expression levels of the dif-
ferentially expressed IncRNAs was confirmed using
qRT-PCR. Total RNA from silkworm fat body 2, 6, 12,
and 24 h.p.i.20E, and different developmental stages and
tissues were used for the first-strand ¢cDNA synthesis
using RevertAid First Strand cDNA Synthesis Kits
(Thermo Fisher, USA), according to the manufacturer’s
instructions. qRT-PCR was carried out using Roche
FastStart Universal SYBR Green Master (Rox) (Roche,
Switzerland). Each reaction was performed on a BIO-
RAD CFX96 Real-Time PCR Detection System with
three biological replicates. The relative expression levels
of IncRNAs were calculated using the 272" method
[73]. Silkworm actinA3 (GenBank accession number
U49854) was used as a reference gene. All the primers
were designed using Primer 5.0 software (Additional file
11: Table S11). The PCR products were sequenced by
the Beijing Genomics Institute (BGI, Beijing).

RNA interference

The primers of LNC_000560 and EGFP containing the
T7 promoter sequence were designed for RNA interfer-
ence. Their double-stranded RNA (dsRNA) were synthe-
sized using T7 RiboMAX™ Express RNAi system
(Promega, P1700) according to the manufacturer’s in-
struction. The dsRNA (10 pg per larva) of LNC_000560
was injected into 2-day-old 5th instar larvae, and EGFP
dsRNA was injected as a control. After injection for
24 h, the fat body was dissected for qRT-PCR analysis.
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All the primers used in this study are listed in Additional
file 11 (Table S11).

Bioinformatics analysis

Phylogenetic analysis was performed using MEGA5.0
software and the neighbor-joining method. The align-
ment of the peptidase C54 domain of ATG4B homologs
was performed using the programs MultAlin [74] and
ESPript [75]. All sequences were obtained from the
NCBI and SilkDB databases.

Statistics analysis

Statistical analysis were performed using Prism 5, figures
were prepared using Prism 5 and Adobe Illustrator CS5.
The experimental data were analyzed using two-tailed,
paired t-tests, *p<0.05, **p<0.01, ***p<0.001. The
values are shown as mean t standard deviation of three
independent experiments.
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