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ABSTRACT

The silkworm (Bombyx mori) is not only an excellent model species, but also an

important agricultural economic insect. Taking it as the research object, its advantages
of low maintenance cost and no biohazard risks are considered. Small open reading
frames (smORFs) are an important class of genomic elements that can produce

bioactive peptides. However, the smORFs in silkworm had been poorly identified and
studied. To further study the smORFs in silkworm, systematic genome-wide identi-
fication is essential. Here, we identified and analyzed smORFs in the silkworm using
comprehensive methods. Our results showed that at least 738 highly reliable smORFs
were found in B. mori and that 34,401 possible smORFs were partially supported. We
also identified some differentially expressed and tissue-specific-expressed smORFs,

which may be closely related to the characteristics and functions of the tissues. This
article provides a basis for subsequent research on smORFs in silkworm, and also hopes
to provide a reference point for future research methods for smORFs in other species.

Subjects Agricultural Science, Bioinformatics, Entomology, Genomics, Zoology
Keywords Bombyx mori, smORFs, Peptides, Tissue-specific

INTRODUCTION

Small open reading frames (smORFs), like genes, are important categories of genomic
elements that subvert our understanding of genome coding potential (Basrai, Hieter ¢»
Boeke, 1997). At first, smORFs were considered nontranscriptable and untranslatable
due to their length, which is less than 100 codons (Wu et al., 2019). However, recent
studies have found that millions of smORF sequences exist in the eukaryotic genome and
can be transcribed into RNA. They can be divided into “coding” function (producing
bioactive peptides) and “non-coding” regulatory function (participating in translation
mechanism) RNAs (Couso ¢ Patraquim, 2017). Therefore, a small portion of smORFs
have the potential to be translated into polypeptides (Wu et al., 2019; Ladoukakis et al.,
2011). These peptides with lengths less than 100 amino acids are called micro-peptides or
smORF-encoded peptides (SEPs) (Chen et al., 2021). Further studies on micro-peptides
based on bioinformatics and high-throughput sequencing technology have found that
micro-peptides not only are highly conserved throughout evolution (Ladoukakis et al.,
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2011) but also play an important regulatory role in a series of processes such as biological
development (Sanchez-Ortiz, 2017; Read et al., 2019), metabolism (Makarewich et al., 2018;
Stein et al., 2018), and cancer incidence (Pang et al., 2020; Wu et al., 20205 Li et al., 2020).
Due to the important biological function of small open reading frames, it has gradually
become a popular topic of research.

Domestic silkworms (Bombyx mori) have been raised for more than 5,000 years for
silk production (Wan et al., 2021; Fang et al., 2015) and are now used for commercial
production of important biomedical and industrial bio-materials based on genetic
engineering (Ude et al., 2014; Cao ¢» Zhang, 2016), in addition to being used as food in some
Asian countries (He et al., 2021). Silkworms are also similar to humans in terms of their
sensitivities to pathogens and the comparable effects of drugs on them, and their advantages
for research are their low cost of maintenance, few ethical constraints, and no biohazard
risks (Nwibo et al., 2015; Nouara, Lii XMLAMP Chen, 2018). Hence, the silkworm has
long been recognized as an excellent model organism, similar to Drosophila, for studying
physiology, biochemistry, developmental biology, neurobiology, and pathology (Kawaroto
et al., 2019; Tong et al., 2022). The study of small open reading frames in silkworm may
play an important role in promoting the development of the sericulture industry.

To date, small open reading frames have been thoroughly studied mainly in Drosophila.
For example, Ladoukakis et al. (2011) systematically screened and identified small open
reading frames in the Drosophila genome, the functions of which for some smORFs were
further verified by Magny et al. (2013) and Pueyo et al. (2016). However, our current
understanding of smORFs in silkworm is insufficient. The cloning and functional
verification of a few smORFs in B. mori are almost entirely based on these smORFs that
have been well-studied in Drosophila (Cao et al., 2018; Zhu et al., 2019). More importantly,
we still lack some systematic and comprehensive studies on the identification and analysis
of smORFs in B. mori. In most gene annotation procedures, some basic principles are
generally followed to ensure the accuracy of the results in identifying open reading frames
(ORFs). For example, the minimum length cut-off point (>100 aa) is usually used to
prevent false annotation of ORFs (Jackson et al., 2018; Hanada et al., 2007), and the smaller
OREF nested in the larger ORF is usually not annotated as a gene alone (Wu et al., 2019).
However, smORFs are different from ORFs in sequence length and their theoretical length
can be limited from 2 to 100 codons, which makes it difficult to annotate them by traditional
gene annotation methods (Wu et al., 2019; Hanada et al., 2007).

Based on transcriptomic sequencing datasets, the present work systematically and
comprehensively identified and analyzed smORFs in the silkworm genome by integrating
previous influential and reliable methods, so as to provide a basis for subsequent research
on small open reading frames in silkworm. We further hope to provide reference point for
future development of research methods for smORFs in other species.

MATERIALS & METHODS

Genomic and transcriptomic data
The silkworm genome and annotation data were downloaded from SilkBase (http:
/Silkbase.ab.a.u-tokyo.ac.jp/cgi-bin/download.cgi), which was published in 2019 and based
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on 140 x deep sequencing of long (PacBio,Menlo Park,USA) and short (Illumina,San
Diego,USA) readings. The new genome annotated more RNA-seq and protein data,
resulting in higher quality genome assembly and more accurate gene model than the
previous version (Kawamoto et al., 2019). The genomes and annotations of Heliconius
melpomene (GCA_000313835.2), Melitaea cinxia (GCA_905220565.1), Operophtera
brumata (GCA_001266575.1), and Drosophila melanogaster (GCF_000001215.4) used
in this article are all downloaded from National Center for Biotechnology Information
(NCBI).

Transcriptomic raw data were downloaded from previous studies and each sample
has three biological replicates (see Table S1 for details). The RNA-seq data of B. mori
strain p50T were downloaded from the NCBI Bioproject PRJDB8614, which contained
10 tissues/subparts from 3rd day of 5th instar larvae measured by Illumina NovaSeq6000
(Yokoi et al., 2021). The RNA-seq data of B. mori strain 0751 (wild-type) were taken from
Bioproject PRJDB4976, including five tissues from 3rd-day 5th instar larvae measured by
an [llumina HiSeq 2000 (Ichino et al., 2018; Kikuchi et al., 2017; Kobayashi et al., 2019).

Sequencing alignment and transcript assembly

The original sequence obtained by sequencing contains low-quality reads and adaptor
sequences; however, the subsequent analysis must be based on clean reads. To obtain high-
quality clean reads, the raw sequencing reads were filtered using Trimmomatic software
(version 0.39) (Bolger, Marc ¢ Bjoern, 2014) with the following steps: First, reads with
adaptor sequences were removed. Then, reads containing more than 30% of low-quality
bases (Q < 20) or containing more than 3% of ambiguous “N” were discarded. The reads
were also trimmed where the four-bases-window had an average quality lower than 20.

Since the genome and annotation information of this species is available, it is better to
use genome and annotation information to assist transcript assembly. After the filtering
steps, the clean reads from each sample were aligned to the updated genome assemblies
(http:/silkbase.ab.a.u-tokyo.ac.jp/gi-bin/download.cgi) using HiSAT2 (version 2.0.4)
(Kim, Langmead & Salzberg, 2015) with default parameters, which generated BAM files
for downstream analysis. The statistical power of this experimental design, calculated in
RNASeqPower (https:/rodrigo-arcoverde.shinyapps.iofrnaseq_power_calc/) is 0.983.

The mapped data, the BAM files, were each assembled to transcriptome data by StringTie
(version 2.1.7) (Pertea et al., 2015), and the minimum read coverage, minimum input
transcript length, and minimum locus gap separation were set to 10X, 30 bp, and 1 bp,
respectively. Then, StringTie-merge was used to filter the 45-transcriptome data under the
following conditions: input transcript coverage > 10, input transcript FPKM > 1, isoform
fraction > 0.1, locus gap separation > 1. Finally, the data was merged into a new reference
transcriptome.

Identification of sSmORFs

The identification process for smORFs is shown in Fig. 1A. To identify smORFs in

B. mori, it is essential to obtain the silkworm-specific Kozak sequences. First, the existing
protein sequences of B. mori were aligned to the SwissProt (Duvaud et al., 2021) database
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(https:/wvww.expasy.org/iesourcesfuniprotkb-swiss-prot), and the alignment results were
retained according to the conditions of identity > 30% and coverage > 30% to identify
the proteins with high reliability. Second, a set of Kozak sequences with a total length of
14 bp was obtained by extracting the upstream 9 bp (-9 to —1) and downstream 3 bp (41
to +3) sequences of translation initiation sites. Finally, according to the rules of the Kozak
sequence (Kozak, 2002), the first codon does not need to be ATG, it may have a variety of
forms, namely the first base substitution: TTG, GTG, CTG; the second base substitution:
AAG, ACG, AGG; the third base substitution: ATT, ATC, ATA (As shown in Fig. 1A).

Transcript-based de novo annotation: Using software ORFfinder (version: 0.4.1)
downloaded from NCBI (https:/www.ncbi.nlm.nih.gov/orffinder/) to predict the smORFs
in each transcription sequence, the parameter was set to “-ml 5 -s 2 -strand plus,” that is,
the minimum length is 5, located in the sense chain, and the starting codon is a meaningful
codon. The annotated results retain results with less than 300 bp (100 amino acids) in
length and must have a stop codon. In addition, according to the KOZAK rule, it is not
appropriate to set only to normal ATG, so the final merged rule are starting codon is an
ATG or KOZAK variant, less than 100 amino acids and with a termination codon.

The de novo annotation of conservative regions was based on genome-wide alignment:
First, the silkworm genome was aligned with Heliconius melpomene, Melitaea cinxia,
Operophtera brumata, and Drosophila melanogaster genome using LastZ software
(Harris, 2007) (version: 0.4.1, default parameters), and then the conservative regions
in at least two species above silkworm were calculated and extracted with an in-
house script using the software ORFfinder (version: 0.4.1) downloaded from NCBI
(https:/www.ncbi.nlm.nih.gov/orffinder/) to predict the smORFs in each conservative
region. The Except-Strand parameter was set to “both,” the other parameters and filtering
conditions were consistent with the above.

Classification of smORFs

We conducted research on classification by confidence level of smORFs from two
aspects. One was the prediction of its coding potential and the other was homologous
alignment in the relevant database, CPPred-sORF script (Tong et al., 2020) (http:
[www.rnabinding.com/CPPred-sORF/), which was used to predict the potential of de
novo annotated smORF sequences. According to the length of protein sequences translated
by smORFs, it was divided into a long sequence set (>15 aa) and a short sequence set (< 15
aa). Sequences in the long sequence set were aligned to the reference smORF database, which
has integrated the current reliable smORF databases: sORFs. Org (Volodimir, Van Criekinge
& Gerben, 2018) (http:/sorfs.org/), OpenProt (Brunet et al., 2019) (https:/openprot.org),
SmProt (Hao et al., 2018) (http:/bigdata.ibp.ac.cn/SmProt/) and for proteins less than
100 amino acids in Refseq (O’Leary et al., 2016) (https:/;www.ncbi.nlm.nih.gov/irefseq)),
and Swissport (Duvaud et al., 2021) databases. Those sequences that were collected in
Reference smORF database with E value < 0.15 were retained, according to the study of
Ladoukakis et al. (2011). For the sequences in the short sequence set, we directly confirmed
whether they have been collected in smORFs using Org (Volodimir, & Gerben, 2018)
database.
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Then, we classified smORFs according to their confidence level. These smORFs were
divided into high confidence (HC1-HC4) and low confidence (LC1-2). The classification
criteria are shown in Table 52, where categories are ranked by level of credibility.

We further classified smORFs according to the relationship between smORFs and genes,
then ranked the priority in each category. smORFs were divided into InFrameORF,
OutFrameORF, uORF, dORF, ncORF (including IncORF, miORF, and circORF),
intronORF, and intergenicORF. Definitions and diagrams are shown in Table 53 and
sorted by their priority.

Quantification of smORF expression levels in different tissues

To analyze the differential and tissue-specific expression of smORFs, quantitative expression
is a prerequisite. HTSeq (Anders, Pyl & Huber, 2015) (version 0.11.3) is one of the most
commonly used quantitative software packages, which requires BAM files and annotation
files as input data. BAM files were generated from the “Sequencing alignment and transcript
assembly” section by HISAT2, and annotation files were generated from a combination of
the downloaded genome annotation files and our smORF annotation files. The parameters
of HTSeq software were “ — f bam — s no — r pos — a 10 — m union — t exon.”
The count expression matrix generated by HTSeq-count was used to estimate smORF
expression levels. Specifically, if the coordinate of smORF overlaps with the parent gene,
the expression of this gene was regarded as the expression of smORF. On the contrary,
if the coordinate of smORF did not overlap with any genes, the coordinate region of the
smORF was quantified independently. The correlation was calculated by script PtR in
Trinity RNA-Seq (Haas et al., 2013; Grabherr et al., 2011) (version 2.11.0) with the same
count expression matrix.

Differentially expressed and tissue-specific expression analysis
Differential expression analysis was performed using the script run-DE-analysis.pl from
Trinity RNA-Seq (version 2.11.0) with input data from expected counts generated by
HTSeq-count software. The Analyze-diff-expr.pl script in Trinity RNA-Seq was used for
subsequent expression analysis. The threshold for significantly-differential expression was
set to FDR < 0.05 and log2(fold change) > 2.

The tspex (Antonio et al., 2021) (version: 0.6.2) is a tissue-specificity calculator software
for calculating a variety of tissue-specificity metrics from gene expression data. The
tissue-specificity index (TSI), which was calculated by tspex, was used for the assessment of
tissue-specific expression of genes and smORFs in various samples following the study of
Julien et al. (2012). Preprocessing methods of the input matrix are essential (Kryuchkova-
Mostacci & Robinson-Rechavi, 2017). The following steps were specifically employed: 1. the
value of RPKM less than 1 was set to 0; 2. then logl 0(FPKM) was processed to remove the
smORF with 0 expression level; 3. the mean value of biological replicate samples in the same
tissue was calculated and used as the expression input matrix. The range of TSI values was
between 0 and 1 and was positively correlated with the gene expression specificity in the
tissue. The threshold was set to 0.8 according to Kryuchkova-Mostacci ¢ Robinson-Rechavi
(2017). For flexibility, we also used 0.85, 0.9, 0.95, and 1 as thresholds to calculate smORFs
specifically expressed in each tissue.
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RESULTS

Data prepossessing, reads alignment, and transcript assembly
Transcriptomic sequencing of a range of silkworm tissue sources revealed many novel gene
sequences (Fig. 2). The transcriptome data downloaded in this paper include 10 different
major tissues of silkworms and silk gland tissues can be divided into anterior, middle,
posterior, and whole silk gland tissues (Table S1). After data filtering, these samples retain
only high-quality parts of the original data, with an average retention rate of about 85%.
In these samples, the lowest proportion is 56.75%, and the highest proportion is 97.89%
(Table S4).
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According to the alignment results of clean reads through HISAT2, in each sample the
highest proportion of reads that could be aligned to the reference genome was 98.95% with
the lowest at 85.65%, averaging 94.49%. The highest proportion of reads that could only
be aligned to the reference genome sequence once was 88.45%, the lowest of which was
43.27%, with an average of about 67.25% (Fig. 2A, Table S5).

According to the assembly and merge results of clean reads through StringTie, novel
genes and novel transcripts were found in all samples. The ratio of novel genes ranged from
24.09% to 59.18%, with an average of 37.68%; the ratio of novel transcripts was between
31.21% and 62.20%, with an average of 45.54% (Fig. 2B, Table S6).

The transcript length was mainly distributed between 200 and 300 bp, single exon
length was distributed between 100 and 200 bp, and the number of transcript exons was
concentrated between 1 and 2 (Fig. 2C). In the subsequent statistical analysis, we classified
and counted the variable number of isoforms of genes, and the results showed that the
number of isoforms was negatively correlated with the number of genes category (Table
S7 ). According to the results of the BUSCO annotation integrity verification, for each
sample based on 1,013 conserved genes, the integrity evaluation of sample annotation and
merged annotation results were not completely in agreement. However, after the merger,
the integrity reached 1,010 complete genes and the fragment size was three genes, without
missing genes (Fig. 2D).

The correlation analysis was performed according to the gene expression of each sample.
The results are shown in Fig. 2E. The correlation between different replicates of the same
sample was higher than that between samples. Concurrently, the correlation between
samples with the same or similar sources was also high; for example, the correlation
between MSG_A (anterior part of the middle silk gland), MSG_M (middle part of the
middle silk gland), MSG_P (posterior part of the middle silk gland), and PSG (posterior
silk gland) was high.

Identification of smORFs

To identify potential smORFs, we established the analysis pipeline shown in Fig. 1A. By
de novo annotation of RNA-seq, conserved region prediction, prediction of coding and
screening, and construction of silkworm-specific Kozak sequences, 34401 smORFs were
identified in B. mori.

Classification of smORFs
According to the supporting evidence of each smORFs, 34401 smORFs can be classified
into high confidence and low confidence levels as shown in Table 1. Among the 34105
smORFs in the high confidence level (HC), 33355 smORFs were identified as smORFs with
coding potential by CPPred-sORF software and 750 smORFs were in or with homologous
sequences in the joint database. Of these, 738 smORFs were supported by both lines of
evidence (Fig. 1C). A total of 296 smORFs were identified in low-confidence level (LC),
of which 215 were supported by de novo transcript prediction only and 81 by evidence of
evolutionary conservation only.

Subsequently, the Kozak sequences of reliable coding genes (RGs) and smORFs of
high confidence levels (HC1-3), i.e., 9 bp upstream to 3 bp downstream of the starting
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Table 1 Number of smORFs in each confidence level and their classifications.

InFrameORF  OutFrameORF  dORF  IntergenicORF ncORF uORF  Total

HC1 165 259 10 130 161 13 738
HC2 1 1 - 10 - - 12
HC3 2,855 7,534 982 7,529 13,286 1,169 33,355
LC1 1 - - 214 - - 215
LC2 4 13 - 59 1 4 81
total 3,026 7,807 992 7,942 13,448 3,026 34,401

transcription site, were analyzed as shown in Fig. 1D. According to the results of statistical
analysis, RGs, HC1 and HC3 are conservative at specific positions. Among them, RGs has
only one possible base composition at six sites (—4, —3,+1,42,+3, +4), while HCI and
HC3 have five and one sites respectively. The statistical analysis results of the initiation
codons show that both RGs and HC1 are conventional ATG, while the initiation codons of
HC2 and HC3 have different types besides ATG, such as ATT, TTG, AGG, etc. In general,
the Kozak sequence polymorphism of RGs and HCs was mainly concentrated between
-9bp and -5bp.

These identified 34,401 smOREFs can also be classified according to their different
positions in the genome and different relative positions within their parent genes (Table S3).
In this study, smORFs are divided into six categories: InFrameORF, OutFrameORF, dORF,
intergenicORF, ncORF, and uORF. Among these categories, there were 13,448 non-coding
ORFs, accounting for 39.09% of the total number, followed by 7,942 Intergenic ORFs and
7,807 OutFrameORFs, accounting for 23.09% and 22.69% of the total, respectively. The
lowest number was found in dORFs (992), which were located downstream of the parent
gene, only accounting for 2.88%. However, the proportion of different types of smORFs
was not completely related to their overall expression. For example, the proportion of
dORFs in the identified smORFs was the smallest, but the overall expression was the
highest. The proportion of Intergenic ORFs in the identified smORFs was only second to
that of non-coding ORFs, but their overall expression level was the lowest.

Differential expression of smORFs
The correlation analysis of the samples was performed according to the identified smORF
expression. As shown in Fig. 3A, the correlation analysis was consistent with the gene
correlation analysis: the correlation between different repetitions of the same sample was
high and the correlation between samples with the same or similar sources was also high.
To explore the expression of smORFs in different tissues of silkworm, the expression of
smORFs in different samples was quantitatively analyzed using Trinity RNA-Seq software.
The average of three biological repeat expression levels of smORFs in each tissue was
taken as the expression level of smORFs in the tissue. With TPM value as a reference,
the expression of all genes and all identified smORFs was analyzed. It was found that the
overall gene expression was higher than that of smORFs, and the P-value was less than
2.22e—16 (Fig. 3B). The expression distribution among different smORF classifications
was also compared, as shown in Fig. 3C.
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Figure 3 The expression pattern of smORF in the silkworm. (A) Heatmap of sample correlation ma-
trix based on smORF expression. (B) Comparison of expression levels between protein-coding gene and
smORF. (C) Comparison of expression distribution among different smOREF classifications.

Full-size Gl DOI: 10.7717/peerj.14682/fig-3

Based on the expression results, we analyzed the differentially expressed smORFs between
different silkworm tissues with FDR < 0.05 and log2(fold change) > 2 as the screening
condition. As shown in Table 2, the average number of smORFs differentially expressed
among organizations was 5874.5, of which the largest number was between silk gland and
testis. The number of DES (differential-expressed smORFs) reached 12,454, of which the
smallest number was between the middle part of the middle silk gland and the posterior
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Table2 The number of differentially expressed smORFs between tissues.

ASG FB MG MSG_A MSG_M MSG_P MT ov PSG SG TT Average
ASG 0 4,686 5,159 3,260 3,589 3,514 4,379 5,156 4,148 9,582 8,545 5201.8
FB 4,686 0 4,103 4,356 4,878 4,772 4,133 5,201 5,098 8,685 8,186 5409.8
MG 5,159 4,103 0 4,925 5,413 5,297 3,339 6,785 5,649 9,053 8,839 5856.2
MSG_A 3,260 4,356 4,925 0 961 1,149 4,465 5,120 1,712 7,919 8,324 4219.1
MSG_M 3,589 4,878 5,413 961 0 171 5,073 5,794 1,155 8,461 8,965 4446
MSG_P 3,514 4,772 5,297 1,149 171 0 4,935 5,761 907 8,677 9,010 4419.3
MT 4,379 4,133 3,339 4,465 5,073 4,935 0 5,986 5,183 9,112 8,579 5518.4
ov 5,156 5,201 6,785 5,120 5,794 5,761 5,986 0 6,365 12,340 6,219 6472.7
PSG 4,148 5,098 5,649 1,712 1,155 907 5,183 6,365 0 8,570 9,003 4779
SG 9,582 8,685 9,053 7,919 8,461 8,677 9,112 12,340 8,570 0 12,454 9485.3
TT 8,545 8,186 8,839 8,324 8,965 9,010 8,579 6,219 9,003 12,454 0 8812.4
Hemolymph Epidermis Testis (1547) Fat body (221) anterior silk gland (210)
middle silk gland (MSG) ngjﬁnl;ﬂ:é?)
MSG_Posterior (47)
S posterior silk gland (73)
x
Walpighian tuble (401) 7\
Head rachea Midgut (500) Ovary (460) L=

silk gland (365)

Figure 4 Tissue-specific expressed smORFs genes in the silkworm (TSI threshold = 1.0).
Full-size & DOI: 10.7717/peer;j.14682/fig-4

part of the middle silk gland (only 171). In general, the proximity of the differentiation
direction of tissue samples was related to the reduction in the difference smORFs.

Tissue-specific expression of smORFs

Like tissue-specific genes (called luxury genes), tissue-specific smORFs may also play a
key role in specific physiological functions of their respective tissues (Nguinkal et al., 2021;
He et al., 2018). To explore the tissue-specific expression of smORFs in different tissues,
TSPEX software was used to analyze the tissue specificity of all identified smORFs, and a
TSI value was used to indelicate and filter the tissue-specificity. When the TSI threshold
was set to 0.8, the largest number of smORFs specifically expressed in each tissue was in
testis, which was 1,702, and the smallest number was in the middle part of the middle silk
gland, which was 49, with an average number of 444. When the TSI threshold was set to
the maximum value of 1.0, the number of tissue-specific expression smORFs decreased in
general, but the maximum value was still the testis. The total number decreased to 1,547
and the smallest number remained in the middle part of the middle silk gland, which
decreased to 38, and the average number also decreased to 356 (Fig. 4, Table S8).

DISCUSSION
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Comprehensive smORF candidates

The data analyzed in this paper were downloaded from 45 samples of silkworm strains
p50T and 0751, including 10 tissues, and the same or similar tissues also showed a strong
correlation between strains. These data covered most of the major silkworm tissues and
silkworm genes, providing a prerequisite for the accuracy and completeness of subsequent
definition and analysis of smORFs. In the smORFs identification steps, we first constructed
the silkworm-specific Kozak sequences, and then used ORFfinder to predict the assembled
transcript sequences and the conserved sequences between related species. By integrating
these previous reliable methods, a pipeline for smORFs identification and analysis was
established.

Systematic studies and analyses of smORFs have been conducted in many eukaryotes,
such as Arabidopsis, yeasts, Drosophila and mouse (Frith et al., 2006). The research methods
and results from these species, especially fruit flies that belong to the Class Hexapoda, have
great reference values for the study of silkworm. According to our results, B. mori, like
Drosophila and other species, have a large number of different types of smORFs. The
total number of predicted smORFs was larger than reported in previous studies, possibly
because we integrated a variety of evidences. Our analysis showed that there were at
least 738 functional smORFs in B. mori, supported by the array of evidencs presented
here, accounting for 4.59% (738/16,069) of the 16,069 coding genes (Lu et al., 2020). The
ratio of the number of functional smORFs to the number of coding genes was consistent
with previous studies. Hanada et al. (2007) believe that there may be 3,241 smORFs in
Arabidopsis, this is about 5% of the Arabidopsis genes. According to the study of Basrai,
Hieter ¢ Boeke (1997) and Frith et al. (2006), the functional smORFs in yeast and mice
also account for about 5% of their genes. In a later study of fruit flies, Ladoukakis et al.
(2011) pointed out that there were at least 401 (3% of total genes) functional smORFs in
Drosophila and speculated that the number should be no less than 4,561.

Role of credibility classification

Following the protocols from Couso & Patraquim (2017) and Wu et al. (2019), we divided
the identified 34,401 smORFs into six types according to their position in the genome
and their relative relationship with genes, namely InFrameORF, OutFrameORF, dORF,
intergenicORF, ncORF, and uORF. We further classified them into high confidence and
low confidence levels according to the supporting evidence obtained for each smORF. The
low confidence smORFs identified in this paper were supported by either silkworm-specific
Kozak sequences and transcriptome evidence or silkworm-specific Kozak sequences and
conserved genome sequence of related species; while the smORFs with high confidence
levels should have at least one of the supporting lines of evidence indicating that they
were in or with homologous sequences in the database, or must be able to be identified
by CPPred-sORF as having coding potential. Without doubt, we may miss some real
smOREFs (false negatives), and there are some false positives in our smORFs candidates.
Our classification system based on credibility would facilitate downstream experimental
utilization, especially when we need to study one or several smOREFs, utilizing the most
robust estimation type (HC1).
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The feasibility of smORF function researches

Differential expression analyses and tissue-specific expression analyses are often used to
narrow the range of candidate genes to provide conditions for studying the function and
mechanism of genes. For differentially expressed genes, the absolute expression and relative
expression levels of genes were both important screening conditions. For tissue-specific
genes, except for their expression levels, tissue specificity was also an important reference.
For smORFs with tissue-specific expression or inter-tissue differential expression, their
functions are more likely to be important and related to their corresponding tissues.

CONCLUSIONS

SmORFs, as one of the important components of the genome, play a critical regulatory
role in a series of processes. Using transcriptomics and genomics data, we found at
least 738 highly reliable smORFs in B. mori, and an additional 34,401 smORFs that
were partially supported. These numbers are similar to those found in other organisms.
However, we should note that, with more available datasets from different technologies,
such as translation-omics and proteomics, this list of smORF candidates may be extend,
which urges us generating more publicly available genetic resources for this species with
great biomedical and industrial importance. Altogether, the researches on smORFs in B.
mori may help deepen our understanding of smORFs, so as to provide the guideline for
subsequent studies of smORFs in other species.

ACKNOWLEDGEMENTS

We are grateful to Prof. Jinshu Xiao from Sichuan Academy of Agricultural Sciences
for helpful discussions on topics related to this work. We would like to thank previous
researchers and communities to submit the genome and transcriptome data of the domestic
silkworm to NCBI SRA databases.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the China Agriculture Research System project (NO. CARS-
18-SYZ19), the Sichuan Province ‘14th Five-Year Plan’ crop and livestock breeding projects
(NO. 2021YFYZ0024) and the Sichuan Province Finance Independent Innovation project
(NO. 2022ZZcx084). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
China Agriculture Research System: CARS-18-SYZ19.

Sichuan Province ‘14th Five-Year Plan: 2021YFYZ0024.

Sichuan Province Finance Independent Innovation: 2022ZZcx084.

Wan et al. (2022), PeerdJ, DOI 10.7717/peerj.14682 13/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.14682

Peer

Competing Interests
Ziyan Huang & Cao Deng are employed by LyuKang; DNA Stories Bioinformatics Center

Author Contributions

e Linrong Wan conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the article, and approved the final
draft.

e Wenfu Xiao conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, authored or reviewed drafts of the article, and approved
the final draft.

e Ziyan Huang analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Anlian Zhou performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Yaming Jiang performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

e Bangxing Zou performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Binbin Liu performed the experiments, prepared figures and/or tables, and approved
the final draft.

e Cao Deng conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

e Youhong Zhang conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:
The smORFs candidates and differentially expressed and tissue-specific smORFs are

available at Github: https:/github.com/dengcao3silkworm_smORF.

Data Availability
The following information was supplied regarding data availability:

The smORFs candidates and differentially expressed and tissue-specific smORFs are
available at Github: https:/github.com/dengcao3silkworm_smORF.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.14682#supplemental-information.

REFERENCES

Anders S, Pyl PT, Huber W. 2015. HTSeg—a Python framework to work with high-
throughput sequencing data. Bioinformatics 31:166—169
DOI 10.1093/bioinformatics/btu638.

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 14/19


https://peerj.com
https://github.com/dengcao3/silkworm_smORF
https://github.com/dengcao3/silkworm_smORF
http://dx.doi.org/10.7717/peerj.14682#supplemental-information
http://dx.doi.org/10.7717/peerj.14682#supplemental-information
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.7717/peerj.14682

Peer

Basrai MA, Hieter P, Boeke JD. 1997. Small open reading frames: beautiful needles in the
haystack. Genome Research 7:768-771 DOI 10.1101/gr.7.8.768.

Bolger AM, Marc L, Bjoern U. 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 2114-2120.

Brunet MA, Brunelle M, Lucier JF, Delcourt V, Levesque M, Grenier F, Samandi S,
Leblanc S, Aguilar JD, Dufour P, Jacques JF, Fournier I, Ouangraoua A, Scott
MS, Boisvert FM, Roucou X. 2019. OpenProt: a more comprehensive guide
to explore eukaryotic coding potential and proteomes. Nucleic Acids Research
47(D1):D403-D410 DOI 10.1093/nar/gky936.

Cao G, Gong Y, Hu X, Zhu M, Liang Z, Huang L, Yu L, XuJ, Li K, Zar MS, Zue
R, Gong C. 2018. Identification of tarsal-less peptides from the silkworm
Bombyx mori. Applied Genetics and Molecular Biotechnology 102:1809-1822
DOI 10.1007/500253-017-8708-4.

Cao T, Zhang Y. 2016. Processing and characterization of silk sericin from Bombyx
mori and its application in biomaterials and biomedicines. Materials Science and
Engineering: C 61:940-952 DOI 10.1016/j.msec.2015.12.082.

Camargo AP, Vasconcelos A, Fiamenghi M, Pereira G, Carazzolle M. 2020. tspex: a
tissue-specificity calculator for gene expression data. Research Square (Preprint)

DOI 10.21203/rs.3.rs-51998/v1.

Chen L, Yang Y, Zhang Y, Li K, Cai H, Wang H, Zhao Q. 2021. The small open
reading frame-encoded peptides: advances in methodologies and functional
studies. Chembiochem: a European Journal of Chemical Biology 23:202100534
DOI10.1002/cbic.202100534.

Couso JP, Patraquim P. 2017. Classification and function of small open reading frames.
Nature Reviews Molecular Cell Biology 18:575 DOI 10.1038/nrm.2017.58.

Duvaud S, Gabella C, Lisacek F, Stockinger H, Ioannidis V, Durinx C. 2021. Expasy, the
Swiss bioinformatics resource portal, as designed by its users. Nucleic Acids Research
49:W216-W227 DOI 10.1093/nar/gkab225.

Fang SM, Hu BL, Zhou QZ, Yu QY, Zhang Z. 2015. Comparative analysis of the silk
gland transcriptomes between the domestic and wild silkworms. BMC Genomics
16:60 DOI 10.1186/s12864-015-1287-9.

Frith MC, Forrest AR, Nourbakhsh E, Pang KC, Kai C, Kawai J, Carninci P,
Hayashizaki Y, Bailey TL, Grimmond SM. 2006. The abundance of short proteins in
the mammalian proteome. PLOS Genetics 2:e52 DOI 10.1371/journal.pgen.0020052.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan
L, Raychowdhury R, Zeng Q, Chen Z, Mauceli E, Hacohen N, Gnirke A, Rhind N,
di Palma F, Birren BW, Nusbaum C, Lindblad-Toh K, Friedman N, Regev A. 2011.
Full-length transcriptome assembly from RNA-Seq data without a reference genome.
Nature Biotechnology 29(7):644—652 DOI 10.1038/nbt.1883.

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden ], Couger MB,
Eccles D, Li B, Lieber M, MacManes MD, Ott M, Orvis J, Pochet N, Strozzi F,
Weeks N, Westerman R, William T, Dewey CN, Henschel R, LeDuc RD, Friedman
N, Regev A. 2013. De novo transcript sequence reconstruction from RNA-seq

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 15/19


https://peerj.com
http://dx.doi.org/10.1101/gr.7.8.768
http://dx.doi.org/10.1093/nar/gky936
http://dx.doi.org/10.1007/s00253-017-8708-4
http://dx.doi.org/10.1016/j.msec.2015.12.082
http://dx.doi.org/10.21203/rs.3.rs-51998/v1
http://dx.doi.org/10.1002/cbic.202100534
http://dx.doi.org/10.1038/nrm.2017.58
http://dx.doi.org/10.1093/nar/gkab225
http://dx.doi.org/10.1186/s12864-015-1287-9
http://dx.doi.org/10.1371/journal.pgen.0020052
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.7717/peerj.14682

Peer

using the Trinity platform for reference generation and analysis. Nature Protocols
8(8):1494-1512 DOI 10.1038/nprot.2013.084.

Hanada K, Zhang X, Borevitz JO, Li WH, Shiu SH. 2007. A large number of novel
coding small open reading frames in the intergenic regions of the Arabidopsis
thaliana genome aretranscribed and/or under purifying selection. Genome Research
17(5):632-640 DOI 10.1101/gr.5836207.

HaoY, Zhang L, Niu Y, Cai T, Luo J, He S, Zhang B, Zhang D, Qin Y, Yang F, Chen R.
2018. SmProt: a database of small proteins encoded by annotated coding and non-
coding RNA loci. Briefings in Bioinformatics 19(4):636—-643 DOT 10.1093/bib/bbx005.

Harris RS. 2007. Improved pairwise alignment of genomic DNA. Dissertations & Theses
- Gradworks.

He C, Jia C, Zhang Y, Xu P. 2018. Enrichment-based proteogenomics identifies micro-
proteins, missing proteins, and novel smORFs in Saccharomyces cerevisiae. Journal
of Proteome Research 17:2335-2344 DOI 10.1021/acs.jproteome.8b00032.

He W, Li S, He K, Sun FAnd, Mu L, Li Q, YiJ, He Z, Liu Z, Wu X. 2021. Identification of
potential allergens in larva, pupa, moth, silk, slough and feces of domestic silkworm
(Bombyx mori). Food Chemistry 362:130231 DOI 10.1016/j.foodchem.2021.130231.

Ichino F, Bono H, Nakazato T, Toyoda A, Fujiyama A, Iwabuchi K, Sato R, Tabunoki
H. 2018. Construction of a simple evaluation system for the intestinal absorption
of an orally administered medicine using Bombyx mori larvae. Drug Discoveries &
Therapeutics 12:7-15 DOI 10.5582/ddt.2018.01004.

Jackson R, Kroehling L, Khitun A, Bailis W, Jarret A, York AG, Khan OM, Brewer
JR, Skadow MH, Duizer C, Harman CCD, Chang L, Bielecki P, Solis AG, Steach
HR, Slavoff S, Flavell RA. 2018. The translation of non-canonical open reading
frames controls mucosal immunity. Nature: International Weekly Journal of Science
564(7736):434-438 DOI 10.1038/s41586-018-0794-7.

Julien P, Braw D, Soumillon M, Necsulea A, Liechti A, Schiitz F, Daish T, Griitzner F,
Kaessmann H. 2012. Mechanisms and evolutionary patterns of mammalian and
avian dosage compensation. PLOS Biology 10:¢1001328
DOI 10.1371/journal.pbio.1001328.

Kawamoto M, Jouraku A, Toyoda A, Yokoi K, Minakuchi Y, Katsuma S, Fujiyama
A, Kiuchi T, Yamamoto K, Shimada T. 2019. High-quality genome assembly of
the silkworm, Bombyx mori. Insect Biochemistry and Molecular Biology 107:53—62
DOI 10.1016/j.ibmb.2019.02.002.

Kikuchi A, Nakazato T, Ito K, Nojima Y, Yokoyama T, Iwabuchi K, Bono H, Toyoda A,
Fujiyama A, Sato R, Tabunoki H. 2017. Identification of functional enolase genes
of the silkworm Bombyx mori from public databases with a combination of dry and
wet bench processes. BMC Genomics 18(1):83 DOI 10.1186/512864-016-3455-y.

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner with low memory
requirements. Nature Methods 12(4):357-360 DOI 10.1038/nmeth.3317.

Kobayashi Y, Nojima Y, Sakamoto T, Iwabuchi K, Nakazato T, Bono H, Toyoda A,
Fujiyama A, Kanost MR, Tabunoki H. 2019. Comparative analysis of seven types

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 16/19


https://peerj.com
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1101/gr.5836207
http://dx.doi.org/10.1093/bib/bbx005
http://dx.doi.org/10.1021/acs.jproteome.8b00032
http://dx.doi.org/10.1016/j.foodchem.2021.130231
http://dx.doi.org/10.5582/ddt.2018.01004
http://dx.doi.org/10.1038/s41586-018-0794-7
http://dx.doi.org/10.1371/journal.pbio.1001328
http://dx.doi.org/10.1016/j.ibmb.2019.02.002
http://dx.doi.org/10.1186/s12864-016-3455-y
http://dx.doi.org/10.1038/nmeth.3317
http://dx.doi.org/10.7717/peerj.14682

Peer

of superoxide dismutases for their ability to respond to oxidative stress in Bombyx
mori. Scientific Reports -Uk 9:2170 DOI 10.1038/s41598-018-38384-8.

Kozak M. 2002. Pushing the limits of the scanning mechanism for initiation of transla-
tion. Gene 299:1-34 DOI 10.1016/50378-1119(02)01056-9.

Kryuchkova-Mostacci N, Robinson-Rechavi M. 2017. A benchmark of gene expression
tissue-specificity metrics. Briefings in Bioinformatics 18:w8.

Ladoukakis E, Pereira V, Magny EG, Eyre-Walker A, Couso JP. 2011. Hundreds of
putatively functional small open reading frames in Drosophila. Genome Biology
12:R118 DOI 10.1186/gb-2011-12-11-r118.

LiM, Li X, Zhang Y, Wu H, Zhou H, Ding X, Zhang X, Jin X, Wang Y, Yin X, Li C, Yang
P, Xu H. 2020. Micropeptide MIAC inhibits HNSCC progression by interacting
with aquaporin 2. Journal of the American Chemical Society 142(14):6708-6716
DOI 10.1021/jacs.0c00706.

LuF, Wei Z, Luo Y, Guo H, Zhang G, Xia Q, Wang Y, Silk DB. 2020. 3.0: visualizing and
exploring multiple levels of data for silkworm. Nucleic Acids Research 48:D749-D755
DOI 10.1093/nar/gkz919.

Magny EG, Pueyo JI, Pearl F, Cespedes MA, Niven JE, Bishop SA, Couso JP. 2013.
Conserved regulation of cardiac calcium uptake by peptides encoded in small open
reading frames. Science 341:1116—1120 DOI 10.1126/science.1238802.

Makarewich CA, Baskin KK, Munir AZ, Svetlana B, Gaurav S, Chalermchai K,

Shah AM, Mcanally JR, Malloy CR, Szweda LI. 2018. MOXI is a mitochondrial
micropeptide that enhances fatty acid S-oxidation. Cell Reports 23:3701-3709
DOI 10.1016/j.celrep.2018.05.058.

Nouara A, Lii P, Chen K. 2018. Silkworm, Bombyx mori, as an alternative model
organism in toxicological research. Environmental Science and Pollution Research
International 25:35048—-35054.

Nguinkal JA, Verleih M, De Los Rios-Pérez L, Brunner RM, Sahm A, Bej S, Rebl A,
Goldammer T. 2021. Comprehensive characterization of multitissue expression
landscape, co-expression networks and positive selection in pikeperch. Cells 10:

DOI 10.3390/cells10092289.

Nwibo DD, Hamamoto H, Matsumoto Y, Kaito C, Sekimizu K. 2015. Current use of
silkworm larvae (Bombyx mori) as an animal model in pharmaco-medical research.
Drug Discoveries & Therapeutics 9:133-135 DOI 10.5582/ddt.2015.01026.

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, Mcveigh R, Rajput B, Rob-
bertse B, Smith-White B, Ako-Adjei D, Astashyn A, Badretdin A, Bao Y, Blinkova
O, Brover V, Chetvernin V, Choi J, Cox E, Ermolaeva O, Farrell CM, Goldfarb T,
Gupta T, Haft D, Hatcher E, Hlavina W, Joardar VS, Kodali VK, Li W, Maglott
D, Masterson P, McGarvey KM, Murphy MR, O’Neill K, Pujar S, Rangwala SH,
Rausch D, Riddick LD, Schoch C, Shkeda A, Storz SS, Sun H, Thibaud-Nissen F,
Tolstoy I, Tully RE, Vatsan AR, Wallin C, Webb D, Wu W, Landrum M], Kimchi A,
Tatusova T, DiCuccio M, Kitts P, Murphy TD, Pruitt KD. 2016. Reference sequence
(RefSeq) database at NCBI: current status, taxonomic expansion, and functional
annotation. Nucleic Acids Research 44(D1):D733-D745 DOI 10.1093/nar/gkv1189.

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 1719


https://peerj.com
http://dx.doi.org/10.1038/s41598-018-38384-8
http://dx.doi.org/10.1016/S0378-1119(02)01056-9
http://dx.doi.org/10.1186/gb-2011-12-11-r118
http://dx.doi.org/10.1021/jacs.0c00706
http://dx.doi.org/10.1093/nar/gkz919
http://dx.doi.org/10.1126/science.1238802
http://dx.doi.org/10.1016/j.celrep.2018.05.058
http://dx.doi.org/10.3390/cells10092289
http://dx.doi.org/10.5582/ddt.2015.01026
http://dx.doi.org/10.1093/nar/gkv1189
http://dx.doi.org/10.7717/peerj.14682

Peer

Orr MW, Mao Y, Storz G, Qian SB. 2020. Alternative ORFs and small ORFs: shed-
ding light on the dark proteome. Nucleic Acids Research 48(3):1029—1042
DOI 10.1093/nar/gkz734.

Pang Y, Liu Z, Han H, Wang B, Li W, Mao C, Liu S. 2020. Peptide SMIM30 promotes
HCC development by inducing SRC/YES1 membrane anchoring and MAPK path-
way activation. Journal of Hepatology 73(5):1155-1169 DOI 10.1016/j.jhep.2020.05.028.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. 2015.
StringTie enables improved reconstruction of a transcriptome from RNA-seq reads.
Nature Biotechnology 33:290-295 DOT 10.1038/nbt.3122.

Pueyo JI, Magny EG, Sampson CJ, Amin U, Evans IR, Bishop SA, Couso JP. 2016.
Hemotin, a regulator of phagocytosis encoded by a small ORF and conserved across
metazoans. PLOS Biology 14:1002395 DOI 10.1371/journal.pbio.1002395.

Read C, Nyimanu D, Williams TL, Huggins D], Sulentic P, Macrae RGC, Yang P,

Glen RC, Maguire JJ, Davenport, A.P. International Union of Basic and Clinical
Pharmacology. 2019. CVII. Structure and pharmacology of the apelin receptor
with a recommendation that elabela/toddler is a second endogenous peptide ligand.
Pharmacological Reviews 71:467-502 DOI 10.1124/pr.119.017533.

Sanchez-Ortiz , Efrain , Ramirez-Martinez , Andres, Li, Hui, Cannavino , Jessica,
Olson, Eric. 2017. Control of muscle formation by the fusogenic micropeptide
myomixer. Science 356:323-327.

Stein CS, Pooja J, Zhang X, Mclendon JM, Abouassaly GM, Witmer NH, Anderson
EJ, Elrod JW, Boudreau RL. 2018. Mitoregulin: a IncRNA-encoded microprotein
that supports mitochondrial supercomplexes and respiratory efficiency. Cell Reports
23:3710-3720 DOI 10.1016/j.celrep.2018.06.002.

Tong X, Han MJ, Lu K, Tai S, Liang S, Liu Y, Hu H, Shen J, Long A, Zhan C, Ding X, Liu
S, Gao Q, Zhang B, Zhou L, Tan D, Yuan Y, Guo N, Li YH, Wu Z, Liu L, Li C, Lu Y,
Gai T, Zhang Y, Yang R, Qian H, Liu Y, Luo J, Zheng L, Lou ], Peng Y, Zuo W, Song
J,He S, Wu S, ZouY, Zhou L, Cheng L, Tang Y, Cheng G, Yuan L, He W, Xu J, Fu
T, Xiao Y, Lei T, Xu A, Yin Y, Wang J, Monteiro A, Westhof E, Lu C, Tian Z, Wang
W, Xiang Z, Dai F. 2022. High-resolution silkworm pan-genome provides genetic
insights into artificial selection and ecological adaptation. Nature Communications
13(1):5619 DOI 10.1038/s41467-022-33366-x.

Tong X, Hong X, Xie J, Liu S. 2020. CPPred-sORF: Coding Potential Prediction of sORF
based on non-AUG. bioRxiv preprint. DOI 10.1101/2020.03.31.017525.

Ude AU, Eshkoor RA, Zulkifili R, Ariffin AK, Dzuraidah AW, Azhari CH. 2014.
Bombyx mori silk fibre and its composite: a review of contemporary developments.
Materials & Design 57:298-305 DOI 10.1016/j.matdes.2013.12.052.

Volodimir O, Van Criekinge W, Gerben M. 2018. An update on sORFs.org: a repository
of small ORFs identified by ribosome profiling. Nucleic Acids Research D497-D502.

Wan L, Zhou A, Xiao W, Zou B, Zhang Y. 2021. Cytochrome P450 monooxy-
genase genes in the wild silkworm, Bombyx mandarina. Peer] 9:10818
DOI10.7717/peerj.10818.

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 18/19


https://peerj.com
http://dx.doi.org/10.1093/nar/gkz734
http://dx.doi.org/10.1016/j.jhep.2020.05.028
http://dx.doi.org/10.1038/nbt.3122
http://dx.doi.org/10.1371/journal.pbio.1002395
http://dx.doi.org/10.1124/pr.119.017533
http://dx.doi.org/10.1016/j.celrep.2018.06.002
http://dx.doi.org/10.1038/s41467-022-33366-x
http://dx.doi.org/10.1101/2020.03.31.017525
http://dx.doi.org/10.1016/j.matdes.2013.12.052
http://dx.doi.org/10.7717/peerj.10818
http://dx.doi.org/10.7717/peerj.14682

Peer

Wu S, Zhang L, Deng J, Guo B, Li F, Wang Y, Wu R, Zhang S, Lu J, Zhou Y. 2020.
A novel micropeptide encoded by Y-linked LINC00278 links cigarette smoking
and AR signaling in male esophageal squamous cell carcinoma. Cancer Research
80(13):2790-2803 DOI 10.1158/0008-5472.CAN-19-3440.

Yokoi K, Tsubota T, Jouraku A, Sezutsu H, Bono H. 2021. Reference transcriptome data
in silkworm Bombyx mori. Insects 12:519 DOI 10.3390/insects12060519.

Zhu M, Hu X, Liang Z, Jiang M, Xue R, Gong Y, Zhang X, Cao G, Gong C. 2019.
Functional characterization of BmOVOs in silkworm, Bombyx mori. BMC Genomics
20(1):342 DOI 10.1186/s12864-019-5697-y.

Wan et al. (2022), PeerJ, DOI 10.7717/peerj.14682 19/19


https://peerj.com
http://dx.doi.org/10.1158/0008-5472.CAN-19-3440
http://dx.doi.org/10.3390/insects12060519
http://dx.doi.org/10.1186/s12864-019-5697-y
http://dx.doi.org/10.7717/peerj.14682

