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Orphan genes (OGs) which have no recognizable homology to any sequences in other species could
contribute to the species specific adaptations. In this study, we identified 738 OGs in the silkworm
genome. About 31% of the silkworm OGs is derived from transposable elements, and 5.1% of the silk-
worm OGs emerged from gene duplication followed by divergence of paralogs. Five de novo silk-
worm OGs originated from non-coding regions. Microarray data suggested that most of the
silkworm OGs were expressed in limited tissues. RNA interference experiments suggested that five
de novo OGs are not essential to the silkworm, implying that they may contribute to genetic redun-
dancy or species-specific adaptation. Our results provide some new insights into the evolutionary
significance of the silkworm OGs.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

The birth of new genes makes contribution to the variation of
the gene numbers in different organisms. It is well known that
new genes with novel functions may supply wealthy genetic
resources to promote evolution of a genome and morphological
diversity among different species. Susumu Ohno considered gene
duplication as a major mechanism to generate new genes [1].
The genes formed by gene duplication can always be grouped into
gene families. Though different copies may have divergent func-
tions, they retain significant sequence similarity.

Moreover, many studies showed that genomes contain another
kind of genes, orphan genes (OGs) [2,3]. OGs are defined as the
genes that have no recognizable homology to any sequences in
other species. Therefore, OGs are always present in a restricted
phylogenetic lineage. Since the release of more and more genome
sequences, OGs are widely identified in all domains of life and
viruses [3]. The percentage of OGs varies enormously between spe-
cies [4]. In addition, the majority of OGs are single copy in one
genome. They can also contain multiple copies which may have
lineage-specific functions. Although the functions of most OGs
are still unclear, it is thought that they play very important roles
in species specific developmental adaptations. In Hydra sp., OGs
can regulate tentacle formation [5]. One Arabidopsis OG (Qua-
Quine Starch, QQS) is thought to be a regulator of starch biosynthe-
sis [6]. A yeast OG (BSC4) may be involved in the DNA repair path-
way [7]. In addition, OGs can also take part in the interactions with
environments. For example, previous studies showed that the OGs
in Daphnia pulex become specifically activated in response to envi-
ronmentally stimuli [8]. And the Arabidopsis thaliana OGs are
enriched for responses to a wide range of abiotic stresses [9].
Previous studies have shown that several mechanisms could
explain the emergence of OGs, including gene duplication, frame-
shift mutations, gene fusion and fission, exon shuffling and domes-
tication from transposable elements (TEs) [9,10]. All the OGs by
these mechanisms shown above are derived from present parental
genes. Besides, the genes could also originate de novo from inter-
genic regions [3]. Despite several de novo originated OGs have been
discovered in different species, the question that how they
emerged from ancestral non-coding sequences is still obscure [3].

As mentioned above, all sequenced genomes contain OGs.
However, the function and evolution of the OGs in the domestic
silkworm, Bombyx mori, remain unknown. As more and more geno-
mic and transcriptomic resources are available, the domestic silk-
worm is used as a model for the genetics study of the
Lepidoptera. To date, five lepidopteran genomes have been

https://core.ac.uk/display/82589436?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.febslet.2015.08.008&domain=pdf
http://dx.doi.org/10.1016/j.febslet.2015.08.008
mailto:zezhang@cqu.edu.cn
http://dx.doi.org/10.1016/j.febslet.2015.08.008
http://www.FEBSLetters.org


Fig. 1. Method for the identification of OGs in the silkworm genome. OG represents
orphan genes; DU represents duplication originated OGs; TE represents transpos-
able elements derived OGs; OV represents overlapping gene models; DN represents
de novo originated OGs.
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released which may help us to systematically identify the OGs in
the silkworm [11–14]. Thus, in this study, we firstly performed
comparative genomic analyses to identify the OGs in the silkworm
genome. Then, we further analyze the origin of the OGs and per-
form a comprehensive analysis of expression patterns in different
silkworm tissues and in various developmental stages using
microarray data and real-time polymerase chain reaction (PCR).
All these results will provide important information for under-
standing the evolution and functions of the silkworm OGs.

2. Materials and methods

2.1. Identification of the silkworm OGs

In this study, 47 arthropod species (44 insects and 3 non-insecta
species) and National Center for Biotechnology Information (NCBI)
non-redundant (nr) protein sequences were used to do the compar-
ative genomic analyses (Supplementary Table S1). The silkworm
predicted proteins were collected from silkworm genome database
(SilkDB) [15] and NCBI. The method to identify the silkworm OGs is
the same as shown in previous studies [10,16]. Briefly, all silkworm
proteins were firstly searched using BLASTP against the protein
sequences of other four lepidopteran insects, i.e. Manduca sexta,
Plutella xylostella, Danaus plexippus and Heliconius melpomene
(http://agripestbase.org/manduca) [11,13,14]. If the silkworm pro-
tein sequence has BLAST hit in other species with an expectation
value smaller than 10�3, as previously described [10,16], it was dis-
carded. Then, the remaining sequences (silkworm protein dataset1
in Fig. 1) were used as queries to do tBlastN against lepidopteran
EST sequences (excluding B. mori) from NCBI expressed sequence
tags (EST) databases, WildSilkBase (http://www.cdfd.org.in/wild-
silkbase/) [17], ButterflyBase (http://butterflybase.ice.mpg.de/)
[18], and SPODOBASE (http://bioweb.ensam.inra.fr/spodobase/)
[19]. The homologous sequences were also discarded for the next
analyses. Furthermore, the silkworm protein dataset2was searched
against other insect proteins and the proteins from NCBI nr data-
base using BLASTP. Finally, the silkworm orphan genes which we
could not find homologs in any other species were identified. It
should be pointed out that the domestic silkworm OGs may be also
present in its wild relative Bombyx mandarina due to the very close
relationship between them (the divergence time is only about
5000 years) [20]. Therefore, here, the silkworm OGs represent the
specific genes in the domestic and wild silkworms.

In addition, we also used the same method as shown in Fig. 1 to
identify OGs in other four lepidopteran insects, respectively.

2.2. Origin of the silkworm OGs

Previous studies showed that at least seven different mecha-
nisms could explain how OGs emerged [10,21,22]. In this study,
we used similar methods to identify the origin of the silkworm
OGs.

Paralogs of the silkworm OGs were inferred using BLASTP
searches against all silkworm proteins. As shown in previous study,
BLASTP cutoff E value was 0.001, and the hit sequences are defined
as gene duplicates [21].

To identify the OGs overlapped with transposable elements
(TEs), we firstly downloaded all silkworm conserved TE sequences
from the silkworm TE database (BmTEdb) [23]. Then, the nucleo-
tide sequences of the silkworm OGs were used as queries to do
BLASTN searches against the silkworm TE sequences with an E
value cutoff of 10�5.

For the de novo originated genes, the silkworm orphan proteins
were used to do TBLASTN against other four lepidopteran insect
genomes to identify orthologous sequences. Silkworm orphan pro-
teins which have orthologous regions with over 50% of sequence
identity and covering at least 50% of the length of the gene in the
other lepidopteran genomes were kept for further analysis. Then
the hits were manually checked one by one. According to the crite-
rion to identify the de novo genes in a previous study, the candidate
silkworm de novo genes must have been disrupted in all other lepi-
dopteran genomes [22]. For example, other lepidopteran ortholo-
gous sequences lack translation start codon or have frame shift
mutations or indels that result in a premature stop codon. In addi-
tion, the protein lengths of other lepidopteran genes that have pre-
mature stop codons should be shorter than 50% of the length of the
silkworm candidates. Based on the above filter methods, the
remaining silkworm OGs are thought to be the silkworm de novo
originated genes. Furthermore, MUSCLE was used to align the
nucleotide sequences of each silkworm de novo genes with the
homologous regions in other lepidopteran insects [24].

For the other mechanisms, such as overlapping gene models,
non-deleterious frame shift, alternative reading frames and hori-
zontal gene transfer, the methods are the same as the previous
study [21].

2.3. Data analysis

GC contents and exon numbers of the silkworm OGs as well as
numbers of amino acids and isoelectric points of the silkworm OG
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encoding proteins were calculated and compared with those of the
silkworm non-OGs. DAMBE software was used to measure the GC
content, number of amino acids and isoelectric point [25].
Chromosomal distribution of the silkworm OGs was also analyzed.

2.4. Microarray analysis

A previous study has customized a genome-wide oligonu-
cleotide microarray with 22987 probes of 9 tissues on day 3 of
the fifth instar in the domestic silkworm [26]. The nucleotide
sequences of the silkworm OGs were used for BLAST searching
against the silkworm probe database (SilkDB) [15] to identify a
specific probe for each OG. In order to compare the spatial expres-
sion profiles between silkworm OGs and non-OGs, the expression
breadth (the number of tissues in which a gene is transcribed)
was calculated for each gene. According to the previous analysis,
a gene was considered to be expressed in a tissue if its signal inten-
sity exceeded a value of 400 [26]. Hierarchical clustering of gene
expression patterns was performed using DNA-Chip Analyzer
(dChip) [27]. All the statistical analyses in this study were per-
formed in the statistical R package.

2.5. Gene expression analysis

The DaZao strain of silkwormwas used to survey the expression
profiles of the silkworm de novo genes. For temporal expression
analysis: egg, larvae, pupae or adults were collected at different
developmental time points. For every time point, at least five indi-
viduals were pooled together and then frozen immediately in liq-
uid nitrogen. For spatial expression analysis: nine main tissues
were dissected from Day 3 of the fifth instar larvae, and frozen
immediately in liquid nitrogen. Every tissue sample was collected
from more than five larvae. The samples were homogenized in liq-
uid nitrogen to powders. Total RNA of every sample was extracted
by EasyPure RNA purification kit (Transgen Biotech, China) and
treated with DNase I (Promega, USA) to remove the genomic
DNA contamination. RNA was quantified by UV spectrum absor-
bance and reverse-transcribed into the first strand cDNA by an
M-MLV Reverse Transcriptase Kit (Invitrogen). For expression anal-
ysis, the specific amplification primers for the de novo genes are
shown in Supplementary Table S2. The PCR products were
sequenced to confirm the specificity of the primers.

2.6. RNA interference

Based on the cDNA sequences of the silkworm de novo genes,
we designed specific primers containing T7 promoter sequence.
The primers were listed in Supplementary Table S2. Double-
stranded RNAs (dsRNAs) were generated based on our previous
paper [28]. According to the temporal expression patterns of the
silkworm de novo genes, 50 lg dsRNAs of these genes in ten micro-
liter solutions were injected into the hemocoel of the silkworm at
different developmental points, respectively. Then the phenotypes
were surveyed. The mRNA levels of the targeted genes were inves-
tigated 12 h after dsRNAs injection using reverse transcription PCR
as described above.

3. Results and discussion

3.1. Identification of the silkworm OGs

OGs are always considered as important genes to understand
the species-specific adaptive process [3]. Up to now, although
OGs have been characterized in many organisms, no analysis has
ever been performed in the domestic silkworm. Therefore, com-
bined with other 46 arthropod genomes, we firstly identified the
silkworm OGs using BLAST which is widely used in previous stud-
ies [3,10,16]. Following the procedure described in Fig. 1, we finally
identified 738 silkworm OGs (Fig. 1; Supplementary Table S3).
Recently, one previous study identified the OGs in Diptera and
Hymenoptera by comparing 30 arthropod genomes [21].
Meanwhile, they also uncovered 2701 OGs in the domestic silk-
worm. Tautz and Domazet-Lošo (2011) suggested that the refer-
ence genomes from closely related species are very important to
identification of OGs [3]. However, no other lepidopteran
sequences were used to do the comparative analyses in that study,
which may result in much more false-positives. Hence, more refer-
ence genomes and lepidopteran sequences used in this study may
obtain a more exact annotation.

In addition, using the same approach, we also identified 649,
328, 528 and 1188 OGs in M. sexta, H. melpomene, D. plexippus
and P. xylostella, respectively (Supplementary Table S3). For lepi-
dopteran insects, OGs account for about 4.3% of all the genes,
and this proportion is similar to Drosophila (4.4%), but less than
hymenopteran insects (10.2%) which experienced high rates of
OG gains [21]. Among lepidopteran insects, P. xylostella has the lar-
gest number of OGs. P. xylostella is a basal lepidoperan species
[13,29], and the distant relationship between P. xylostella and other
four species (125 Mya) may affect the accuracy of the identification
of the OGs [3].

3.2. Features of the silkworm OGs

Compared with the conserved genes present in all species, the
origination time of OGs is likely to be shorter on average. Some fea-
tures of OGs may be different from the non-OGs, such as protein
length, exon number and GC content. To determine whether these
features exist, we characterized the genic properties of the silk-
worm OGs. Compared with the non-orphan proteins, orphan pro-
teins in silkworm have shorter protein length (Fig. 2A). The
average protein length of non-orphan proteins is 406.84 amino
acids which is 4.16 times longer than the orphan proteins (97.87)
(Mann–Whitney U test, P < 0.001). This difference may be due to
less exon numbers in OGs (Mann–Whitney U test, P < 0.001)
(Fig. 2B). In the silkworm, 50.38% of OGs only contain one exon,
while the percentage of non-OGs with one exon is 13.20%. The
shorter length and less exon number were also observed in other
four lepidopteran OGs (Supplemental Fig. S1). These results are
consistent with the previous studies in primates [10], plants
[9,30] and other insects [16], suggesting that the two characteris-
tics are common for OGs in all eukaryotic species. However, GCs
content may vary among different species. Compared with the
non-OGs, B. mori and D. plexippus OGs have significantly higher
GC contents as shown in Poaceae [30], while H. melpomene and P.
xylostella have significantly less GC contents, which is similar to
the observations in fruit fly and zebrafish (Mann–Whitney U test,
P values are much smaller than 0.001 in all tests) (Fig. 2C;
Supplemental Fig. S1) [16,31]. OGs always have unusual GC con-
tents. However, the GC contents of the M. sexta OGs are not signif-
icantly different from the genome level. The reason for this is still
unknown.

The theoretical pI (isoelectric point) of a protein is important for
solubility, subcellular localization and interaction [32,33]. Thus,
the shift of the value is always considered as the changes of the
protein functions [34]. We found that silkworm orphan proteins
have significantly higher average pI value (9.18 ± 2.41) than non-
orphan proteins (7.62 ± 2.09) (Mann–Whitney U test, P < 0.001)
(Fig. 2D). Previous studies have shown that some factors, such as
selection, can drive the shift of the pI [35]. For example, the
changes in the pI of prokaryotic proteins may be due to adaptation
to various environments [33,36]. Though the functions are still
poorly characterized, OGs are thought to play very important roles
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in the split of the species. Therefore, the elevated pI values
observed in the silkworm orphan proteins may partly reflect their
newly evolved functions which may be important for the species-
specific adaptation and interaction with the environments.

3.3. Emergence of the silkworm OGs

Because of lacking protein sequence similarity in other species,
the origin of OGs is a very interesting question and has been inves-
tigated in several model organisms [3]. Several emergence mecha-
nisms of OGs were proposed [10,21,31]. In this study, we
investigated the emergence of the silkworm OGs based on the
available silkworm genome data.

Firstly, we surveyed the chromosome distribution of the silk-
worm OGs. About 92% of the silkworm OGs (681 OGs) can be
located on the silkworm chromosomes. And all 28 chromosomes
harbored OGs (Fig. 2E). The number of OGs varies among different
chromosomes. However, the percentage of OGs on each chromo-
some is consistent with the non-OGs, suggesting the silkworm
OGs are randomly dispersed on different chromosome without
preference.
Then, we further investigated the possible origin of the silk-
worm OGs and found at least 4 scenarios covering 37.5% of silk-
worm OGs (277 OGs) (Fig. 1; Supplementary Tables S4–S7).
Among them, 38 OGs were from gene duplication followed by
divergence of paralogs beyond the threshold of detectable similar-
ity. Twenty-eight paralogs have the functional annotations, while
all the duplicated OGs are uncharacterized, further demonstrating
the rapid divergence of the OGs (Supplementary Table S4). Gene
duplication is thought to be a major mechanism to generate OGs.
In zebrafish, 36.4% of the OGs had paralogs [31]. The percentage
of duplicated OGs in primate and plant is about 20% [9,10].
However, for insects, the percentage of OGs originated from gene
duplication and divergence is much less than the other species
(silkworm: 5.1%; ant OGs: 9.9%) [21]. Gene duplication and diver-
gence has long been considered as a major source of genetic nov-
elty and adaptation [37]. Thus, different numbers of duplicated
OGs between species may correlate with the adaptations to various
environments.

One striking result in this study is a high percentage of the silk-
worm OGs that contain TE-like sequences. Overall, 30.9% of the
silkworm OGs (228 OGs) were generated by overlapping between
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TE related regions in their coding sequences (Supplementary
Table S5). This proportion is higher than that in A. thaliana
(9.73%), but less than that in primate (53%) (Table 1) [9,10].
These differences may correlate with the levels of TE contents in
whole genomes. Toll-Riera et al. (2009) showed that 93% of TE-
related human OGs are exonized from Alu elements, a major type
of short interspersed nuclear elements (SINEs) [10]. We also
detected similar results in the silkworm OGs. The TE derived
sequences in 54.39% of the silkworm TE-related OGs belong to
the long terminal repeats (LTR retrotransposons) (Table 1). In
human, Alus account for 10% of the genome and contributed to
most of TE exonization events [38,39]. However, though the TEs
constitute about 40% of the silkworm genome, the proportion of
the LTR retrotransposons in all TEs is very small (1.7%) [40]. Why
there is a high percentage of LTR-derived OGs in the silkworm is
an interesting question. One possible reason may be the special
characteristics of these transposons. LTR transposons always have
long length and contain several signals for gene expression, such as
promoter, alternative splice site, enhancer and transcription regu-
latory signals [41]. These features may provide an opportunity to
be a part of coding genes. Indeed, 256 human protein coding
regions are derived from LTR [42]. Future studies will be required
to ascertain whether these TE-derived OGs have the functions
and to reveal their relevance in the generation of adaptive evolu-
tionary novelty in the silkworm.

Besides originating from known old genes, OGs can emerge
from non-coding DNA region, and this kind of genes are also called
de novo genes. Several studies have systematically identified de
novo genes in different species. Nevertheless, the de novo origi-
nated protein coding genes from non-coding DNA region in the
genome are still rare. Levine et al. (2006) showed only 5 de novo
genes in D. melanogaster [43]. Wu et al. (2011) identified 60 de novo
genes in human [22]. Moreover, de novo genes could play essential
roles during the evolution of organisms [44,45]. In this study, we
also identified five de novo originated OGs in the silkworm
(Supplementary Table S6). The silkworm and its closest related
species with the genome – M. sexta shared a common ancestor
about 35 million years ago [46]. Using this as a calibration, we esti-
mated the rate of origin of the silkworm de novo genes being
approximately 0.14 gene per million years. This estimate is much
less than the previous reports in fruit fly (1.79 genes per million
years) [43] and human (9.83–11.8 genes per million years) [22].
The reason to explain the extremely lower rate of the origin of de
novo genes in silkworm is still unclear. To further investigate the
origin of the silkworm de novo genes, we performed the sequence
comparison with their homologous non-coding regions from other
lepidopteran insects (Fig. 3). Syntenic analyses showed the con-
served gene order in the flanking regions of the all five de novo
genes across the lepidopateran genomes, suggesting that the
non-coding regions are vertically inherited from a common
Table 1
The proportion of transposable elements in the OGs.

Bombyx mori
(%)

Arabidopsis thaliana
(%)

Homo
sapiens

TE in
genome

40.00 10 46.00

TE related OGs 30.89 9.73 53.00
1 LTR 54.39 22.46%

LINE 17.54
SINE 2.19 93.00

2 TIR 18.42
MITE 0.44
Helitron 0.44 40.64
Other 23.53 (DNA/MuDR)

Unknown 6.58
ancestor. Moreover, sequence comparison indicated that similarity
between the silkworm de novo genes and the corresponding
regions in other species is very high (Supplementary Figs. S2–S6).
Furthermore, we found that several silkworm specific mutations
or indels resulted in the generation of these de novo genes. For
instance, BGIBMGA004015 and BGIBMGA008845 obtained poten-
tial start codon from ATA or ATT in other lepidopteran insects to
ATG (Supplementary Figs. S4 and S5). In BGIBMGA001421, a muta-
tion from T to A transition removed a stop codon that is present in
the other species (Supplementary Fig. S3). In addition, the ortholo-
gous DNA of non-silkworm species also harbors several other
mutations and indels. These results further suggested that the
ancestral sequences were non-coding.

In conclusion, gene duplication and TEs contributed to the ori-
gin of 36% of the silkworm OGs. The proportion is much higher
than the previous study in ants (about 17%–22.3%) [21], implying
that the origin mechanisms of the OGs are different among species.
A plausible explanation may be that different genomes have differ-
ent genomic structures and compositions (e.g., the TE contents).

3.4. Expression and functional analysis of the silkworm OGs

Though a large number of OGs have been identified, their func-
tions are largely still uncharacterized. To reveal the functions of the
silkworm OGs, we performed real-time PCR and analyzed previous
microarray data to investigate the expression patterns of the genes.

The expression pattern of the gene is effective information to
understand its biological function. First, all the silkworm OGs were
used as queries to search the EST database and only 374 genes had
EST evidence. This database is constructed by 36 cDNA libraries
from 17 tissues (excluding cell lines) and developmental stages
(embryo, larva, pupa and adult) [47]. We found that silkworm
OGs were expressed in significantly less tissues than silkworm
NOGs (Mann–Whitney U test, P < 0.001) (Fig. 4A). For example,
28.2% silkworm OGs expressed in only one tissue, and the propor-
tion is only 11.1% for silkworm NOGs. In addition, microarray data
from different silkworm tissues were released [26]. We then used
this dataset to survey the spatial expression pattern of the silk-
worm OGs (Supplementary Fig. S7). About 52% of the silkworm
OGs (382) had the probes in the microarray data, and 141 of which
had the EST evidence shown above. In total, at least 615 silkworm
OGs have expression evidence (EST or microarray data), indicating
that these genes may be functional. For the remaining genes, they
may be expressed in other developmental stages or tissues that
cannot be detected in EST and microarray data. We further sur-
veyed the transcriptional features of the silkworm OGs by the
microarray data. In Supplementary Fig. S7, most of the genes
(332) were preferentially expressed in some special tissues. The
expression breadth of the silkworm OGs is narrower than that of
the silkworm NOGs (Mann–Whitney U test, P < 0.001) (Fig. 4B).
For instance, 43 genes showed a mid-gut biased expression pat-
tern. Seventy genes were mainly expressed in testis. Previous stud-
ies suggested that OGs tended to express in limited tissues [10,31].
Moreover, we did not find any significant tissue expression bias
between duplicated OGs and TE originated OGs (Mann–Whitney
U test, P = 0.921) (Fig. 4C). Nevertheless, all the results shown
above suggest that the majority of OGs tend to be expressed in
restricted tissues. Previous studies speculated that some special
tissues, such as testis and human brain, may be the birthplace of
novel genes because their ‘permissive’ environments facilitated
the transcription of new genes [48,49].

It is generally accepted that de novo genes are considered as
important resource for the species-specific evolution, though the
functions of most genes are still unknown. Thus, we knocked down
the expressions of the silkworm de novo genes with RNA interfer-
ence (RNAi) to reveal their importance to possible organismal



BGIBMGA000945 BGIGMGA001421

BGIBMGA004015 BGIBMGA008845 BGIBMGA009847

De novo genes Orthologous genes Other genes

De novo gene location Left neighbor gene Right neighbor gene

BGIBMGA000945 nscaf1898: 9099247-9099618 (-) BGIBMGA001204 BGIBMGA001205 

BGIGMGA001421 nscaf2136: 5158854-5159108 (-) BGIBMGA001555 BGIBMGA001556 

BGIBMGA004015 nscaf2767: 2034240-2034653 (-) BGIBMGA004016 BGIBMGA004104 

BGIBMGA008845 nscaf2930: 6190581-6191427 (-) BGIBMGA009037 BGIBMGA009038 

BGIBMGA009847 nscaf2970: 1353078-1353314 (-) BGIBMGA009894 BGIBMGA009846 

Fig. 3. Syntenic analyses of the silkworm de novo genes. Table shows the location and neighbor genes of the silkworm de novo genes. The bold neighbor genes mean these
genes have orthologous gene conserved in other lepidopteran species. The bottom figure represents the location of silkworm de novo genes in the synteny region. The black
boxes mean the silkworm de novo genes; the white boxes mean the neighbor genes with the homologous genes in other lepidopteran insects; the gray boxes mean the
neighbor genes without similarity in other lepidopteran insects.
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fitness. Firstly, we surveyed the spatial and temporal expression
patterns of these genes by RT-PCR (Fig. 5). We found that all five
genes have transcriptional signals. Consistent with the de novo
genes in fruit fly, BGIBMGA004015 was obviously expressed in
the testis, and the temporal analysis also showed that it was only
expressed in the male pupa and adult (Fig. 5A and B). For other
genes, they were expressed in at least two different tissues and
developmental stages. Especially for BGIBMGA009847, the
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transcriptional signals could be detected in all tested tissues and
developmental stages (Fig. 5A and B). In general, the de novo genes
are always expressed in limited tissues or developmental stages.
For example, the de novo genes in D. melanogaster showed predom-
inantly testis-biased expression [43]. By contrast, one previous
study showed that all three identified de novo genes are broadly
expressed in different human tissues [50]. Taken together, the
wide expression of the silkworm de novo genes indicated that these
genes may rapidly obtain several active regulatory motifs [51].
However, RNAi of the five genes did not produce any visible pheno-
type though the transcript levels significantly decreased (Fig. 5C).
Contrary to previous study in D. melanogaster, de novo genes are
not essential for the silkworm [52]. This suggests that the silkworm
OGs may contribute to genetic redundancy or species-specific
adaptation. Of course, the low efficiency of RNAi in lepidopteran
insects may also affect the results [53]. In the future, further study
is needed to reveal the exact functions of the silkworm de novo
genes and to help us understand their evolutionary significance.

In conclusion, we systematically identified orphan genes in the
silkworm and other four lepidopteran genomes by comparative
genomic analyses. Compared with non-orphan genes, the silkworm
orphan genes have some special features. About half of the silk-
worm OGs were derived from duplication and transposable
elements; this proportion is much higher than other insects. We
further found that most of the silkworm OGs were preferentially
expressed in limited tissues. Finally, by RNA interference experi-
ments, we found that the de novo genes are not essential to the
silkworm, implying that they may contribute to genetic redun-
dancy or species-specific adaptation. Taken together, our results
provide some valuable information to understand the evolutionary
significance and the functions of the orphan genes in the domestic
silkworm.
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