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Genome-wide identification

and characterization of SLEEPER, a transposon-
derived gene family and their expression
pattern in Brassica napus L.
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Abstract

Background The transposons of the hAT superfamily are the most widespread transposons ever known. SLEEPER
genes encode domesticated transposases from the hAT superfamily, which may have lost their transposable functions
during long-term evolution and transformed into host proteins that regulate plant growth and development.

Results This study identified 162 members of the SLEEPER gene family from Brassica napus. These members are
widely distributed on 19 chromosomes, mainly in the Cn subgenome, and have promoters with various cis-acting
elements related to hormone regulation, abiotic stress, and growth and development regulation. Most of the genes
in this family contain similar conserved domains and motifs, and the closer the genes are distributed on evolutionary
branches, the more similar their structures are. Transcriptome sequencing performed on tissues at different growth
stages from B. napus line 3529 indicated that these genes had different expression patterns, and nearly half of the
genes were not detectably expressed in all samples.

Conclusions This study investigated the gene structure, expression patterns, evolutionary features, and gene
localization of the SLEEPER family members to confirm the significance of these genes in the growth of B. napus,
providing a reference for the study of transposon domestication and outstanding genetic resources for the genetic
improvement of B. napus.
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Background

Transposable elements (TEs) are DNA segments that
can move from one locus to another in the host genome.
Once thought to be “junk DNA” of no use to the organ-
ism [1], TEs have been found to account for a dramatic
proportion of the genomes. For example, at least 10% of
the genome of the flowering plant Arabidopsis thaliana
[2], about 35% in rice [3], and up to 85% of the maize
genome [4], which suggested that TEs play a very impor-
tant role in genome expansion and gene regulation of
organisms with large genomes.

Based on their transposition mechanism, TEs are
classified into three types: Class I transposons (ret-
rotransposons), Class II transposons, and Helitrons.
Class I transposons have a transposition mechanism
called “copy-and-paste” that uses DNA as a template,
transcribes it into mRNA, then reverse transcribes the
mRNA into cDNA, and integrates the cDNA into a new
site in the genome [5]. Therefore, Class I transposons are
also known as RNA-type transposons [6]. Class II trans-
posons use a DNA-mediated mechanism called “cut-
and-paste” that does not involve reverse transcription of
RNA. In this process, a Class II transposon dissociates
from its original position and re-integrates into the chro-
mosome under the action of transposase, and the chro-
mosome broken in the original position is repaired by
the DNA repair mechanism. Therefore, Class II transpo-
sons are also called DNA-type transposons [7]. Helitrons
is a new type of transposon identified in the A. thaliana
genome by algorithms based on repetitive sequences in
recent years. Unlike retrotransposons and transposons,
Helitrons uses a rolling circle mechanism for transposi-
tion. During the rolling circle replication process, gene
fragments can be captured and carried, which also helps
facilitate genome evolution [8].

It has been shown that during domestication, trans-
posons, like functional genes, were retained and trans-
formed into host proteins, such as chromatin-associated
proteins and transcription factors, or were gradually lost
in the evolutionary process called transposon domesti-
cation [9]. Transposons are no longer perceived as non-
functional or even harmful genes. During evolution, the
insertion of transposons may cause new mutations that
affect the regulatory regions in which they are located
and transform these transposons into new genes that
never existed before [10]. This process is called molecular
domestication, and these new genes are called transpo-
son-derived genes or domesticated genes, which play an
important role in the growth and development of organ-
isms [11]. Over the years, many important transcription
factors have been identified as a result of transposon
domestication through reverse transcription events,
such as Farl/Fhy3 (far-red impaired response protein 1/
far-red elongated hypocotyl 3) in plants, which is derived
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from the MULE-type DNA transposon and is involved in
the far-red light response of plants after being domesti-
cated [12], the recombination-activating gene products
RAGL1/2 protein in vertebrates, which is a key element
of the vertebrate adaptive immune system and is essen-
tial in the development of the complex placenta [13];
the BEX/TCEAL cluster identified in mammals, which
is derived from LINE-type superfamily transposase and
plays a crucial role in metabolic pathways related to pro-
liferation and differentiation in the nervous system [14];
and PANDA, a rice Harbinger transposon-derived gene,
could epigenetically coordinate panicle and grain size in
Oryza sativa [15].

The hAT (hobo, Activator, and Tam3) superfamily from
Class II transposons, one of the most widespread fami-
lies of known transposable elements [16], is common in
plants, fungi, animals, and humans [17]. The SLEEPERs
genes that encode a domesticated transposase from the
hAT superfamily are structurally conserved in most spe-
cies and usually consist of a C2H2 type BED-zinc finger
domain (Zf-BED) and a hAT dimerization domain [18].
The Zf-BED has a function to bind DNA and is derived
from a transposable element [19]. The #AT dimerization
domain was first identified in the maize Ac transposase
and was thought to be present at the C-terminus of trans-
posases from the #AT family [20]. It has been shown in
vivo and in vitro that loss of the dimerization structure
is directly related to loss of transposase activity, and the
hAT dimerization domain is relatively more conserved
[21]. All known SLEEPERs originate from DAYSLEEPER
in A. thaliana and are only expressed in plants [22].
Either deletion or overexpression of these genes can
cause a dramatic phenotype in A. thaliana. The mutant
seedlings grew slowly, without enlargement of cotyle-
don or normal development of leaves and floral organs.
In terms of molecular function, DAYSLEEPER binds not
only to proteins but also to DNA, and has protein dimer-
ization activity [23]. It is suggested that DAYSLEEPER
may have been domesticated from a group of hAT trans-
posons to transcription factors that play a crucial role
in growth and development regulation of A. thaliana
instead of being transposable [24]. However, in other spe-
cies, more detailed classification and function studies of
DAYSLEEPER are scarce.

Brassica napus (AACC=38) is an allotetraploid gen-
erated by natural hybridization between two diploid
species, Brassica rapa (AA=20) and Brassica oleracea
(CC=18). The proportion of TEs in the genome varies
depending on the cultivars of B. napus, with up to 61.83%
(569.75 Mb) of TEs in the ZS11_PB genome [25]. In this
study, we identified the SLEEPER family members from
the whole genome of B. napus by bioinformatics meth-
ods. Their genetic relationships, molecular structural
features and expression patterns in different tissues at
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different developmental stages were then analyzed. We
also identified the subcellular localization of some of
these members.

Results

Identification of SLEEPER genes in B. napus

In this study, candidate proteins were identified from B.
napus genome protein sequences (GCF_00686985.2)
using HMM file of the conserved domain. The results
of domain-based extraction and bidirectional BLAST
optimal comparison screening were summarized and
duplicate values were removed. Eventually, 162 SLEEPER
family members were identified (Table S1).

The lengths of these SLEEPER proteins range from 102
to 1908. The molecular weights (MW) vary from 11,422
to 215,793, and the theoretical isoelectric points (Theo-
retical_pI) of SLEEPER proteins range from 4.44 to 9.54
(Table S2).

Chromosomal location and phylogenic analysis of
SLEEPERs in B. napus

To understand the evolutionary relationship of SLEEP-
ERs from B. napus, we constructed an ML tree among
342 SLEEPER proteins, including 162 in B. napus, 93
in B. oleracea, 51 in B. rapa, 2 in (A) thaliana and 34
in O. sativa. According to Knip’s naming convention of
SLEEPER genes in plants, such as RICESLEEPER or
VINESLEEPER [18], and considering (B) napus, also
known as rapeseed, we named some BuSLEEPERs genes
as RAPESLEEPER. The distance of the branches of the ML
tree showed that all the BuSLEEPERs could be classified
into 5 clusters (Fig. 1). Among them, BuRAPESLEEPERI
(BnRAPEI1.1-1.2) only contained two members, which
did not cluster with other SLEEPERs on the branches of
the tree but still had the features of SLEEPER proteins.
BuDAYSLEEPER (BnDAYSLEEPERI1-31), which con-
tained 31 members, had higher homology to AtDAY-
SLEEPER than the others did. The rest of the family
members were divided into BuRAPESLEEPER2 (23
members, hereafter referred to as RAPE2.1-2.23),
BnRAPESLEEPER3 (49 members, hereafter referred to
as RAPE3.1-3.49) and BuRAPESLEEPER4 (57 members,
hereafter referred to as RAPE4.1-4.57), according to their
position on the evolutionary branch (Fig. 1).

After localizing 162 SLEEPER genes on the chromo-
somes of B. mapus, it was found that these SLEEPER
genes were unevenly distributed on subgenome Cn and
An chromosomes. Most of the family members were dis-
tributed on Cn, containing 95 members. 14 members that
had not been successfully assembled to the chromosomes
of B. napus due to the chromosomal complexity were
distributed on unscafflold contigs. There were only 53
members localized on An. In terms of gene distribution
on chromosomes, most members on An were located in
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regions where genes were densely distributed, while on
Cn more SLEEPER members were located in regions of
higher non-coding region density (Fig. 2).

Gene structure, protein motif, conserved domains

The motifs, conserved domains and cis-acting elements
were analyzed in order of their phylogenetic relation-
ships. Most of the open reading frames (ORFs) were 500—
3000 bp in length, with some of them exceeding 9000 bp
even 20,000 bp, such as RAPE4.11 and RAPE4.20. CDSs
of these 162 SLEEPER genes were 306—5727 bp in length,
with RAPEI.1 having the longest CDS sequence and
RAPE4.39 the shortest (Fig. 3b).

Protein motif and conserved domains analysis indi-
cated that most members of the SLEEPER gene family
each contained three conserved domains, Dimer_Tnp_
hAT (Pfam05699), ZnF_BED (Cl02703), and a DUF4413
(Pfam14372). Notably, RAPE2 contained no DUF4413
domain, with DUF659 domain instead. Besides, some
members of the family contained certain exclusive con-
served domains. For instance, RAPE4.23 contained a
RNase_H_like domain (PF04308), RAPE4.20 contained
a PLN02308 domain that was classified as a model that
may span more than one domain, RAPE4.5 contained a
Zf RVT domain (PF13966), and RAPE3.23 contained a
U5 snRNP spliceosome subunit called PRP8 (COG5178).
A few of the members contained only one or two of the
three conserved domains. For example, RAPE4.56 and
RAPE4.57 contained only Dimer_Tnp_hAT, RAPE4.32
and RAPE4.43 contained only ZnF_BED, and there
was none of the three conserved domains in RAPE4.47
(Fig. 3a).

The synthesis of motif analysis and domain analysis
indicated that Dimer_Tnp_hAT always contains motif6
and motif2, DUF4413 often contains motif4, and that
motifl, motif3 and motif5 rarely overlap with any of the
conserved domains (Fig. 3a).

It is noteworthy that almost all members of RAPEI
and RAPE2 contained conserved domains different from
those of other family members, without any similar con-
served motifs to other family members, particularly
RAPEI.1, despite having the largest molecular weight
among its proteins, contained none of the characterized
domains for the SLEEPER gene family, namely Dimer_
Tnp_hAT domain, DUF4413 domain and ZnF_BED
domain, sharing the only similarity with other family
members by containing motif2.

Cis-elements analysis of promoter regions

The upstream 1500 bp sequence of the gene initiation
codon was selected to identify the enriched cis-acting
elements (CREs), to further speculate on the possible
pathways involved in the SLEEPER family of genes. After
selecting the highly enriched CREs, the results showed
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Fig. 1 Phylogenetic analysis of SLEEPER genes in Arabidopsis thaliana, Brassica napus, Brassica rapa, Brassica oleracea, and Oryza sativa. (a) Phylogenetic
tree trunk of 342 SLEEPER genes. It was constructed by maximum likelihood (ML) method based on multiple sequence alignment of 342 amino acid se-
quences of SLEEPER genes, different numbers indicated each node of the phylogenetic tree. (b) Branches on each node of the trunk of the phylogenetic
tree
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Fig. 2 Chromosomal location and duplication of 162 SLEEPER genes in B. napus. Different colors represent varying gene densities, with blue to red indi-

cating low to high gene density

that there were 21 types of cis-acting elements in the
promoters of all SLEEPER family members, with the
undefined cis-acting elements such as TATA-box and
CAAT-box excluded. Based on the metabolic pathways
and functions they participated in, we classified these cis-
acting elements into three groups, i.e. plant hormones
responsiveness elements, environmental stress respon-
siveness elements and development regulation elements.
Among the plant hormones responsiveness elements
were abscisic acid responsiveness elements, gibberel-
lin responsiveness elements, salicylic acid responsive-
ness elements, auxin responsiveness elements and

MeJA-responsiveness elements. In the environmental
stress responsiveness elements were anaerobic induction
elements, light responsiveness elements, low-tempera-
ture responsiveness elements, drought-inducibility ele-
ments, wound responsiveness elements and defense and
stress responsiveness elements. And the development
regulation elements included meristem expression ele-
ments, endosperm expression elements, root-specific ele-
ments, seed-specific regulation elements, differentiation
of the palisade mesophyll cells elements, zein metabo-
lism regulation elements, phytochrome down-regulation
expression elements, circadian control elements, cell
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Fig. 3 Gene structure, motif, conserved domain and cis-elements analysis of BhSLEEPERs. (a) Distribution of conserved domains and motif elements, the
colored bars represent different motifs, and the dashed boxes in various colors represent the location of the conserved domains; (b) Gene structure, the
green bars represent the UTRs, and the yellow bars represent the exons; (c) Cis-elements analysis of the B. napus SLEEPER genes family promoter regions
1500 bp upstream of the initial codons. Scale markers represent the length of genes (bp) or proteins (aa)

cycle regulation elements and flavonoid biosynthetic
genes regulation elements (Fig. 3c).

Furthermore, all BuSLEEPERs contained environmen-
tal stress responsiveness elements, 152 genes could be

associated with plant hormones responsiveness, and only
77 genes were involved with plant development regula-
tion, indicating that the SLEEPER family is related to
a variety of plant hormones and environmental stress
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responsiveness and that some members may participate
in plant development regulation (Table S3). Therefore,
SLEEPER family genes may play an important role in
plant hormones metabolism and environmental stress
responsiveness. Significantly, the fact that light response-
related CREs were widely distributed among all SLEEPER
family genes suggested that SLEEPER genes are probably
critical in plant response to light.

Synteny and gene duplication of SLEEPERs genes in B.
napus

To investigate the evolutionary history by syntenic gene
analysis, we traced the orthologous gene pairs in B.
napus, between B. rapa and B. napus, and between B.
oleracea and B. napus, respectively. The synteny analy-
sis within species shows that all family members except
two genes from RAPE] have internal linear relationships.
In subgenome An, there are four collinear gene pairs, all
from DAYSLEEPER. There are six collinear gene pairs in
subgenome Cn, one from RAPE4, two from RAPE3, and
three from DAYSLEEPER. A total of twelve collinear gene
pairs were identified between the An and Cn, of which
eleven pairs are in the DAYSLEEPER group and one pair
is in the RAPE2 group (Fig. 4a).

Gene family expansion proceeds mainly through five
ways: whole genome duplication or polyploidization,
tandem duplication, segmental duplication, retrotrans-
position, and exon duplication and shuffling. Consider-
ing the chromosomal distribution of the SLEEPER family
genes and the results of synteny analysis, we suggest that
the expansion of the SLEEPER gene family is mainly
due to whole genome duplication, segmental duplica-
tion, and tandem duplication. Allotetraploid B. napus
evolved from the ancestral B. oleracea and B. rapa, both
of which are relatively ancient polyploid plants that have
long undergone large-scale chromosomal rearrange-
ments. For instance, DAYSLEEPER13-14, 23-29, 23-24
and other collinear gene pairs distributed in An and Chn,
respectively, are very likely to have undergone ploidy dur-
ing the polyploidy process. On the other hand, a large
number of SLEEPER family genes are closely aligned on
the same chromosome in the genome, forming clusters of
genes with similar sequences and functions, such as the
gene pairs DAYSLEEPERI9-20, 24-25, RAPE3.40-3.41,
RAPE4.20-4.22, RAPE2.7-2.8, etc. Therefore, tandem
duplication is another major cause of the expansion of
SLEEPER family members (Fig. 4a).

To investigate the evolutionary process of the SLEEPER
gene family in cruciferous species, this study further ana-
lyzed the homologous relationship between B. napus and
B. rapa and B. oleracea. Among the 162 members from
B. napus, 37 genes could be homologous in either B.
rapa or B. oleracea, of which 21 could be found homolo-
gous in both B. rapa and B. oleracea, 13 genes could be
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homologous in B. oleracea only, and 3 genes could be
homologous in B. rapa only. This suggested that the gene
family is more expanded in B. oleracea than in B. rapa
and that members of this gene family in B. napus prob-
ably originated mainly from B. oleracea during the evo-
lutionary process, which is consistent with the results of
gene localization analysis (Fig. 4b).

The Ka/Ks of An and Cn subgenomes of B. napus
ranged from 0.043 to 0.513, with an average of 0.284.
The Ka/Ks of B. napus and B. rapa ranged from 0.037 to
1.430, with an average of 0.271, and only one Ka/Ks value
of duplicate gene pair over 1.0. The Ka/Ks of B. napus
and B. oleracea ranged from 0.063 to 2.020, with an aver-
age of 0.472, and five Ka/Ks values of homolog gene pairs
over 1.0 (Fig. 4c, Table S4). Ka/Ks=1 indicated neutral
evolution, Ka/Ks<1 indicated purifying evolution, and
Ka/Ks>1 indicated positive selection [26]. It is sug-
gested that in cruciferous species, while a few SLEEPER
genes are evolving rapidly, most of them are relatively
conserved.

Expression analysis of BnSLEEPERs genes during growth
and development in different tissues

It was previously suggested that AtDAYSLEEPER may
be involved in various plant growth and development
activities as a transposase. To investigate whether mem-
bers of the SLEEPER gene family have similar functions
in B. napus, we analyzed their transcriptional levels in
different tissues at different growth stages in B. napus.
These members all have multiple copies in allotetra-
ploid B. napus, so the identification of the key members
is important for a more in-depth study of the evolution-
ary process and relationship of SLEEPER members from
transposons to transcription factors, which will help to
identify excellent genetic resources for genetic improve-
ment in B. napus.

The RNA-seq results showed that the expression of 74
SLEEPER genes were almost undetectable in all tissues
at all stages, including 10 DAYSLEEPERs, 7 RAPE2s, 34
RAPE3s, and 23 RAPE4s (Fig. 5, Table S5). It is specu-
lated that there may be two main reasons for this. One
was the presence of retrotransposition during the evolu-
tionary process, where the ancestral SLEEPER genes, as
hAT transposons, lost their transposition function dur-
ing long-term evolution and thus became transcription
factors, and the retrotransposition happened during this
process could form new genes that lack necessary regu-
latory sequences such as the UTR region, resulting in a
large number of unexpressed pseudo genes. This hypoth-
esis is supported by the results of gene structure analy-
sis. Another reason is that we may have selected too few
growth stages of B. napus and did not pick the stages or
tissues in which these genes were expressed.
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calculated by TBtools

It was demonstrated in the TAIR database that AtDAY-
SLEEPER is mainly involved in the development of floral
meristematic tissues and is essential for the development
of structures such as ovules and carpels. We screened a
total of 36 genes with FPKM values greater than 10 in
any tissue or stage for individual analysis. Among them,
RAPE2.2, 2.22, and 3.34 were mainly expressed from the
flowering stage only, while RAPE4.44, and 4.9 had very
low-level expression in roots and stems during the flow-
ering stage (Fig. 5, Fig. S1). Furthermore, the expression
levels of other members in BuSLEEPERs genes were not

significantly tissue-specific, with relatively high-level
expression in almost all stages and tissues. In conclusion,
the whole SLEEPER gene family is involved in the regu-
lation of the growth of various tissue in B. napus from
seedling to silique stage. In addition, a correlation analy-
sis of the qRT-PCR data and the FPKM results from the
RNA-seq experiment showed that the expression of the
four selected genes was closely correlated with each other
(Fig. 6¢). The range of R-value was between 0.69 and 0.94,
using a significance level of p<0.05 (Fig. S3).
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To determine the roles that the SLEEPER gene family
members played during plant growth and development,
we constructed a SLEEPER protein interaction network
in the model plant A. thaliana using the STRING data-
base based on previous experiments and predicted inter-
actions. Previous analysis with eight protein interactions
predicted that AtDAYSLEEPER is most likely involved
in chromatin remodeling, and most of the proteins pre-
dicted by experimental and bioinformatic approaches to
interact with DAYSLEEPER by protein-protein interac-
tions are chromatin remodeling proteins, such as ATRX,
which participates in transcriptional regulation and

chromatin remodeling through facilitating DNA replica-
tion in a variety of cellular environments and promot-
ing the expression of chromatin remodeling factors PKL,
PKR2 (involved in the repression of embryonic trait gene
expression during and after seed germination) and CHR4
(regulating gene transcription through binding of histone
and DNA) (Fig. S2).

Prediction and verification of subcellular location of
BnSLEEPERs

To further explore the potential functions of domesti-
cated SLEEPER genes, we performed signal peptide (SP)
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prediction, transmembrane helices (TH) analysis, and
subcellular location prediction on these 162 members
using various databases. The results showed that a total
of 51 members were predicted to contain nuclear local-
ization signal (NLS), 15 of them were predicted to be
located in chloroplasts, and only two were predicted to
contain signal peptides. In addition, among the 21 mem-
bers predicted to contain TH, two contained NLS and
were predicted to be localized in the chloroplast and
nucleus (Table S6). Overall, most of the members were
predicted to be localized in the nucleus or chloroplast,
and a few were predicted to contain TH, while a very few
might be localized in the Golgi apparatus, lysosomes, or
even extracellularly.

To verify the subcellular localization of SLEEPERs
genes, from the 36 highly expressed genes mentioned
above (Fig. S1), we screened 4 genes according to the dif-
ferent predictions for tobacco transient transformation
after fusing eGFP and then observed their localization.
BuDAYSLEEPERS with NLS (RRRRK) is predicted to be
localized in the nucleus and not contain any SP or TH.

BnRAPE3.38 is predicted to be located in the nucleus but
contains no NLS, TH or SP. BuRAPE?2.12 possesses both
NLS ((KATKRKHR) and SP but lacks TH. BuRAPE4.35
only exclusively contains THP. It is worth mentioning
that among the 36 genes, there are no genes with only SP,
or genes with both SP and TH, or genes with both NLS
and THP (Table S6).

The experimental results showed that BuDAY-
SLEEPERS only located in the nucleus while BuRAPE3.38
was expressed not only in the nucleus but also in the cell
membrane in small amounts. Although BnRAPE2.12
was predicted to contain SP and NLS but no TH, it was
found in experiments to be expressed in chloroplasts,
nucleus and cell membrane. The results showed that
BnRAPE4.35 was also notably expressed in the cell mem-
brane and appeared to be expressed in some unidentified
intracellular regions excluding the nucleus even with-
out SP (Fig. 6b). The experimental results indicated that
the actual subcellular localization of some members did
not exactly match the predicted results, and each mem-
ber was expressed in the nucleus, suggesting that during
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transposon domestication, not all transposon-derived
genes will be transformed into transcription factors, but
possibly into other types of functional genes as well.
According to the RNA-seq and qRT-PCR data, these
four genes relatively expressed highly in various tissues
and stages in B. napus, except for RAPE4.35, the other
three genes expressed highly in the pods. RAPE4.35
mainly expressed in the leaves and flowers, also rela-
tively high in roots at flowering stage. As for RAPE3.38,
the expression level of it in the leaves gets less and
less, and on the contrary, the expression level in stems
increased gradually. In addition, the same is true for
DAYSLEEPERS. However, the overall change trend of
RAPE2.12 expression was not obvious. (Fig. 6a, Fig. S2)

Discussion

Brassica napus is one of the most important oil crops in
the world and is an ancient heterotetraploid species that
evolved from the ancestral Brassica oleracea and Bras-
sica rapa [27]). Among Brassica crops, B. oleracea and
B. rapa diverged about 46 million years ago [28], and
the natural hybridization of them that formed B. napus
occurred about 7500 years ago [27]. During polyploidi-
zation events, a large number of duplicated chromo-
somal regions can be retained on the genome so that
some genes may expand by segmental duplication [29],
such as the CLE gene family in B. napus [30]. The results
show that SLEEPER family genes are scarce in (A) thali-
ana, but abundant in (B) oleracea, B. rapa, or B. napus.
The gene structure and gene expression patterns analy-
sis suggested that there might be many pseudogenes in
the SLEEPER gene family, which do not contain com-
plete gene structures, missing important regions such
as the UTR, and could not be detected to be expressed
in the samples we selected. In terms of gene distribu-
tion on chromosomes, many homologous gene pairs are
extremely close in physical distance, located on the same
chromosome and less than 50 kb apart. The results above
suggest that the SLEEPER family may have expanded rap-
idly in various ways leading to numerous members, such
as genome polyploidization, segmental duplication, and
tandem duplication. Furthermore, it was reported that
the DALYSLEEPER gene was domesticated from the hAT
transposon, which still contained the ZAT-like transpos-
able element, but lost sequences essential for transpo-
sition such as the terminal inverted repeat (TIR) [18].
Therefore, the uneven distribution of the SLEEPER gene
family in the An and Cn subgenomes of the B. napus
genome may be attributed to the fact that the Cn con-
tains more transposons than the An, and that homolo-
gous exchanges were more frequent and active in the Cn
than in the An during polyploidization [27]. This also
suggested the possibility that retrotransposition replica-
tion is another major way for SLEEPER genes expansion.
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Through bioinformatics analysis, this study provided
a systematic interpretation of the molecular character-
istics of the SLEEPER gene family, which is a very large
and complex gene family in many cruciferous species.
After identifying the genome-wide SLEEPER gene fam-
ily in B. napus, we divided the members into five groups.
The bioinformatics analysis showed that their gene struc-
tures and motifs are conserved, the types of cis-acting
elements contained in their promoters are mostly con-
sistent, and the functions of the members in different
groups are not specific, suggesting that their gene func-
tions may have become redundant during the evolution-
ary process. The results of transcriptional patterns in
different growth stages and tissues of B. napus also con-
firmed this conjecture, with many genes having similar or
even identical expression patterns, such as RAPE2.22 vs.
RAPE2.2, DAYSLEEPERI3 vs. RAPE2.10, and RAPE2.22
vs. RAPE2.19. Interestingly, almost all duplicated genes
differ dramatically in their expression patterns, probably
because these duplicated genes have undergone non-
functionalization, neo-functionalization or sub-func-
tionalization at the transcriptional level, thus evolving in
different directions and taking on more functions [31].

The functions of SLEEPER genes in plants are poorly
understood. Although the discoverers of DAYSLEEPER
found that it is essential for plant growth and develop-
ment, especially for meristem formation, the exact signal
pathways and transcriptional regulation involved are still
unknown [23]. In the human genome, the mammal-spe-
cific CCCH type BED-zinc finger domain proteins (ZBED
transcription factors), which are homologous to the plant
SLEEPER genes and domesticated from the ZAT super-
family, have been shown to have important functions in
the human body as transcription factors, although they
also lack transposase activity but retain the zinc finger
domain [32, 33]. For example, ZBED transcription factors
have been verified to be involved in various cell develop-
ment and immune response processes [34], such as regu-
lating keratinocyte differentiation and being a marker of
T cell failure in CD8 T cells [35].

In this study, the prediction and experiments of sub-
cellular localization of SLEEPER members from differ-
ent groups in B. napus showed that these proteins are
mainly localized in the nucleus, with a small number of
them expressed in the cytoplasm, and even some mem-
bers are expressed in the cell membrane. Knip also dem-
onstrated that ALIDAYSLEEPER is localized in the nuclear
and vesicular, suggesting that SLEEPERs genes may con-
trol gene expression with the ability of DNA binding as
trans-acting elements and thus regulate plant growth and
development processes. In addition, the DAYSLEEPER
protein interaction network in (A) thaliana also provides
an alternative hypothesis for the function of homologous
genes in (B) napus, namely, SLEEPER genes containing
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zinc finger domains may regulate chromatin structure
as part of the coactivator complex and contribute to the
activation function of nuclear receptors and other fac-
tors. The above results can provide a concrete reference
example for the domestication of “junk gene” transposase
into a transcription factor with important functions,
which is helpful for exploring the significance of transpo-
sons as direct selection targets in domestication, and for
fully understanding the functions and roles of transpo-
sons in genome evolution. It also provides directions and
clues for further genetic improvement breeding research
of B. napus.

Conclusion

In this study, 162 members of the SLEEPER gene fam-
ily were identified in B. napus by a combined method of
BLAST and HMM search. The prediction of their struc-
tural and functional similarities and differences and the
analysis of their promoter elements and protein subcel-
lular localization were performed by molecular charac-
terization and bioinformatic analysis of the entire gene
family. With transcriptome analysis, their expression
patterns in different tissues throughout the growth and
development cycle of B. napus. Finally, considering the
results of the identification of differential expression, co-
expression network analysis and subcellular localization
altogether, we further screened the core genes that could
further explain the evolutionary process of ancient trans-
posons losing their transposable function and then trans-
forming into transcription factors or functional genes
with an important role in plant growth and development.
In conclusion, these genes will likely provide high-qual-
ity genetic resources for the genetic improvement of B.
napus.

Materials and methods

Identification and classification of SLEEPER gene family
members in B. napus and the other plants

Candidate SLEEPER gene family members of B. napus,
B. rapa, B. oleracea, A. thaliana and O. sativa were
retrieved from NCBI database (https://www/ncbi.nlm.
nih.gov/genome/), the version of Genomic sequence
and GFF Annotated feature files were Bra_napus_v2.0,
CAAS_Brap_v3.01, BOL, TAIR10.1 and IRGSP-1.0,
respectively.

Bidirectional blast alignment and Hidden Markov
Model (HMM) search were carried out to obtain all the
candidate gene family members. NCBI's BLAST algo-
rithm was used to perform alignments and homology
analyses (e-value=1e-10). Meanwhile, SLEEPER gene
family members were identified by hmmer3 software
(http://hmmer.org/) (e-value=1e-5), based on HMM of
the conserved domains zf-BED (PF02892) and Dimer_
Tnp_hAT (PF05699) from Pfam Database (http://pfam.
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xfam.org/). We later merged the blast alignment result
and the HMM search result. The duplicate values were
removed.

Phylogenetic tree construction

To understand the evolutionary relationships among
SLEEPER genes family in B. napus, 162 full-length
SLEEPER protein sequences were extracted to generate
a phylogenetic tree by MEGA-X, with DAYSLEEPER and
CYTOSLEEPER protein in (A) thaliana, 93 SLEEPERs
in (B) oleracea, 51 in B. rapa and 34 in O. sativa (Table
S1) selected as representatives. Multiple sequence align-
ments were subjected to a maximum likelihood (ML)
method for the construction of the phylogenetic tree. The
tree was then visualized by Evolview (http://www.evolge-
nius.info/evolview/). According to the evolutionary rela-
tionships, the nomenclature of B. napus SLEEPERs were
carried out using standardized gene nomenclature for the
cruciferous species. Similarities and identities among all
the SLEEPERSs proteins in the ML tree were analyzed by
SIAS tools (http://imed.med.ucm.es/Tools/sias.html).

Gene structures, motifs, conserved domains and promoter
region cis-elements analysis
The conserved motif structures were analyzed by MEME
online tool (http://meme-suite.oorg/index.html). We
obtained the conserved domain and analyzed the motif
function through NCBI-CDD database. The 1500 bp
sequences of ATG upstream of SLEEPERs were extracted
as the promoters. PlantCare (http://bioinformatics.psb.
ugent.be/webtools/pantcare/html/) was used to analyze
the cis-elements of promoters.

All the data above was visualized by TBtools [36].

Chromosomal location, distribution and collinearity, Ka/Ks
analysis

The positions of SLEEPERs on chromosomes were dis-
played by TBtools. The Multiple Collinearity Scan (MCS-
canX) was used to analyze the syntenies and collinearity
of SLEEPER Genes in B. napus, B. oleracea and B. rapa
[37]. The version of Genomic sequence and GFF Anno-
tated feature files were BOL and CAAS_Brap_v3.01 from
NCBI. Ka, Ks calculations were performed with the “Ka/
Ks Calculator” from TBtools, and the Circos plots were
constructed by “Advanced Circos” in TBtools [38].

Expression analysis of BnSLEEPERs

We used RNA-Seq datasets previously published of
line 3529 by our lab to analyze the expression patterns
of SLEEPERs in various tissues of B. napus at differ-
ent stages, including root, stem and leaf tissues at the
seedling stage, root, stem, flower and leaf tissues at the
flowering stage, and silique and leaf tissues at the silique
stage. For each tissue sample, there were two biological
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replicates, i.e. two technical replicates were set up for
each sequencing sample of B. napus in the same growth
state and the same environment.

Clean reads from raw data were compared with the
reference genome of ZS11. To facilitate the analysis of
differences between all samples, Transcripts Per Mil-
lion (TPM) was used as the standardized expression
value. The TPM of SLEEPER genes were retrieved and
then used to draw the heatmap after log transformation.
DESeq2 software was used to analyze the differential
expression of genes based on reads count. The screening
criteria for differentially expressed genes (DEGs) were:
False Discovery Rate (FDR)<0.05 and |log,FoldChange|
> 3. FoldChange represents the ratio of FPKM between
two samples, the raw data of transcriptome sequencing
was upload in NCBI database (PRJNA932529, https://
dataview.ncbi.nlm.nih.gov/object/PRINA932529?reviewe
r=gqedabeelsvr5bg9g06911c19).

We next used quantitative real-time PCR (qRT-PCR)
analysis to test the data of RNA-seq. The qRT-PCR was
performed on two biological replicates and three tech-
nical replicates to analyze expression profile of BuDAY-
SLEEPERS, BnRAPE2.12, 3.38 and 4.35 using qPCR SYBR
Green Master Mix Kit (YEASEN Biotech). The procedure
was conducted as follows: qPCR cycle parameters were
set as 95 °C for 30s, 39 cycles of 5s at 95 °C, 15s at 57 °C, a
final melting curve from 65 to 95 °C in 0.5 °C increments.
The relative gene expression levels were calculated using
the 2724 method with -actin from B. napus.

The comparison of RNA-seq and qRT-PCR data were
performed by Student’s t-test and Pearson correlation
coefficient (Table S10).

Prediction of isoelectric point, signal peptide,
transmembrane helix and subcellular localization of
BnSLEEPERs

Isoelectric point (PI) was predicted by Protparam (http://
web.expasy.org/protparam/), signal peptide was pre-
dicted by SignalP 5.0 Sever (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0). Transmembrane helix
was predicted by TMHMM Sever v.2.0 (https://services.
healthtech.dtu.dk/service.php? TMHMM-2.0).  Subcel-
lular localization was predicted by Plant-mPLoc (http://
www.csbio.situ.edu.cn/bioinf/plant-multi/).

In this study, vector pBI221-eGFP was used for subcel-
lular localization of BuDAYSLEEPERS, BnRAPE2.12, 3.38
and 4.35, these four genes were ligated to vector pBI221
before eGEP reporter gene and driven by CaMV35S pro-
moter. Restriction sites and primers used in this part are
listed in Supplementary Table S8.

Then, 4-week-old N. benthamiana leaves in good
growth condition were cut into slim strips and then incu-
bated in the enzymatic solution for 3 h at 30 °C in the
dark. One-fold volume of pre-cooled solution containing
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W5 was added after removing the residue in the proto-
plast preparation solution with forceps. After being fil-
tered and centrifuged, the same volume of pre-cooled
W5 solution was added again for 1 h in an ice bath. The
protoplasts were collected in the precipitate obtained by
centrifugation of the solution. 30ug of the recombinant
plasmid, 200uL of protoplasts solution and 230uL of 40%
PEG solution were gently mixed in a 2mL tube and left at
room temperature for 15 ~ 20 min before the transforma-
tion was terminated by adding 4 folds volume of W5 solu-
tion. After centrifuging the solution at 100rmp for 2 min,
the precipitate containing the protoplasts was washed in
1 mL W5 solution, and then resuspended with 1 mL WL
The transformed protoplasts were incubated in the dark
at 25°C for 6~8 h to express the fusion protein. Finally,
we used a confocal laser microscope (Leica microsystems
DM4 B, the excitation wavelength is 488 nm) to observe
the protoplasts. The composition of all solutions is in the
Table S7.
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