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Abstract Previous studies of the function and evolution
of retrocopies in plants, Drosophila and non-mammalian
chordates provided new insights into the origin of novel
genes. However, little is known about retrocopies and
their parental genes in teleosts, and it remains obscure
whether there is any correlation between them. The pre-
sent study aimed to characterize the spatial and temporal
expression profiles of retrogenes and their parental genes
based on RNA-Seq data from Danio rerio embryos and tis-
sues from adult. Using a modified pipeline, 306 retrocop-
ies were identified in the zebrafish genome, most of which
exhibited ancient retroposition, and 76 of these showed a
Ks < 2.0. Expression of a retrocopy is generally expected
to present no correlation with its parental gene, as regula-
tory regions are not part of the retroposition event. Here,
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this assumption was tested based on RNA-Seq data from
eight stages and thirteen tissue types of zebrafish. However,
the result suggested that retrocopies displayed correlated
expression with their parental genes. The level of correla-
tion was found to decrease during embryogenesis, but to
increase slightly within a tissue using Ks as the proxy for
the divergence time. Tissue specificity was also observed:
retrocopies were found to be expressed at a more specific
level compared with their parental genes. Unlike Dros-
ophila, which has sex chromosomes, zebrafish do not show
testis-biased expression. Our study elaborated temporal and
spatial patterns of expression of retrocopies in zebrafish,
examined the correlation between retrocopies and parental
genes and analyzed potential source of regulated elements
of retrocopies, which lay a foundation for further functional
study of retrocopies.
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Introduction

Retrocopies are intronless gene copies of reverse-tran-
scribed mRNA intermediates, which have been described
since the early 1980s. However, these copies have long
been dismissed a priori as dead on arrival (Jeffs and Ash-
burner 1991; Petrov et al. 1996; Zhang et al. 2003, 2004).
They have been classified as pseudogenes because of their
lack of regulatory elements and the presence of frameshifts
and premature stop codons (Mighell et al. 2000). A large
number of functional retrogenes and their expression pat-
terns have been systematically studied, mainly in mam-
mals, fruit flies, and rice, (Betran et al. 2002; Makova and
Li 2003; Vinckenbosch et al. 2006; Bai et al. 2007; Oka-
mura and Nakai 2008; Kaessmann et al. 2009; Sakai et al.
2011). Other than these reports, there is no systemic study
of retrocopies in teleost.

Because a newly created retrocopy usually contains the
untranslated and coding regions of the parental gene, but
not its promoter, expressed retrocopies generally require
regulatory elements for transcription. Four mechanisms
underlying the acquisition of such regulatory elements have
been discovered in recent years (Kaessmann et al. 2009).
The first is co-retroposition, or the inheritance of promot-
ers and enhancers directly from parental genes. This pro-
cess only occurs when there is leaky transcription from
a start site upstream of the parental gene, and it provides
the retrogene with a regulatory region similar to that of the
source gene (Okamura and Nakai 2008). The second is the
use of nearby regulatory elements. For example, regula-
tory elements might be inserted into introns of host genes
and expressed as fusion transcripts (Long and Langley
1993). The third mechanism is the acquisition of de novo
regulatory elements (Yamashita et al. 2005), and the final
mechanism is integration into chromosomal domains that
favor transcription because of open chromatin, which may
create an environment that facilitates transcriptional activa-
tion (Gilbert et al. 2004). The divergence in the expression
of retrocopy pairs might be predicted based on different
modes of acquisition of regulatory elements.

Ohno proposed that differences in expression are the
first steps in functional divergence between duplicate genes
(Ohno 1970). In this study, we examined temporal and spa-
tial patterns of the expression of retrocopies in zebrafish
and investigated the divergence in expression between ret-
rocopies and their parental genes. First, we identified ret-
rocopies through genomic surveys using a strict pipeline
to ensure that each retrocopy was correctly paired with its
parental gene. Then, through systematic analysis of RNA-
Seq data from eight stages and 13 tissues, we compared the
expression between retrocopies and parental genes. Finally,
we found that the expression pattern was surprisingly con-
served between retrocopy pairs, especially at different
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stages. Our study reported first time of the expression pro-
files, evolutionary age, and selective pressure of retrocopies
in zebrafish.

Materials and methods
Retrocopy detection

To identify retrocopies in zebrafish, we adapted an
approach that was previously used in humans and modi-
fied the discovery procedures (Marques et al. 2005). The
genome and 42,157-peptide sequence of zebrafish were
obtained from Ensembl (http://www.ensembl.org/). First,
a TBLASTN search was performed using whole peptide
sequences as queries against genome sequences (Altschul
et al. 1997). Second, the TBLASTN results were analyzed
using customized Perl scripts, and the DNA sequences
that most closely matched the proteins were selected and
aligned via Genewise (Birney and Durbin 1997). Using
the alignment with the corresponding protein sequences,
multi-exon sequences were selected for subsequent analy-
sis. Combining only nearby matches (distance <40 bp) that
were unlikely to be separated by introns, adjacent homol-
ogy matches were merged in a series of parsing steps
using customized Perl scripts. We employed the criteria
that the query and merged target sequences aligned with
one another for more than 50 amino acids and exhibited
an amino acid identity of more than 30 %. Next, similar-
ity searches were performed on the merged sequences
against multi-exon proteins using FASTA. The best hits
were selected for use as candidate proteins (WR 1990). If
the merged sequences overlapped and at least three exons
of the parental gene and the distance between the two adja-
cent exons was greater than 70 bp, the sequence was con-
sidered to be a retrocopy. For this purpose, 70 bp was set
as a threshold based on the following considerations: (1)
The majority of introns in the zebrafish genome are larger
than 70 bp, which does not include small gaps in parental
genes mistakenly annotated as introns (Yeo et al. 2004). (2)
At least two introns had been lost by each parental gene, as
indicated by the fact that 70 bp is larger than the gap size
(40 bp) used in the merging step. To ensure the absence of
introns from the retrocopies, the merged sequences with
their 10,000 bp flanking regions were compared with those
of their candidate parental proteins using Genewise, with
a cutoff score of 35. Finally, the absence of introns was
checked manually.

Age of retrocopies

The timing of the retroposition events was determined by
calculating coding sequence divergence at synonymous sites
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(Ks) between each retrocopy and its source gene. Pairwise
Ks statistics were estimated using YNOO in PAML4 (Yang
2007). Under current conditions, among the fish included
in our analyses, silver carp (Hypophthalmichthys molitrix)
(data unpublished) was found to exhibit the closest genetic
relationship with zebrafish. Blastn searches were performed
using retrocopies as queries against the genome sequence of
silver carp, with an E value of 1073, to assess the distribu-
tion of retrocopies in silver carp and estimate their ages.

Analyses of selective pressure

The Codeml program in PAML 4 was used to compare
the selective pressure experienced by retrocopies and their
parental genes (Yang 2007). A species tree (((stickleback
((fugu, tetraodon) tilapia)) (platyfish, medaka)) zebrafish),
was employed as a guide tree for analysis (Li et al. 2007
Near et al. 2013). The orthologous genes of retrocopies
and their parental genes were downloaded from Ensembl
(http://asia.ensembl.org/index.html) and aligned using
Clustal X, respectively. Orthologous genes may be absent
from some species. The tree shows the differences for each
gene, which were confirmed manually. A branch model in
which zebrafish was set as the foreground branch was used
to determine whether positive selection had occurred. We
corrected the multiple testing by applying the false dis-
covery rate method (FDR). Genes were considered to have
experienced significant purifying selection if the FDR-
adjusted P value is less than 0.05 and w < 1.

Library preparation and high-throughput sequencing
for testis tissue

Because data were available in the NCBI database for eight
stages and nine tissue types, considering the integrity of the
data analysis, RNA-Seq of testis tissue from adult zebrafish
was performed. Wild-type zebrafish from an AB back-
ground were maintained in the zebrafish facilities of the
Institute of Hydrobiology, Chinese Academy of Sciences.
An adult testis was collected for RNA extraction. Total
RNA extraction was performed using TRIZOL reagents
from Takara, following the manufacturer’s instructions.
Total RNA contents were measured using a NanoDrop
2000. Then, 5 pg of total RNA was employed for mRNA
isolation with oligo (dT) magnetic beads and fragmented
into small pieces in fragmentation buffer at 70 °C for 4 min
before cDNA synthesis. First-strand cDNA was synthe-
sized from the cleaved RNA using SuperScript II reverse
transcriptase and random hexamer primers, followed by
second-strand cDNA synthesis. Finally, the paired-end
cDNA library was prepared according to the Illumina’s
protocols and sequenced for 101 bp at both ends using the
Illumina HiSeq™ 2000 platform.

Expression analyses using RNA-Seq

Compared with ESTs and full-length ¢cDNA, RNA-Seq
has been found to be more accurate in the quantification
of gene expression levels. RNA-Seq data were obtained
from eight consecutive developmental stages in zebrafish:
the 2—4-cell, 1000-cell (3 hpf), dome (4.5 hpf), shield (6
hpf), bud (10 hpf), 28 hpf (hours post fertilization), 2d, and
5d stages; these data were downloaded from NCBI under
accession code GSE32898 (Pauli et al. 2012). RNA-Seq
data were also collected from five zebrafish tissues: adult
zebrafish ovary, male adult zebrafish head, female adult
zebrafish head, whole male adult zebrafish without the
head or testis and whole female adult zebrafish without
the head or ovary; these data were downloaded from NCBI
under accession code ERP000016. Data for heart, brain the
kidney and swim bladder were downloaded from NCBI
under accession code ERP000447 (Collins et al. 2012).
Datasets for the heart, brain, blood, liver and muscle were
downloaded from NCBI under accession number (SRA)
PRINA207719 (Kaushik et al. 2013). Since several datasets
of the same tissue were available [ERR35545 (Brain) and
ERR35546 (Heart) from ERP000447, SRR891511 (Brain)
and SRR891495 (Heart) from PRINA207719], we used the
RSeQC-2.5(Wang et al. 2012) to evaluate the quality (Sup-
plementary Fig. 2). The biological replicates were analyzed
separately with the same method. Using Tophat 2.0.4, all
the obtained RNA-Seq reads and testis data were mapped
to the genome using the ultra high-throughput short read
aligner Bowtie (Trapnell et al. 2009, 2012; Kim and Salz-
berg 2011), in which only reads with a length longer than
48 and multihits lower than three were retained. We only
allowed 2 bp mismatches in a read. Then, Trinity v2.0.5
(Grabherr et al. 2011) was used to calculate fragments
per kilobase of transcript sequence per millions base pairs
sequenced (FPKM) for each retrocopy and parental gene.
To discriminate the transcription between the parental gene
and retrocopy, we used SAM’s NH:i:1 flag to ensure the
reads mapped to a unique location on the genome. Con-
sidering that the paired-end length of RNA-seq read was
152 bp and only 2 bp mismatches were allowed in a read,
we thought 5 bp difference in 152 bp was sufficient to dif-
ferentiate parental gene from retrocopy when mapping
reads. We analyzed differences between parental genes and
retrocopies using a sliding window of 152 bp with a 1 bp
step size implemented via a Perl script. Each pair of paren-
tal genes and retrocopies showed at least 5 bp difference
within 152 bp.

We investigated the number of RNA-seq reads mapping
to intergenic regions to determine the background level of
expression. We selected intergenic regions >5 kb in length.
To ensure these were not protein-coding regions, we using
BlastX search against the non-redundant protein database
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(nr) of the National Center for Biotechnology Informa-
tion, with a cutoff E value of 1078, Then, we calculated the
number of mapping RNA-seq reads for intergenic regions,
which was shown in Supplementary Fig. 3. Most (cumu-
lative percent = 95.8 %) of the intergenetic region FPKM
values were less than 0.42, which we set as the background
level.

To evaluate retrocopy specificity and source genes, we
calculated H(g), the Shannon entropy, which is expressed
in bits of the expression the vector of gene g. This practice
is based on FPKM. The specificity score was defined as
1 — H(g)log2(N), where N represents the number of points
in time or the types of tissue (Pauli et al. 2012). The Pear-
son product moment correlation coefficient (R) was calcu-
lated using FPKM values from different stages and tissue
types to compare expression patterns between each retro-
copy and its parental gene.

N
H(g)=—) Pilog, P;

i=1

P; = gi/gsum

where g is the gene name, g; is the FPKM for the ith tissue,
and g, is the sum of N tissues.

RT-PCR experiment

Total RNA was extracted from Zebrafish samples (AB
strain, Liver) using SV Total RNA Isolation Kit (Promega,
Madison, WI, USA). To avoid genomic contamination,
we treated Total RNA with DNase I (Promega) to remove
genomic DNA. We synthesized single-strand cDNA was
using Reverse-Transcription System (Promega). We ampli-
fied B-actin to ensure cDNA was successfully synthesized.
Unique primers were used to amplify target sequences, and
mRNAs without being reverse-transcribed were used as
negative controls. The Purified products were sequenced on
an ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, California, United States) and the resulting sequences
were deposited in GenBank [GenBank: KP324775 to
KP324787].

Shared motif analysis

Regulatory sequences are often located 5’ of proteins,
comprising the 5’ UTRs, promoter regions, and other
regulatory elements, such as enhancers. A shared motif is
defined as a region of high local similarity between two
DNA sequences, regardless of their order, orientation, or
spacing (Castillo-Davis et al. 2004). Accordingly, dgy,
defined here as the relative number of both sequences that
did not include a region of significant local similarity, was
used to quantify the differences in regulatory elements.
An algorithm created by Castillo-Davis et al. (2004) was
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used to perform the calculations (Waterman and Eggert
1987).

Statistical analysis

SPSS 20.0 software for windows was used for the most sta-
tistical analysis. Mann—Whitney U test was performed to
analyze the significant difference (P < 0.05) of expression
level between retrocopies and parental genes. The correla-
tion between retrocopies and parental genes was analyzed
by the Pearson correlation test. The One-Sample 7" Test was
performed to compare w value with 1. R 3.1.2 for Linux
was used for Chi squared test to analyze purifying selection
of retrocopies and parental genes and two-sample equal-
ity test to analyze the distribution of genes belonging to
zygotic supercluster in retrocopies.

Results

Number, structure, age distribution, and functional
implications of retrocopies

Of the 42,157 protein sequences obtained in this work,
306 were found to be associated with retrocopies in the
zebrafish genome using a refined version of a previ-
ously published procedure (Chen et al. 2011). Briefly, all
the protein sequences were mapped to the genome with
TBLASTN (Altschul et al. 1997), and the 11,144 longest
regions mapped with the proteins were retained (Fig. 1).
The structure of these 11,144 sequences was obtained
using Genewise (Birney and Durbin 1997), and only 9911
sequences with introns larger than 40 bp were retained. We
mapped these sequences to the merged sequences extracted
from the TBLASTN results with Fasta. We retained the
3050 results that exhibited the best scores but no over-
lap with the position of the protein in the genome, which
were regarded as candidate parental genes. Finally, if the
sequence of the merged genes overlapped two exons of the
parental gene and the distance between the two exons was
larger than 70 bp, we confirmed the gene as a candidate
retrocopy. In total, 1107 retrocopy candidates were found
that satisfied all of our criteria. Considering that these can-
didates might be duplicates descended from primary retro-
copies, we used Genewise to determine whether each lost
intron was derived from the parental gene and detected 306
primary retrocopies. We have outlined these analyses in a
flow chart format in Fig. 1.

We analyzed the expression patterns of retrocopies
showing a Ks value (the number of synonymous substitu-
tions (amino acids) per synonymous site) <2.0, which were
relatively young (Supplementary Table 1). None of the ret-
rocopies included in the analysis contained introns, and all
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Fig. 1 The pipeline of retrocop-
ies detection. 306 retrocopies
were identified in zebrafish
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had lost at least two introns relative to their putative paren-
tal genes. These restrictions ensured that the genes in ques-
tion had truly emerged via retroposition.

The Ks value between each retrocopy and its parental
gene was estimated, and the distribution is shown in Fig. 2.
Only a few pairs exhibited Ks values below 1.0, which
may indicate that these retrocopies were not as young as
had been expected. We verified this result by performing
searches of the retrocopies against species with a relatively
close genetic relationship with zebrafish. The 76 retrocop-
ies were compared with the genome sequence of Hypoph-
thalmichthys molitrix using blastn, and 73 % of the retro-
copies showed >50 % nucleotide identity. Another seven
retrocopies were not found, and the remainder exhibited
little identity.

Despite this result, the 76 retrocopies exhibited struc-
tural changes that were not observable in their parental
genes. In 11 of these retrocopies, reading frame disruptions
were found, such as frameshifts and stop codons, which
we defined as retropseudogenes. Strikingly, the mean Ks
of these genes was significantly lower than the mean Ks of
retrocopies with intact open-reading frames, which were
defined as retrogenes (0.23 vs. 1.42, P = 2.7E-06, Mann—
Whitney U test), indicating that the retropseudogenes
were probably much younger. Among the retrogenes, the
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Fig. 2 The distribution of synonymous substitutions per site (k,) for
76 retrocopies

percentages of retrocopies that formed single-exon genes
or one exon of a host gene, or inserted into the introns of
host genes or intergenic regions were 44.6, 29.2, 7.7, and
18.5 %, respectively (Supplementary Table 2).

To determine whether the transcription of these retro-
copies has any functional implications, the transcription
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Fig.3 The FPKM and correla-
tion between retrocopies and
their parental genes for stages.
a Histogram showed FPKM
value of retrocopies (blue bar)
was significant lower than that
of parental genes (brown bar)
(P < 0.005, Mann—Whitney
Test). b Negative correlation
between retrocopies and their
parental genes was represented
by Ks and Y [log(1 + R)/

(1 —R)] (P =0.003)
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of 65 possibly functional retrocopies with intact ORFs significantly higher than the mean FPKM of the retropseu-
was compared with the transcription of the 11 retropseu-  dogenes in different tissue types and stages (Mann—Whit-
dogene copies. The mean FPKM of the retrocopies was  ney U test, Supplementary Table 3). The mean FPKM of
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retropseudogene was smaller than the background level in
some tissues (Supplementary Table 3). Reverse-transcrip-
tion polymerase chain reaction (RT-PCR) was used to con-
firm the expression of these retrocopy genes. Primers were
designed for 13 randomly selected retrocopies, and all of
these genes were amplified. Information on the primers and
the RT-PCR results is presented in Supplementary Table 4
and Supplementary Fig. 1. Given that the most highly tran-
scribed retrocopies in human beings have been identified as
functional genes, as indicated by EST analyses, most retro-
copies in zebrafish may also be functional (Vinckenbosch
et al. 20006).

The ratio of nonsynonymous to synonymous substitu-
tions per site (Ka/Ks) is another indicator of functionality.
Here, this ratio was calculated for retrocopy and parental
gene pairs. The 11 retropseudogene copies exhibited sig-
nificantly higher Ka/Ks (o = 0.72) (P < 0.001, Mann—
Whitney U test) than the remaining 65 intact retrocopies
(w = 0.36) (Supplementary Table 1). This value was far
lower (P < 0.001, One-Sample T Test) than the neutral
expectation of w = 1.0, indicating that the intact retro-
copies were predominately shaped by purifying selection
throughout the evolutionary process.

w values were estimated separately for retrocopies and
their parental genes (48 pairs) among homologous genes
using PAML. To determine whether these retrocopies and
their parental genes were under purifying, neutral or posi-
tive selection, Likelihood ratio testing (LRT) with a ¥
approximation was also conducted. The results suggested
that 24 retrocopies and 18 parental genes had experienced
significant purifying selection (w < 1, P < 0.05, Chi squared
test, Supplementary Table 6). The mean w values were 0.21
and 0.17 (P = 0.75, Mann—Whitney U test) for the retro-
copies and parental genes, respectively.

Retrocopies with detailed annotations were evaluated,
and information was retrieved manually from Ensembl
(http://asia.ensembl.org/index.html). Only four of these ret-
rocopies (ENSDARGO00000089553(Siddiqui et al. 2010),
ENSDARGO00000037995 (Ye et al. 2010; Peterson et al.
2013), ENSDARG00000079355 (Thisse et al. 2008) and
ENSDARGO00000011724 (Thisse and Thisse 2004)) have
been described in publications.

Temporal expression of newer retrocopies

The dynamics of the temporal expression of retrogenes
and their source genes was examined using a subset of the
RNA-Seq data, which encompassed eight stages: the 2-cell,
1000-cell, dome, shield, bud, 28 hpf (hours post fertiliza-
tion), 2d (days), and 5d stages (Fig. 3a). This analysis was
limited to 52 gene pairs due to the occurrence of tandem
duplication after retroposition events (Hasselmann et al.
2010). The vast majority of the remaining 52 gene pairs

(46) showed expression during different stages, indicated
by the FPKM higher than the background level 0.42 (Sup-
plementary Table 5). This result provided the basis for a
systematic analysis of temporal patterns. Failure to find
evidence of expression of these six genes using RNA-Seq
data may suggest that they were expressed in other devel-
opmental stages and tissues or at very low levels in the ana-
lyzed developmental stages. The mean FPKM for the eight
stages was calculated, revealing the FPKM of the retro-
copies to be significantly (P = 6.40E-4, 6.55E-4, 6.63E-4,
9.71E-4, 1.76E-3, 2.23E-4, 2.22E-4, 3.75E-5, respectively,
for 2 cells, 1000cells, dome, shield, bud, 28hpf, 2d, 5d,
Mann—Whitney Test) lower than the FPKM of the parental
genes. The FPKM of the retrocopies peaked (59.3) at the
shield stage, after which it degraded, reaching the lowest
level of 5.02 (Fig. 3a). The parental genes did not show any
tendency to decrease.

Furthermore, the FPKM values offered a wealth of
information for elucidating the correlation of the temporal
expression of retrocopies with that of their parental genes.
The correlation coefficient (R) was computed between
retrocopy pairs (Supplementary Table 5). We considered
retrocopies and parental genes showed significantly corre-
lated expression if the FDR-adjusted p value was less than
0.05. Six pairs for which FPKM was zero were eliminated.
Among the remaining 46 pairs, 27 (58.7 %) exhibited posi-
tive correlation, among which 8 (17.4 %) exhibited a sig-
nificantly positive correlation (R > 0.8, P < 0.05, Pearson
correlation test), while 2 (4.3 %) showed a significantly
negative correlation (R < —0.7, P < 0.05, Pearson correla-
tion test). To confirm that these retrocopies were expressed
in a similar pattern to their source genes, the expression
values for two of the most closely correlated pairs were
graphed (Fig. 4).

To investigate the relationship between evolutionary
time and R, Ks was used as a proxy of the duration of diver-
gence (Makova and Li 2003). The following transformation
was used: Y = log[(1 + R)/(1 — R)] (Gu et al. 2002; Mak-
ova and Li 2003; Li et al. 2009; Sakai et al. 2011). Nor-
mal linear regression was performed between each pair of
Ks and Y values, revealing a moderate significant negative
correlation between these parameters (Fig. 3b; R = —0.43,
P = 0.003). Thus, in the temporal profile, newer retrocop-
ies tended to be expressed more similarly to their parental
genes than older retrocopies. In conclusion, the temporal
expression of retrocopies and parental genes tended to be
positively correlated, but this expression decreased with Ks
in an approximately linear fashion during evolution.

Tissue specificity of retrocopies and parental genes

To elucidate the dynamics of the divergence of spatial
expression, data from 13 types of tissue were downloaded

@ Springer


http://asia.ensembl.org/index.html

Mol Genet Genomics

180 96
R=0.98
150 15
= 120 | 14
hd /
& ot - {3
P
60 o ,)' 412
5-_\‘/’/-,7\‘\ //,
30 f - N/ 11
2 4
0 1 1 1 1 1 1 1 0

2cell1000celtlome shield bud 28hpf 2d  &d

ENSDARG00000008109

|

ENSDARP00000012018

Fig. 4 Graph of expression counts for retrocopies (dashed lines) and
parental genes (solid lines) in eight stages. The values on the left of
axis represent for parental genes and the right for retrocopies. The

and processed. For only two samples with biological rep-
licates freely available, we repeated our analyses and the
results of biological replicates were consistent. To stream-
line our logic, we only used the dataset of SRR891511
(Brain), SRR891495 (Heart) in our manuscript and the
result of ERR35545 (Brain), ERR35546 (Heart) is listed in
Supplementary File 1.

The Pearson coefficient (R) was calculated for the ret-
rocopies and parental genes (Supplementary Table 5) with
controlling a false discovery rate (FDR) of 5 %. 4 exhib-
ited significant positive correlations (P < 0.05, Pearson
correlation test). Nevertheless, a weak positive correla-
tion (P = 0.28) was observed between the transformation
Y =log [(1 + R)/(1 — R)] and Ks (Fig. 5b). The paren-
tal genes showed significantly higher mean FPKM values
than the retrocopies in the examined tissues (Adjusted
P value = 7.15E-4, 3.51E-4, 3.70E-4, 7.01E-4, 3.68E-
4, 3.70E-4, 9.84E-5, 3.68E-4, 9.84E-5, 9.84E-5, 3.51E-
4, 2.56E-3, 6.07E-4, respectively, Mann—Whitney Test)
(Fig. 5a).

However, the retrocopies always tended to exhibit
higher tissue specificity than their parental genes. To test
this hypothesis, RNA-Seq data were used to as a measure-
ment of spatially specific expression (Yang et al. 2013). A
gene was defined as being expressed in a given tissue or
organ if its FPKM value was larger than background level
0.42 and at least two reads were mapped to the gene. The
mean number of retrocopies that were not expressed in
each tissue was significantly greater than the number of
parental genes [(20.7 vs. 9.7), P < 0.001, Mann—Whitney
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U test, Table 1). This result may indicate that retrocopies
show more specific expression patterns. Another measure
of tissue specificity is Shannon entropy (a measure of the
breadth of expression, see “Methods” section). The speci-
ficity score was calculated (Supplementary Table 7). The
mean values of these scores were 0.42 and 0.37 for retro-
copies and parental genes, respectively, and the former was
significantly higher than the latter (P = 0.03, Mann—Whit-
ney U test). Together, all these analyses revealed relatively
high spatial specificity to be a trait of the retrocopies in
zebrafish.

As testis-specific expression of retrogenes has been
demonstrated in humans and fruit flies (Betran and Long
2003; Marques et al. 2005; Vinckenbosch et al. 2006;
Kalamegham et al. 2007; Ding et al. 2010), to determine
whether there is any significant sex bias in the expres-
sion of retrocopies in zebrafish, the mean FPKM values
for zebrafish heads, gonads, and bodies without heads
or gonads were compared for the two sexes (Fig. 5a). In
contrast to what is observed in fruit flies and humans, we
did not find any significant difference between the differ-
ent sexes in zebrafish (P = 0.82, P = 0.92, and P = 0.80,
respectively, Mann—Whitney U test, Supplementary Fig. 5).

Two genes are said to exhibit divergent expression in a
particular tissue if one gene is expressed in that tissue and
the other is not. A retrocopy and its parental gene were con-
sidered to exhibit divergent expression if they showed dif-
ferences in expression in at least one of the tissues studied
(Makova and Li 2003). In our data, 35 retrocopies satisfied
this criterion, including 10 retrocopies that were expressed
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Fig.5 The FPKM and correla-
tion between retrocopies and
their parental genes for tissues.
a Histogram of FPKM value
showed that the expression level
retrocopies (blue bar) were
significantly lower than that

of parental genes (brown bar)
(P < 0.005, Mann—Whitney
Test). b Relationship between
retrocopies and their parental
genes was represented by Ks
and Y [log(1 + R)/(1 — R)]
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Table 1 Comparison between retrocopies and their parental genes of the number of expressed genes in different tissues

Retrogenes

Parental gene

No. of unexpressed genes

No. of expressed genes

No. of unexpressed genes ~ No. of expressed genes

Liver 35 17
Muscle 26 26
Blood 22 30
Brain 18 34
Heart 23 29
Swim bladder 13 39
Kidney 18 34
Female without head or ovary 21 31
Male without head or testis 24 28
Female head 15 37
Male head 13 39
Ovary 26 26
Testis 16 36
Average 20.7 31.3

18 34
3 39
9 43
8 44
9 43
9 43
7 45
1 41
10 42
47
47
14 38
8 44

9.7 423

in a new tissue in which the parental genes showed no
expression, whereas 21 retrocopies displayed the opposite
condition (Supplementary Table 9). For example, the ret-
rocopy ENSDARP00000056404 was expressed solely in
the swim bladder, while its source gene was ubiquitously
expressed in 13 tissues. We also calculated the relative
divergence between gene pairs as (M1 — M2)/(M1 + M2),
where M1 and M2 are the average FPKM for the each of
the retrocopies and parental genes, respectively. The rela-
tive divergence was negatively correlated with evolutionary
age (Ks) (R = —0.34, P = 1.4E-3, Pearson coefficient test).

Promoter region expression and shared motif
divergence

To further explore the mechanisms that might underlie the
correlations in expression between retrocopies and their
parental genes, two possible explanations were proposed.
If promoter regions are co-retroposed with cod-
ing sequences, retrocopies and their parental genes may
exhibit similar expression patterns (Okamura and Nakai
2008). To confirm such patterns, 35 parental genes that
were validated based on flcDNAs (full-length cDNAs)
and contained 500-bp upstream sequences that did not
overlap with adjacent genes were investigated. Five types
of tissue were examined: heart, liver, muscle, brain and
blood. Data from these tissues were used to calculate the
FPKM for these 500-bp regions. The mean FPKM values
of the promoter regions for these five types of tissues were
15.4, 8.3, 10.0, 7.7, and 25.8, respectively, which were
significantly lower than the corresponding values for the
parental genes [187.8 (P = 0.002), 77.6 (P = 0.03), 84.0
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(P = 0.002), 54.5 (P = 0.003) and 313.3 (P = 0.003),
Mann—Whitney Test]. Meanwhile, the Pearson coeffi-
cient (R) between the FPKM of the promoter region and
parental genes was calculated (Supplementary Table 8).
Among 32 pairs of promoter regions and parental genes,
21 (65.6 %) showed a significantly positive correlation in
expression (P < 0.05, Pearson correlation test). The leaky
transcription of the promoter regions of the parental genes
indicated that the retroposition of promoters was possible
(Sakai et al. 2011).

Sequence similarity was detected by examining the
upstream sequences between retrocopies and parental
genes. Only 11 pairs, in which both the retrocopies and
their source genes were validated based on ficDNAs and
exhibited 500-bp upstream regions that did not overlap
with other genes, were searched. For these gene pairs, the
divergence of the 500-bp upstream sequences was investi-
gated using dgy. By definition, dg, is the fraction of both
sequences that does not include a region of significant
local similarity according to these criteria. For instance, a
dgy of 1 indicates an absence of shared motifs, and a dgy,
of 0 implies a complete sharing of motifs between the
sequences. This measure is akin to a distance metric but
exhibits a maximum value of 1. Values of dgy, = 1 are not
necessarily equally divergent and should not be compared
because they are saturated with sequence differences (Cas-
tillo-Davis et al. 2004). In this study, the mean dg,; was
found to be 0.78, suggesting that the upstream sequences
of retrocopy pairs may experience a great deal of diver-
gence. The correlation between dg,, and Ks was calcu-
lated (Fig. 6). The results showed a moderate correlation in
expression between retrocopy pairs (R = 0.610, P = 0.046,
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A positive correlation in expression between retrocopy pairs
(R =0.610, P = 0.046, Pearson correlation test)

Pearson correlation test). Put another way, the older the ret-
rocopy, the more pronounced is the degree of divergence in
the shared motif.

Discussion

Retroposition has drawn biologists’ attention as a mecha-
nism of gene duplication and a means by which new genes
are born (Kaessmann et al. 2009). In particular, some retro-
genes identified as new genes have become essential, and
lethality occurs when these genes are knocked out (Chen
et al. 2010).

Two possible causes of older retrocopies

In the present study, 76 retrocopies were found in the
zebrafish genome with a Ks < 2.0 (Fig. 2). In the present
work, it was required that the parental genes had lost at
least two introns and must have merged sequences with the
10,000-bp flanking regions of the candidate parental pro-
teins. There are far fewer retrocopies in zebrafish than in
primates (Marques et al. 2005; Vinckenbosch et al. 2000),
which may be due to the different evolutionary fates of ret-
rocopies between mammals and fish.

The Ks values and the differences in blastn results
between the retrocopies found in zebrafish and silver carp
also confirmed that 73 % of the retrocopies exhibited more
than 50 % nucleotide identity. The retrocopies of zebrafish
tended to be old, although the conservative approach
taken here was biased toward fairly new retrocopies. This
result suggested two possibilities, though neither can be
proven at this time. First, the retroelements responsible for

retroposition are not constant among most of the zebrafish
retrocopies produced by LINEI elements (Chen et al.
2011). It is not clear whether LINE activity decreases,
increases, or remains the same in older insertions, though
it may be that these insertions are deleted quickly. How-
ever, the number of retrocopies exhibits a significant cor-
relation with the number of LINE1 elements (Chen et al.
2011). Second, approximately 320-400Mya, the third
genome duplication occurred in the stem lineage of teleost
fish (infraclass Teleostei) after divergence from nonteleost
ray-finned fish (Amores et al. 1998; Taylor et al. 2003; Van
de Peer and Meyer 2003; Hoegg et al. 2004; Jaillon et al.
2004; Meyer and Van de Peer 2005; Nakatani et al. 2007,
Amores et al. 2011). In a previous study on retrogenes in
zebrafish, Fu concluded that the majority of retrocopies had
formed within the past 200 million years under conditions
of a synonymous substitution rate of zebrafish genes of
4.13 x 1077 substitutions per silent site per year (Fu et al.
2010).

As functional retrogenes in mammals, fruit flies, and
rice have been systematically discovered and studied, it has
become valuable to investigate the function of these ret-
rocopies in fishes. Initially, the evolution of pseudogenes
take place under neutral conditions, which means that the
associated Ka/Ks values are larger than the ratios obtained
for genes subject to functional constraints under purifying
selection and smaller than the ratios for genes under posi-
tive selection (Torrents et al. 2003). This method has been
widely employed in identifying the functionality of genes
(Nekrutenko et al. 2002). Suffering from greater selection
pressure, intact retrocopies show lower Ka/Ks (w) val-
ues than pseudogenes. To identify the functionality of ret-
rogenes, a stricter criterion should be used: Ka/Ks < 0.5
(Emerson et al. 2004). Using this criterion, 54 retrocopies
were found.

Generally, duplicated genes undergo three types of evo-
lutionary fates: subfunctionalization, neofunctionaliza-
tion, and nonfunctionalization (Kaessmann et al. 2009).
A central issue in the evolution of duplicate genes is why
so many duplicate genes are retained in a genome, even
though the most likely fate for a redundant duplicate is
nonfunctionalization (Li et al. 2005).

Temporal and spatial expression patterns of retrocopies

Our present analysis of correlation and divergence between
retrocopies and their source genes may shed fresh light on
the temporal and spatial expression profiles of these genes.
A previous study on the zygotic transition of zebrafish
revealed that clusters of genes were characterized by very
low expression during pre-MBT stages and showed high
abundance from 3.5 hpf or 5.3 hpf, which were referred
to as zygotic supercluster, demonstrating the existence of
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a mechanism driving development prior to ZGA (Neyfakh
1956; Newport 1982; Korzh 2009). In the present study, we
found the level of expression of retrocopies increased from
the 1000-cell stage, which is close to the MBT, peaking at
the shield stage, close to the post-MBT stage, represent-
ing a similar expression pattern to the zygotic superclus-
ter genes before budding (Fig. 3a). However, this situation
was not observed among the parental genes. Within 26,206
protein-coding genes (Kettleborough et al. 2013), 1253
genes were included in the zygotic supercluster in zebrafish
(Aanes et al. 2011). We found 3 retrocopies belonged to
the zygotic supercluster within 76 retrocopies. Two-sample
test for equality of proportions with continuity correction
was implemented in R 3.1.2 and no significant difference
(P = 0.94) was found. Our result may indicate that Super-
cluster actually represented some lineage-specific feature
and thus recruited some new retrogenes. During the early
stages of development, the expression level of retrocopies
tended to decrease, while the expression level of the source
genes remained roughly the same. There might be a quan-
titative rather than a qualitative effect in duplicates (Force
et al. 1999; Stoltzfus 1999). Expression may decrease to
such a level that both duplicates may be needed to achieve
a given function. It was also possible that this result might
be a result of the degeneration process. Enzymatic activity
was less pronounced for the duplicates compared with the
double gene dosage provided by the two gene copies.

We determined the Pearson coefficient (R) to evaluate
the correlation between the expression of retrocopies and
parental genes and measured the tendencies of Ks and R.
Here, Ks was regarded as a more appropriate proxy of the
divergence time than Ka, as Ks varies substantially less
among genes (Makova and Li 2003), while Ka is strongly
affected by selection, which may differ greatly among
genes. Ks is less affected by selection, particularly in mam-
mals, in which there is no evidence of strong selection for
codons (Urrutia and Hurst 2001). However, Ks is affected
by regional variation in the mutation rate within a genome
(Lercher et al. 2001; Williams and Hurst 2002). Ks con-
tinued to vary among genes, which might partially explain
that weak but significant correlation was observed between
Ks and Y in our study, as measured based on R. This result
suggested that compared with older retrocopies, newer ret-
rocopies showed stronger correlations with parental genes,
which has also been validated in rice (Sakai et al. 2011).

Regarding tissue specificity, a classical view is that
gene duplication enables duplicates to become special-
ized in different tissues (Markert 1964; Ohno 1970; Ferris
1979; Force et al. 1999; Gu et al. 2004). One alternative,
and not mutually exclusive, hypothesis is that retrocopies
might preferentially insert themselves into open, actively
transcribed chromatin (Fontanillas et al. 2007). In this
study, expression data were systematically screened among
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different tissues, which collectively revealed a higher
specificity among retrocopies than among parental genes
(Table 1). The results of this investigation were also evalu-
ated by calculating the Shannon entropy and the number of
unexpressed retrocopies. A higher specificity among retro-
copies has not been found in rice (Sakai et al. 2011).

Source of regulated elements

Generally, the observation that a significant number of ret-
rocopies have evolved into bona fide genes has raised the
issue of how retrocopies can be expressed in their new
genomic location. A core promoter and probably other ele-
ments, such as enhancers, are necessary for a gene to be
expressed at a significant level and in a meaningful way
(for example, in tissues in which it can exert a selectively
beneficial function) (Kaessmann et al. 2009) (Supplemen-
tary Fig. 4). The possible mechanisms for the regulation of
retrogenes are as follows: (1) de novo regulatory elements
may occur; (2) nearby genes may be used to drive expres-
sion (Wang et al. 2000, 2002; Vinckenbosch et al. 2006;
Bai et al. 2008); (3) co-retroposition of the 5’ promoter
regions of parental genes may occur; and (4) regulatory
elements may be embedded within retroposed regions, such
as exons and UTRs.

Until recently, although some instances of parental-
promoter inheritance had been observed, inheriting paren-
tal promoters directly was still considered unlikely (Soares
et al. 1985; McCarrey 1987; Shiao et al. 2008). However,
a recent study suggested that retrocopies might frequently
inherit basic promoters directly from their source genes
(Okamura and Nakai 2008). Initially, it was expected that
the expression patterns observed in this study would be
completely uncorrelated between retrocopies and their
source genes. However, both slight and strong correla-
tions were found. This result was attributed to one poten-
tial mechanism: the co-retroposition of 5’ promoter regions
along with parental coding sequences (Okamura and
Nakai 2008). As initially speculated, the FPKM values of
upstream sequences were found to be significant lower than
the FPKM values of parental genes. By measuring dgy,
strong divergence was observed in upstream regions. The
older the retrocopies, the more pronounced the promoter
divergence, which was consistent with the conclusion that
the older retrocopies seemed to exhibit a less pronounced
correlation with their parental genes. These results are sim-
ilar to the results found in Drosophila (Bai et al. 2008) and
rice (Sakai et al. 2011), in which no clear sequence homol-
ogy in promoter regions has been detected between retro-
copies and their source genes. These observations made
it difficult to verify that the cause of the obtained correla-
tion was the retroposition of 5’ regulatory regions from the
parental genes.
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In the present study, we identified 306 retrocopies.
Among these retrocopies, 76 met the Ks threshold of <2.0.
We observed correlations between retrocopies and their
parental genes, which may be correlated with the promot-
ers. The level of correlation was found to decrease dur-
ing embryogenesis, but to increase slightly within a tissue
using Ks as the proxy for the divergence time. Additionally,
we found that the retrocopies formed a ZGA supercluster
and showed strong, tissue-specific expression compared
with their parental genes. Unlike Drosophila, which has sex
chromosomes, zebrafish do not show testis-biased expres-
sion. In summary, we systematically elaborated the spatial
and temporal expression profiles of retrocopies and their
parental genes. The correlation and divergence of expres-
sion between retrocopies and parental genes were analyzed,
which might facilitate the functional analysis of retrogenes
in zebrafish.
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