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Abstract Short interspersed nuclear elements (SINEs) are widespread among eukaryotic genomes. They are repetitive DNA se-
quences that have been amplified by retrotransposition. In this study, a class of SINEs were isolated from the Opsariichthys bidens
genome, and named Opsar. Sequence analysis confirmed that Opsar is a new class of typical SINEs derived from tRNA molecules. With
the tRNA-derived region of Opsar and through BLASTN search, we further identified Zb-SINEs from the zebrafish genome, which in-
cludes two groups: Zb-SINE-A and Zb-SINE-B. The Zb-SINE-A group comprises subfamilies of -A1—-AS, and the Zb-SINE-B group
is a dimer of the tRNA™®. derived region and shares a similar dimeric composition to Alu. Zb-SINE's are composed of three distinct regions:
a5’ end tRNA-derived region, a tRNA-unrelated region and a 3' end AT-rich region. The flanking regions are AT rich. The average
length of Zb-SINE's elements is about 340 bp. Zb-SINE s account for as much as 0.1% of the whole zebrafish genome. About 70% of the
Zb-SINEs are on chromosomes 11, 18, and 19. These Zb-SINE's were characterized by PCR and dot hybridization. The distribution pat-
tern of Zb-SINEs in genome strongly supports the master genes model. The tRNA-derived regions of Opsar and Zb-SINEs were com-
pared with the tRNA™® gene, and they showed 76 % similarity, indicating that Opsar and Zb-SINEs originated from an inactive tRNAM
sequence ofr a tRNAM—like sequence. In view of the evolutionary status of zebrafish in the Cyprinidae, we deduced that Zb-SINE's were
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a very old class of interspersed sequences.
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Short interspersed nuclear elements (SINEs) are
a class of mobile repetitive molecules that have re-
ceived much attention during the recent expansion of
genomics. These molecules range from 70 to 500 bp
in lengthm. There are usually 10°—10° copies of a

SINE family in a eukaryotic genomem, such as hu-

man®®! and other mammalsm, amphibia[s], fish[6],
fungim, and plantsm. All SINEs characterized to
date can be divided into three classes. The major class
is SINEs derived from tRNA molecules[g], and the
minor one includes SINEs derived from 7SL RNA
and 5S rRNA; for example, the Alu, Bl and Tul
and 1I families derived from 7SL. RNA and present in

primate, rodent and tree shrew genomes, respective-

lym—m; SINE3 in zebrafish genome derived from

58 rRNA!. Most SINEs utilize pol III promoters
of type 2. However, SINE3 derived from 5S RNA
utilizes type 1 of pol IIl promoter. Current evidence
suggests that all SINEs reported to date are tran-

scribed by pol IIl; then, the transcripts can be re-
versely transcribed and the DNA products will be in-

serted back into the host genome, simultaneously pro-

. . . . . (14
ducing short direct repeats at the site of insertion'™*!.

Some SINEs have the ability to fuse with other se-
quences to produce composite transposable elements,
for example, Alu occurs in monomeric, dimeric and
sometimes tetrameric form™>'®). SINEs are retro-
transposons, an extremely successful class of mobile
genetic elements as judged by their high copy num-
bers. However, most SINEs copies are transcription-
ally silent. Nevertheless, the abundance and
widespread presence of SINEs in eukaryotic genomes

have a major impact on genome structure and func-
tion' "' Two models, the master gene model and
the multiple sources gene model, have emerged to ex-
plain the mechanism of SINE distribution in the
genome[lg’ 200, Although the mechanism of SINE

retrotransposition has not been completely understood

* Supported by the National Fund for Distinguished Young Scholars (Grant No. 30225008)

%% To whom correspondence should be addressed: E-mail: clad@ihb. ac.cn



Progress in Natural Science Vol.17 No.3 2007 www. tandf. co. uk/journals 271

yet, many functions as well as some diseases have
been proved to be associated with SINES[ZI_B], and
in view of the interest and activity in this area, more

connections are likely to emerge in the near future.

Studies of cyprinid SINEs have almost exclusive-

ly concentrated on the zebrafish! 1225 , with almost
nothing reported about SINEs in other cyprinid
species. Here, we report a class of SINEs derived

from the tRNA™ molecule from the O. bidens
genome and the zebrafish genome, and named it Op-
sar and Zb-SINEs, respectively. PCR and dot hy-
bridization confirmed that Zb-SINEs were specific
components of the zebrafish genome, and the analysis
of the Zb-SINEs sequences revealed two structural
patterns, and Zb-SINEs amplification in the genome
was putatively a master gene model.

1 Materials and methods

1.1 Materials

Specimens of O. bidens were colleted from Riv-
er Yuanjiang (branch of Dongting Lake), Hunan,
China and fixed in 95% alcohol. Specimens were i-
dentified in the Institute of Hydrobiology, CAS.
Other Cyprinidae specimens, such as Danio rerio,
Mylopharyngodon piceus, Ctenopharyngodon idel-
lus, Megalobrama amblycephala, Toxabramis
swinhonis, Pseudobrama  simony, Hypoph-
thalmichthys molitrixz, Aristichthys nobilis, Sauro-
gobio dabryi, Gobiobotia filifer, Acheilognathus
chankaensis, Acrossocheilus monticola, Garra orien-
talis, Cyprinus carpio, Schizothorax meridion-
nalis, were from the Museum of Freshwater Fishes,
Institute of Hydrobiology, CAS.

1.2 Extraction of genomic DNA, A-B PCR and in-
verse primer

Total genomic DNA was extracted from the

muscles of specimens by a standard method?). A-B
PCR was carried out as described by Borodulina and

Kramerov'2’). Conditions for the A-B PCR were de-
naturation at 94°C for 30 s, annealing at 34C for 30
s, and extension at 72°C for 25 s, for 30 cycles. The
PCR products were analyzed by electrophoresis in a
3% agarose gel. DNA bands were extracted and puri-
fied following manufacturer’ s protocol ( Takara),
cloned and sequenced. The 54 bp fragment from the
A-B PCR was the basis of designing the reverse
primers: BoxA: (5 -ACCGAGTCACCATCTCGC-

GTACG-3") and BoxB: ( 5-TATGAGGTC-
CTGGGTTCA ATCCC-3").

1.3 Self-ligation of DNA fragments and SINEs am-
plification by inverse PCR

The genomic DNA was cleaved by Hae III. The
40 pl. reaction mixture contained 22 pl. 6 X buffer,
2.5 pg DNA, 2 units Hae 1II and 21 pL sterile dou-
ble distilled water, and was incubated at 37T
overnight. The Hae 11l was then inactivated by incu-
bation at 70°C for 1 h. The 10 gL sheared DNA frag-
ments were added to 100 pL ligase reaction solution
containing 4 pl. T, ligase and 10 gl 10 X T, ligase
buffer. The reaction was carried out at 16T
overnight. The self-ligated DNA was purified, and
dissolved in TE again. Inverse PCR was performed in
a 50 pL reaction solution containing 0.5 unit Taq
polymerase ( Takara), 5 pl. 2 X buffer, 4 pmol/L
MgCl, and 2 pL of each primer (15 pmol) and 4 ng

self-ligated DNA, and the reaction was repeatedly
carried out at difference annealing temperature for
farthest obtaining SINEs sequences except for denatu-
ration at 94C for 30 s, extension at 72C, and 30
cycles. PCR products were sequenced. Totally, 120
sequences were obtained. Five consensus sequences
were constructed referencing Kapitonov and Jurk’s

1
method . Then, the consensus sequences were an-
alyzed according to SINEs characteristics.

1.4 Identification of Zb-SINE's in zebrafish genome

The tRNA-derived region of Opsar from O.
bidens was searched by BLASTN in the HTGS
(High Throughput Genomic Sequences) of zebrafish,
and homologous copies from BLASTN in zebrafish
genome were expanded * 300 bp at their ends. The
majority rule was applied to the multiple aligned ex-
panded sequences from BLASTN, a preliminary mul-
tiple-sequence alignment was constructed by the pro-

gram Clustal X The computer-generated align-
ment was subsequently carefully adjusted manually
based on the Seaview program, at last, consensus se-
quences were obtained. Sequences were analyzed ac-
cording to SINEs characteristics. All consensus se-
quences were recorded in GenBank as BX936356
(66111—421, 78667—965, 80102—425, 64704—
5154, 78386—690, 62058—447). Their tRNA-de-

rived regions were analyzed by the tRNAscan-SE pro-

gram[zg]. The Zb-SINEs copies in genome were i-

dentified as described by Kapitonov and ] urk!!,
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1.5 The specificity of Zb-SINE's analyzed by PCR

The primers (5 -AAAAAAATRTTBVMCTT-
TCAA-3"; 5'-TTMTTWTTCCGCCTTRTTASM G-
3’) were designed according to Zb-SINE's sequences.
PCR was performed in a 50 pL reaction volume con-
taining 0.5 unit Tag polymerase ( Takara), 5 ul. 2 X
buffer, 4 umol/L MgCl, and 2 pL of each primer (15
pmol) and 100 ng genomic DNA. Reaction conditions
were denaturation at 94C for 30 s, annealing at 55C
for 30 s, and extension at 72C for 60 s, for 30 cy-

cles.

Dot hybridization was performed on the genomic
DNA of representative species. Zb-SINEs from PCR
amplification were labeled by DIG according to in-
struction manual (DIG high prime DNA labeling and
detection starter Kit I; Roche). The 500 ng genomic
DNA were used in dot hybridization.

Fig. 1.

1.6 Analysis of Zb6-SINEs evolution

After alignment and analysis of Zb-SINEs, we
analyzed the full length sequences by Bayesian 3. 1
program[30] for explaining their phylogenetic relation-
ships.

2 Results

2.1 Isolating Opsar from the Opsariichthys bidens
genome

In this study, we firstly performed the inverse
PCR for isolating the novel SINEs based on the

method of A-B PCR'®!, Ochman et al. ’s method™®"?

and the typical characteristics of SINEs®2. A new

class of SINEs identified by inverse PCR from the O.
bidens genome (experimental results not shown) was
named Opsar for Opsariichthys bidens. The Opsar

sequences are shown in Fig. 1.

The sequence of Opsar . The broken lines indicate the flanking regions and primers sequences. The pol 111 promoter boxes A and

B are highlighted in grey. AB shows the results of A-B PCR. Dots indicate the same nucleotides, dashes show nucleotide deletions. The ac-
cession numbers of Opsar1—5 in GenBank are DQ075939, DQ075940, DQ075941, DQ075942 and DQO75943, respectively.

The 66 bp sequence is a tRNA-derived region at
the 5 end, about 65% similar to that of V-
SINES[ZSJ, which obviously displays A and B pol III
promoter boxes. The length of the tRNA-unrelated
region ranges from 38 to 248 bp in different Opsar.
The tRNA-unrelated region of Opsar 4 is shorter
than that of other Opsar. Opsar 2 and 5 have the
longest tRNA-unrelated regions. The AT-rich region
is located at the 3" end. The AT-rich regions of Op-
sar 1, 3 and 4 are shorter than those of Opsar 2 and
5. The {ull lengths of Opsar are 149—452 bp, with

Opsar 4 (149 bp) being the shortest. To prove that
Opsar are SINEs from single self-ligated DNA frag-
ments, we designed primers based on the flanking re-
peats, and PCR was preformed with the primers.
The amplified sequences were cloned, sequenced and
named Ops. After the Ops were aligned with the
Opsar obtained by inverse PCR (data not shown),
they proved identical. Qur group also has successfully
isolated some SINEs in other species by this method
(These results will be reported in another paper), so
that the reliability of method was confirmed. There-
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fore, utilizing the inverse PCR method for isolating

SINEs is much simpler than those previously report-
od (2733371

2.2 ldentification of Zb-SINE's in zebrafish genome

BLASTN was performed on the zebrafish
genome using the sequences information from the tR-
NA-derived regions of Opsar. Novel repeats contain-

ing the tRNA™"_derived regions were identified. Us-
ing this observation as a starting point, we download-
ed 130 similar zebrafish genome sequences. Applying
the majority rule to a set of these sequences, we con-
structed six consensus sequences. When identifying
these sequences, we found that they have some char-
acteristics of random repeat. However, from their
distribution in genome and sequence’s characteristics,
these sequences ought to be divided into SINEs family
(see details in discussion) . So we named it Zb-SINEs
for zebrafish. Zb-SINEs comprise two sequence pat-
terns in comparison with the typical SINEs and the
tRNA-derived region. Fig. 2 shows a schematic rep-
resentation.

tRNA-derived re;

I'ypical SINEs[>]

n AT-rich region of LINEs related region

IR AT-tail DRs

Zb-SINE-A [B>

j e
IR AT-tail DRs

Zb-SINE-B [

i g
/ / IR AT-tail DRs
Fig. 2. Schematic structure of Zb-SINEs and the typical SINEs.
A and B show the promoters of pol III; IR, internal regions or tR-
NA-unrelated regions; DR, the flanking repeats or target direct re-
peats. Zb-SINE-A and Zb-SINE-B are two typical models of Zb-
SINEs.

Zb-SINE-A model comprises three regions: a 66
bp region similar to the tRNA" gene at the 5" end, a
96—264 bp internal region, and an approximately 60
bp AT-rich region at the 3" end. The Zb-SINE-B
model is comprised of two tRNA similar regions
which are linked by GGGGATG. Other regions in
the Zb-SINE-B model are similar to those in Zb-
SINE-A. Flanking repeats are located at both ends of
the Zb-SINEs, and are AT-rich. All Zb-SINEs are
shown in Fig. 3. To analyze Zb-SINEs distribution
in the genome, Opsarl was aligned with Zb-SINEs.

2.3 Localization of Zb-SINEs on chromosomes

The sequences from BLASTN clearly showed
that Zb-SINEs were interspersed in the genome. By

querying the zebrafish genome (http: //www. en-
sembl. org/Danio_ rerio/) using all the consensus se-
quences, we found that Zb-SINEs are distributed on
chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 13,
14, 16, 18, 19, 20, 21 and 23. Furthermore, they
were mostly located at the chromosome ends and near
the centromeres; especially, chromosomes 11, 18 and
19 contain all typical Zb-SINEs. Table 1 shows the
chromaosome locations and copy numbers of Zb-SINEs
in the genome.

Table 1.  Similar copies and chromosome location of Z6-SINE's
in zebrafish genome
Similar copy
Zb-SINEs number.s . Chromosome location
zebrafish
genome

Zb-SINE-Al 1064 1, 2, 3, 4,5,6, 7, 8, 10, 11,

13, 14, 16, 18, 19, 20, 21, 23
1, 5, 7, 11, 18, 19, 20, 21
8, 11, 14, 18, 19, 21
1, 5,7, 8 11, 14, 18, 19, 20
Zb-SINE-AS 1028 5, 7, 8, 11, 14, 18, 19, 20
Zb-SINE-B 1881 1, 5, 7, 8§, 11, 14, 18, 19, 20

Note: the above results were from the zebrafish genome in
GenBank (http: //www. ncbi. nlm. nih. gov/genome/guide/
zebrafishindex. html) and EBI (http: //www. ensembl. org/
Danio _ rerio/ )

Zb-SINE-A2 1065
Zb-SINE-A3 1077
Zb-SINE-A4 1982

2.4 The 5" ends of Zb-SINEs derived from the tR-
NAM molecule

The 5 ends of Zb-SINEs were highly con-

served, with 76% identity to the mouse tRNAAR
gene. Only two sites (C and T) showed mutations in
the tRNA-derived region (Fig. 3). Usually, the tR-
NA gene exists in multiple copies in the genome.
Four codons and three structures have been identified

for alanine tRNA. Alignment of tRNA™ with Zb-
SINE's showed that the tRNA-derived regions of Zb-

SINEs were similar to the tRNA®? sequence around
the anticodon TGC. We analyzed the Zb-SINEs tR-
NA-derived region using tRNAscan-SE Search Server
( http: //www. genetics. wustl. edu/eddy/tR-
NAscan-SE/). The results indicated that the anticon-
don was located at 36—38 bp in the tRNA-derived
region. Their secondary structures also revealed simi-
lar characteristics. Most mutations have occurred in
the amino acid acceptor stem, the T¢C stem and the
anticodon stem of the tRNA. Deletions have occurred
in the D loop and the T¢C loop, respectively, which
are the pol III promoter sequences. Because the tR-
NA-derived regions of Zb-SINEs were obtained by
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BLASTN of that of Opsar, these regions are the and the consensus tRNA-derived region of Opsar and
same. The secondary structures of the tRNAAR gene Zb-SINEs are shown in Fig. 4.

193931t Bgotcagas

Fig. 3. The alignments of members of the Zb-SINEs and Opsar1. The consensus sequence of the Z6-SINE-B element is shown in the
first line of the alignment. Dots indicate nucleotides identical to those in the consensus sequence. Dashes indicate insertions/deletions. The
5’ region derived from the tRNAM s highlighted in grey box. The sequences of pol I1I promoters are shown in blocks. The AT-rich region
of Zb-SINEs is highlighted by a broken line. The flanking repeats of Zb-SINEs are underlined. The terminator is highlighted by italics.
Their record numbers of Zb-SINE-A1 to -AS, and -B in GenBank sequences are BX936356 (66111—421, 78667—965, 80102—425,
64704—5154, 78386—690 and 62058—62447).

A A
G C G C
(@ - (b) -
G C G C
C G A A
CG R T T
A T T G C
T TG AT crgee - A OTG T "Q|EEICCTAA
G CTCG GTCGG c G CTCG GTCGG O
G AGAGC _ c. TT G , GAGC ¢
TAG c 6y TAG Go gA T
CG G
T A T A
G C G I
C G C G
T A T @
T A T A
TgC TgC

Fig. 4. The secondary structure of the tRNA*" gene (a) and the tRNA-derived region of Opsar and Zb-SINEs (b). The blocks indicate
the deletions. The letters in the blocks highlight the mutation sites.
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2.5 The internal regions of Zb-SINEs

Internal regions or tRNA-unrelated regions of
Zb-SINEs were highly variable. A deletion (110—
178 bp) existed in the internal region of the Zb-
SINE-A model. Although a few mutations and small
deletions have also occurred in different Zb-SINE's
subfamilies, the region of 180—238 bp was highly
conserved in all Zb-SINEs. However, GAT was
deleted in Zb-SINE-A3, -A4, -AS and Zb-SINE-B.
A long insertion of 260—385 bp was only present in
Zb-SINE-A4. A short sequence (TTGAGGGTTAA-
GAAAGCT) was inserted into Zb-SINE-A3 and Zb-

SINE-B. Zb-SINE-A2 had a short deletion at 411—
421 bp (CAATTGTCTT).

2.6 AT-rich regions and the flanking repeats of Zb-
SINEs

The AT-rich region of Zb-SINEs was located at
432—498 bp in alignment (Fig. 3), which is con-
served in all Z6-SINEs. The 3’ ends of Zb-SINE's are
75% AT, and contain a terminator (TTTT). By
aligning the 3" ends of Zb-SINEs and ZfL2-1 that is
an active retrotransposon in zebrafish genome and can
encode reverse transcriptaseDB] , they have 70% simi-
larity (Fig. 5).

Zft2-?  actaaaacct gaa--cc-ac actgttccaa ttacta-tga ccattta--t gtgaagetge titgacacaa tctacattgt aaaa--gcge tatacaaata aaget [105]

2b-SINES veen..s ta. .tttg..t.t t...ca.-..

.c.g93.t... .-..a3.ca. t.--t.acat c.t.-- -a--lca. Ll a9...9 a...3...9. ..at.

Fig. 5. The alignment of the 3" ends of Zb-SINEs and Zf1.2-1. Dots indicate nucleotides identical to those in the ZfL2-1 sequence.

Dashes indicate deletions.

From the above results, Zb-SINEs obviously
show all the characteristics of SINEs. That is to say,
Zb-SINEs are a new class of the typical SINE derived
from the RNA™® gene in the zebrafish genome.

2.7 The specificity of Zb-SINEs confirmed in
Cyprinidae

The primers from Zb-SINEs were used in PCR

600 bp —= S

Dot hybridization —

on the genomic DNA of all specimens. The results
showed that Zb-SINE's only appeared in the zebrafish
genome (Fig. 6). Furthermore, the multiple frag-
ments in the PCR results were consistent with a di-
versity of Zb-SINEs length. To truly confirm the
specificity of Zb-SINEs, the dot hybridization was
performed on all representative species. The hy-
bridization results also indicated that Zb-SINEs are of
species-specific (Fig. 6).

T T R e e S TS

4 5 6 1 8
12 13 14 13 16

Fig. 6. The PCR results of Zb-SINEs and dot hybridization in Cyprinidae. M, DNA marker; 1, Opsariichthys bidens; 2, Danio rerio;

3, Mpylopharyngodon piceus; 4, Ctenopharyngodon idellus; 5, Megalobrama amblycephala ; 6, Toxabramis swinhonis; 7, Pseudobra-
ma simony; 8, Hypophthalmichthys molitriz; 9, Aristichthys nobilis; 10, Saurogobio dabryi; 11, Gobiobotia filifer; 12, Acheilog-
nathus chankaensis; 13, Acrossocheilus monticola; 14, Garra orientalis; 1S, Cyprinus carpio; 16, Schizothorax meridionnalis.

2.8 Zb-SINEs evolution in the genome

Most investigations of SINEs amplification in
genomes have focused on the relations of SINEs and

LINEs, and copies of SINEs and SINEs activi-

ty[39—41]. In this study, we have utilized the se-

quence analysis method to prove the amplifying model
of Zb-SINEs in the zebrafish genome. The results are
shown in Fig. 7. Opsarl from O. bidens genome

was assigned as out-group. From the results, we may
know that Zb-SINE-Al and -A2 are derived from a
common ancient sequence; the insertion of GAT only
happens in the internal region of Zb-SINE-Al and
-A2; and the 10 bp deletion (CAATTGTCTT) dis-
tinguishes the Zb-SINE-A1l from Zb-SINE-A2. Zb-
SINE-A4 is in the sister group of Zb-SINE-Al and
-A2 ancient sequences. Zb-SINE-A3 and-A4 se-
quences have a 98% homology, except for an inser-
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tion of 126 bp (260—385 bp) in the internal region.
However, sequence analyses indicated that Zb-SINE-
A3 was older than Zb-SINE-A4 in evolution (Fig.
7). Zb-SINE-B and Zb-SINE-A3 have a close rela-
tion in evolution, and derived a common ancient se-
quence. Zb-SINE-A5 has a short insertion ( TTGAG-
GTTAAGAAAGCT) relative to Zb-SINE-B in the
internal region. Though Zb-SINE-B is a dimmer of
the tRNA-derived sequence, Zb-SINE-AS5 is older
than Zb-SINE-B in evolution. The bootstrap rates
(0.62—0.93) also exhibited that the total evolution-
ary relationship is supported. From the total evolu-
tionary model, the ancient sequence of Zb-SINE-Al
and -A2 can propagate the offspring, whereas, the
Zb-SINE-A4 does not have the progenitive ability.
The similar model goes down to Zb-SINE-AS5. This
evolutionary relationship clearly supports the master
genes model. In other words, the ancestral sequences
of Zb-SINE's only produce a prototype sequence that
generated offspring in each process of retrotrans-

position.

Opsarl
Zb-SINE-AS
Zb-SINE-B
0.62 Zb-SINE-A3
067 ——— 7b SINE-A4
ﬂ_@ Zb-SINE-A1
Zb-SINE-A2
Fig. 7. Evolutionary relationship of the Zb-SINE's analyzed using
Bayesain method. The number of substitution types {nst): 6GTR;
the number of generations; 10%. Zb-SINE-Al, -A2, -A3, -A4,

and -AS belong to the Zb-SINE-A pattern. Zb-SINE-B is the Zb-
SINE-B pattern.

3 Discussion
3.1 Zb-SINEs identified from zebrafish genome

The repetitive sequences are a large fraction of
genome, and SINEs are belonging to one of the
repetitive families. When studying SINEs, it is an
essential question that how to identify novel SINEs
from genome. In 2004, Okada et al. introduced the
method of isolating and identifying novel SINEs™*7!.
In fact, identifying SINEs is based on three princi-
ples: (1) all SINEs known to date have a region tran-
scribed by pol 1II; (2) SINEs contain the AT-rich
tail; (3) usually, SINEs have a target site duplica-
tion. Of course, some SINEs are exceptive, because
Weiner et al. reported that insertion of a nonviral
retroposon usually generated a target site duplication
of 7—21 bp, but shorter and longer direct repeats or

none at all®*¥ . In this study, Zb-SINEs also exhibit-
ed some characteristics of the random repeat in some
chromosome, for instance, some region (BX936356
contig) from chromosome 21. However, from the
chromosome locations and Zb-SINE's characteristics,
Zb-SINE's should belong to the SINEs family, for
they are distributed on all the chromosomes and con-
tain the tRNA-derived region. Although the flanking
regions of Zb-SINEs seemed longer than common
SINEs, the clustering distribution of SINEs in the

. 4 .
genome can explain the phenomenon[28 3 In addi-
tion, this distribution may result from the unequal

homologous recombination or exchange“‘”. There-
fore, we concluded that Zb-SINEs are a typical
SINEs family in the zebrafish genome.

3.2 The retrotranspositive mechanism of Zb-SINEs

Most of the enzymes directly involved in SINEs
retrotransposition are still unknown. However, some
convincing data indicated that SINEs amplification in

host genome was catalyzed in trans by the reverse

transcriptiase encoded by LINEs™®). In this study, it

is clear that the Zb-SINEs are a group of typical

SINEs derived from tRNA™ in the zebrafish
genome. Although it is unknown whether Zb-SINEs
retrotransposition is related to that of non-LTR or
whether Zb-SINE s have the retrotranspositive activi-
ty, it is clear that some enzymes must be involved in
the retrotranspositive process. From the structure of
the AT-rich flanking repeats and the 3’ end, we con-
jecture that the retrotranspositive mechanism of Zb-
SINEs ought to follow the target-primed reverse

retrotransposition model™ . The AT-rich regions of
Zb-SINEs are about 70% similar to that of ZfL2-1
(Fig. 5). The aligning of the sequences revealed that
the retrotranspositive process of Zb-SINEs might be
mediated by ZfL2-1, because the previous experi-
ment had confirmed that the ZfL.2-1 was a kind of
LINEs, and could mediate SINEs retroposition in ze-
brafish genornem']. Furthermore, some research
groups had confirmed that the 3’ tails of tRNA-de-
rived SINEs were derived from that of long inter-

spersed repetitive elements (LINEs)DB’”].

The 5 end of Zb-SINE-B is a dimer of the simi-

lar tRNAM® gene. Dimeric structures such as Zb-
SINE-B have previously been reported[20’37], and
there is indication that they may be generated in a va-

[4

. 5 . .
riety of ways 1A dimeric retrotransposon structure
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may result from the duplication of a tRNA gene. Al-
ternatively, an original gene cluster of two functional

tRNA genes may be responsible for the dimeric struc-

turet®!. This possibility had also been discussed for
the two arginine tRNA-derived monomers of the
Twin SINE family from the vector mosquito Culex
pipiens[46]. Analysis of the evolutionary relationship
among the Zb-SINE's suggested that when Zb-SINE -
A3 or -A4 was amplified by retrotransposition, the
¢DNA sequences of Zb-SINE-A3/-A4 or the ancestral
sequences of Zb-SINE's -A3 and -A4 were inserted in-
to the 3" end of the tRNA-derived region, thus bring-
ing up the Zb-SINE-B structure, because the same
short GGGGATG also appears at the 5" end of the
second tRNA-derived region. The internal region of
Zb-SINE-A4 has a long inserting sequence similar to
the 3" end sequences of other Zb-SINEs. This may
have been the result of duplication of Zb-SINE-A3
ancient sequence mRNA. When the mRNA of the
ancient sequence was duplicating, its 3° end was du-
plicated twice because of the action of certain factors.
At present, although we cannot prove by experiments
whether this ancient mRNA hypothesis is correct, it
seems the most plausible explanation for the produc-
tion of Zb-SINE-A4. Other short deletions or inser-
tions in the Zb-SINEs may have been produced dur-
ing duplication or interspersed among the host genes.

3.3 The chromosome distribution of Zb-SINEs

The chromosome distribution of Zb-SINEs
shows that they are mostly on chromosomes 11, 18,
and 19. The zebrafish genome contains 25 chromo-
somes comprising 17418 genes recorded to our study
by EBI (http: //www.ensembl. org/Danio - rerio/ ).
Only 11% of the total genes are contained by chro-
mosomes 11, 18, and 19. However, about 70% of
the copies of Zb-SINEs are distributed among these 3
chromosomes; in particular, chromosomes 11 and 19
contain all Zb-SINEs types. Therefore, we believe
that these three chromosomes are rich in short inter-
spersed elements.

3.4 The species-specificity of Zb-SINEs and the re-
lation of Opsar and Zb-SINEs

Because Zb-SINEs were identified from the tR-
NA-derived region of Opsar, Opsar and Zb-SINEs
have the same tRNA-derived region at 5'-ends. How-
ever, from the PCR results, we know that Zb-SINEs
have only appeared in the zebrafish genome. The dot
hybridization results reached an identical conclusion.

These indicate that Zb-SINEs have a species-specific
nature. The multiple fragments revealed by elec-
trophoresis were also consistent with a range of Zb-
SINEs lengths. Because Danio rerio and Opsari-
ichthys biden were classified as Danioninae, a very old

47
taxon[ ]

, they were evolutionarily old. Since Zb-
SINEs were obtained on the basis of Opsar, when
we analyzed the evolution of Zb-SINEs, there were
theoretical grounds for sustaining Opsar 1 as out-
group. Other species do not give positive results in
PCR and dot hybridization test. Therefore, we in-
ferred that the Zb-SINEs were interspersed in the

genome before the early Tertiary.

Another question we tried to address was
whether Opsar and Zb-SINE s were evolutionarily re-
lated. Comparison of the tRNA™® gene with the tR-
NA-derived regions of Opsar and Zb-SINEs led us to
conjecture that Opsar and Zb-SINEs may originate
from an inactive tRNA™ or a tRNA™" like sequence
recombined with retrotranspositive elements. Differ-

ences between the tRNA™? molecule and the tRNA-
derived regions of Opsar and Zb-SINEs are apparent
in their secondary structures (Fig. 4). There are also
deletions in the loop of the D and the T¢C loop,
which are the pol III promoter sequences. These
deletions may have resulted in tRNA gene inactivity
and Opsar and Zb-SINEs came into being.

3.5 The evolutionary model of Zb-SINEs in

genome

Two major models have been proposed to explain
the amplification of SINEs in the genome: the master

gene model™®* and the multiple-source genes mod-

el[19, 20]

. In the master gene model, only a single or a
few “master gene” loci give rise to all offspring
copies. The multiple-source gene model includes off-
spring that can propagate in the same manner as the
parent copies, thus serving as “multiple-source genes”
over evolutionary time. The target-primed reverse
transcription (TPRT) may explain SINEs amplifying
mechanism; this was the first hypothesis advanced to
explain  the SINEs and

LINEs"®!. To elucidate the evolutionary model of
Zb-SINEs, their entire length sequences were ana-

relationship  between

lyzed using a Bayesian (3.0) program[sl]. The evolu-
tionary relationships of Zb-SINEs clearly indicate that
Zb-SINEs-AS and -B are older than the others, how-
ever, Zb-SINE-AS does not show the progenitive a-
bility, and only the sister group of Zb-SINE-AS5 can
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propagate the offspring. The same model can be ex-
trapolated to Zb-SINE-Al, as shown in Fig. 7. Only
the offspring of Zb-SINEs seem to have been repro-
duced from the ancestral sequence. The master genes
model is clearly corroborated by the whole evolution-
ary tree. Although we have no way to determine
whether this deduction is correct, it is worthful that
the computational result was obtained from statistical
analysis by the Bayesian program. From the structure
of the flanking regions, Zb-SINE-AS5 has more varia-
tion than others. Two issues arise. Firstly, when Zb-
SINEs were inserted into the host genome, two
flanking repeat patterns were generated. This charac-
teristic indicates their evolutionary differences. Sec-
ondly, their structural divergence may have resulted
from different enzymes mediating retrotransposition
in the genome. Their evolutionary relationship indi-
cated that Zb-SINE-AS was propagated from a sister
group of Zb-SINE-B.

3.6 Zb-SINEs may be utilized to study Cyprinidae

evolution

Cypinidae, the largest fish family, comprises ap-
proximately 210 recognized genera and 2010 species
that are distributed widely in Eurasia, East Indian Is-

lands, Africa and North America[49]. From the evo-
lutionary history, the Danioninae are the oldest tax-
on. According to the fossil record, geological time
and geographic distribution, Danioninae had already

[47]

existed in the early Tertiary "~ '~. Part of the Danioni-

nae genus was also rearranged into the primitive Ter-
tiary group by He et al™® . These data indicate that
the Danioninae taxon is a very old and has an impor-
tant status in evolution. (. bidens only exists in
Eastern Asia. Zebrafish is a species of Danioninae.
SINEs can provide the excellent evolutionary informa-

tion for reconstructing phylogenesis and have already

. . 17,28
been used as molecular markers in systematlcs[ 1

Therefore, Opsar and Zb-SINEs might prove to be
molecular markers for the phylogeny of Cyprinidae.
At the same time, this work has also provided a rapid
and simple way of isolating SINEs from a genome.

In summary, we have developed an experimental
method for isolating SINEs from genome, and ob-
tained the full length sequence of Opsar by inverse
PCR on the genomic DNA. A group of SINEs in the
zebrafish genome was identified by biocinformatics
methods, and named Zb-SINEs. First, we observed
that Zb-SINEs are a class of the typical SINEs de-

rived from tRNA™. Second, Zb-SINEs comprise
two subfamilies (A and B patterns) differing in their
tRNA-derived region structures. Third, Zb-SINEs
exist in most zebrafish chromosomes and constitute
0.1% of the zebrafish genome. Fourth, we have
shown that the amplification pattern of Zb-SINEs in
the genome supports the master genes model. Final-
ly, the specific nature of Zb-SINEs in Cyprinidae has

been confirmed.
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