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ABSTRACT

We have found a novel transposon in the genome of
Caenorhabditis elegans .Tc7is a 921 bp element, made
up of two 345 bp inverted repeats separated by a
unique, internal sequence. Tc7 does not contain an
open reading frame. The outer 38 bp of the inverted
repeat show 36 matches with the outer 38 bp of Tcl.
This region of Tcl contains the Tcl-transposase
binding site. Furthermore, Tc7 is flanked by TA
dinucleotides, just like Tcl, which presumably
correspond to the target duplication generated upon
integration. Since Tc7 does not encode its own
transposase but contains the Tc1-transposase binding
site at its extremities, we tested the ability of Tc7 to
jump upon forced expression of Tcl transposase in
somatic cells. Under these conditions Tc7 jumps at a
frequency similar to Tc1. The target site choice of Tc7
is identical to that of Tcl. These data suggest that Tc7
shares with Tcl all the sequences minimally required
to parasitize upon the Tcl transposition machinery.
The genomic distribution of Tc7 shows a striking
clustering on the X chromosome where two thirds of
the elements (20 out of 33) are located. Related
transposons in  C.elegans do not show this asymmetric
distribution.
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Thus the mobility of the elements identified through the gen
sequencing projects remains hypothetical.

In Caenorhabditis elegansix groups of DNA transposons:
have been identified to daté4), Tcl and Tc3 being the be
characterized. Tcl and Tc3 are members of the Tcl/mariner
family (2—4). Each Tcl/mariner transposon encodes a transpogase
which shares 35% identity with the transposases encoded by:the
other members of the family. The elements are delimitedsby
inverted repeat sequences which are unrelated except for the last
four nucleotides (3CAGT) which are conserved within thes
entire Tcl/mariner fam|ly To mediate the transposition react|8n
the transposase recognizes and binds to the terminal 30 bp af its
cognate elementlf). Thus, Tcl and Tc3 transposases do BDt
activate each others transposb&-8). Tc1 and Tc3 insert intos
TA dinucleotides which are dupllcated upon integrativ®). (
However, within a given genomic region, only a subset of $A
dinucleotides are chosen as insertion sites, and the mseKﬂon
patterns differ between Tcl and TER)

In the wild-typeC.elegansstrain Bristol N2, Tc1 transpositions
is detectable only in the somatic cells, whereas Tc3 transposgion
is undetectable in both soma and germlit.(However, in the =
strain Bergerac BO, as well as in other mutator strains, Tl
transposition also occurs in the germligé—-25). Some muta- %
tions, likemut-2 (r759)andmut-7 (pk204#lso activate germlinez
transposition of Tc3, Tc4 and TcB627) (R.F. Ketting and <
R.H.A.P., unpublished observations). Reéentivoandin vitro &
studies have shown that both Tcl and Tc3 jump via a cut-and-
paste procesd §,28). After their excision, a double strand bregk
is left at the donor site which is sealed by the host DNA repair
machinery. This repair process often leaves characteristic fgot-
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Of the DNA or class Il transposon$),(which transpose by prints at the donor sit@9). Interestingly, no transposition-profi%
excision and reintegration into the genome without an RNAient deletion derivative of Tcl or Tc3 has been identified ugiil
intermediate, the Tcl/mariner family is the most widespreadow, whereas deleted versions of the P elemdditdsophilaor

(2—4). Members of this family have been found in fungi, insectsAc in Maize, which presumably also transpose via a similar
nematodes, vertebrates and recently, Tcl/mariner relatedt-and-paste mechanism, are widespread within the genomes of
sequences have even been identified in the human gebiethe ( their hosts §0,31).

Genome sequencing projects reveal new groups of repetitiveRecently, a new repetitive element consisting of two large
sequences of which many display the features of transposabigerted repeat sequences separated by a short unique sequenc
elements of different classe8—{3). However, most of these has been identified @). The termini of the inverted repeats show
cases seem to correspond to non-autonomous, deleted transposginsng similarity to the ends of Tcl (36 out of 38 nt), suggesting
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that transposition of this novel element can be mediated by thecently reported by Oosuret al. (13). These elements are
Tcl transposase. In this paper, we characterize this new repetit®21-923 bp sequences, made of two 345-347 bp inverted repeats
element. We have tested its ability to transpose its target saed a conserved middle section that lacks a large ORFL&ig.
choice and its polymorphic distribution among diffekémiegans Of the terminal 38 bp of their inverted repeats, 36 bp were
strains. Since we find that it is fully mobile in the germ-line, itidentical to the ends of Tcl and like the transposons of the
rightly deserves to be categorized as a transposon; we call it Td¢l/mariner family they were flanked by TA dinucleotides (Fig.
The data suggest that Tc7 shares with Tcl all the sequerid®). These TA dinucleotides could be the result of a sequence
requirements to make use of the Tcl transposition machinery.duplication during integration as has been shown for Tc1 and Tc3
(20,28). Taken together these sequence features suggest that this

MATERIALS AND METHODS element corresponds to a new transposon, which we call Tc7. No
_ S other sequence similarities were found between Tc7 and Tc1, nor
Analysis of Tc7 genomic distribution between Tc7 and any other known repetitive element.

Analysis of the Tc7 distribution in the genome of different, |N€S€ 10 Tc7 elements were identical, with the exception of a
- g. bp addition within the middle region of four sequences and a

described in Sambrookt al. (32). Genomic DNAs extracted Separate single ba_se pair addition in one of the inverted repeats of

from Bristol N2 and RW7097 strains were digested ®ap6l, WO sequences (FigA). Furthermore, two elements showed @

and run on an agarose gel. The samples were blotted onera" deletion of 6 and 44 bp at different locations. The cdpy

nitrocellulose filter. An internal fragment of Tc7 was PCR-ampIi-number of Tc7 can not be estimated by extrapolation of gne

fied from Bristol N2 genomic DNA using primers 8RR14 number of elements found in the database which coritadt% g
(5-atgtagctcgtgatcagged)3 and  8RR15  (Sgtgtagagtaatctt- of the entire genome because the Tc7 elements are not e%ally
gagc-3). The PCR product was cut out of an agarose gel. Tr&pread over the genome (see below). >

agarose plug was placed in a perforated tube containing a_SimiIarity searches through the GenBank/EMBL databases

. ©
glasswool filter and this was again put in a tube to elute arl{ping the Tc7 sequence as a probe did not reveal related sequénce

recover the DNA by centrifugation. The eluate was phendé other species. However, 23 additional sequences were hitigthe

extracted twice, chloroform extracted once, precipitated and us g‘taéergggﬁggﬂgrgreofp?t)a:‘b;:%emsessee Sgg%??ﬁgrsn \c,iveeer dgirgitoerg
to make a radiolabelled probe by random primed labeli ( by the canonical'SCAGT nucleotides common to the Tcl/mark

. . ner family, and they were flanked by TA dinucleotides (Tc7-d1&o
Detectlo_n of Tc7 transposition under Tcl-transposase Tc7-d7, Tablel). These 808-931 bp long sequences shafed
expression 62-83% sequence identity with Tc7. They also had 0.35kb
The stable transgenic Bristol N2 line NL82®), harbouring the inver_ted repeats at their extremities, but in contrast to Tc7 _tﬁeir
Tcl-transposase gene under the control of a heat-shock promd@final sequences showed more sequence divergence with the
(PRP465) (5), was heat shocked for 2 or 4 h atB3Genomic er_lds of Tcl. Finally, the last 16 hits shared sequence similarities
DNA was isolated as previously describ&d)(after a recovery With only one Tc7 end and were presumed to correspond to
at 18 C for 12 h. Somatic transposition of Tc7 in a 1 kb region oflegenerate, incomplete Tc7 derivatives (Tc7-d8 to Tc7-d23,
the gpa-2gene was scored by nested PCR3 (1sing primers Table 1) However, these Tc7 de_rlvatlves had the Canon|_§al
specific for Tc7 (8RR12, Hccgctitatcacttgecatg-and 8RR13, 9-CAGT sequence next to a TA dinucleotide at t_hgw extremity.
5-acataggcctgatcacgag’o-and primers Speciﬁc for thgpa-z The 23 Tc7-related elements do not repre_sent a distinct SU_b'gprp
target (AB3550 and AB5623)2(). The PCR products were Of Tc7 elements but they seem to have independently d|ve§ed
analyzed on 1% agarose gels using the 1 kb DNA ladder (Gib&yer time. >
BRL) as a size marker. The PCR products were sequenced usingwenty of the 33 Tc7 and Tc7-related elements (61%) were
the ABI PRISMI. Dye terminator cycle sequencing kit (Perkinlocated on the X chromosome whereas only 13 elements vgere
Elmer) following the manufacturer instructions. Sequencingound on the autosomes (Fig). Only 25% of theC.elegans =

products were run and ana|yzed on an ABI automatic Sequenaﬁﬂ_quence in the data base used for the searches is derived frqin th
X chromosome. This means that Tc7 is not equally spread over

Database searches and computer analysis the entire genome; the elements are clustered on thg X
chromosome.

Similarity searches through th@.elegansgenome database

(ACeDB, release of October 10, 199634 and through . o . .

GenBank/EMBL databases were performed using BLASJ, (1¢/ IS active in the germline of mutator strains

Further sequence editing and analysis were made using the G

package (University of Wisconsin, Madison).

2z0z 1snBly

fnutator lines Te1 transposition is activated in the germline and
new inheritable insertions (or excisions) can be detected in the
genome of originally isogenic strains. We analyzed the Tc7
RESULTS content of eighmut-6lines @5) derived from the same parental
strain (RW7097)Z5), which were cultivated in parallel for three
months. DNA from these lines was digested v8#n96l, for
Using the 54 bp inverted repeat sequence of Tcl for a similarityhich the Tc7 sequence does not contain a recognition site. The
search of th&€.eleganggenome database we found, in additionDNA was analyzed on a Southern blot using a Tc7 probe3)Fig.

to several Tcl elements, 10 hits which define a new class bfterestingly, the genomes of tineut-6 lines and Bristol N2
repetitive elements (Table Tc7-1 to Tc7-10). Two of these hits contained a similar number of Tc7 copies, whereas the number of
(Tc7-1 and Tc7-2 in TablB correspond to Tcl-related sequencedcl elements is about 10 times higher in this mutator strain than

A new repetitive element in theC.eleganggenome
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1
ta cagtgctggccaaaaagata;iggggggcagttttttgacgatttcg 47
atattttttccaatgggcataacttcaaaactaggaaaggtaccaaaaaa| 97

ttttcaactggtaaaatgtagctcgtgatcaggcctatgtatttttacat | 147
gttgcaattattcatccatcacatggcaagtaataaagecggegggecatet | 197
cgtgagtccgtttttgacgatgattactaaaacgactgtaactcaagaaa 247
catatttttaatgaaaggtttgagaaagtaacaaaatgtttatttaattt| 297
ttcattgtttgaacatatcaactttgtcctaaaacctccatttaaaaar;_ 346

atgtatgcgctgaaactagtgtctcattagacactgtttagaggetttgt 396 g

2

tcaaaaatcaggtttcttggattgaaaatctttttccgacaatttttgtg 446 %

o)

aagaactgatgttgttattatatttgaactacatattaaccaataaacag 496 %

Q

aattcagvgaaaaaaatctactatttttgagacatgagctcaagattact 545 g

3

ctacacttctettetttaaactctettgte |tttttcaatggaggtttca | 594 —

ggacgaagttagtatgttcaaacaataaaaaattatataaacatcgtgtt | 644 8

=

actttctaaaaaccttccattaaaaatatgtttctcgagttacagtecgtt | 694 §

Q
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Figure 1. (A) Nucleotide sequence of Tc7-1 (see Table 1). The inverted-repeat sequences are boxed. The dotted lines underlinelthe® dgnaedces missing S

in Tc7-8 and Tc7-9, respectively. Small triangles indicate the single-base pair insertions found in Tc7-3, Tc7-4, Tc7¥677&,7¥67-9 and Tc7-10 (between nt
503 and 504 in Tc7-1) and in Tc7-3 and Tc7-4 (between nt 824 and 825 in TBY Sighématic representation of Tc7-1 and Tcl. Open arrows represent the inv%ed
repeats. Shaded areas correspond to the regions of similarity between Tc1 and Tc7 inverted repeats. N

in Bristol N2 (H.G.A.M.V.L. and R.H.A.P., unpublished observa-Tc7 transposition upon Tcl-transposase expression

tions). Between the lines maintained in parallel, most of the Tc7

bands were conserved. However, in several lines a few bands Ifad is an active transposon in the germline of several mutator
been lost or gained, showing that Tc7 is mobile in the germ-lingtrains, however we have not yet identified a Tc7 element with a
Similar experiments using originally isogemwit-7lines (R.F. gene coding for transposase. Since the binding site of the Tcl
Ketting and R.H.A.P., unpublished observations) showed th&tansposase within Tcl inverted repedtfs (s fully contained

Tc7, like Tcl, is also active in the germ-line of this mutator straiwithin the 38 bp sequences shared with the Tc7 extremities, we
(data not shown). Based on these results we conclude that TcTeisted whether Tc7 could transpose when Tcl transposase was
a transposable element. expressed. Transgenic lines which harbour the Tcl transposase
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Table 1.Tc7 and Tc7-related elements

Tc7 variant cosmid coordinates chromosome size (bp)* % identity’ gaps'
Te7-1 ZK899 29218-30142 X 925 100 0
Tc7-2 co7D10 12383-13307 I 925 100 0
Tc7-3 D1009 997-71 X 927 100 2
Tc7-4 MO02D8 35345-36271 X 927 100 2
Tc7-6 FO2D10 7329-8254 X 926 100 1
Tc7-6 F57F5 23079-24004 v 926 100 1
Tc7-7 F23A7 6849-7774 X 926 100 1
Tc7-8 F10D7 30229-29311 X 919 100 1
Tc7-9 F19H6 10092-10973 X 882 100 2
Tc7-10 BO365 21017-21942 v 926 100 1
o
Tc7-d1 C30G4 5129-5936 X 808 83 10 g
Tc7-d2 RO6C1 31287-32210 ] 924 66 9 2
Tc7-d3 TO8B2 20785-21708 I 924 66 13 a
Tc7-d4 F48B9 23972-24904 X 933 66 10 %
=
Tc7-d5 F52D2 19835-20765 X 931 65 9 %
Tc7-d6 E03G2 20069-19144 X 926 64 5 =
Tc7-d7 zca7 26931-27858 I 928 62 13 ﬁ
g
Tc7-d8 C13E3 6850-6721 X 130 100 1 o3
Tc7-d9 FA5H7 36362-35684 n 679 93 1 g
Tc7-d10 RO6C1 20136-20352 1 217 82 1 g'
Tc7-d11 w0288 20270-20534 I 265 82 5 5
Tc7-d12 3303 17462-17062 X 401 80 1 g
Tc7-d13 F52D2 35550-35890 X 341 80 8 %
Tc7-d14 T12D12 22756-22934 Y 179 79 3 2
Tc7-d15 F48B9 29798-29840 X 43 76 0 §_
Tc7-d16 TO5A12 15567-16129 v 563 75 7 3
Tc7-d17 €05D9 5567-5324 X 247 74 6 E
Tc7-d18 KOBE4 6623-6852 Y 230 - 68 1 5
Tc7-d19 T19D7 27640-28369 X 730 67 7 §
Tc7-d20 FO7G6 7519-7666 X 138 66 2 ®
Tc7-d21 F23D12 32609-33448 X 840 64 6 E
Tc7-d22 co5D12 38241-37511 I 731 63 2 2
Tc7-d23 C14E2 9579-9261 X 319 62 6 g
o
2
Based on the sequence data available in the ACeDB release of October 10th 1996. o
*Including the flanking TA dinucleotides. i)
Tlndentity scores are derived from a pairwise comparison with the reference sequence Tc7-1 using the Bestfit program (&0 ptMiigeonsin, ©
Madison, USA). fg
g
S
N

gene under the control of a heat-shock promoter were generatéd? target choice
Transposition in the somatic cells was scored by PCR, using

transposon specific primers and primers specific for a genomig1 always inserts into TA dinucleotides, but uses only a small
target [thegpa-2 gene 86)]. After heat-shock, several Tc7 subset of all TA dinucleotides within the genome. Among those
insertions were detected gpa-2 whereas without heat-shock, dinucleotides, a few are very often chosen and define *hotspots’ for
Tc7 transposition was much less frequent (35 versus 3 insertiomg;l insertion 20). Since Tc7 can use Tcl transposase for its
Fig. 4). Under the same conditions Tcl transposition was alsmobility, we determined the distribution of Tc7 insertion sites
detectable. A comparison of the numbergpl-2 insertions  within gpa-2and compared it to the distribution of Tc1 insertion
scored for Tcl verses Tc7 using the same transgenic line asites. Forty two Tc7 insertion sites were sequenced Brighs
identical DNA inputs in the PCR showed that Tc7 is only fouexpected, Tc7 always inserted into TA dinucleotides. Furthermore,
times less active than Tcl (data not shown). the distribution of the Tc7 insertions along thea-2 sequence
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Figure 3. Southern blot hybridization of Bristol N2 (lane 10) and RW7097%R
DNAs (lanes 1-9) digested witBa®6l. Samples loaded in lanes 2-9 &
correspond to eight originally isogenic RW7097 lines which were cultivated i
parallel for three months. The sample loaded in lane 1 corresponds to the
| — parental RW7097 line. The Southern blot was probed with a Tc7 fragme?’lt
| containing the unique sequence and a large part of one of the inverted rep%tts
(the end of the inverted repeat which is identical to Tc1 is not included in the probpe)
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20U in vitro with Tcl transposase purified frdascherichia coland
o a plasm|d with thgpa-2gene as target is identical to that obtam@d

in vivo, suggesting that the target choice is only determined byhe
Figure 2. Distribution of Tc1, Tc7 and Tc7-related (see Table 1) elements faNSPOsaseZf). Since we showed that the Tcl transposase gan
mapped to th€.elegangenome. In light shade are shown the contigs on the Cause Tc7 jumping, we expected that Tcl transposase diven

physical map and the sequenced regions are shown dark shade. Horizontal liniansposition of Tc7 would lead to the same target site SpECIfIGIty
indicate the locations of the Tc1 and Tc7 elements mapped in Bristol N2. Thisye found this indeed to be the case.

distribution is based on the.eleganggenomic sequence data released up to
October 10, 1996, No similarities between Tc7 and any known transposon w%re

found in addition to the terminal 38 bp. Using the Tc7 sequefice

as a query to search through @elegangienome database, w&
perfectly fits the Tc1 insertion pattern. Most of the sequenced Tégund 23 related sequences of which 16 corresponded to siHgle
insertions reside at TA dinucleotides that are also hit by Tc1, arf@’-related ends. The seven other hits, like Tc7 itself, were

the hottest insertion sites for Tc7 are the same as for Tc1.  delimited by long inverted repeats and flanked by TA dinucléo-
tides. However they showed more sequence heterogeneity, aﬁd in
DISCUSSION particular they showed sequence divergence within the terminal

38 bp. These sequence changes affect nucleotides supposeéto b

Searches in theC.elegansgenome database have revealechecessary for the binding of the Tcl transposase based on
putative transposons or transposon fossils, includingethylation-interference experimengs) and this would imply o 9
heterogeneous groups of elements presumably derived from tihat these elements are not mobile. Alteratively these elements
transposable elements Tc2 and Tg§5J). The element analyzed may depend for their mobility on other enzymes not yjet
here, which we call Tc7, and for which two variants have beeidentified.
described recently by Oosustial. (13), has all the hallmarks of  The Tc7 elements and Tc7-related sequences are not e\Sfenly
atransposable element. Tc7 contains 345—-347 bp inverted repetistributed within theC.eleganggenome: two thirds of the Tc7\’
of which the terminal 38 bp are nearly identical to the ends of TadAnd Tc7-related sequences are located on the X chromogdme
and is flanked by TA dinucleotides. Furthermore we have show(fig. 2). In contrast, the Tcl elements and other repetitive
that Tc7 is mobile in the germline of independent mutator linesequences are randomly distributed among the six chromosomes
However, Tc7 does not contain an ORF and is, therefor€37). The X chromosome has several unique featB®sd.g. the
presumably unable to make its own transposase. The 38 byre uniform distribution of genes, repetitive sequences and
sequence shared with Tcl encompasses the Tcl-transposasembination events along the X chromosome, the X chromo-
binding site and we have found that Tcl transposase can promstene contains more G and C runs and there is dosage
Tc7 transposition. compensation of the expression level of genes located on X. The

Tcl/mariner DNA transposons always jump into TA dinucleo<lustering of Tc7 on the X chromosome might be another unique
tides. It has been shown for Tc1 and Tc3 that only a small fractideature of this chromosome. Alternatively, it could also reflect a
of the available TA dinucleotides is actually chosen for insertiomecent activation of an X chromosome located Tc7 element and
Tcl and Tc3 each have a distinct preference for certain insertianpreference for local jumps. Yet another explanation could be
sites £0). The pattern of Tcl insertions in tyga-2gene obtained that the parental strain of Bristol N2 originally did not contain Tc7
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-

Figure 4. PCR detection of Tc7 somatic insertiongjra-2without heat-shockX) or after heat-shoclBj of the NL818 strain (for details see Materials and Method
The lower band present in all lanes in (A) is due to a PCR artefact.
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Figure 5. Comparison of the distribution of Tcl insertions (20) and Tc7 insertions witrgpéh2target. Every mark on the x-axis represents a TA dinucleotide. The
first and the last TA dinucleotides represented on the x-axis are located at positions 2058 and 3098 respectively. Atve stimohuee of thgpa-2gene and the
actual position of the TA dinucleotides within its sequence are depicted underneath the x-axis.
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elements and has only recently acquired an X chromosonmstéements encoding their own transposase and they can mobilize
through a cross with a strain that carried Tc7 elements. various deleted derivatives (Ds elements) which still contain the
The structure of Tc7 and its relationship with Tc1 is reminiscerterminal inverted repeats required for binding of the transposase.
of the Ac/Ds and the mutator families of transposable elemengsvariety of mutator-like elements of maize also show different
in maize 80,31,3941). The Ac transposons are autonomoudevels of sequence diversity, while all having terminal sequences
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in common 81,41). However, Tc7 is not a deletion derivative of 12 Smit,A.F.A. and Riggs,A.D. (1996)oc. Natl. Acad. Sci. USA3,
Tcl, it has undergone a substitution of the unique internal regiq
and most of the terminal inverted repeats. Alternatively, the Tc,
elements could have originated from a Tcl-like autonomous gjumenthal,T., Meyer,B.J. and Pries,J. (edhg Nematode
element which has not been identified yet or has been lost in the Caenorhabditis elegani. Cold Spring Harbor Laboratory Press, NY,

present-day strains. Thus far, Tc7 is the only group of Tc1-deriv

elements found in th€.elegangyenome.
The analysis of the Tc7 content of originally isogenic mutatofs van Luenen,H.G.A.M., Colloms,S.D. and Plasterk R.H.A. (153830

strains showing germline transposition of Tcl suggests that Tc7 J., 12, 2513-2520.

is also active in these strains. The copy number of Tc7 in tHg Vos,J.C. and Plasterk,R.H.A. (198)BO J, 13, 6125-6132.

genome of Bristol N2 is comparable to that of Tcl. Howeve

e

d
15

unlike the copy number of Tcl, the copy number of Tc7 has ng}
increased in mutator strains. The transposition efficiency of Tc7 293-301.
is of the same order of magnitude as that of Tc1. Itis not clear whg Van Luenen,H.G.A.M. and Plasterk,R.H.A. (1984icleic Acids Res22,
the Tc7 copy number has not increased in mutator strains and why 262—269.
thus far no Tc7 alleles have been obtained in a forward gene§
screen 1-23,25).
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