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We took advantage of the massive amount of sequence information generated by the Caenorhabditis elegans genome
project to perform a comprehensive analysis of a group of over 100 related sequences that has allowed us to
describe two new C. elegans non-LTR retrotransposons. We named them Sam and Frodo. We aso determined that
severa highly divergent subfamilies of both elements exist in C. elegans. It is likely that several master copies
have been active at the same time in C. elegans, although only a few copies of both Sam and Frodo have char-
acteristics that are compatible with them being active today. We discuss whether it is more appropriate under these
circumstances to define only 2 elements corresponding to the most divergent groups of sequences or up to 16,
considering each subfamily a different element. The C. elegans elements are related to other previously described
non-LTR retrotransposons (CR1, found in different vertebrates, SR1, from the trematode Schistosoma; Q and T1,
from the mosquito Anopheles). All of these elements, according to the analysis of their reverse transcriptases, form
a monophyletic cluster that we call the *“ T1/CR1 subgroup.” Elements of this subgroup are thus ancient components
of the genome of animal species. However, we discuss the possibility that these elements may occasionaly be

horizontally transmitted.

I ntroduction

Retrotransposons can be divided in two main class-
es, according to their presence or absence at both ends
of the elements of long termina repeats (LTRs). The
structure of many non-LTR retrotransposons, also called
LINEs, is reminiscent of that of a retrovirus (reviewed
in Eickbush 1992, 1994). They often have two open
reading frames (ORFs) and end in a 3’ untranslated re-
gion with repetitious adenine-rich sequences. However,
there is substantial structural variability among non-LTR
retrotransposons. The reverse transcriptase (RT), gen-
erally found in the second OREF, is the only protein en-
coded by all them. It has been shown that most elements
aso encode an endonuclease (EN) (Martin, Olivares,
and Lopez 1996; Feng et al. 1996). In some other ele-
ments, however, no EN is apparent, and whether these
elements actually encode a highly divergent EN is un-
known (Feng et al. 1996). ORF2 of some elements aso
contains an RNAse H. Moreover, several elements to-
taly lack ORF1 (Feng et a. 1996) (throughout the text,
we will use the convention of referring to the ORF con-
taining the RT as “ORF2,” even in the absence of
ORF1). Finally, unrelated sequences, produced by re-
combinational events, at the 5" ends of otherwise almost
identical elements have also been observed (Adey et al.
1991, 1994; Hayward, Zavanelli, and Furano 1997 and
references therein). How all of these structural types
have arisen is still poorly understood. The current evi-
dence, based on the comparative analysis of RTs, strong-
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ly suggest that al non-LTR retrotransposons have
evolved from a single ancestral lineage (Xiong and
Eickbush 1990; Eickbush 1994). Thus, al of these struc-
tural differences must have been acquired secondarily,
in some cases very recently.

An additional source of sequence variation arises
because most of the copies produced by non-LTR retro-
transposons become inactivated, suffering truncations at
their 5’ ends. These copies then diverge randomly and
rapidly (reviewed in Smit 1996; Finnegan 1997). In fact,
the number of active retrotransposons per genome is
very low (reviewed in Deininger et al. 1992). In the case
of human LINES, it has been recently estimated that
only 30—60 copies of the 100,000 found in a genome
are active (Sassaman et a. 1997).

Because non-LTR retrotransposons may have dif-
ferent structures, only a few copies are active, and most
copies are highly divergent and inactive, it turns out that
conventional methods—those based on detection by
DNA hybridization and subsequent cloning and se-
quence comparisons—are often insufficient to obtain a
clear picture of the evolutionary dynamics of these el-
ements. Considering this situation, the global informa-
tion rendered by the sequencing of complete genomes
may be very useful, because it allows exhaustive com-
parative studies of the elements inhabiting the analyzed
organism. In this work, we present the first results of
such an approach for non-LTR retrotransposons of the
nematode Caenorhabditis elegans. This is a particularly
interesting species to study, because the sequencing pro-
ject of the C. elegans genome is about 70% complete
(for a review, see Blumentha and Spieth 1996).

We previously described (Marin and Fontdevila
1996) certain sequences of the fly Drosophila koepferae
that were closely related to those described for two
Anopheles non-LTR retrotransposons, caled T1 and Q
(Besansky 1990; Besansky, Bedell, and Mukabayire
1994). Several studies have established that other ele-



ments related to T1 and Q occur in vertebrates (element
CR1: Stumpf et al. 1981; Chen et al. 1991; Burch, Da-
vis, and Haas 1993; Vandergon and Reitman 1994;
Ohshima et al. 1996; Haas et al. 1997; Kajikawa, Ohshi-
ma, and Okada 1997) and also in the trematode Schis-
tosoma mansoni (element SR1, Drew and Brindley
1997). From now on, we will call this group of elements
the *“ TI/CR1 subgroup.” Recently, we observed that se-
guences generated in the genome project of the nema-
tode C. elegans show substantial similarity to the ele-
ments of the T1/CR1 subgroup. We describe here these
new sequences, demonstrating that they belong to two
different elements that are represented multiple timesin
the C. elegans genome. Different subfamilies of these
elements are present in the databases. Sequence com-
parisons suggest that the number of potentially func-
tional (‘‘master’’) copies of these two elements, which
we will call Sam and Frodo (Tolkien 1954), is small.
We will discuss the implications of these results with
regard to the evolutionary history of these elements, the
phylogenetic range of the T1/CR1 subgroup of non-LTR
retrotransposons, and the possibility of horizontal trans-
mission of some of its members.

Materials and Methods

The C. elegans sequences considered in this work
were first found to be related to known transposable el-
ements when the putative products of the T1/Q-related
sequences of Drosophila koepferae (Marin and Font-
devila 1996) were compared using TBLASTN to the
sequences of the nonredundant database at the National
Center for Biotechnology Information (NCBI; for all of
the BLAST programs, version 1.4.9MP [Altschul et a.
1990], implemented online at the NCBI page (http://
www.ncbi.nlm.nhm.gov/) was used). We found later, us-
ing the same type of anaysis, that the C. elegans se-
quences were related to those of the Anopheles gambiae
elements T1 and Q, as well as to the elements CR1
(chicken and turtle) and SR1 (RT sequence only; from
Schistosoma). Only a low degree of similarity to other
non-LTR retrotransposons, mainly in the RT region, was
detected.

A combination of nucleotide searches with
BLASTN and searches with TBLASTN and BLASTP
(Altschul et al. 1990) using the sequences of the putative
products encoded by the C. elegans sequences was used
to establish that they can be divided into two main types,
corresponding to two different elements. The same pro-
cedures were used to compare the sequences belonging
to each of these elements in order to define subfamilies.
Nucleotide BLASTN searches were also used to estab-
lish the lengths and structures of the different sequences
found in C. elegans. ORF identification was also per-
formed online using the ORF Finder tool at NCBI.

Once the best candidates for active elements were
established (see Results), multiple-sequence alignments
were performed for both the EN- and RT-related se-
quences of a number of retrotransposons using CLUS-
TAL W (version 1.6; Thompson, Higgins, and Gibson
1994). The output of the program was refined by hand
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after comparison with the previous TBLASTN results as
well as with a database of aligned sequences of other
non-LTR retrotransposons. To formally establish the
phylogenetic relationship among the elements consid-
ered in this work, the program implementing the neigh-
bor-joining method (Saitou and Nei 1987) included in
CLUSTAL W was used. Those positions containing
gaps in one or more sequences were excluded from such
analysis. Programs RETREE and DRAWGRAM from
the PHYLIP package (Felsenstein 1989, 1993) were
used to draw the phylogenetic trees presented in figures
2 and 4. The bootstrapping routine also included in
CLUSTAL W was used to determine the values pre-
sented in those figures. The program GeneDoc (Nicholas
and Nicholas 1997) was used to highlight the similarities
among the multiple-aligned sequences in figures 1 and 3.

Results
New Members of the TL/CR1 Subgroup Are Detected
in C. elegans

In Marin, Labrador, and Fontdevila (1992), we de-
scribed middle repetitive DNA-containing clones ob-
tained from the genomes of Drosophila buzzatii and
Drosophila koepferae, two sibling species of the repleta
group. Among the transposable-element-related se-
guences detected when some of those clones were se-
quenced (Labrador and Fontdevila 1994; Marin and
Fontdevila 1995, 1996), we were able to determine that
the conceptua trandation of two clones defined prod-
ucts related to those found in non-LTR retrotransposons.
In particular, aclear similarity to the Anopheles elements
T1 and Q was observed (Marin and Fontdevila 1996).
Two years later, in a routine search using the D. koep-
ferae sequences, we found that C. elegans sequences
recently included in the publicly available databases also
show a substantial similarity to those putative products.
Further analyses (see Materials and Methods) using the
whole sequences of the EN and RT of the fully char-
acterized Anopheles elements confirmed this finding.

Preliminary searches using some of the C. elegans
sequences showed that they were also related to the oth-
er two characterized members of the T1/CR1 subgroup,
CR1 and SR1, while their relationships with other non-
LTR retrotransposons were much more distant. In par-
ticular, they exhibit only a very weak relationship to the
only other non-LTR retrotransposon previously studied
in C. elegans, the element Rte-1 (Youngman, van Lu-
enen, and Plasterk 1996). Deeper analyses determined
that the C. elegans sequences can be classified into two
groups. When their putative protein products are com-
pared, sequences in each of these two groups show a
high level of similarity, while the similarity between
groups is much lower. For example, for the RT domain,
around 60% of the amino acids are identical (and 75%—
80% biochemically similar) when random members of
the same group are compared. Among sequences of dif-
ferent groups, however, the similarity is about the same
as that found when related, but different, non-LTR re-
trotransposons are compared (around 30% identity and
50% biochemical similarity). We interpreted the sub-
stantial differences between these two groups of se-
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quences, as well as their similarities within a group, to
correspond to the fact that two different non-LTR
retrotransposons of the T1/CR1 subgroup are present in
the genome of C. elegans. We named these two elements
Sam and Frodo (Tolkien 1954).

Structural Analysis of the C. elegans Sequences

To further characterize these sequences, and es-
pecially to confirm that two different elements were
present, a priority was to establish whether any copy of
these sequences in the databases could correspond to
active transposable elements. To solve this problem, we
developed a strategy based on three premises: (1) Active
elements (or those sequences most similar to active el-
ements) should behave as ‘‘master copies.”” Therefore,
a certain number of sequences almost identical to a
structurally complete copy, but with particular trunca-
tions in their 5" ends, should be found in the genome.
(2) By comparison of the nucleotide sequences, it should
be possible to extend the elements from zones known
to correspond to their 3" ends (such as those encoding
the RT, which are generaly found toward the end of
non-LTR retrotransposons) to upstream zones. In this
way, we should be able to approximately define the 5’
ends of the elements. (3) Finaly, the ORFs of active
elements should be free of truncations, gaps, frame-
shifts, and stop codons.

In order to further constrain our search for active
elements, we started our analysis considering only those
sequences that contain complete EN sequences. EN se-
quences are found upstream of RT sequences (this has
been confirmed for al of the C. elegans sequences con-
sidered in this study), so they are expected to be intact
only in those elements without, or with relatively small,
5’ truncations. To establish that EN domains were com-
plete, we compared the conceptual translations of the
available sequences with the ENs of the other elements
of the TL/CR1 subgroup, and we looked for the known
conserved domains of the protein (Martin, Olivares, and
Lopez 1996; Feng et a. 1996). A total of 14 full-length
EN sequences were found, 11 for the group of sequences
that we defined as corresponding to the Sam element
and 3 corresponding to Frodo elements (tables 1 and 2).

At Least Five Subfamilies of Frodo Coexist in the C.
elegans Genome

When we studied the nucleotide sequences of the
different EN-containing copies in detail, we discovered
that sometimes even those that we had classified as be-
longing to the same element according to their protein
sequences were highly heterogeneous at the nucleotide
level. Thus, two of the Frodo sequences with full-length
ENs, which we call Frodo2.1 and Frodo2.2, are almost
identical along 3,300 bp (see table 1; henceforth, we will
call the sequences by a name [Sam or Frodo] that in-
dicates the main group to which they belong; a number
to indicate the subfamily; and, if more than one EN-
containing copy of a subfamily is present, a second
number to indicate the particular copy). However, the
other Frodo sequence that contains a complete EN (Fro-
dol) is only distantly related to Frodo2.1 and Frodo2.2

Table 1

Summary of the Most Complete Frodo Copies and Their Longest Truncated relatives

Name of Clone

Containing Master
Copy (position in the Accession

Other Clones Containing Fragments of

Reverse
Transcriptase

Name of

Subfamily Master Copy

Elements of this Subfamily

CEF58E6, CEC06A 12, CEB0513,

3'-Terminal Sequence

5’- TAATAAATACAATACAATACAA- 3’

No. Endonuclease

Z70755

clone, 5'-3")
CEKO06A4

Complete? (see

Complete

. FRODO1

CELF54D8, CETO9F5, CELF47D2,
CEKO7F5, CEY7A9C, CELF54C1,
CEC50B8, CER13H4, CEF43C1,

text)

(>23,780-20,784)

CEM199, CELK12C11, CELMO03D4,

CELKO3F8, CELT21F2
CEMO1E11, CELZC196, CELF08B1,

CET04B2, CEZK 892, CEC33D9,
CEC49F5, CEC50F4, CELKO7E12,
CELZCA487, CEC50C10, CELC23H3,

5'- TTAAATTAAATTAAAATTAAA- 3’

Z48009  With frameshifts  With frameshifts

CEAHS6 (>24,687—
21,408)

. FRODO2.1

CELY102E9, CELF49D11, CELF07G11

Same as FRODO2.1

Truncated

Complete

768135

CEZK1073

FRODO2.2

(<11,700—
14,936)
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* 20 * 40 *
SAM3 i mmm e —— M 1
saM4 MPPKKKVDSIPKDTDINKSLLVEDQSTSMDIDAEMTSDSPKSKRKRFINVKKSA 54
SAMS .1 § —— e m e e -
SAME  § m e e e e -
SAM7 .2 i = o MKPER 5
SAMS i mm e e m MGANKK 6
*
SAM3 IVDSSPTA 53
SaAM4 AKVFKLE 108
SAMS . 5
SAM6 -CRLLER 43
SAM7 . KRLRS SDMDIDEGE@ 59
SAMS KRARSEASDEDP-PLLTNYKDYKA 58
* 120 * 140 * 160
SAM3 grv sxglA%EgTKGFP -------- 97
SAM4 GT CASPLSERKERSE SVRESTE Pl P ——— 154
SAMS . LY S SIS D R —— 46
SAM6 86
SAM7 . 100
SAMS 112
SAM3 147
SAM4 204
SAMS . R ¢ 96
SaM6 I IKERA 136
SAM7 . - AVIETK FINGNTGGNDEDLHARST 153
SAMS 166
SAM3 201
saM4 258
SAMS . 150
SAMG 190
SAM7. 204
SAMS 217
SAM3 255
SAM4 TIHVVRDLEITVDL R 312
SAMS . IHHszDLmva PR 204
SAM6 . 244
SAM7. 258
SAMS : 271
r ir RRD6 p EL. L2 Rk Y1 N AG 4 62D6 1 P2 £
*

SAM3 262

SAMA 319

SAMS . 211

SAM6 251

SAM7 . 265

SAMS 278

Fic. 1.—Putative ORF1 found in six Sam sequences. A seventh copy, Sam9, contains amost 60 amino acids corresponding to the C-
terminal end of this putative protein (not shown), while no related sequences were found in the other Sam copies. The letters and numbers under
the alignments summarize the most conserved positions. Numbers refer to biochemically similar amino acids according to the Blosum62 matrix
(LD,NE2EQK R3S TA 4&4HY;5FY,W6: L, I, V,M).
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Copia
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247
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294 Saml
132
39 | g5 %CRI Platemys
W01 g2 < CRI Gallus
039 223 CR1Xenopus
964 .
| 246 SRI
320 Frodol
252 JuanA
248 NLRI
282 Jockey
48 RIBm
373 I
338 LINE-1
358 Tl

FiG. 2—Phenogram obtained using the RT sequences of selected
non-LTR retrotransposons. The branch lengths are shown above the
lines in small numerals. The numbers of cases out of 1,000 in which
the adjacent branch was supported in bootstrap analysis are shown in
italics (see Materials and Methods).

(about 55%—60% nuclectide identity along their length).
5'-truncated versions of both Frodol and Frodo2.1/2.2
with very high nucleotide identities (90%—100%) to
those “master” (EN-containing) copies are present in
the databases (table 1). Therefore, at least two highly
differentiated subfamilies of the Frodo element exist in
C. elegans. Henceforth, we will follow the convention
of considering those sequences with a nucleotide iden-
tity of at least 90% members of the same subfamily.

With regard to their coding sequences, of the three
longest Frodo copies, Frodo2.1 is clearly an inactive
copy, because its putative coding regions have several
frameshifts and stop codons, while Frodo2.2 seems to
be almost complete but lacks a small stretch of the N-
terminal end of the RT. Only Frodol seems to have a
structure compatible with being an active element. How-
ever, Frodol has a frameshift in its RT domain (at nu-
cleotide 21901 in the clone). Interestingly, a frameshift
in the same position is found in Frodo2.2. The fact that
the two sequences that seem to be structurally closest to
our expectation for an active element contain the same
frameshift suggests that it might be present in active
Frodo retrotransposons.

As we have already mentioned, clones Frodo2.1
and Frodo2.2 have 98% nucleotide identity along 3,300
bp. Thisincludes 300 bp upstream of the N-terminal end
of the EN. We have not been able to extend the simi-
larity of any Frodo sequence farther upstream. This does
not necessarily mean that an ORF1 is absent in Frodo.
In fact, upstream of the ENs of Frodo2.2, we detected
a putative ORF of 275 amino acids (96 amino acids of
this putative ORF1 are also present in Frodo2.1, which
thus could be a truncated copy). It is unclear, however,
whether this sequence actually encodes a functional
product, or even part of one. No similarity to any of the
proteins found in the ORF1s of other known non-LTR
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retrotransposons (including those of the TL/CR1 sub-
group and the putative ORF1 of Sam, see below) has
been detected. No long putative ORF1 has been detected
in Frodol.

Fortunately it has been much easier to define the
3" ends of the Frodo elements. The similarity between
Frodo2.1 and Frodo2.2 finishes in a repetitious se-
quence, which, in Frodo2.2, is 5'-TAAATAAAT-
TAAATTAAATTAAAATTAAA-3'. The similarity be-
tween these two sequences and the other truncated cop-
ies of the subfamily (summarized in table 1) commonly
ends at the same sequence, although nucleotide substi-
tutions are occasionally observed. This type of 3’ rep-
etition is aso found in the other available long copy,
Frodol, asis easily determined by comparing that copy
with its truncated variants (table 1). However, the rep-
etitions are different for each subfamily. In the case of
subfamily 1, similarity among copies ends at the se-
guence 5-TAATAAATACAATACAATACAA-3'. As
we mentioned in the introduction, this type of repeti-
tious, often A-rich, sequence is typical of the 3’ ends of
non-LTR retrotransposons, including other elements of
the T/CR1 subgroup.

More than 30 other Frodo truncated copies are
present in the databases that are not 90% identical to
the three EN-containing copies and, therefore, have not
been included in table 1. About three quarters of them
can be grouped, following the criterion of >90% nucle-
otide identity, in three other subfamilies whose longest
representatives are the sequences found in the clones
CELRO5F9 (nucleotides 11499-13784), CELKO7ES8
(nucleotides 24552—27068), and CEC43D7 (nucleotides
15086-16719), respectively. The rest are very small
fragments, at most a few hundred base pairs long.

Caenorhabditis elegans Contains No Less than 11
Highly Divergent Subfamilies of Sam

An even more complex situation is found when
Sam sequences are analyzed (table 2). Eleven sequences
contain putative full-length ENs, and 10 of these copies
also seem to possess a complete RT. However, like Fro-
do sequences, Sam sequences are quite heterogenous.
Although some copies are up to 95% identical along
thousands of nucleotides, others are much less related,
such that even the nucleotide sequences of their RTs,
probably the slowest-evolving part of the elements, are,
in some comparisons, as low as 55% identical. Sequence
analysis has established that, again using the criterion of
90% nucleotide identity, the 11 longest copies can be
classified as belonging to 9 different subfamilies. We
have found long, aimost identical copies in only two
cases (sufamilies V and VII; see table 2). Ten of the 11
most compl ete sequences have 5’-truncated versions, the
one exception being Sam6, which is truncated in its 3’
end. Regarding the 3’ ends of the elements, it turns out
that each of the Sam subfamilies, like those of Frodo,
have different 3' repetitious ends (table 2). Also like
Frodo sequences, there are over 20 other Sam sequences
not included in any of these subfamilies; about half of
them belong to two other subfamilies whose longest
available copies are found in the clones CELF55A4 (nu-
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T1 51
Q 51
CR1P 51
CR1G 51
CR1X 51
SR1 51
SAM1 51
SAM2 51
SAM3 51
SAM4 51
SAMS5.1 51
SAM6 51
SAM7.1 51
SAMS8 51
FRODO1 51
FRODO2.1 51
Jockey 52
T1 100
0 99
CR1P 102
CR1G 102
CR1X 102
SR1 102
SAM1 101
SAM2 101
SAM3 101
SAM4 101
SAMS .1 PTRKTFSHK- 101
SAM6 SEKKTCANK - 101
SAM7 .1 100
SAMS 100
FRODO1 0 102
FRODO2.1 ] 102
Jockey RiE 103
T1 150
Q 149
CR1P 152
CR1lG 152
CR1X 152
SR1 : 152
SAM1 : 152
SAM2 153
SAM3 : 152
SAM4 AR D 152
SAM5.1 : DF”KAFDS 152
SAM6 D FIRIK AR D) 152
SAM7.1 D 0K A F DI 151
SAMS : IRFARENYS 151
FRODO1 DAL AFDI T 2 H e 152
FRODOZ .1 : |BpSEENIERIEARID 152
Jockey Bl Do A F DIV 152

D AFD 6 H 56

Fic. 3.—Alignments of the RTs of the TI/CR1 subgroup elements, including members of the different Sam and Frodo subfamilies, plus
the more distantly related non-LTR retrotransposon Jockey. These alignments were used to build the tree in figure 4. Conventions are as in
figure 1.
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cleotides 27061-29672) and CEF40F12 (nucleotides
26767—28355) respectively, while the rest are very short
copies of uncertain classification.

To determine the lengths of the elements, we per-
formed detailed nucleotide comparisons of the regions
upstream of the EN and downstream of the RT. These
comparisons established that a low level of similarity
among some Sam sequences extends at least 900 bp up-
stream of the sequence encoding the N-terminal end of
the EN. The similarity also extends 150 bp downstream
of the end of the ORF2, demonstrating that the mini-
mum size of full-length Sam elements would be about
3,800 bp. When we searched for an ORF1, we were able
to determine that in several Sam sequences, the region
immediately upstream of the EN may encode a protein.
An ORF can be postulated in those sequences that
would start about 800—900 bp upstream of the EN, i.e.,
very close to the point where the similarity among Sam
copies ceases to be detected, and it would end imme-
diately adjacent to where the ORF2 starts. Figure 1
shows that the putative ORF1 products of severa Sam
elements are related, most clearly in their C-terminal
ends, while the N-termini are much more variable. None
of these putative ORF1 proteins showed significant sim-
ilarity to any other sequence in BLASTP or TBLASTN
database searches.

Because non-LTR retrotransposons often cause di-
rect duplications upon insertion, we analyzed whether
the sequences immediately adjacent to the 3’ ends of
each putative master copy of Sam and Frodo are aso
present in regions upstream of the EN. We were able to
detect such direct repeats for only three Sam copies.
Around Samb.1, six 150-bp repeats are detected, with
one of them situated immediately adjacent to the 3’ end
of the element (nucleotides 8901125 in CEF58D12)
and the other five situated 3.7 kb away, upstream of the
EN and the putative ORF1 of the element (nucleotides
4847-5670). Assuming that these repeats mark the ends
of Samb.1, it would extend from nucleotide 1126 to nu-
cleotide 4846 in CEF58D12, thus being 3721 bp long.
These types of multiple repetitions at both sides of an
element are not found in any other copy of Sam or Fro-
do. The only two other copies with a detectable single
direct repeat at both sides are Sam7.1 and Sam7.2.
Sam?7.1 has 10 bp-repeats in positions 7170-7179 and
1062010629 of CEZK337, which defines a 3,439-bp
element. For Sam7.2, 105-bp repeats define a 3,992-bp
element that would start in the clone CEF38B2 (nucle-
otide 16477) and end in the adjacent clone CEF08G12
(nucleotide 720). These results suggest that Sam7.1 may
be a 5'-truncated copy, and they explain the lack of a
detectable ORF1 in Sam?7.1, while the intimately related
sequence Sam7.2 probably has a full-length ORF1 (fig.
1).

Phylogenetic Position of Sam and Frodo

Regarding the structures of these elements, a final
result is that no RNAse H-related sequences were found.
Therefore, only two protein domains (EN and RT) can
be used for comparison with other retroelements. We
aligned the putative ENs and RTs of Frodo and Sam and

those of the other elements of the T1I/CR1 subgroup (for
SR1, however, only the RT has been described), plus the
sequences of seven other non-LTR retrotransposons.
These elements were chosen according to three criteria:
(1) they contain EN; (2) five of them (Jockey, R1Bm, I,
LINEL, and Tx1) span the whole range of non-LTR re-
trotransposons, according to Xiong and Eickbush
(1990); (3) the last two, Juan A and NLR1, were the
elements outside of the T1/CR1 subgroup with the high-
est scores in comparisons with the C. elegans sequences.
A Xenopus laevis sequence (accession number
AF027962) that seems to contain an intact RT very sim-
ilar to that of CR1 was also included.

Figure 2 shows the phylogenetic tree for the RT
sequences of these elements obtained using the neigh-
bor-joining method (see Materials and Methods), and
including the RT of the LTR-containing retrotransposon
Copia as an outgroup. This tree was obtained by con-
sidering only conserved residues and eliminating those
positions at which any sequence showed gaps, a strategy
similar to that used by Xiong and Eickbush (1990) for
their general study on RT relationships. The zones in-
cluded in our analyses are 95% congruent with the con-
served domains for the RT proteins defined by Xiong
and Eickbush (1990), the minor differences being
caused by the different sets of sequences considered. As
we can seein figure 2, the elements that we have defined
so far as belonging to the T1/CR1 subgroup are together,
and bootstrapping results strongly support this branch.
Figure 3 shows the alignment of the RTs of the TL/CR1
elements known so far, including a representative of
each Sam and Frodo subfamily. We obtained similar
trees using the EN sequences (not shown), but the in-
formation provided by this protein is not sufficient, ac-
cording to the bootstrapping results, to obtain a well-
supported topology. In particular, there is some ambi-
guity regarding the deepest branches, which separate the
less-related groups of elements. This difference is prob-
ably due to the fact that ENs are evolving much faster
than RTs. In any case, it is worth mentioning that the
elements of the TI/CR1 subgroup are also clustered to-
gether in the EN-based analyses, forming one of the
best-supported branches (bootstrapping results: support-
ed in 721 of 1,000 cases).

To establish the relationship among the C. elegans
elements more precisely, we also used comparisons of
their RT sequences. We used the 12 long EN-containing
Sam and Frodo copies in which the RTs are not trun-
cated to abtain the tree presented in figure 4. The rela-
tionships among the different Sam and Frodo sequences
shown are well supported according to the bootstrapping
results. Apart from the expected split among Frodo and
Sam elements, we can aso see that the Sam elements
are divided into two groups that include, respectively,
subfamilies 1-V1 and subfamilies VII and VIII. Within
these groups, the RTs are, on average, 58% identical and
76% similar; between groups, however, the values drop
to 41% identical and 62% similar. According to a com-
parison of this tree with the previous onein figure 2 and
according to the bootstrapping data obtained, it can eas-
ily be seen that the precise phylogenetic positions of
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Sam and Frodo inside the T1/CR1 subgroup are ambig-
uous.

Discussion

In this work, we described two new non-LTR ret-
rotransposons in C. elegans. Because no significant sim-
ilarity has ever been observed in BLAST analyses, we
can conclude that they are very different from Rte-1, the
only non-LTR retrotransposon previously characterized
in that nematode species (Youngman, van Luenen, and
Plasterk 1996). These two elements, Sam and Frodo, are
most closely related to a few other retroelements, form-
ing what we call the TI/CR1 subgroup. This subgroup
so far includes members of the genomes of vertebrates,
insects, nematodes, and trematodes. We have shown that
this subgroup can be unambiguously defined by analysis
of the RT sequences of those elements: when the RTs
of non-LTR retrotransposons are compared, al the ele-
ments of this subgroup are grouped together in a branch
that is highly supported by bootstrap analysis (fig. 2).
This result confirms the BLAST analyses, in which
comparisons among all these elements systematically
produce scores that are much higher than those found
for other non-LTR retrotransposons, both when their
ENs and when their RTs are used for query purposes.

Interestingly, the topology of the tree presented in
figure 2 isidentical to that found by Xiong and Eickbush
(1990), although those authors considered only one el-
ement of the TI/CR1 subgroup, namely T1 itself. This
topology is also identical to that obtained by other au-
thors who studied individual T1 subgroup elements (see,
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e.g., Drew and Brindley 1997; Kajikawa, Ohshima, and
Okada 1997). Kgjikawa, Ohshima, and Okada (1997),
during a study describing the CR1 element of the turtle
Platemys spixii, detected a copy of Sam (Sam3, which
they called *“CeCRT""). Their analysis situated Sam3 in
exactly the same topological position in which Saml
appears in figure 2, i.e,, together with T1 and Q. How-
ever, the bootstrapping results show that the particular
topology for the T1I/CRL1 subgroup presented in figure 2
is not well supported. In fact, when al of the Sam and
Frodo subfamilies are included in the comparisons (fig.
4), it becomes clear that the precise phylogenetic posi-
tion of the C.elegans elements with respect to the other
members of the TI/CR1 subgroup is uncertain.

We determined that both Sam and Frodo encode
EN and RT proteins. We also showed that Sam and Fro-
do sequences are highly heterogeneous, and, when the
two elements are taken together, up to 16 subfamilies
can be defined according to their nucleotide sequences.
We found not only that the subfamilies that we studied
more precisely (those with at least one copy containing
EN) are substantially different in their sequences, but
also that one significant structural feature, their 3'-ter-
minal repetitious sequence, is variable. The large
amount of information provided by the available Sam
sequences has allowed us to conclude that it is very
likely that active Sam elements have an ORF1. For Fro-
do, however, the available sequences do not provide
enough information to determine the precise structure of
the 5’ end. For example, it is unclear whether Frodo has
an ORF1. Although it is possible that Frodo, like other
non-LTR retrotransposons, lacks an ORF1, this seems
unlikely considering that all the best characterized ele-
ments of the TI/CR1 subgroup seem to have one (Be-
sansky 1990; Haas et al. 1997; Kgjikawa, Ohshima, and
Okada 1997) and we have found that Sam also probably
has one. There are two ways to explain our difficulty in
finding a Frodo ORF1. Firgt, it is possible that the se-
guences upstream of the EN are evolving so rapidly that
it is very difficult to detect any similarities among ele-
ments in that region, especialy if there are only a few
quite divergent copies available. As we pointed out in
the introduction, for the best analyzed non-LTR retro-
transposon, LINE-1, it has been shown that different
subfamilies often differ in their 5’ ends. In particular,
differences in ORF1 have been found in different LINE-1
subfamilies (Schichman et a. 1992; Adey et al. 1994).
Alternatively, it is conceivable that all the Frodo copies
analyzed are just truncated elements and that complete
ones are not yet in the databases, or even that they do
not exist in the C. elegans strain used for genome se-
quencing (or in the species). In any case, our rigorous
structural analysis has provided a clear picture of which
ones are the best candidates for active copies.

An interesting point to consider is that our defini-
tion of only two new C. elegans elements may be very
conservative. The fact is that the members of some sub-
families of Sam and Frodo are very divergent at the
nucleotide level. We have also shown that the 3’ ends
of elements of each subfamily are characterized by to-
tally different terminal sequences. Therefore, we could
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have proposed the existence of several Sam- and Frodo-
like elements by defining each subfamily as a different
element. We preferred to define only two elements, be-
cause the structures of many of the copies found suggest
that they are inactive. By structural analysis, it is im-
possible to precisely determine how many sequences
correspond to active elements, and, thus, to define sev-
eral elements would be premature.

However, the fact that there are truncated versions
for each of the sequences that most closely resemble
active elements demonstrates that relatively recent in-
sertional events have occurred for each subfamily. That
several Sam subfamilies were active recently, and may
be dtill active, in the C. elegans genome is aso sup-
ported by comparisons between the number of substi-
tutions per synonymous site (Kg) and the number of sub-
stitutions per nonsynonymous site (K,). For example,
we have found, according to Li (1993), that Kg = 1.84
and K, = 0.10 when the RT domains of Sam4 and
Samb.1 are compared. When we compared the RT do-
mains of Sam4 and Sam6, the values obtained were sim-
ilarly biased (Kg = 2.62, K, = 0.22). We found that
these comparisons can be established only between el-
ements of closely related subfamilies (when most se-
quences are compared, the number of substitutions in
fourfold degenerate sites is so high that it precludes the
determination of Kg and K,). However, it is possible to
determine for the RT domain of all the Sam sequences
described in figure 3 that the proportion of synonymous
changes is larger (ranging from 0.72 to 0.91) than the
proportion of nonsynonymous changes (range 0.12—
0.44; calculations according to Nei and Gojobori 1986).
This large excess of synonymous changes suggests that
al these sequences have been under purifying selection
(and therefore were part of active elements) recently. It
is thus very likely that several highly divergent master
copies of these elements are till active in C. elegans,
as has been suggested for LINE-1 in several species
(Kass, Berger, and Dawson 1992; Stanhope et al. 1993).
It is therefore possible that the low number of potentially
active elements found in our analysis is a peculiarity of
the stock used for genome sequencing.

If functional studies demonstrate that elements of
several subfamilies are indeed active, it would obviously
be necessary to reconsider the classification presented
in this work. For future studies, to avoid confusion, we
suggest describing the Frodo- and Sam-related sequenc-
es with reference to the different subfamilies described
in this work, and using the nomenclature that we have
developed, i.e., with a name plus one or several numbers
(Frodol, Samb.1, etc.). This will help to make clear
which main lineage and which precise sequence we are
under discussion. This nomenclature can be used even
if we finally define several elements. The only problem
regarding our convention is that Sam3, and, in general,
the members of subfamily Il of Sam, may be more
properly called CeCRT, due to the priority of its descrip-
tion by Kagjikawa, Ohshima, and Okada (1997). We sug-
gest the use of *“CeCRT/Sam3"" for the members of this
particular subfamily.

The situation discovered for Sam and Frodo is
probably not exceptional. It is perfectly possible that if
exhaustive searches are performed in other species,
some described elements will simply correspond to
highly diverged, and often inactive, copies of other el-
ements. A possible example is the G element of Dro-
sophila melanogaster, so far described only by inactive,
highly degenerated copies that are quite similar to an-
other element, F (Di Nocera 1988). In any case, all these
complications emphasize the fact that the conventional
molecular biology methods used to define and charac-
terize retrotransposons may in some cases be providing
adistorted picture of the evolutionary dynamics of these
elements. For example, it is unlikely that the different
subfamilies of the C. elegans elements that we charac-
terized could be detected in standard DNA-DNA hy-
bridization experiments unless multiple probes and very
low stringency conditions are used.

In our previous study (Marin and Fontdevila 1996),
we discussed whether the finding of D. koepferae se-
quences solely related to the Anopheles elements T1 and
Q but not to other Drosophila non-LTR retrotransposons
could be a sign of horizontal transmission between dip-
teran species. In the last 2 years, the situation has
changed substantially, with the characterization of new
elements of this subgroup. This work, together with the
description of complete protein sequences for CR1 ele-
ments of vertebrates (Haas et al. 1997; Kgjikawa, Ohsh-
ima, and Okada 1997), establishes that elements of the
T1/CR1 subgroup are found in many organisms. Be-
cause the D. koepferae sequences do not seem closer to
T1 or Q than to other elements of this subgroup (data
not shown), we do not consider that our previous results
have to be explained by horizontal transmission; we now
think that it is more likely that TI/CR1 subgroup ele-
ments are, in general, ancient components of the genome
of all of these species. However, our comparative study
of these elements actually gives some new support to
the hypothesis that the element SR1 of the trematode
Schistosoma mansoni has been horizontally transmitted,
as suggested by Drew and Brindley (1997). As we can
seein figures 2 and 4, elements of the T1/CR1 subgroup
have been found in both nematodes and insects, organ-
isms phylogenetically closer to vertebrates than are
trematodes (reviewed in Freeman and Herron 1998).
However, they are more distantly related to the verte-
brate CR1 elements than to the Schistosoma SR1 ele-
ment, which is a very close relative. Two simple expla-
nations, among others, for these relationships follow: (1)
The elements of the T1/CR1 subgroup described so far
in dipterans and C. elegans diverged long ago from the
relatives of CR1, while an element very similar to CR1
was present in vertebrates, in trematodes, and in the
nematode-insect clade. This CR1 element was subse-
quently lost in both nematodes and insects, or in the
nematode-insect ancestor. (2) The profound differences
between the vertebrate CR1 elements and the TI/CR1
subgroup elements found in nematodes and insects sim-
ply reflect the time of divergence between vertebrates
and the nematode-insect clade. If this is the case, any
element of the T1 subgroup in Schistosoma should be



even more divergent, and thus the SR1 element must
have been acquired recently. Which one of these two
hypotheses (or another, more complex, hypothesis that
includes different rates of sequence evolution; see Capy,
Anxolabéhere, and Langin 1994) is correct will be
known only after a careful study of the phylogenetic
range of these and other elements of the TL/CR1 sub-
group.

In this work, we have demonstrated how the infor-
mation generated by the genome projects can be advan-
tageously used for studies on the evolution of retrotrans-
posable elements. However, it is evident that the char-
acterization presented in this study can be extended by
more detailed comparisons of the multiple sequences of
Sam and Frodo that are available in the databases. Pre-
cise studies such as those already performed for LINE-1
(in different mammalian species) and for CR1 (as in
Vandergon and Reitman 1994) are possible for Sam and
Frodo. In addition, when new sequences of this species
are available, they could further contribute to an under-
standing of the evolutionary dynamics of these two el-
ements. Finally, we look forward to the functional char-
acterization of these elements, which can be greatly ac-
celerated by using our structural datato devise strategies
to screen for active elements.
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