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Abstract 

A confident consensus sequence for Hsmarl, the first mariner transposon recognized in the human genome, was generated using 
three genomic and 15 cDNA sequences. It is thought to represent the ancestrally active copy that invaded an early primate 
genome. The consensus is 1287 base pairs (bp) long, has 30 bp perfect inverted terminal repeats (ITRs), and encodes a 343 amino 
acid (aa) mariner transposase. Each copy has diverged from the consensus largely independently of the others and mostly neutrally, 
and most are now defective. They differ from the consensus by an average of 7.8% in DNA sequence and 7.5 indels per kilobase, 
both of which values indicate that the copies were formed about 50 Myr ago. On average, only 20% of the 73 surmised CpG 
hypermutable sites in the consensus remain. A remarkable exception to this loss of functionality is revealed by a set of ten cDNA 
clones derived from a particular genomic copy that has diverged only 2.4% from the consensus, retained 54% of its hypermutable 
CpG pairs, and which has a full-length transposase open reading frame. The complete sequence of one of these cDNAs (NIB1543) 
indicates that the transposase gene of this copy may have been conserved because it is spliced to a human cellular gene encoding 
a SET domain protein. A specific PCR assay was used to reveal the presence of Hsmarl copies in all primates examined 
representing all major lineages, but not in close relatives of primates. PCR fragments cloned and sequenced from a representative 
sample of primates confirmed that Hsmarl copies are present in all major lineages, and also revealed another cecropia subfamily 
mariner in prosimians only, and a third highly divergent mariner present in the greater slow loris Nycticebus coucang. There are 
about 200 copies of Hsmarl in the human genome, as well as + 2400 copies of a derived 80 bp paired ITR structure and + 4600 
copies of solo ITRs. Thus, this transposon had a considerable insertional mutagenic effect on past primate genomes. © 1997 
Elsevier Science B.V. 
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1. Introduction 

The mariner family of  Class II  or DNA-media ted  
transposable elements (Hartl ,  1989; Robertson,  1995) is 
extremely widespread among invertebrates. Members  
have been detected in the genomes of  representatives of  
most  major  insect orders (Robertson,  1993; Robertson 
et al., 1997) and several other ar thropods (Rober tson 
and MacLeod,  1993; Jeyaprakash and Hoy, 1995), as 
well as nematodes, flatworms, and hydras (Sedensky 
et al., 1994; Garcia-Fernfindez et al., 1995; Robertson,  
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1997). Recently, this distribution has been extended to 
mammals  with the discovery of  two quite different 
mariners in the human genome. The first mariner is a 
member  of  the cecropia subfamily (see Robertson and 
MacLeod,  1993 for definitions of  mariner subfamilies) 
and was discovered independently by several groups in 
two ways. Auge-Gouil lou et al. (1995) sequenced PCR 
fragments amplified using degenerate primers designed 
to conserved regions of  mariner transposase genes 
(Robertson,  1993), not only f rom the human genome 
but also from sheep and cow DNA.  Morgan (1995) 
reported a preliminary consensus sequence for the 
encoded transposase of  this element based on a prelimi- 
nary consensus nucleotide sequence of genomic 
sequences in human accessions in the public databases, 
as well as Expressed Sequence Tags (ESTs) from human 
genome sequencing projects (primarily Hillier et al., 
1996). He also described a consensus for a very short 
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derivative of this mariner, consisting of paired inverted 
terminal repeats separated by a few additional base 
pairs, of which there are thousands of copies in the 
human genome. These inverted terminal repeat pairs 
were also detected by Oosumi et al. (1995) in a system- 
atic screen of human sequence accessions for such 
derivatives of transposons. Smit and Riggs (1996) also 
describe deriving a preliminary consensus for this 
mariner from public database accessions, having simi- 
larly first detected these inverted terminal repeat pairs. 
We first detected a copy of this mariner in EST 01059 
from one of the first EST projects (Adams et al., 1992). 
Completion of the sequence of this cDNA clone 
HHCPC29 revealed that it represented three-quarters of 
a cecropia subfamily mariner. Subsequent amplifications 
using our degenerate PCR primers designed to conserved 
regions of mariner transposase genes produced an appro- 
priate size PCR product that had not previously been 
detected (Robertson, 1993). Sequencing of a cloned 
sample of these products confirmed the identity of this 
mariner, and it was similarly independently discovered 
by A.R. Lohe and D.L. Hartl (personal communication; 
Hartl, 1996). The second human mariner is a basal 
lineage of the irritans subfamily, and was discovered by 
Oosumi et al. (1995), Reiter et al. (1996), and Kiyosawa 
and Chance (1996). We have reported a preliminary 
consensus of the available genomic and EST sequences 
that encodes a transposase with 38% amino acid identity 
to that from an irritans subfamily mariner from the 
green lacewing Chrysoperla plorabunda (Robertson 
et al., 1996). 

These two mariners are clearly ancient components of 
the human genome because each copy differs from their 
respective preliminary consensus by 8-15% DNA diver- 
gence. In addition, a particular inverted terminal repeat 
pair of the cecropia subfamily element in the first intron 
of the interphotoreceptor retinoid-binding protein 
(IRBP) gene has been sequenced from a variety of New 
World monkeys for a molecular phylogeny study 
(Schneider et al., 1993), and it is apparently homologous 
to the copy in the human genome (Morgan, 1995). 
Furthermore, the amplification by Auge-Gouillou et al. 
(1995) of comparable PCR products from sheep and 
cow DNA indicates that this mariner might have entered 
mammalian genomes either a very long time ago or on 
multiple occasions. This antiquity makes generating a 
confident consensus sequence for these mariners difficult, 
but also provides an opportunity to investigate the 
evolutionary history of these elements in primate 
genomes. As the first representatives of Class II DNA- 
mediated transposons recognized in mammalian 
genomes they provide a contrast with the intensively 
studied Class I RNA-mediated transposons such as the 
Alu and LINE-1 elements (see Smit, 1996). In an accom- 
panying paper we analyze the molecular evolution of 
the second human mariner, Hsmar2, (Robertson and 

Martos, 1997), and two similarly ancient members of 
the pogo family of transposons called Tigger 1 and 2 
have also recently been discovered in human sequence 
accessions (Smit and Riggs, 1996; Robertson, 1996). 
Here we describe the construction of a confident consen- 
sus sequence for the cecropia subfamily mariner, which 
we propose should be named Hsmarl (Homo sapiens 
mariner 1), because it was the first discovered (Auge- 
Gouillou et al., 1995; Morgan, 1995; Hartl, 1996; 
Robertson et al., 1996) (see Robertson and Asplund, 
1996 for proposed naming convention for mariners). 
This consensus is presumed to represent the original 
active copy of this element that we estimate invaded 
early primate genomes approximately 50 Myr ago. We 
trace the subsequent evolution of this mariner through 
the primates, and describe two additional mariners dis- 
covered in other primates. A particular copy of Hsmarl 
in the human genome is remarkably conserved, perhaps 
because it has become part of a functional human gene. 

2. Materials and methods 

Fifteen cDNA clones identified from the dbEST data- 
base with greater than 80% DNA sequence identity to 
a preliminary consensus of Hsmarl were obtained. 
Thirteen from the WashU/Merck EST project (Hillier 
et al., 1996) were kindly supplied by the IMAGE 
consortium. The HHCPC29 cDNA clone (Adams et al., 
1992) was obtained from the American Type Culture 
Collection and the NIB1543 cDNA clone (Berry et al., 
1995) was kindly supplied by T.J. Stevens and J.M. 
Sikela. These cDNA clones were completely sequenced 
using custom primers, and have been deposited in 
GenBank (accession numbers U35429 and 
U80763-U80776). They were aligned by eye with three 
genomic sequences in GenBank, a full-length 1275 bp 
copy in the 685 kb sequence of the fl T cell receptor 
locus (Rowen et al., 1996; base pairs 42971-45196 of 
GenBank accession U66061), a truncated 970 bp copy 
in the 200 kb intron lb of the ABL oncogene (Chissoe 
et al., 1995; complement of base pairs 26904-27873 of 
GenBank accession U07562), and a 435bp STS 
sequence from Goold et al. (1993) which contains 208 bp 
of the 5' end of a Hsmarl copy (STS-4-161; base pairs 
227-435 of dbSTS accession M95263). 

A consensus sequence was constructed by majority 
rule using the Match First capability of MacClade 3.0 
(Maddison and Maddison, 1993). The frequencies of 
synonymous (Ks) and non-synonymous (Ka) changes 
from this consensus were calculated for each copy after 
removing all indels between each sequence and the 
consensus, while maintaining an aligned appropriate 
reading frame by removing entire codons where neces- 
sary. These rates were calculated with the Macintosh 
program KsKaCalc (H. Akashi, personal communica- 
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tion) which computes them following Nei and 
Gojobori  (1986). 

Genomic D N A  samples from primates representing 
all the major lineages, as well as some close relatives of 
primates, were kindly supplied by three colleagues or 
were obtained locally (Table 1). A specific PCR assay 
was employed to determine whether they carried 
cecropia subfamily mariners similar to H s m a r l  and 
closely related mariners in a beetle and a hydra (see 
Results) using primers designed to stretches of  amino 
acids that are nearly unique to these three mariners in 
our data set of cecropia subfamily mariner PCR frag- 
ments (Robertson and MacLeod, 1993; Robertson et al., 
1997). The primers are partially degenerate to accommo- 
date only those codons present in these three mariners. 
They are MAR-137F ( 5 ' - C G T C R T T T T G A R G T -  
R T C N T C )  designed to the amino acids RRFEVSS and 
MAR-202R ( 5 ' - G T Y T C R C C M G G A T T C A G R A A )  
designed to the amino acids F L N P G E T  (see Fig. 2). 

To amplify diverse mariner fragments for cloning, the 
MAR-124F and MAR-276R degenerate PCR primers 
of  Robertson (1993) (see Fig. 2 for locations in H s m a r l )  
were used to amplify the central half of the transposase 
gene of mariners from genomic D N A  of  the primates 
indicated with an asterisk in Table 1. The PCR products 
were cloned into plasmids and a sample sequenced as 
in Robertson (1993) (GenBank accession numbers 
U94620-U94695). The H s m a r l  DNA sequences were 

aligned by eye with each other, the PCR fragments of 
Auge-Gouillou et al. (1995), and the equivalent regions 
of the cDNA clones and genomic copies, using the 
consensus sequence as a guide. Several additional PCR 
fragments from various prosimians did not closely 
resemble the H s m a r l  consensus, but instead grouped 
phylogenetically with another lineage of the cecropia 
subfamily, so these were aligned and analyzed separately 
(GenBank accessions U91394-U91409). 

Phylogenetic analysis was performed using maximum 
parsimony as implemented by PAUP v3.1.1 for the Mac 
(Swofford, 1993) using the Heuristic algorithm with 
random addition of sequences, tree-bisection-and-recon- 
nection branch swapping, and 100 iterations. For the 
H s m a r l  PCR fragment dataset of 66 sequences, 100 
bootstrap replications were performed, with 1000 repli- 
cations for the prosimian-only dataset of 16 fragments. 

3. Results 

3.1. A confident consensus sequence f o r  Hsmarl  f r o m  
c D N A  clones and genomic copies 

Sequencing of the 15 distinct cDNA clones available 
revealed that they derive from mRNAs that were illegiti- 
mate transcripts beginning within the mariner copy at 
sites other than the likely promoter  region of this 

Table 1 
Mammal species examined for mariner transposable elements using PCR assays 

Species Common name Group Source a 

Homo sapiens* Human Great Ape 
Pan troglodytes Chimpanzee Great Ape NM 
Gorilla gorilla Gorilla Great Ape NM 
Pongo pygmaeus Orangutan Great Ape NM 
Hylobates lar* White-handed Gibbon Lesser Ape LC 
Cercopithecus aethiops* African Green Monkey Old World Monkey NM 
Macaca fascicularis* Crab-eating Macaque Old World Monkey NM 
Macaca arctoides Stump-tailed Macaque Old World Monkey NM 
Macaca mulatta Rhesus Monkey Old World Monkey NM 
Ateles geoffroyi* Spider Monkey New World Monkey LC 
Callicebus moloch* Dusky Titi New World Monkey LC 
Pithecia irrorata Bald-faced Saki New World Monkey MG 
Saguinus bicolor Pied Tamarin New World Monkey MG 
Tarsius syrichta* Philippine Tarsier Tarsier MG 
Lemur macaco* Black Lemur Prosimian LC 
Galago senegalensis* Senegal Bushbaby Prosimian NM 
Propithecus virreauxi* Virreaux's Sifaka Prosimian MG 
Nycticebus coucang* Greater Slow Loris Prosimian MG 
Cynocephalus variegatus Cobego (Flying Lemur) Dermoptera MG 
Tupaia glis Common Tree Shrew Scandentia MG 
Rattus rattus Rat Rodentia 
Mus domesticus Mouse Rodentia 
Oryctolagus cuniculus European Rabbit Lagomorpha 

PCR products were cloned and sequenced from those indicated with an asterisk. 
aDNA samples kindly provided by the following: MG, Morris Goodman (Wayne State University); LC, Leona Chemnick (Zoological Society of 
San Diego); NM, Nobuyo Maeda (University of North Carolina). 
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mariner, or were readthrough transcripts that originated 
in flanking DNA outside of the mariner copy. As 
expected if these are illegitimate and readthrough tran- 
scripts, they were approximately evenly split in orienta- 
tion with respect to the mariner copy (nine forward and 
six reverse). Fig. 1 is a schematic representation of these 
cDNAs, as well as the three genomic copies from human 
accessions identified in GenBank. 

None of the nine forward orientation transcripts 
appear to have originated from the mariner promoter, 
but rather originate elsewhere within the mariner 
sequences or in the 5' flanking DNA. Four of these nine 
cDNA clones (42944, NIB1543, 122887, and 249649) 
are similar in that transcription began in 5' flanking 
DNA and the mariner sequences begin at the same base 
pair of the consensus sequence, position 176, three bases 
before the ATG start codon. It seems rather unlikely 
that all four of the genomic copies from which these 
cDNAs arose would have had their 5' ends deleted at 
exactly the same position, instead we propose that this 
region of the mariner sequence is a cryptic 3' acceptor 
splice site, which has been used in conjunction with a 5' 
donor splice site in the flanking DNA. The sequence of 

this putative cryptic 3' splice site in the consensus 
sequence is TTTATTTTAG/AC, with the proposed 
splice site marked by the backslash, and resembles the 
human consensus of (TC)nNCTAG/G (Mount, 1982). 
Clone 251800 is possibly also spliced using a slightly 
downstream 3' acceptor site. It is possible that the large 
internal deletion in clone 127694 is also a spliced cryptic 
intron. Characterization of the genomic copies from 
which these transcripts originate will allow determina- 
tion of their true 5' ends. Of the nine forward transcripts, 
three appear to have been polyadenylated in response 
to the mariner polyadenylation AATAAA signal that 
overlaps the stop codon in the consensus (clones 
NIB 1543, 251800, and 244965). Another three terminate 
within the mariner sequence, apparently in response to 
novel AATAAA sequences within these highly mutated 
copies (clones 122887, 249649, and 140214), while three 
more end in 3' flanking DNA sequences (clones 42944, 
127694, and 25267), in at least two cases perhaps 
because the mariner polyadenylation signal is mutated. 
The six reverse orientation transcripts originate once 
again at a variety of points in the 3' flanking DNA or 
within the mariner. Clones 11681, 53125, and 278137 

5' ITR ATG 
Consensus 

T cel l  receptor ;  U 6 6 0 6 1  $,/,J..-L1 ... 

Ab l  in t ron 1; U 0 7 5 6 2  5 ~  . . . . . . . . .  

S T S  4 -161 ;  M 9 5 2 6 3  5,/,,= . . . . . . . . . .  ~ - -  

c D N A  4 2 9 4 4 ;  U 8 0 7 7 3  5'/, '= . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

c D N A  NIB15.43; U 8 0 7 7 6  5 ' / J  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

c D N A  1 2 2 8 8 7 ;  U 8 0 7 6 4  5 ' /~  " ' ' ' ' A l ~ b  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

c D N A  249649; U86769 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

c D N A  2 8 1 8 0 0 ;  U 8 0 T T O  5'. . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

CDNA 127694 ;  U 3 5 4 2 9  5' 

cDNA 25267; U80771 5' 

c D N A  140214 ;  U 8 0 7 6 5  5' 

c D N A  244965; U80768 S' 

c O N A  H H C P C 2 9 ;  U 8 0 7 7 5  AA&V,  

c D N A  1 1 1 6 8 1 ;  U 5 0 7 6 3  

c D N A  53125; U80774 AAAAA//-AtUSQ-, 

c D N A  22453; U80766 A ~ A A / t  . . . . . . . . . .  

c D N A  2 7 8 1 3 7 ;  U 8 0 7 7 2  A A M ~  

c D N A  243138; US0767 AA/U~  

T~J~TAAA 3'WR 
l ,  

LTB13951bp 

. . . . . . . . . . . . . . . . . . . . . .  AluSp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i , , /  

AAAAA . . . . . . . . . . . . . . . . .  AluSb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I,-..--5' 

3' 

w • . . . . . . . . . . . . . . . .  A / q ~ A  

AAAAA 

M O . ~ A  

. . . . . . . . . . . . . . . . . . . .  A A A A A  

I i ~  . . . . . .  L1 .. . . . . . .  5' 

. . . . . . . . . . . . . . . . . . . . .  5 

Fig. 1. Schematic representation of the genomic DNA segments and cDNA clones used to construct the Hsmarl consensus. Arrows indicate the 
inverted terminal repeats; thin lines the 5' and 3' non-coding regions; thick lines the transposase coding region; dotted lines the flanking DNA; and 
5' ends and poly-A tails are indicated. Positions of the 951 bp insertion in the T cell receptor copy and the 635 bp deletion in the 127694 clone are 
shown (the many small insertions and deletions are not shown). Flanking DNA is identified where possible. GenBank accession numbers are given 
after the clone or sequence names. Six of the cDNA clones represent several additional clones in dbEST that appear to derive from the same 
genomic copies (most ESTs are from Hillier et al. (1996); GenBank accession numbers are in parentheses), cDNA 22453 represents 33319 (R 19145 
and R44810), 50847 (H17928 and H17929), 35579 (R45968), and HSC3AG011 (F12491 and F10112); cDNA 53125 represents 38405 (R35606); 
cDNA 251800 represents 261141 (H98194 and H98195) and 250712 (H98547 and H98570); cDNA 25267 represents 134768 (32196), 137168 
(R36390), 266261 (N35570), 376844 (AA046989), 548105 (AA081958 and AA082640), EST84985 (T35429), HSC27C011 (Z44695), and 
HUMHBC4527 (D82296); cDNA 140214 represents 293693 (N69677 and N94285); and cDNA NIB1543 represents c-3ma06 (F13556), 23658 
(R38169 and T77093), 66857 (T64992), 278419 (N62795), 298675 (N74675 and W05064), 357123 (W93433 and W93323), 359595 (AA010900), 
504614 (AA152184 and AA150133), and IB3615 (T16164). 
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may again be spliced to flanking DNA. These transcripts 
were again polyadenylated at a variety of positions 
within and beyond the mariner sequences. 

Together with the three available genomic sequences, 
these 15 cDNA sequences provide an overlapping set of 
sequences for the entire transposon between 5 and 15 
deep. At most positions a single base is the clear 
majority, which is enough sequence information to 
generate the confident majority rule consensus sequence 
shown in Fig. 2 (GenBank accession number U52077), 
with two exceptions. First, positions 557-564 are shown 
in the consensus as CAAAAAAA, but this exact 
sequence is present in only one of the 14 sequences 
covering this region (clone NIB 1543). In the other clones 
it varies from three adenines to a string of 28 thymines 
and adenines. Five clones have a string of thymines in 
this region, and only 3 of the 14 sequences have the 
cytosine at position 557. Nevertheless, this sequence is 
chosen for the consensus sequence that might represent 
an ancestrally active mariner on several grounds. First, 
the length of this sequence is the marginal majority rule 
and maintains an open reading frame, consistent with 
an ancestrally active sequence encoding a functional 
transposase. Second, this sequence is represented in the 
PCR fragments described below, and CAAAAAAA is 
the marginal majority rule of the 53 unique clones 

available, including those of Auge-Gouillou et al. 
(1995). Third, this sequence is present in the closely 
related mariners from a staphylinid beetle Carpelimus 
sp. (Robertson and MacLeod, 1993) and Hydra littoralis 
(Robertson, 1997), sequences confirmed by cloning and 
sequencing of genomic copies from these invertebrates 
(K.K.O. Walden, D.J. Lampe and H.M. Robertson, 
unpublished results). Such high mutability of polyade- 
nine stretches is usually ascribed to slippage of DNA 
polymerase (e.g., Schl6tterer and Tautz, 1992). 

The second exception to the clear majority rule con- 
sensus was that at 73 places in the sequence the dinucleo- 
tide pairs CG, CA, and TG were approximately equally 
represented, with a few additional mutations as well. If 
a strict majority rule consensus was employed these 
dinucleotide pairs would be any of these three at different 
positions, and sometimes ties for the transition pairs 
C/T and G/A were obtained at particular positions. 
Thirty-three of these dinucleotide pairs are in the PCR 
fragments and are again extremely variable in that data 
set. There are two reasons for believing that in the 
ancestrally active sequence these dinucleotide pairs were 
all CG, and they are shown as such in lowercase letters 
in the consensus sequence in Fig. 2. First, this phenome- 
non has been previously observed for the similarly 
ancient and highly mutated copies of Alus and other 

TTAGGTTGGTGCAAAAGT~TTGcaGTTTTTGCATTGTTGG~TTTGCcgTTTGATATTGG~TACATTCTTAAATAAATGTGGTTATGTTATACATCAT i00 

TTT~TGcgCATTTCTcgCTTTAcgTTTTTTTGCT~TGACTTATTACTTGCTGTTTATTTTATGTTTATTTTAGACTATGGAAATGATGTTAGACA/~A 200 
M E M M L D K  7 

AGCAAATTcgAGcgATTTTCTTATTcgAGTTCAAAATGGGTcgTAAAGCAGcgGAGAC~CTcgC~CATC~C~cgCATTTGGCCCAGG~CTGCT~ 300 
K Q I R A I F L F E F K M G R K A A E T T R N I N N A F G P G T A N 4 1  

cg~cgTACAGTGCAGTGGTGGTTC~G~GTTTTGCAAAGGAGAcgAGAGCCTTG~GATGAGGAGcgTAGTGGCcgGCCATcgG~GTTGAC~cgAC 400 
E R T V Q W W F K K F C K G D E S L E D E E R S G R P S E V D N D  74 

C~TTGAGAGC~TCATcg~GCTGATCCTCTTAC~CTAcgcgAG~GTTGCcg~G~CTC~cgTcgACCATTCTAcgGTcgTTcgGCATTTG~GC 500 
Q L R A I I E A D P L T T T R E V A E E L N V D H S T V V R H L K  107 

AAATTGGAAAGGTGAAAAAGCTcgAT~GTGGGTGCCTCATGAGCTGAGcgAAAATCAAAAAAATcgTcgTTTTG~GTGTcgTCTTCTCTTATTCTAcg 600 
Q I G K V K K L D K W V P H E L S E N Q K N R R F E V S S S L I L R I 4 1  

C~C~C~cg~CCATTTCTcgATcgGATTGTGAcgTGcgAcgAAAAGTGGATTTTATAcgAC~CcgGcgAcgACCAGCTCAGTGGTTGGACcgAG~ 700 
N N N E P F L D R I V T C D E K W I L Y D N R R R P A Q W L D R E I 7 4  

G~GCTCCAAAGCACTTCCCAAAGCCAAACTTGCACCAAAAAAAGGTCATGGTCACTGTTTGGTGGTCTGCTGCcgGTCTGATCCACTACAGCTTTCTGA 800 
E A P K H F P K P N L H Q K K V M V T V W W S A A G L I H Y S F L  207 

ATCCcgGcgAAACCATTACATCTGAG~GTATGCTCAGCAAATcgATGAGATGCACcgAAAACTGC~cgCCTGCAGCcgGCATTGGTC~CAGAAAGGG 900 
N P G E T I T S E K Y A Q Q I D E M H R K L Q R L Q P A L V N R K G 2 4 1  

CCC~TTCTTCTCCAcgAC~cgCCcgACcgCAcgTcgCAC~CC~cgCTTCAAAAGTTG~cg~TTGGGCTAcg~GTTTTGCCTCATCcgCCATAT i000 
P I L L H D N A R P H V A Q P T L Q K L N E L G Y E V L P H P P Y 2 7 4  

TCACCTGACCTCTcgCC~CcgACTACCACTTCTTC~GCATCTcgAC~CTTTTTGCAGGGAAAAcgCTTCCAC~CCAGCAGGATGCAGAAAATGCTT ii00 
S P D L S P T D Y H F F K H L D N F L Q G K R F H N Q Q D A E N A  307 

TCC~GAGTTcgTcg~TCCcg~GCAcgGATTTTTATGCTACAGG~TAAACAAACTTATTTCTcgTTGGCAAAAATGTGTTGATTGT~TGGTTCCTA 1200 
F Q E F V E S R S T D F Y A T G I N K L I S R W Q K C V D C N G S Y 3 4 1  

TTTTGATT~TAAAGATGTGTTTGAGCCTAGTTAT~TGATTTAAAATTCAcgGTCCAAAACcaC~TTACTTTTGCACC~CCT~ 1287 
F D * 343 

Fig. 2. The consensus DNA sequence of Hsmarl and conceptual translation of the encoded transposase. The 73 hypermutable CG dinucleotides 
are shown in lower case. Various features are highlighted by underlining: the 30 bp inverted terminal repeats, the polyadenylation site that overlaps 
the stop codon, and the amino acids to which the partially degenerate specific PCR primers MAR-137F and MAR-202R were designed. The 
aspartic acid (D) residues of the D,D34D catalytic domain and the amino acids to which the fully degenerate general PCR primers MAR-124F 
and MAR-276R were designed are indicated by double underlining. Nucleotide and amino acid numbers are shown on the right side. These 
sequences are available as GenBank accession number U52077. 
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transposable elements in the human genome (e.g., 
Britten et al., 1988). This hypermutability is ascribed to 
the methylation of the C of each CpG dinucleotide after 
insertion of the individual transposon copy, and such 
methylated cytosines are subject to deamination to thy- 
mine. Such conversion on one strand leads to CA, on 
the other to TG, and subsequent mutations lead to 
infrequent other combinations. In support of this inter- 
pretation, there are no CpG dinucleotide pairs in the 
consensus that have not suffered this hypermutability, 
while there are 91 CA and 85 TG dinucleotides that are 
not hypermutable. Second, at 52 positions these CG 
dinucleotides are present in either or both of the closely 
related Carpelimus sp. and Hydra littoralis mariner geno- 
mic sequences (K.K.O. Walden, D.J. Lampe and H.M. 
Robertson, unpublished results), indicating that they 
were probably shared with a common ancestor of these 
three mariners, and have not been subject to such 
hypermutability in the hydra and beetle genomes. 

The consensus sequence of Hsmarl is 1287 bp long 
with 30 bp perfect inverted terminal repeats and encodes 
a 343 amino acid mariner transposase (Fig. 2; GenBank 
accession number U52077). The transposase has the 
major features of a mariner transposase (see Robertson, 
1995), in particular the D,D34D putative catalytic 
domain (Doak et al., 1994). This consensus sequence 
for Hsmarl is a considerable improvement over the 
preliminary consensus sequences that could be built 
from comparison of the genomic and EST sequences 
alone. For example, Morgan (1995) provided a concep- 
tual translation for such a preliminary consensus, which 
he called HuMLE, which is missing two amino acids 
from the N-terminus, one of the three serines at positions 
135-137, and differs at another 20 amino acid positions. 
A similar preliminary consensus sequence for the 
Hsmar2 element (Robertson et al., 1996) is similarly 
improved by completion of multiple genomic and cDNA 
sequences (Robertson and Martos, 1997). 

3.2. Molecular evolution of Hsmarl copies 

The molecular evolution of these mariner copies can 
be examined by comparison with this confident consen- 
sus. With one exception discussed below and excluded 
from this analysis (cDNA clone NIB1543), they differ 
from the consensus in very similar ways that allow 
inference of the approximate timing of when this original 
active version existed. First, several copies appear to 
have suffered major insertions. The only full-length 
sequence available is the genomic copy in the T cell 
receptor locus (Rowen et al., 1996), and as described 
by Morgan (1995), it has a 951bp insertion of an 
endogenous retroviral LTR 13 (RepeatMasker; 
http://ftp.genome.washington.edu/cgi- 
bin/RepeatMasker; A.F.A. Smit and P. Green, unpub- 
lished). The only other long genomic copy available is 

from the 200 kb intron lb of the A B L  oncogene (Chissoe 
et al., 1995), and it is truncated at position 992, perhaps 
by the insertion of a Sp subfamily Alu (Kapitonov and 
Jurka, 1996) (the available intron sequence continues 
for another 27 kb with no indication of the remaining 
3' sequences, so it is unlikely that the rest of this copy 
is present somewhere nearby). Unfortunately it is not 
easy to determine if the mariner sequences in the cDNA 
clones are an accurate reflection of the genomic copies 
they represent, especially given the likelihood that some 
are spliced to flanking DNA. Clone 127694 has a 
particularly long internal deletion of 635 bp, however, 
it is unclear whether this might be a cryptic intron. 

Second, the average number of indels per kb is 
7.5_+3.6 (100 in a total of 13 311 bp also equals 7.5), 
and deletions are 2.6-times more common than inser- 
tions. Although many of these indels are single base 
pairs, some are longer and commonly occurred between 
short direct repeats of at least three bases or in strings 
of adenines or thymines. The vast majority of these 
indels are unique to particular copies (one deletion of 
three bases is shared by four clones, and another by two 
clones) indicating that these copies have been evolving 
independently for a long time. Saitou and Ueda (1994) 
have established a rate of 0.15/kb/Myr for accumula- 
tions of insertions and deletions (excluding Alus and 
other transposons) in non-coding nucleotide sequences 
of primates (this rate is the lowest of those they deter- 
mined and is used because it applies to their oldest 
comparisons involving New World monkeys). The 
pattern of indels in these mariner sequences is similar to 
those they examined with respect to sizes and relative 
frequencies of insertions and deletions, and it also seems 
reasonable to assume that these mariner copies have 
been evolving neutrally in a fashion similar to the 
pseudogenes they examined (see below). An indel rate 
of 0.15/kb/Myr suggests that these mariner copies were 
formed approximately 50 Myr ago. 

Third, the rate of neutral evolution across primates 
has been estimated to be about 0.16% per Myr (e.g., 
Britten, 1994), measured as the percent divergence 
excluding CpG hypermutable sites and treating indels 
as single events. The average divergence of these Hsmarl 
copies from the consensus by this measure is 7.8 _+ 0.9%, 
yielding an age estimate of 49 Myr. When CpG hyper- 
mutable sites are included this measure increases dramat- 
ically to 11.8 _+ 0.9%. 

Fourth, as expected from the apparent age of these 
inserts, the proportion of CpG dinucleotides remaining 
is fairly low, averaging 19.7_+ 9.3% with a range from 0 
to 33% (one of the short sequences, the STS.4-161, 
retained none of its five CpG pairs). The same propor- 
tion of 19.7% is obtained when calculated across all 18 
sequences (161 of 819 CpG pairs remaining). As noted 
above, most changes were to CA or TG, but sometimes 
additional mutations had occurred. 
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The mode of evolution of these copies seems clear 
from the above results, that is, they appear to be 
evolving neutrally as pseudogenes, having long since 
lost coding function due to various indels and/or nucleo- 
tide substitutions. This inference was tested by compar- 
ing the rates of substitution at synonymous (Ks) vs 
non-synonymous (Ka) positions in the transposase 
coding regions, comparing each copy with the consensus 
sequence, and removing all indels relevant to each 
pairing to maintain aligned reading frames (computation 
of all pairwise comparisons between copies is excessive 
and probably not more informative than comparison of 
each with the consensus, given the great age of these 
copies). If they are evolving neutrally, then the Ks/Ka 
ratio should be approximately one, whereas most normal 
coding genes evolving with some conservation of amino 
acid sequence have ratios much higher than one, especi- 
ally when compared across such long time frames. The 
average Ks value for the 16 sequences was 0.21 _+0.04, 
while the average Ka value was about half that at 
0.11_0.01. The average Ks/Ka ratio was 2.0, ranging 
from 1.4 to 3.3. This ratio suggests that some conserva- 
tion of the coding capacity of these individual copies 
occurred, perhaps during the initial phase of copy 
number expansion, however, most of their history has 
been dominated by neutral evolution given their current 
clear pseudogene status. 

3.3. The exceptional NIB1543 cDNA may represent a 
chimeric functional cellular gene 

The exceptional NIB1543 clone is from a forward 
transcript that appears to have been spliced across the 
5' end of this mariner copy. The splice is inferred to 
occur three bases before the putative mariner start codon 
and the transcript apparently terminated in response to 
the mariner polyadenylation signal. It therefore includes 
the entire Hsmarl coding region (Fig. 1). In every 
respect the mariner copy from which this transcript 
originated is significantly closer to the consensus 
sequence than any of the others. It has suffered just one 
single base deletion in the 3' untranslated region, it 
differs from the consensus by just 2.4% (4.9% including 
CpG positions), it retains 54% of its CpG pairs, and its 
Ks/Ka ratio relative to the consensus is 5.8. All of these 
features suggest that this copy has somehow been 
remarkably conserved, indeed it retains the full-length 
open reading frame of the consensus. Its encoded trans- 
posase differs from the consensus at 19 positions (5.5%), 
none of which are known to be crucial to transposase 
function, for example, the D,D34D residues or their 
neighbors (Lohe et al., 1997). 

A possible explanation for this conservation is pro- 
vided by the 5' sequence of the 2063 bp NIB 1543 cDNA 
clone. This 1004 bp sequence has a possible initiation 
Met codon after 23 bases with a context compatible 

with vertebrate translation start sites (e.g., Cavener and 
Ray, 1991; Kozak, 1996), and the first 140 bp may be 
part of a CpG island with 70% GC content, 15 CpG 
pairs and three HpaII (CCGG) sites, features character- 
istic of the promoter and first exons of 56% of human 
genes, although tissue-specific genes commonly have 
internal CpG islands (e.g., Larsen et al., 1992). It 
encodes a long open reading frame that is spliced in 
frame to the codon before the mariner ORF, suggesting 
that the coding region of this mariner copy has become 
part of a functional cellular gene. The 327 amino acid 
sequence encoded by the 5' half of the NIB1543 tran- 
script has 28% amino acid identity to the C-terminus of 
the human G9a gene product (Milner and Campbell, 
1993) and 31% identity to the C-terminal region of the 
human gene No. KIAA0067 (Nomura et al., 1994) 
(Fig. 3). In addition, most of this sequence corresponds 
to the SET domain of amino acid similarity shared by 
the C-termini of the Suppressor of  variegation 3-9, 
Enhancer of zeste, and trithorax proteins of Drosophila 
melanogaster (Jones and Gelbart, 1993; Tschiersch et al., 
1994). The function of the SET domain has not been 
established, but it is implicated in the protein-protein 
and chromosomal interactions of these Drosophila pro- 
teins that influence transcription of multiple other genes. 
It is present in the mammalian homologs of Enhancer 
ofzeste and trithorax, and additional proteins with SET 
domains include three hypothetical C. elegans gene 
products, the Drosophila Ashl gene, and a yeast gene 
(Stassen et al., 1995). Most of these proteins, including 
Enhancer of zeste and Suppressor of  variegation 3-9, 
also have cysteine-rich regions immediately N-terminal 
of the SET domain, although these are difficult to align 
with the seven shared cysteines in Fig. 3. If NIB1543 is 
indeed a full-length cDNA, then the SET domain of 
this protein is in the N-terminal domain, in contrast to 
its generally C-terminal or occasionally internal location 
in the other proteins (Stassen et al., 1995). The largest 
set of cDNA clones, ten in total, is from this Hsmarl 
copy (see Fig. 1 legend), and at least two others, 23658 
and c-3ma06 have the same 5' end as NIB1543. Clones 
IB3615 and 278419 might be similarly long, while five 
more are shorter cDNAs originating within the Hsmarl 
sequence (clones 504614, 357123, 66857, 298675, and 
359595). The NIB1543, IB3615, 23658, and c-3ma06 
clones all derive from the same infant brain cDNA 
library (Hillier et al., 1996). 

3.4. Hsmarl and other mariners in primates 

The age of the copies of Hsmarl, and the consequent 
inferred age of the ancestral active copy, indicated that 
Hsmarl copies should be present in the genomes of 
most primates (see Martin, 1993; Kay et al., 1997), so 
we examined representatives of all of the major primate 
lineages and some related mammals (Table 1) using a 
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NIBI543 l-MAEFKEKPEAPTEQLDVACGQENLPVGAWPPGAA---PAPFQYTPDHVvGPGADIDPTQITFPGCICVKTPCLPGTCSCLRHGENYDDNS 

G9a 70•-GVGNRAIRTEKIICRDVARGYENVPIPCVNGVDGE•CPEDYKYISENCETSTMNIDRNITHLQHCTCVD-DCSSSNCLCGQLSIRRWYDK 

KIAA0067 666-VDRKFQPYKPFYYILDITYGKEDVPLSCVNEIDTTP-PPQVAYSKERIPGKGVFINTGPEFLVGCDCKDGCRDKSKCACHQLTIQATACT 
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REDDSYLFDLDNKDGE ............... VYCIDARYYGNISRFINHLCDPNIIPVRVFMLHQDLRFPRIAFFSSRDIRTGEELGFDY 

EGLEMGDEYFANLDHIESVE-336-YDGEESCYIIDAKLEGNLGRYLNHSCSPNLFvQNVFVDTHDLRFPWVAFFASKRIRAGTELTWDY 
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SGRYLNLTVSASKERLDHGKLRKPCYCGAKSCTAFLPFDSSLYCPVEKSNISCGNEKEPSMCGSAPSVFPSCKRLTLEt-328mariner 

GDRFWDIKS ........... KYFTCQCGSEKCKHSAEAIALEQSRLARLDPHPELLPELGSLPPVNT-1001 

NYEVGSVEG ........... KELLCCCGAIECRGRLL-1291 

Fig. 3. Alignment of  the amino acid sequence encoded by the 5' end of c D N A  NIB 1543 with the C-terminal sequences of  two other human  proteins. 
Amino acids shared by all three sequences are shown in upper case letters above the alignment, and those shared by NIB 1543 and one of  the other 
proteins are shown in lower case. The SET domain is indicated by underlining of these shared amino acids. The amino acid numbers  of  these 
sequences are indicated at the start and end. The single threonine encoded by the NIB1543 c D N A  clone from the Hsmarl sequence before the Met 
initiation codon of the Hsmarl t ransposase is indicated in lower case. Note that the KIAA0067 sequence has a 336 amino acid insertion within 
the SET domain  (this insert has no significant similarity to any other sequences in GenBank).  

specific PCR assay based on two primers designed to 
the original PCR fragments from human, staphylinid 
beetle, and hydra DNA (see Materials and Methods). 
All the primate species examined tested positive, but 
none of the relatives did. 

To examine these primate mariner copies further, the 
original fully degenerate PCR primers described in 
Robertson (1993) were employed to amplify the central 
450 bp region of these and other mariners from the 
primates indicated with an asterisk in Table 1. This 
strategy was employed for several reasons. First, at the 
time we did not have sufficient confident sequence 
information to design primers to amplify a larger section 
of this mariner. Second, this region has been used 
successfully to analyze relationships of a large variety 
of mariners, and provides an adequate sequence sample 
of the entire element (Robertson, 1993, 1997; Robertson 
and MacLeod, 1993; Robertson et al., 1997). Third, we 
wanted to keep open the possibility of obtaining 
sequences of additional mariners that might be in pri- 
mate genomes. 

We obtained sequences of at least two different PCR 
fragment clones from each of the primates indicated 
with asterisks in Table 1. All but Galago senegalensis 
yielded at least one PCR fragment derived from a 
Hsmarl copy. In general, these diverged from the con- 
sensus in similar ways to the human cDNA clones and 
genomic copies. There was no evidence among these 
PCR fragments of copies closely related to the excep- 
tional NIB1543 clone. These results confirm the specific 
PCR assay that copies of Hsmarl are present in the 
genomes of primates representing all of the major lin- 
eages. Phylogenetic analysis of these primate Hsrnarl 
PCR sequences, together with the human, sheep, and 

cow PCR fragments of Auge-Gouillou et al. (1995), 
and the equivalent regions of the cDNA clones and 
genomic copies, was performed on the aligned DNA 
sequences using maximum parsimony. The tree was 
rooted using six sequences, three PCR fragments each 
from a staphylinid beetle Carpelimus sp. (Robertson 
and MacLeod, 1993) and Hydra littoralis (Robertson, 
1997), with which the Hsmar! consensus shares about 
85% DNA and encoded amino acid identity. An arbi- 
trary representative of the three equally most parsimoni- 
ous trees obtained is shown in Fig. 4. The copies from 
particular species do not cluster together, but rather are 
spread throughout the tree. This conclusion is supported 
by the bootstrap analysis, which provided strong support 
for sister relationships of only three pairs of sequences 
(Fig. 4). The Cercopithecus aethiops 12 and Homo sapi- 
ens cDNA 25267 clones and the Hylobates lar 3 and 
Homo sapiens 8 PCR clones clustered together (these 
pairs also share several unique indels). These relation- 
ships might best be explained as orthologous compari- 
sons between the same copy, separated only by the 
divergence of Old World Monkeys and Lesser Apes, 
respectively, from humans. The confident clustering of 
two Tarsius syrichta PCR clones (numbers 4 and 9) 
might be explained by a subsequent duplication of a 
genomic region in this lineage. As expected, the branch 
to the exceptional cDNA NIB1543 copy is short in 
comparison with the long branches leading to most 
other copies. 

In addition to PCR fragments from Hsmarl copies, 
we obtained sequences representative of two additional 
mariners in the genomes of some of the prosimians. One 
of these is another member of the cecropia subfamily 
and multiple clones representing it were obtained from 
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Fig. 4. Phylogenetic relationships of  Hsmarl PCR fragments, cDNA clones, and genomic copies from humans with the PCR fragments from other 
primates. The staphylinid beetle Carpelimus sp. and Hydra littoralis sequences were defined as the outgroup. This is an arbitrary representative of  
the three equally most parsimonious trees of  3135 steps with a consistency index of  0.31. These three trees differ only in the relationships of the 
Carpelimus sp. outgroup. Branch lengths in number of  nucleotide changes are shown for branches supporting nodes. Bootstrap percentages are 
shown below branches supporting nodes present in more than 50% of  the 100 replications. Only two of  the five human PCR clones from Auge- 
Gouillou et al. (1995) (2178 and 2179) are included, because the other three are essentially identical to our PCR fragments or cDNA clones 
(2173=PCR fragment 11; 2217=PCR fragment 4; 2177=cDNA 140214). 
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each of  the four prosimians examined. These copies 
differ from their consensus in similar ways to the Hsmarl 
copies, thus they have suffered an average of 10.3 indels 
per kilobase, differ from the consensus by an average of  
11%, and retain an average of  16.3% of  their CpG pairs 
(the 451 bp consensus has 18 CpG pairs). They represent 
a distinct lineage of  the cecropia subfamily most closely 
related to sequences from the house ant Tapinoma sessile 
(Robertson and MacLeod, 1993; Robertson et al., 
1997), with which their consensus shares 73% DNA and 
77% encoded amino acid identity. These mariners pre- 
sumably derive from an invasion of a common ancestor 
of the prosimian clade shortly after its separation from 
the lineage that led to the higher primates. Phylogenetic 
analysis using the house ant clones to root the tree and 
1000 bootstrap replications again indicates little struc- 
ture to the relationships of these prosimian mariner 
sequences (Fig. 5). 

The second new primate mariner is represented by 
two clones from the prosimian Nyctieebus eoucang (slow 
loris) that are quite distinct from all mariners found to 
date both in encoded amino acid sequence and in length 
(GenBank accession numbers U94660 and U94661). 
They therefore apparently represent a new minor basal 
subfamily of  mariners (see Robertson et al., 1997). Like 
the Hsmarl and prosimian cecropia subfamily mariner 
clones, they require several frameshifts each for transla- 
tion of  an alignable reading frame and therefore must 
derive from similarly highly defective genomic copies. 

3.5. Paired and solo ITRs derived from Hsmarl  in the 
human genome 

Another feature of Hsmarl is the presence of large 
numbers of paired inverted terminal repeats (ITRs) and 

solo ITRs in the human genome. Discovery of the 
former led Oosumi et al. (1995) and Smit and Riggs 
(1996) to these elements, and Morgan (1995) described 
them in detail. These authors gave the paired ITRs 
different names (hum7, Madel ,  and Mrs, respectively). 
The hum7 sequence reported by Oosumi et al. (1995) is 
an incomplete version of 28 bp. Morgan (1995) derived 
a more confident consensus for the paired ITRs (Mrs) 
of 80 bp, consisting of  37 bp ITRs separated by six 
unique base pairs, and the Smit and Riggs (1996) Madel  
consensus is the same. Our more recent searches of  
human sequence accessions in the public databases with 
this 80 bp consensus confirm it. The first 30 bp of this 
ITR are identical to the Hsmarl ITR, the next three 
base pairs are shared with the 5' end of  Hsmarl, while 
the last four base pairs of the ITR and the six unique 
base pairs are of unclear origin (Fig. 6a). Presumably, 
as proposed by these authors, these paired ITRs derive 
from a particular original internally deleted Hsmarl 
copy (or from an inverted duplication of a solo ITR 
derived from Hsmarl)  that was subsequently copied 
many times around the genome by Hsmarl transposase. 
This event must have happened soon after the horizontal 
transfer of  Hsmarl into an ancestral primate genome, 
because the consensus of  the paired and solo ITRs is 
identical to the Hsmarl consensus ITR for the first 
30 bp. The frequency of mariner transposition in vitro 
is strongly size-dependent (Lampe et al., 1996; 
D.J. Lampe, T. Grant, and H.M. Robertson, unpub- 
lished data), so the small size of the paired ITRs would 
predispose them to enhanced rates of  transposition. 
Most of the solo ITRs appear to have been derived 
from these paired ITRs, rather than directly from 
Hsmarl copies, because they have at least part of the 
last 3 bp and the unique 6 bp. They may have resulted 
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Fig. 5. Phylogenetic relationships of the prosimian cecropia subfamily mariner clones, rooted with mariner sequences from the house ant Tapinoma 
sessile. This is an arbitrary representative of the 14 equally most parsimonious trees of 896 steps with a consistency index of 0.65. Branch lengths 
in number of nucleotide changes are shown for those branches supporting nodes present in all 14 trees using the semi-strict consensus option of 
PAUP v3.1.1. Only the distinction of the prosimian and house ant sequences had bootstrap support (100%) from 1000 replications. 
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a. 

Hsmarl ITR 
Hsmarl 5' end 
Hsmarl paired ITR 

b. 
Human osteopontin 
Pig osteopontin 

c. 
Human mRNA U09197 
Sx subfamily Alu 

TTAGGTTGGTGCAAAAGTAATTGcgGTTTT 
TTAGGTTGGTGCA-AAAGTAATTGcgGTTTTTGCattgttggaa 
TTAGGTTGGTGCAAAAGTAATTGcgGTTTTTGCCATTaaaaat 

AAAATA~TGGTCCTATTTATTATTAGGTTGCTGC~GT-~TTGTGGTTTTTATTAGTCCTAAAGTGTCAGCTTCCTTTTGCCAAA 
AAGATAAATGGTCCTATTTAT ................................ TATTAGTCCTAAGGAGTCAGTTCCTATTTACCAAA 

GTGCATACTTGTAATCCGAGCTATTAGGTTGGTGCAAAAGTAACTGCAGTAcTTGGGAGGCTGAGGCTCGAGAATCGCTTGAATGCAG 
GCGCGCGCCTGTAATCCCAGC . . . . . . . . . . . . . . . . . . . . . . . . . . . .  TACTCGGGAGGCTGAGGCAGGAGAATCGCTTGAACCCGG 

Fig. 6. Terminal sequences of Hsmarl and paired and solo ITR derivatives. (a) Alignment of the 30 bp Hsmarl consensus ITR sequences with 
those of the Hsmarl 5' end and the paired ITR consensus. The additional 4 bp of the 37 bp paired ITR are underlined and the six unique central 
base pairs of the 80 bp paired ITR consensus are underlined and in lowercase. A hypermutable CpG pair in the ITRs is shown in lowercase. (b) 
Sequence of the 5' region of the human osteopontin gene and pig homolog, showing insertion of a solo ITR in the human sequence. The human 
sequence is the complement of positions 774-861 of GenBank accession D14813 (Hijiya et al., 1994), while the pig sequence is the complement of 
positions 811-866 of GenBank accession M84121 (Zhang et al., 1992). The additional TA in the human sequence is presumably the flanking TA 
duplication typically induced upon insertion of a mariner transposon. (e) Insertion site of a solo ITR in a Sx subfamily Alu element at the 5' end 
of a 744 bp mRNA (GenBank accession U09197; Burn et al., 1994). The Sx subfamily Alu consensus is positions 150 209. 

individually from deletion of  one of  the 37 bp ITRs  with 
variable precision by host factors or f rom incomplete 
double-strand gap repair of  excision sites of  the paired 
ITRs  (see Gloor  et al., 1991). 

The copy number  of  the paired ITRs  in the human 
genome was estimated by Morgan (1995) to be 
1000-5000 and by Smit and Riggs (1996) to be 8000 
(their estimates of  Hsmarl copy number  were 100-300 
and 1000, respectively). With the generation of  large 
amounts  of  human D N A  sequence in a relatively 
random fashion f rom cosmids and bacterial artificial 
chromosomes by several human genome sequencing 
centers, it is now possible to obtain more accurate 
estimates. Searches of  the 'finished' and 'unfinished' 
human sequence databases of  the Sanger and 
Washington University Human  Genome Sequencing 
Centers using their World Wide Web BLASTN servers 
revealed the presence of 24 paired ITRs  and 46 solo 
ITRs  in a total of  approximately 30 Mbp  of  sequence. 
This is approximately 1% of  the estimated 3 billion base 
pairs in the human genome, so the estimated copy 
numbers are 2400 for the paired ITRs  and 4600 for the 
solo ITRs.  Their unfinished sequence databases also 
contain two apparently full-length genomic copies of  
Hsmarl,  yielding a preliminary copy number  estimate 
of  200, in agreement with Morgan (1995). The presence 
of  so many  ITRs  in the human genome (approximately 
10 000 total)  might mean that any available transposase 
would be titrated out by these, rather than bind both 
ITRs of  any particular copy to transposase it, thus 
significantly quenching the rate of  transposition of  intact 
elements. It  will be of  particular interest to determine 
whether the transposase domain encoded by the excep- 
tional NIB 1543 copy binds these ITRs.  

As noted by Morgan (1995), the presence or absence 
of  particular paired ITRs in various genomic locations 
supports the apparent  age of  Hsmarl.  He described two 
instances where copies are present in human gene 
sequences (the prolactin and interphotoreceptor reti- 

noid-binding protein ( IRBP)  genes) but absent from the 
bovine homologs. In addition, he noted that a paired 
ITR is present in identical positions in the first intron 
of the IRBP gene in both humans and all New World 
Monkeys examined by Schneider et al. (1993). This 
evidence suggests that paired ITRs,  and therefore per- 
haps Hsmarl,  were not present in the common ancestor 
of  artiodactyls and primates, but were in the common 
ancestor of  humans and New World Monkeys, placing 
their origin between 100 and 40 Myr ago. A similar 
situation holds for a particular solo ITR,  which is 
approximately 2500 bp upstream of the TATA box of  
the human osteopontin gene, but is absent from the 
same region of  the pig homolog (Fig. 6b). Conversely, 
a particular solo ITR has inserted in the middle of  an 
Alu element of  the Sx subfamily, indicating that move- 
ment  of  these ITRs  and perhaps Hsmarl copies was 
ongoing about  37 Myr ago, since the Sx subfamily is 
thought to have expanded about  this time (Britten, 
1994; Kapi tonov and Jurka, 1996). Study of  the distribu- 
tion of  particular copies of  Hsmarl and paired and solo 
ITRs  in primates should allow determination of  when 
they were first and last actively transposing. 

4. Discussion 

Our consensus sequence for this Homo sapiens mariner 
1 (Hsmarl) t ransposon in the human genome is almost 
completely confident, with only a few ambiguous posi- 
tions. The ambiguities involve a string of adenines, 
regions known to be subject to high rates of  mutat ion 
(e.g., Schl6tterer and Tautz, 1992), and the inferred 
presence of 73 C p G  hypermutable pairs in the ancestral 
sequence of  this transposon. The 15 c D N A  clones 
containing regions of  Hsmarl copies all appear  to repre- 
sent illegitimate or read-through transcripts. Some of  
them appear  to have undergone splicing using cryptic 3' 
acceptor splice sites in these Hsmarl copies, however, 
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the remaining sequences may be accurate reflections of  
the genomic Hsmarl  copy sequences from which they 
derive. Comparisons of these sequences with the consen- 
sus indicate that they are very old components of the 
human genome. Calculations based on their DNA diver- 
gence from the consensus and their accumulation of 
indels relative to the consensus suggest that these copies 
were formed around 50 Myr ago. 

We examined representatives of all the major primate 
lineages using a PCR assay in an effort to pinpoint 
when this transposon entered primate genomes, and 
found sequences representative of  it in most of them, 
including two prosimians (the most basal extant lineage 
of  primates). The phylogenetic relationships of these 
sequences revealed no grouping by species of  origin. 
There are at least two possible explanations for these 
observations, depending on the age of primates. If we 
consider primates to be around 55-Myr-old based on 
oldest fossil evidence (e.g., Kay et al., 1997), then given 
uncertainties in the aging of  the human Hsmarl  copies, 
it might be that a single initial invasion of  a primate 
ancestor by a Hsmarl  copy led to all the copies we 
recovered by PCR, which would explain why their 
relationships reveal no clustering by species. Another 
estimate that would support this explanation is the 
average rate of 0.21 for synonymous substitutions in 
each human copy relative to the consensus. This value 
exceeds the value of  0.18 for all of  primate evolution 
inferred by Bulmer et al. (1991), again suggesting that 
these copies predate primate evolution. 

Given the sampling bias of fossil evidence it seems 
likely, however, that primates are older than 55 Myr, 
perhaps as old as 80 Myr (Martin, 1993). Other recent 
reports that mammal ordinal lineages are of  this or 
older age support this contention (Hedges et al., 1996; 
Archibald, 1996). In this case our aging of  Hsmarl  
copies in the human genome to 50 Myr would suggest 
that Hsmarl  entered existing primate lineages. In that 
case the lack of  species clustering of  sequences in Fig. 4 
must be explained by an independent but reasonably 
closely timed entry into the two major primate lineages, 
Strepsirhini and Haplorhini, or by a horizontal transfer 
of a Hsmarl  copy into one lineage soon after initial 
invasion of the other lineage. This kind of explanation 
might also fit the observation by Auge-Gouillou et al. 
(1995) of  Hsmarl  sequences in cow and sheep genomes 
(these sequences similarly do not cluster by species in 
Fig. 4). Given that the primate-artiodactyl split proba- 
bly occurred at least 80 Myr and perhaps as long as 
100 Myr ago (Hedges et al., 1996; Archibald, 1996), 
their presence in artiodactyls must also have involved 
contemporaneous invasions of this lineage. Consistent 
with this interpretation is our failure to detect Hsmarl  
copies in the genomes of likely primate ancestors, such 
as Scandentia, Dermoptera, and Rodentia. 

Whatever the evolutionary history of  this mariner 

within mammal genomes, it was apparently gained by a 
horizontal transfer from another animal, presumably as 
a single active copy that invaded a mammal genome. 
The closest relatives of Hsmarl  in our database of 
mariner PCR fragments are elements from a staphylinid 
beetle of the genus Carpelimus (Robertson and 
MacLeod, 1993) and a hydra species H. littoralis 
(Robertson, 1997). These invertebrate mariners share 
92% DNA identity with each other, and they share 85% 
DNA identity with Hsmarl .  This level of  identity of 
DNA sequences in animals from three different phyla 
at least 600 Myr old can only be explained in terms of  
horizontal transfers of these mariners (Robertson, 1997), 
however, the sources of these transfers cannot be 
resolved. First, the Hsmarl  transfer occurred long ago, 
so it will be difficult to relate Hsmarl  directly to any 
other mariner. Secondly, we have only examined about 
700 animal species (Robertson and MacLeod, 1993; 
Robertson, 1997; Robertson et al., 1997), so closer 
relatives could well be found in other species. Third, the 
beetle and hydra mariners appear to be recent invaders 
of  their genomes (in each case the three copies obtained 
differ from their consensus by less than 1% DNA 
divergence), so it is unlikely that they are directly related 
to Hsmarl ,  most copies of which were probably defective 
within a few million years of their entry into ancestral 
primate genomes. Fourth, a possible clue is provided by 
the presence of so many CpG base pairs, as many as 
might be expected by chance, which might indicate that 
the source was not another mammal or other animal 
with extensive CpG methylation, which would have led 
to loss of CpG pairs. 

Similar conclusions apply to the distinct cecropia 
subfamily mariner sequences found only in prosimian 
genomes (Fig. 5). If  anything, these are older than 
Hsmarl  in this lineage, although faster rates of  evolution 
in Strepsirrhini may explain their somewhat higher levels 
of  divergence from their consensus sequence. Again, the 
closest known relative of this mariner is in an insect, in 
this case the house ant Tapinoma sessile, and the high 
frequency of CpG pairs (18 in the 451 bp consensus 
sequence) again indicates that this mariner originated 
from a non-mammalian host. The third primate mariner 
described here from the prosimian Nycticebus eoucang 
has no known close relatives. It might represent a 
subfamily of mariners that has sequences that are not 
easily amplified with these primers, or that is common 
in animals we have not yet surveyed. Finally, no 
sequences representative of the second ancient mariner 
in the human genome, Hsmar2, were obtained from any 
primate in this survey, most likely because the forward 
primer MAR-124F was designed from the amino acid 
sequence WVPHEL and is, therefore, unlikely to anneal 
to Hsmar2 copies, the consensus sequence of  which 
encodes WVPKPL (Robertson et al., 1996; Robertson 
and Martos, 1997). 
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A remarkable exception to the above discussion is the 
mariner copy represented by the c D N A  clone NIB 1543. 
Although included in construction of the H s m a r l  con- 
sensus, this copy is significantly different f rom all other 
genomic, cDNA,  and PCR copies of  H s m a r l  obtained 
f rom all primates in that it is much less diverged in all 
respects (2.4% D N A  divergence, only one single base 
pair deletion, 54% of  C p G  pairs retained, and a Ks /Ka  
ratio relative to the H s m a r l  consensus of  5.8). Most  
significantly, this copy has a full-length transposase open 
reading frame. The 5' 1004 bp of  this c D N A  encodes 
327 amino acids, part  of  which is a SET domain, and 
is spliced in frame to the H s m a r l  transposase open 
reading. Therefore, this NIB1543 c D N A  appears to 
encode a chimeric functional cellular protein. The pres- 
ence of  multiple cDNAs derived f rom this gene in 
dbEST, at least two of which are apparently also full- 
length, suggests that  it is a functional human gene. 
Evolution of  transposons into genes with possible cellu- 
lar roles has been observed before, for example, a P 
element derivative appears to have formed a functional 
gene in Drosophila guanche and D. subobscura (Miller 
et al., 1995). Alternative explanations for the conserva- 
tion of  this H s m a r l  copy include that it represents an 
extreme of  the distribution of H s m a r l  sequence conser- 
vation or that  it represents a second horizontal transfer 
of  a closely related element. Preliminary results of  
sequencing of  many  additional genomic H s m a r l  copies 
do not support  either of  these alternatives, in that all 
are highly defective and none are extremely similar in 
sequence to the NIB1543 transposase gene ( K . K  O. 
Walden, D.J. Lampe and H.M. Robertson,  unpublished 
results). Nevertheless, considerable additional character- 
ization is needed to confirm that this exceptional H s m a r l  
copy has indeed become part  of  a functional human 
gene. It  will be of  particular interest to determine 
whether the mariner transposase domain of  this chimeric 
protein retains some or all of  the biological functions 
of  a mariner transposase (see Lampe et al., 1996), in 
particular whether it can bind the thousands of  paired 
and/or  solo ITRs  distributed around the genome. The 
SET domain is shared by diverse proteins involved in 
chromosomal  interactions and maintenance or inhibi- 
tion of  gene expression (Jones and Gelbart,  1993; 
Tschiersch et al., 1994; Stassen et al., 1995), so perhaps 
the addition of  a partially functional mariner transposase 
domain would allow such a chromosomally located 
protein to manipulate DNA.  

5. Conclusions 

(1) The molecular evolution of  H s m a r l  in the primate 
genome is quite different from that of  RNA-medi-  
ated or Class I transposons such as L I N E  and Alu 
elements (see Smit, 1996). There is no evidence for 

(2) 

(3) 

lineages of  related elements. Instead, all copies 
appear  to have been formed at around the same 
time, presumably within a short time of the hori- 
zontal transfer of  a single active copy of H s m a r l  
into the genome of an ancestral primate, with 
possible additional horizontal transfers among pri- 
mates and other mammals .  
Each copy appears to have been evolving largely 
independently and neutrally since then. Today 
almost all copies in the human and other primate 
genomes are therefore inactive defective molecular 
fossils of  this early transpositional burst, along with 
the thousands of  paired and solo ITRs derived early 
on in this process. 
It  seems unlikely that any active copies of  H s m a r l  
remain among the approximately 200 present in the 
human genome, or other primate genomes, however 
the exceptional copy represented by the NIB1543 
c D N A  clone might still encode a mariner transpo- 
sase with some activities, albeit now apparently 
fused with a SET domain protein. 
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