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ABSTRACT The magelan transposable element is respon-
sible for a spontaneous 5.7-kb insertion in the maize wx-M
allele. This element has the sequence and structural charac-
teristics of a Ty3/gypsy-like retrotransposon. The maeln
element is present in all Zea species and Tripsacum andersonu;
It is absent, however, in the genomes of all other Tripsacum
species analyzed. The genetic distances between magellan ele-
ments suggest that this retrotransposon is evolving faster than
other Zea nuclear loci. The phylogeny of magelan within Zea
and T. andersonf also reveals a pattern of interspecies trans-
fers, resulting in the movement of mageflan subfmles be-
tween different species genomes. Interspecific hybridization
may be a major mechanism by which this retrotransposon
invades and establishes Itself in new taxa.

Understanding the evolutionary biology of retrotrans-
posons requires data on the extent and patterns of molecular
variation within element families. In this report, we describe
a low-copy-number retrotransposon whose presence within
the phylogenetically well-defined genus Zea makes it an
excellent subject for the study of retrotransposon evolution.
This Ty3/gypsy-like retrotransposon, which we have named
magellan, is responsible for a 5.7-kb insertion in a sponta-
neous mutant allele of the maize waxy (wx) locus. The
magellan element is also found in Tripsacum andersonii but
is absent in all other Tripsacum species tested. We find that
this retrotransposon is evolving faster than other nuclear loci
and that interspecies transfer of magellan elements appears
to have occurred within the genus Zea.l

Retrotransposons are a class of transposable elements that
encode reverse transcriptase and transpose via an RNA
intermediate (1). The elements are widely distributed and
comprise a significant fraction of eukaryotic genomes. In
Drosophila melanogaster, retrotransposons such as copia,
gypsy, and 412 are believed to comprise nearly 2% of the
genome (1) and are responsible for as much as 80%o of
spontaneous mutations (2). Retrotransposons have been de-
scribed in 11 plant taxa; most of these elements were dis-
covered as restriction fragment length polymorphisms or as
preexisting insertions within nuclear loci (3, 36). Reverse
transcriptase sequences have also been isolated by PCR from
68 plant species, including bryophytes, pteridophytes, gym-
nosperms, and angiosperms (4, 5). These reverse transcrip-
tase sequences are presumably associated with yet uniden-
tified retroelements (5).
Although numerous retrotransposons have been isolated

and characterized, relatively little is known about the mo-
lecular evolution of these mobile sequences. The mode and
tempo of retrotransposon evolution are largely undefined,
and the forces that shape retrotransposon sequence evolution
are poorly understood (4, 5, 37). It has been suggested by
several workers that transposable elements evolve differ-
ently from conventional nuclear loci, since transposons can
move within genomes and contribute to genetic variation
(6-10). Evolutionary rates between retrotransposon se-
quences may also differ significantly from the evolutionary
rates of other nuclear genes (10). Several plant species, for
example, are known to harbor highly divergent reverse
transcriptase sequences within their genomes (5, 6); the
heterogeneity of these sequences is attributed in part to the
high mutation rates associated with retrotransposition (5).
There is also evidence that retrotransposons may possess the
ability to move horizontally across reproductive barriers that
isolate species (5, 6, 11).

MATERIALS AND METHODS
Strains and General Techniques. Strains carrying the wx-M

allele were obtained from 0. Nelson (University of Wiscon-
sin). Seeds and genomic DNA of Zea (from J. Doebley,
University of Minnesota) and Tripsacum (from S. White,
University of Georgia) species were obtained as indicated.
Genomic DNA from 14-day-old maize seedlings was isolated
by the method of Shure et al. (12).

Element Isolation and Sequence Analysis. The wx-M inser-
tion was previously localized by Southern blot analysis of
genomic DNA (13). This insertion was cloned on a 7.8-kb Sal
I fragment following ligation of size-fractionated genomic
DNA into the A vector ZAPII (Stratagene) and screening of
recombinant phage with radioactively labeled wx probes. A
1.4 kb Sst I and a 5.2-kb Kpn I fragment containing the 3' and
5' ends of the insertion, respectively, were subcloned into
pUC119 and the insertion termini were sequenced (14).
Both the 5' magellan termini and reverse transcriptase

sequences were analyzed separately by PCR amplification.

The magellan 5'-terminal primer sequences are 5'-TGTCAG-
GAGACTGACGCAGC-3' (primer 1) and 5'-GGGTCGT-
TGCGGTCTACTGC-3' (primer 2). The reverse transcrip-
tase sequences are 5'-CTAAGCTTTAYCAYCARHTNMG-
NAT-3' (primer 3) and 5'-TCGAATTCTGNCCNARNM-
DYTYNAC-3' (primer 4). Primers 3 and 4 were designed to
recognize conserved coding regions in Ty3/gypsy-like ele-
ments (15). PCR conditions were as described (13); annealing
temperatures as low as 520C were used in screening for the
presence of magellan long terminal repeat (LTR) sequences.
PCR amplification of magellan 5'-terminal sequences was
conducted with genomic DNAs from Zea mays ssp. mays, Z.
mays ssp. mexicana, Z. mays ssp. parviglumis, Z. mays ssp.
huehuetenangensis, Z. luxurians, Z. diploperennis, Tripsac-

Abbreviation: LTR, long terminal repeat.
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um andersonii, T. dactyloides, T. australe, T. peruvianum,
and T. cundinamarce as templates. The reverse transcriptase
sequence was amplified from wx-M-containing clones. PCR-
amplified DNAs were cloned in pCRII by the TA cloning
procedure (Invitrogen) and sequenced by either the dideoxy
sequencing method (Sequenase; United States Biochemical)
or the automated sequencing facility of the University of
Georgia Molecular Genetics Instrumentation Facility.

Phylogenetic Analyses. magellan sequences were aligned
contiguously beginning at nucleotide 30 of the 5' LTR, and
gaps were added by visual inspection to maximize similarity.
Phylogenetic trees were inferred under maximum parsimony
by using the heuristic search algorithm of the PAUP 3.0
program (16). magellan subfamilies were determined by
inferring within-species element phylogenies and identifying
monophyletic element groups. These subfamilies contain
magellan copies that share at least 97% sequence similarity.
magellan copies whose sequence were closest to the element
consensus for a subfamily were chosen as representatives for
the groups; representative members from each subfamily
were then used in all-ZealTripsacum analysis. The PHYLIP
3.3 package (17) was utilized in computing pairwise Kimura
two-parameter DNA distances (18) under a transition/
transversion ratio of 2. Both sequence and distance data were
also used for tree building under the DNAPARS and neighbor-
joining PHYLIP algorithms.

RESULTS
Structure of the Retrotransposon Insertion in wx-M. The

wx-M allele was previously shown to contain a 5.7-kb inser-
tion in a Sal I fragment that spans exons 1-9 of the 14 exons
of the maize wx gene (19). The wx-M insertion was isolated
and found to be located within wx exon 3 just 2 bp down-
stream of the intron 2/exon 3 splice junction. The insertion
has some of the structural features of a retrotransposon (see
Fig. 1), including (i) a 341-bp LTR at the 3' end; (ii) short
inverted repeats at the termini of the LTR, with TG... .CA as
the terminal dinucleotides; (iii) a 24-bp tRNAMet primer
binding sequence adjacent to a truncated 5' LTR sequence;
and (iv) a 13-bp polypurine tract adjacent to the 3' LTR. We
have named this retrotransposon magellan. Although the
magellan insertion within the wx-M allele contains a 3' LTR,
it appears to lack an intact 5' LTR due to a deletion that
removes much of the 5' LTR as well as 25 bp ofwx sequence
(Fig. 1). The absence of an intact 5' LTR in the wx-M
insertion suggests that this magellan copy may be unable to
further retrotranspose. PCR amplification of maize genomic
DNA demonstrates that magellan sequences containing in-
tact 5' termini are present in other locations within the maize
genome (see Fig. 3).
An open reading frame adjacent to the magellan 3' LTR

encodes an integrase domain present in the pol-like genes of
other retroelements. The magellan integrase domain shares
45% amino acid identity with the yeast Ty3 and Lilium henryi
del integrase region (20) (Fig. 2A). By PCR amplification, a
310-bp sequence that encodes the magellan reverse tran-
scriptase was isolated from wx-M-containing clones. This
reverse transcriptase shares 43% and 48% amino acid identity
with homologous sequences in Ty3 and del, respectively (Fig.
2B).
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FIG. 2. Alignment of the integrase (A) and reverse transcriptase
(B) domains of magellan, yeast Ty3, and Lilium del retrotrans-
posons. Dashes indicate gaps. Amino acid residues which are
identical between magellan and the adjacent sequences are indicated
by dots. Ty3 and del sequences are from refs. 15 and 20.

mageflan Sequences Within the Genera Zea and Tripsacum.
The presence of magellan within the genera Zea and
Tripsacum was assayed in a PCR survey using primers that
recognize the magellan 5' LTR and an internal magellan
sequence (Fig. 3A). These primers were located ""590 bp
apart. A fragment of approximately this size was detected
following PCR amplification of genomic DNA from Zea
species and T. andersonii. However, no PCR product was
evident when other Tripsacum species were surveyed, even
when a reduced annealing temperature was used in the
reaction. DNA blot analysis with a magellan LTR sequence
as the probe showed that this retrotransposon was present in
four to eight copies in Zea and T. andersonii genomes
(unpublished observations).
To investigate the molecular evolution of magellan in

greater detail, the PCR-amplified magellan 5'-terminal re-
gions were cloned and 7-10 independent clones from each
species were sequenced. A total of 490 nucleotide sites were
used in the analyses; this region includes most of the magel-
lan 5' LTR, the primer binding site, and internal sequences
adjacent to the LTR. Of the 490 nucleotide sites examined,
230 sites were polymorphic between magellan copies within
Zea and T. andersonii. Overall, the proportion of polymor-
phic sites was 0.47, which is higher than has been found for
any other Zea nuclear loci investigated thus far (21, 22).
A large proportion ofthese site differences were nucleotide

substitutions, although 27 insertion/deletion polymorphisms
ranging in size from 1 to 4 bp were also observed. The
distribution of polymorphisms among the isolated sequences
reveals that magellan copies residing in Zea and T. ander-
sonii genomes are organized into 14 distinct subfamilies
(Table 1). One to three magellan subfamilies are found within
each of the Zea genomes. The levels of within-species

waXY partial LTR

tatgtgac AGTTCGTTGACAATTGGTATCGGCrACCAAGTrCCCTG.. 6.0 kb.. AAGGGGAGGACAA 3'V LTRE AACGGC

PBS PPT

FIG. 1. Structure of the wx-M allele. The presumptive primer binding site (PBS) and polypurine tract (PPT) are indicated. The wx sequence
is italicized and intron sequences are in lowercase. The wx intron 2 sequence and partial magellan 5' LTR are also shown.
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FIG. 3. PCR survey ofmagellan in the genus Zea and Tripsacum.
(A) Structure of magellan giving approximate locations of PCR
primers 1 and 2. The region between primers includes the 5' LTR, the
primer binding site, and -220bp of internal sequence. Open triangles
flanking LTRs indicate host-sequence direct repeats. (B) PCR-
amplified 590-bp bands indicate presence of magellan in all Zea
species and T. andersonii. Lanes: 1, 100-bp DNA ladder; 2, Z. mays
ssp. mays; 3, Z. mays ssp. parviglumis; 4, Z. mays ssp. huehue-
tenangensis; 5, Z. mays ssp. mexicana; 6, Z. diploperennis; 7, Z.
luxurians; 8, T. andersonji.

sequence polymorphisms are considerably higher than nu-
cleotide variation levels within individual subfamilies (Table
1). The higher levels of within-species variation are due to a
large number of fixed nucleotide differences that exist be-
tween different magellan subfamilies resident within a spe-
cies genome.
To compare the evolutionary rate of magellan with that of

other nuclear genes, interspecific two-parameter Kimura
distances (18) were calculated for magellan sequences as well
as a portion of the Zea nuclear gene Adh2 (23) (Table 2). In
every case, magellan has a higher interspecific nucleotide
substitution value than Adh2. The mean ratio of interspecific
magellan distance to the corresponding interspecific Adh2
distance is 2.3. When only noncoding Adh2 sequences are
considered, the mean distance ratio drops to 2.
Phylogeny of magellan. Using parsimony analysis, we de-

termined the phylogenetic relationships with Zea and
Tripsacum (Fig. 4). The inferred tree was concordant with
phylogenetic trees derived from a neighbor-joining analysis,
as well as an alternative parsimony analysis using the DNA-
PARS algorithm of PHYLIP (unpublished observations). The
magellan phylogeny was compared with a hostZea phylogeny
previously constructed by using morphological, isozyme, and
chloroplast DNA markers (24, 25). The comparison reveals
two patterns of phylogenetic organization for this retrotrans-
poson within the genus Zea. In one group of magellan sub-
families, shown without arrowheads in Fig. 4, element phy-
logeny agrees with the phylogeny of the host species. Within
this group, magellan subfamilies from different Z. mays sub-
species form a clade distinct from elements present in the Z.
diploperennis and Z. luxurians genomes.
The phylogeny of a second group ofmagellan subfamilies,

however, is incongruent with the Zea phylogeny; these
subfamilies, indicated by arrowheads in Fig. 4, include (i) two

Table 1. Nucleotide polymorphisms in magellan
5'-terminal regions

Species

Z. mays

ssp. mays

maysl
mays2

ssp. mexicana
mexl
mex2

ssp. parviglumis
ssp. huehue

Z. diploperennis
dipl
dip2

Z. luxurians
luxl
lux2
lux3

T. andersonji
andl
and2
and3

No. of sequence polymorphisms

Ts Tv Indels Total

30 17
5 9
5 0

35 6
8 3

NA NA
14 6
14 6
28 11
10 6
4 0

51 7
7 0
32 8
NA NA
51 8
3 2

10 1
NA NA

8 55
3 17
1 6
6 47
0 11
NA NA
3 23
1 21
4 44
3 19
2 6
5 67
2 9
3 43

NA NA
10 68
0 5

5 16
NA NA

Sequence polymorphisms within species and within subfamilies
are shown. The within-species values include all polymorphisms
found in comparing all sequences from a given species. NA, not
applicable since only a single member ofa subfamily was sequenced;
Ts, transitions; Tv, transversions; indels, insertion/deletions.

Z. mays ssp. mays and ssp. mexicana subfamilies (mays2 and
mex2) which are closely related to Z. diploperennis elements
and (ii) a Z. luxurians element contained in a lade that
includes Z. mays ssp. parviglumis and ssp. huehuetenangen-
sis magellan elements. The anomalous location of these
subfamilies is strongly supported by bootstrapping. All boot-
strap replicates place the anomalous ssp. mays and ssp.
mexicana subfamilies in the Z. diploperennis/Z. luxurians
lade and group a Z. luxurians element within the Z. mays
lade.
Finally, three distinct T. andersonii magellan subfamilies

are found in several places within the retrotransposon phy-
logeny. One T. andersonii subfamily is closely related to Z.
luxurians elements. Two other T. andersonii magellan sub-
families are in the Z. mays lade. One of these subfamilies
groups with Z. mays ssp. parviglumis and ssp. huehuetenan-
gensis elements.

DISCUSSION

Structure and Evolution of the magellan Retr ynpoon. A
maize retrotransposon is responsible for the large insertion
found within the mutant wx allele wx-M. This retrotranspo-
son, which we have named magellan, is also responsible for
a spontaneous insertion in exon 1 of the maize PI gene (P.
Cooper, B. Kent, and K. Cone, personal communication).
The sequence and location of both the integrase and reverse

Table 2. Comparison of interspecific distances between magellan and Adh2
mays mex par dip lux

Z. mays mays - 0.024 (3.5) 0.042 (1.6) 0.053 (2.5) 0.065 (2.8)
Z. mays mex 0.007 - 0.032 (NA) 0.043 (1.9) 0.071 (NA)
Z. mays par 0.026 NA 0.038 (1.1) 0.044 (1.3)
Z. dip 0.021 0.022 0.035 0.057 (4.1)
Z. lux 0.023 NA 0.035 0.014

magellan and AdM2 distances are above and below the diagonal, respectively. All distances are in
substitutions per site. magellan/Adh2 distance ratios are shown in parentheses. NA, no interspecific
comparison is available; mex, mexicana; par, parviglumis; dip, diploperennis; lux, luxurians.
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FiG. 4. Phylogenetic tree ofmagellan subfamilies within Zea and
Tripsacum. The phylogeny was generated under maximum parsi-
mony by using PAUP. The tree is an unrooted majority-rule tree with
total length of 238 steps and a consistency index of 0.702. Numbers
next to the nodes give percentage ofbootstrap values that support the
node. Italicized numbers above the branches give the mean number
of changes along the branch. The magellan subfamilies whose
placement in the tree is inconsistent with the ZealTripsacum phy-
logeny are indicated by arrowheads.

transcriptase domains encoded by magellan reveal that it
belongs to the Ty3/gypsy-like element class (38). Only two
other Ty3/gypsy-like retrotransposons have so far been
reported in plant genomes: the del element of Lilium henryi
(20) and the IFG7 element of Pinus radiata (15). The Lyco-
persicon genome also contains several copies of gypsy-like
sequences (3). The magellan element, however, is the only
plant Ty3/gypsy-like element that has shown evidence of
recent transposition.
The DNA sequences of the magellan 5'-terminal region

within Zea species possess high levels of nucleotide poly-
morphisms (Table 1). The magellan interspecific pairwise
distances are also more than twice as great as the interspecific
distances for the Adh2 gene (Table 2), suggesting that this
retrotransposon is evolving at 2-3 times the rate of other,
conventional nuclear loci. The elevated magellan substitu-
tion rates are not surprising, since retrotransposon mutation
rates are affected by two replication mechanisms: (i) cellular
DNA replication, which utilizes DNA polymerase, and (ii)
reverse transcriptase-mediated replication during retrotrans-
position. RNA-dependent cDNA synthesis using reverse
transcriptase is an error-prone mechanism, and mutation
rates for this process are typically several orders of magni-
tude higher than those for DNA polymerase-replicated nu-
clear genes (26). Retrotransposon evolution may thus be
governed both by slow accumulation of mutations through
cellular replication and by bursts of substitutions associated
with occasional retrotransposition.

Patterns of magelan Distribution: Direct Vertical Transnms-
sion vs. Interspecies Transfer. Transposable-element distri-
bution patterns appear to be governed by two mechanisms:
(i) direct vertical inheritance through an evolutionary lineage
and (ii) interspecies transfer mechanisms. Vertically trans-
mitted mobile elements behave like conventional nuclear
multigene families; transposons present in a species' genome
are directly inherited from an ancestral species. Interspecies
transfer involves the movement of elements between taxa
and may occur through a sexual mechanism (interspecific
hybridization) or a nonsexual mode (horizontal transfer). The
distribution of Drosophila P and mariner elements as well as
several plant retrotransposons may be explained by either of

these interspecies transfer pathways (4, 5, 27, 28). Most
horizontal transfer events require vector mechanisms to
facilitate transmission. In the case ofP elements, for exam-
ple, the mite Proctolaelaps regalis is believed to have par-
ticipated in the movement of the element from Drosophila
willistoni to D. melanogaster (28). For many systems, how-
ever, it is difficult to determine the precise mechanisms that
permit interspecies transfer to occur (11).
Comparison of the magellan and host Zea phylogenies

suggest that the element distribution pattern within the genus
Zea results from both direct vertical and interspecies transfer
mechanisms. Most magellan subfamilies appear to be verti-
cally inherited within the genus Zea; support for vertical
transmission comes from the correspondence between the
phylogeny of these subfamilies and their host species. How-
ever, several magellan subfamilies within Z. mays ssp. mays,
Z. mays ssp. mexicana, and Z. luxurians have phylogenetic
relationships that are incongruent with the accepted Zea
phylogeny. The retention of ancient magellan subfamilies in
present-day species genomes could account for the anoma-
lous placement of these subfamilies. This appears unlikely,
however, since a number of element establishment and
extinction events within the genus Zea would be required to
explain the magellan phylogeny. A more probable explana-
tion for this phylogenetic incongruence is that magellan
interspecies transfer has occurred within the genus Zea. The
reconstructed phylogeny provides evidence for the occur-
rence of at least two magellan interspecies transfer events: (i)
a retrotransposon subfamily in Z. diploperennis moving into
the genome of a common ancestor of Z. mays ssp. mays and
ssp. mexicana and (ii) a Z. mays ssp. parviglumis and/or ssp.
huehuetenangensis element transferring into the Z. luxurians
lineage.
The movement of magellan between Zea species could

occur through several different mechanisms, including hor-
izontal transfer via insect, viral, or bacterial vectors (11).
Interspecific hybridization, however, may be the primary
mode by which magellan moves between species genomes.
Several independent reasons support hybridization as the
mechanism responsible for magellan interspecies transfer.
All Zea species are interfertile and are capable of producing
viable progeny (29). Moreover, all Zea species are in bio-
geographical contact in Mexico and Central America; differ-
ent species can occasionally be found growing together in this
region (25). Finally, the occurrence oflow-level introgressive
hybridization within this genus is supported by both isozyme
(29) and molecular (22, 30) data.

Interspecies hybridization is considered a major factor in
the evolution of flowering plants (31). Natural hybridization
has several genetic consequences, including introgression of
nuclear and organellar genes into parental species popula-
tions. Our findings suggest that hybridization may also facil-
itate the invasion and establishment of plant transposable
elements in genomes of recipient species. Given the large
number of plant species capable of interspecific hybridiza-
tion, it may be that transposable elements are able to move
more easily between plant species genomes than between
animal genomes. Moreover, since transposition provides
mobile elements with a built-in genetic drive mechanism,
elements could move across hybrid zones more readily than
conventional, nuclear loci.

Retrotransposons as Phylogenetic Markers. The magellan
phylogeny provides information that may assist in addressing
outstanding phylogenetic questions within Zea and
Tripsacum. There has been interest, for example, in discov-
ering the precise origin of T. andersonii. Based on cytoge-
netic and molecular evidence, T. andersonii is believed to be
an intergeneric hybrid between unknown Zea and Tripsacum
progenitors (32, 33). The magellan phylogeny reveals that T.
andersonii elements are closely related to both Z. luxurians

Evolution: Purugganan and Wessler
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and Z. mays subfamilies (Fig. 4). Based on the retrotrans-
poson phylogeny, either Z. luxurians or Z. mays (or both) is
the Zea progenitor of T. andersonii. Interspecies transfer of
magellan is probably responsible for obscuring the precise
ancestral relationship of T. andersonii elements. It is prob-
able that Z. luxurians contributed the Zea genome to T.
andersonii; biogeographical as well as rDNA data also support
a Z. luxurians ancestor (32, 34). The Z. mays-like magellan
elements may thus have hitchhiked into the T. andersonji
genome via a Z. luxurians intermediate.

Transposable-element relationships could also aid system-
atists in determining the origin of domesticated maize. The
chloroplast DNA phylogeny ofZea is ambiguous with regard
to the maize progenitor, although isozyme analysis shows
that Z. mays ssp. parviglumis is genetically closest to ssp.
mays (24, 25). The magellan phylogeny, however, implies
that the teosinte ancestor of maize is Z. mays ssp. mexicana.
Morphological evidence supports Z. mays ssp. mexicana as
the most likely candidate for the ancestor of Z. mays ssp.
mays (33). However, the possibility of interspecies transfer,
lineage sorting effects (35), and differing rates of element-
copy evolution caution against drawing any strong conclu-
sions on Zea evolution on the basis of retrotransposon
phylogenies. In general, the rapid evolution of retrotranspo-
son sequences compared with other nuclear genes may be of
value in molecular systematic investigation at the infrage-
neric level. The presence of multiple elements within species
genomes and the possibility of interspecies transfer of ele-
ments suggest that element sequences should be used in
systematic investigation only in conjunction with other mo-
lecular and classical phylogenetic markers.
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