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SHORT COMMUNICATION 

Transposon signatures: species-specific molecular markers 
that utilize a class of multiple-copy nuclear DNA 
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Abstract 

Transposable elements are mobile sequences found in nuclear genomes and can poten- 
tially serve as molecular markers in various phylogenetic and population genetic 
investigations. A PCR-based method that utilizes restriction site variation of element 
copies within a genome is developed. These patterns of site variation, refemd to as 
transposon signatures, are useful in differentiating between closely related groups. 
Signatare data using the magellan retrotransposon, for example, is useful in examining 
relationships within the genus Zea and Tripsacurn. This method allows transposable 
elements, or even other multiple-copy nuclear DNA sequences, to be generally utilized 
as molecular markers in discriminating between other closely related species and 
subspecies. 
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Introduction 

Transposable elements are a class of genetic loci that are 
capable of movement within nuclear genomes (Berg & 
Howe 1989). These mobile sequences have been isolated 
from a large number of prokaryotic and eukaryotic spe- 
cies (Berg & Howe 1989; Voytas et al. 1992; Robertson 
1993). Molecular geneticists have identified two major 
classes of tranposable elements that differ from each 
other both in their structure and mechanism of transposi- 
tion. Class I elements include the retrotransposoni3, which 
are evolutionarily related to retroviruses and replicate via 
an RNA intermediate. The yeast Ty and Drosophila 
melunoguster copin and gypsy elements are typical class I 
retrotransposons. Class II transposons, on the other hand, 
move via a DNA intermediate and include the maize Ar/ 
Ds and Drosophila P and mminer element families. To- 
gether, membem of these two element classes make up a 
significant portion of edcaryotic genomes (Bingham & 
Zachar 1989); in Drosophih melmroguster, for example, 
transposon sequences may account for 10% of the 
genome. III maize, retrotransposon insertiois are appar- 
ently responsible for approximately onethird of sponta- 
neous mutations (Varagona ct ul. 1992). 
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Transposable elements possess unique properties that 
make them suitable molecular markers for studying rela- 
tionships between closely related species and popula- 
tions. At least one dass of transposable elements, the class 
I retrotransposons, appear to evolve at significantly 
higher rates than conventional nuclear loci (Holland et al. 
1982). Moreover, various methods are currently available 
to routinely isolate element sequences from different spe- 
cies which can then be utilized in genetic studies (Voytas 
et PI. 1992; Flavell et al. 1992; Robertson 1993). However, 
the presence of multiple, often dissimilar, copies of a 
transposon within a species genome makes the use of 
these mobile genes as molecular markers problematic. 
Nevertheless, transposable elements have been used in a 
limited fashion to reveal phylogenetic relationships be- 
tween closely related species (Daniels et af.  1983). The dis- 
tribution patterns and nucleotide sequence-of several ele- 
ments have also been used to infer instances of 
interspecific hybridization between plant taxa (Purug- 
ganan t Wessler 1994; Talbert et al. 1990) and ecological 
association between Drosophilu species and parasitic 
mites (Houck et al. 1991). Insertion sequence hybridiza- 
tion patterns, referred to as IS fingerprints and hand- 
prints, have also been used to type Rhizobiurn strains 
(Kosier et al. 1993). 

In this paper, a rapid method for generating restriction 
site variation data from --amplified transposable ele 
ment sequences is presented. Transposable element PCR- 
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amplified DNAs are isolated with primers that can simul- 
taneously recognize different copies of a particular ele- 
mnt within an organism's genome. The PCR products 
are cut with four- and fivecutter restriction enzymes, and 
the restriction sites within the amplified copies from each 
species are scored as being present, absent or polymor- 
phic. The pattern of restriction sites that are either fixed or 
polymorphic between transposable element copies resid- 
ing within a genome are referred to as the transposon sig- 
nature; these patterns can readily differentiate closely 
related plant species and subspecies. In principle, gener- 
ating these signature patterns utilize the same prinaples 
as PCR-RFLP analysis of singlecopy nuclear DNA 
(scnDNA) (Karl h Avise 1993; Jarmann et al. 1993). 

The mgellan element, a Ty3/gypsy-like retrotrans- 
poson first isolated from maize (Zea m a y s  ssp. mays) ,  was 
used in this study (Purugganan h Wessler 1994). Trans- 
poson signature data using this element was utilized to 
analyse relationships within the genus Zea. This genus 
comprises maize as well as the Mexican and Guatemalan 
teosintes, which are native to Mesoamerica (Doebley et ul. 
1987). Based on several morphological and ecological 
characteristics, systematists have divided the genus into 
two sections, mays and luxuriantes (Doebley 1990). Zea 
mays is the only member of the section mays. This species, 
however, includes several genetically distinct subspecies, 
including Z. m a y s  ssp. mays,  and the Mexican teosintes Z. 
mays ssp. parviglumis and 2. mays ssp. huehuetmngensis. 
The section luxuriantes includes the Guatemalan annual 
teosinte 2. luxurinns and the Mexican perennial teosinte 
Zea dipfoperennis. For over a century, the relationships 
within the genus Zcn were the subject of considerable con- 
troversy, although the intrageneric phylogeny has been 
largely resolved with recent work using both allozyme 
and chloroplast DNA analysis (Doebley et nl. 1987). 

Restriction site polymorphism analysis of a limited re- 
gion of the magdlan mtrotransposon appears sufficient to 
dmnmhte  between even closely related Zen mays sub- 
species. This analysis reveals that transposon signatures 

. .  

are suitable molecular markers for phylogenetic and 
population genetic investigations when few nuclear 
markers are available. This method can easily be ex- 
tended to other tranposable elements found in other spe- 
cies, and may also be generally applicable in designing 
molecular markers from multiple-copy nuclear DNA se- 
quences (mcnDNA). 

Materials and methods 

DNA isolation and PCR analysis 

seed for different Mexican and Guatemalan teosintes 
were a gift from J. Doebley (University of Minnesota). 
Tripsacurn nndersonii genomic DNA were obtained from 
Shawn White (University of Georgia). Zea species and 
Tripsacurn andersonii genomic DNA were isolated from 
leaf tissue using standard protocols (Dellaporta et nl. 
1983). 

PCR-amplified magellan DNA was generated from Zea 
mays ssp. mays,  2. mays ssp. pamiglumis, 2. mays ssp. hue- 
huetenangensis, Z. luxurians and Z .  diploperennis. Magellan 
sequences were also amplified from Tripsacurn andersonii 
(see Results and Discussion). Magellan F'CR primers were 
designed to amplify an - 600-bp sequence at the 5' end of 
the retrotransposon (see Fig. 1A). The 5' primer (MLTRl) 
(5'-TGTCAGGAGACTGACGCAGC-33 recognizes the 
beginning of a 341-bplong terminal repeat (LTR) se- 
quence found at the element's ends. The 3' primer 
(MIlvTI ) (5'-GGGTCGITGCGGTCTACC-33 recog- 
nizes an internal sequence approximately 260 base pairs 
downstream of the element's 5' LTR. PCR reactions con- 
tained 200 ng of genomic DNA and 70 ng of primers were 
added to standard reaction buffer [16.6 m~ NH,SO,, 
67 m~ Tris (pH 8.8), 6.7 rn MgCI, 6.7 p EDTA] with 
0.2 m~ each of dNTP and 2.5 units of Taq polymerase 
(Perkin ElmerCetus). The reactions were cycled 35 times 
at 95 "C for 1 min, 55 "C for 2 min and 72 "C for 2 min, 
followed by a 72 "C incubation for 10 min. 

Fig. 1 (A) Schematic diagram of the mugellun 
retrotransposon. The position of the long. 
terminal repeats (LTRs) are shown in the figure. 
The open triangles depict the direct repeat 
sequences generated upon insertion of an 
element. The relative positions of the FCR 
primers used in this study are indicated by the 
arrows. The results of F'CR-FWLP analysis of 
m g e h  PCR-amplified DNA using (B) HincII 
and (C) 4 x 1  are shown. The spede~/subspecie~ 
KX-amplified DNA shown in the gels are as 
follows: lane 1, Zm mays ssp. mays; lane 2, Zen 
mnys ssp. pmglumis; lane 3, zta mnys ssp. 
huehuetungmsis; lane 4, Zea diploperennis; lane 5, 
Zea lururiuns; lane 6, Tripsacurn andersonii. 



TRANSPOSON SIGNATURES AS MOLECULAR MARKERS 267 

Restriction site variation analysis 

For each species, PCR-amplified DNA generated in sev- 
eral independent reactions were pooled. The PCR-ampli- 
fied DNA was precipitated using ethanol and the DNA 
resuspended to give a final DNA concentration of 
0.5-1.0 pg/pL. Onehalf to one microgram of DNA was 
cut separately with each of the following restriction en- 
zymes: RsaI, MboI, HincII, HmIII, Chi, AluI, HinfI, EcoRII, 
HpII and EglI. The cut DNA was run in a 3% Nusieve/ 
1 % regular agarose gel (FMC Bioproducts) and visualized 
using ethidium bromide staining. 

Restriction maps were constructed for the PCR-ampli- 
fied mugellan terminal sequence from each taxa. PAW was 
used to infer the relationships between taxa (Swofford 
1993). Sites were scored as being present, absent or p l y -  
morphic. Restriction site characters were treated as or- 
dered, with polymorphic sites intermediate between site 
gain or loss. 

Results and Discussion 

PCR amplification generates an expected W b p  magellan 
sequence from all members of the genus z8a examined. 

Zea mays ssp. mays 

Zea mays ssp. parviglumis 

Zea mays ssp. huehuetenangemis 

Zea diploperennis 

Zca IuxWWnr 

Tnpsacwn mrdcrsonii 

H3 H3A1 H: 

This 6OO-bp region contains the magellan 5' long terminal 
repeat (LTR) as well as about 260 bp of internal magellan 
sequence. The PCR-amplified band should contain copies 
from different magellan family members residing within a 
genome. Based on Southern blot analysis, mugellan is a 
low-copy number retrotransposon that is present in 4-10 
copies within the genomes of members of the genus Zeu 
(M. D. Purugganan and S. R. Wessler, unpublished data). 

Ten different restriction enzymes (nine four-cutter and 
one five cutter enzyme) were used to analyse the PCR- 
amplified DNA from the different Zaa species and sub- 
species. Seven restriction enzymes recognized at least one 
site in the entire analysis (see Figs 1B-C and 2). Within 
this 600-bp region, a total of 16 sites were recognized. This 
restriction site polymorphism analysis surveyed 11 % of 
the bases in the PCR-amplified magellan sequence. 

Within a species genome, several restriction sites may 
be present within some magellan copies while absent in 
other copies. These intragenomic restriction site polymor- 
phism that appear in the analysis result from the ampli- 
fication of divergent copies of an element family within a 
genome (see Fig. 1B-C). The level of molecuIar diversity 
between magellan copies within a genome are substantial 
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Fig. 2 Restriction maps of PCR-amplified m g d h  DNA from different Za and Tripsucum species/subspecies. The stars indicate restriction 
sites thatare polymorpNcbetween magellancopies within a species/subspecies genome. Thesitesdepicted are: AY, AuI; BY, BglI C1, CfoI; 
E2, EmRII; H2, HpII; H3, HncIII; HcZ, HincII; Hfl, Hinfl. 
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in ail species tested; the proportion of intragenomic poly- 
morphic sites within species genomes range from 
0.20-0.50. These high levels of intragenomic polymor- 
phism are confirmed by sequence analysis of mugellan 
copies within Zca genomes (Purugganan h Wessler 
19941, and am due to the presence of different mugellan 
subfamilies within a genome, and the introduction of 
new element copies from other species via hybridization. 
The high retrohansposon intercopy sequence divergence 
is also promoted by the reverse transcriptasemediated 
retrotramposition process, which is error-prone and re- 
sults in mutation rates as much as 10’ times the rate for 
conventional genes (Holland et al. 1982). 

The restriction site analysis allows us to construct mul- 
tiple-copy restriction maps (transposon signatures) for 
each species using mugellan 5’ terminal sequences (see 
Fig. 2). These hransposon signatures are species-specific, 
and even d h n t  subspecies within Zea mays display 
distinctive patterns of restriction site variation. These 
transposon patterns are capable of discriminating even 
between groups that appear to have diverged only in the 

and ssp. huehrcetmangmsis). 
These transposon signatures can accurately recon- 

struct the relationships between the different species (see 
Fig. 3). The phylogenetic tree, which was inferred using 
parsimony analysis, amecdy places all Zea mays subspe 
cies in one monophyletic group, separate from the two 
Zen species within section luxuriantes. The inferred tree is 
concardant with the phylogeny of the genus as inferred 
from chloropkt DNA restriction site polymorphism 
data CDOebley et d. 1987). 

The mgdlan signature also establishes the relation- 
ship between Tripsacurn andmonii and members of the 
genus Zen. Tripsllcurn nndersonii is a perennial rhizoma- 
tous grass found in mesic woodlands in Central and 
South America (Larson & Doebley 1994). Based primarily 
on evidence h m  cytological studies and transposable el- 
ement distribution patterns, this species is believed to be 
an intergeneric hybrid between an unknown Za and 

past 10 ooo years (2. nrays ssp. mnys vs. ssp. prviglurnis 

&?a may8 up. ma38 

Zca maya up.parviglumis 

Zta up. Luehuetenangenei. 
zeadiplopcnnnir 

2 Zea Luxrrr iam 
0 E Triprcrcum ondcnonii 

Fig. 3 Phylogeny of study species using transposon signature 
data from mngrfkur. The tree is a !jO% majcuity rule consensus of 
most-palsfmonlous trees Lnfrmd under maximum parsimony. 
Numbers above the branches h d i i t e  number of changes along 
the branch. The bee length is 15, with a consistency index of 0.73. 

Tripsacurn progenitor CTalbert et nl. 1990). Mugellan is ab- 
sent in all Tripsacurn species analysed except T. undmonii. 
Based on detailed analysis of mugdlun sequence data, it 
has been proposed that Z. luxurians may be the Za pro- 
genitor of 7’. nndersonii (Purugganan & Wessler 1994). 
This is substantiated by the magellan signature data, 
which shows a very close relationship between Z. 
luxurians and T. nndersunii. Recently, chloroplast DNA 
data has provided additional evidence that confirms 2. 
luxuriuns as the maternal progenitor of T. andersonii 
(Larson t Doebley 1994). 

This data demonstrates the utility of a PCR-based 
method to determine patterns of restriction site variation 
between transposable element copies within a genome. 
Substantial sequence diversity appears to occur between 
element copies within and between species, and allows 
these mobile sequences to be utilized as molecular mark- 
ers. Transposable element proliferation via transposition, 
duplication and even interspecific transfer, provides a 
potentially large pool of useful polymorphic nuclear loci 
for phylogenetic studies. Since current methods allow in- 
vestigators to readily acquire new element sequences 
from any species under study (Voytas et nl. 1992; Robert- 
son 19931, transposon signature analysis can be easily ap- 
plied to the investigation of other species. 

The transposon signatures provide a rapid assay of 
levels of element polymorphism within a species 
genome, and a method to discriminate between even 
closely related plant subspecies. The patterns of restric- 
tion site variation can be used to infer intrageneric 
phylogenies, and even intraspecific, rela tionships. This 
method is also more rapid than techniques based on 
genomic hybridization patterns, such as insertion se- 
quence (IS) fingerprinting and handprinting (Kosier e l  al. 
1993). Moreover, unlike fingerprinting, transposon signa- 
ture analysis should remain useful even when the trans- 
posable elements utilized transpose frequently. Indeed, 
for transposon signatures to be useful in distinguishing 
closely related groups, the elements should be sufficiently 
active in establishing divergent family members that are 
population- or speciesspcific. 

It must be noted that not all members of a transposable 
element family within a species genome may beampli- 
fied in the PCR reaction. Variation in primer site sequence 
may result in biasing the amplification towards particular 
family members. Using low annealing temperatures as 
well as pooling separate reactions may circumvent much 
of this problem Moreover, the use of more accurate 
thermostable polymerases, such as P f i  and Vent 
polymerases, may reduce enzyme-induced variation in 
the amplified products. 

The use of these polymorphic transposable element 
sequences may be particularly useful for plant molecular 
phylogenetic and population genetic studies. Among 
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plant systems, few polymorphic nuclear markers have 
been identified that are useful in differentiating closely 
related taxa (Soltis et d. 1992). This technique may also be 
extended to restriction site mapping of multiple copy nu- 
clear DNA sequences (mcnDNA). Gene duplications via 
polyploidization and interspecific hybridization are 
prevalent among plant species, and many plant genes are 
present in multiple copies within nuclear genomes. The 
problem of isolating orthologous loci for analysis has 
generally made it difficult to use nuclear plant genes in 
evolutionary and ecological studies. This method, how- 
ever, potentially allows investigators to use rapidly 
evolving small multigene families in the nuclear genome 
as molecular markers. 
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