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ABSTRACT
The Louisiana iris species Iris brevicaulis and I. fulva are morphologically and karyotypically distinct

yet frequently hybridize in nature. A group of high-copy-number TY3/gypsy-like retrotransposons was
characterized from these species and used to develop molecular markers that take advantage of the
abundance and distribution of these elements in the large iris genome. The copy number of these IRRE
elements (for iris retroe lement), is �1 � 105, accounting for �6–10% of the �10,000-Mb haploid Louisiana
iris genome. IRRE elements are transcriptionally active in I. brevicaulis and I. fulva and their F1 and
backcross hybrids. The LTRs of the elements are more variable than the coding domains and can be used
to define several distinct IRRE subfamilies. Transposon display or S-SAP markers specific to two of these
subfamilies have been developed and are highly polymorphic among wild-collected individuals of each
species. As IRRE elements are present in each of 11 iris species tested, the marker system has the potential
to provide valuable comparative data on the dynamics of retrotransposition in large plant genomes.

THE majority of chromosomal DNA in plants with through an RNA intermediate so that a single genomic
large genomes is repetitive and is likely composed copy can potentially be the source of numerous new

of various classes of mobile elements (Flavell et al. insertions (Kumar and Bennetzen 1999).
1974; Joseph et al. 1990; Kidwell 2002). Although many Plant retrotransposons have been shown to be acti-
classes of elements contribute significantly to overall vated by several forms of stress to the host plant, includ-
genome size (e.g., Leeton and Smyth 1993), recent ing wounding, tissue culture, pathogen attack, and chem-
results from the grasses suggest that LTR retrotranspo- ical treatment (Grandbastien 1998; Feschotte et al.
sons compose the largest fraction of genomic DNA (San- 2002). Wide crosses may also be a source of genomic
Miguel et al. 1996; SanMiguel and Bennetzen 1998; stress leading to the activation of elements (McClin-
SanMiguel et al. 1998; Bennetzen 2002). In grasses tock 1984). Homoploid interspecific hybridization has
with relatively large genomes such as maize and barley, been shown to activate LTR retrotransposons in wal-
�60% of the genome is composed of LTR retrotranspo- labies (Waugh O’Neil et al. 1998) and in Drosophila
sons (SanMiguel and Bennetzen 1998; Vicient et al. (Labrador et al. 1999). However, element activation
1999; Meyers et al. 2001), while in the smaller rice was not detected in other homoploid interspecific
genome the proportion is 30–35% (N. Jiang, unpub- crosses (e.g., Roemer et al. 1999; Robinson et al. 2000).
lished data). The Louisiana iris species complex has a long history

LTR retrotransposons are class I mobile elements re- as a model system for studying the evolutionary implica-
lated to infectious retroviruses (Malik et al. 2000). tions of natural hybridization (e.g., Riley 1938; Ander-
There are two major types of LTR retrotransposons, son 1949; Arnold 1997, 2000). The complex consists
Ty1/copia-like (Pseudoviridae) and Ty3/gypsy-like (Met- of four species, Iris brevicaulis, I. fulva, I. hexagona, and
aviridae; Hull 1999; Pringle 1999), which are catego- the rare hybrid species I. nelsonii (Randolph 1966;
rized by the order of genes within the pol polyprotein Arnold 1993). Hybrids involving the first three taxa
(Kumar and Bennetzen 1999). Members of both types are common in southeastern Louisiana, especially in
are ubiquitous in plant genomes (Flavell et al. 1992; areas of recent habitat disturbance (Randolph et al.
Levin 2002). Unlike class II, or DNA elements, which 1967). The work described here is focused on I. brevi-
excise from a chromosomal location and insert else- caulis and I. fulva, which are morphologically and karyo-
where in the genome, class I elements transpose typically distinct (Randolph et al. 1961), but can pro-

duce vigorous hybrids with high fitness (Burke et al.
1998).

Sequence data from this article have been deposited with the EMBL/ The goal of this study was to characterize LTR retro-
GenBank Data Libraries under accession nos. AY245285–AY245375. transposons from the large iris genome to take advan-
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treated template RNA for cDNA synthesis (negative controls)for hybridization and speciation research. Two families
was used as a template.of related Ty3/gypsy-like LTR retrotransposons were

Transposon display: Total genomic DNA (�500 ng) was
characterized using PCR and genomic library screens. digested overnight at 37� with an excess (50 units) of EcoRI.
These IRRE elements (for ir is retroe lement) account Standard EcoRI amplified fragment length polymorphism

adapters (Vos et al. 1995) were ligated overnight at 25� usingfor 6–10% of the �9650-Mb iris genome and are tran-
5 units of T4 DNA ligase and the buffer supplied by thescriptionally active in I. brevicaulis, I. fulva, and their F1
manufacturer (Invitrogen). Nested element-specific primersand backcross hybrids. IRRE elements were detected in
were used in the preamplification and selective amplification

each of 11 iris species tested, but not in several related reactions with the selective primers closer than the preampli-
genera. Transposon display or S-SAP primers specific to fication primers to the element ends.

Preamplification reactions contained 10 pmol of primerstwo subfamilies of IRRE elements were used to generate
homologous to the adapters plus two selective bases (Vos etlarge numbers of markers in I. brevicaulis and I. fulva,
al. 1995) and 10 pmol of primer homologous to the LTR endand the technique can be adapted for use in other iris
of either IRRE1-A1 (CCAAACCAAACCAAGCCACACTAA

species as well. ACC) or IRRE1-C (ACAGGAACACRTTCCAATTACGT). Re-
actions were performed in 30 �l containing 3 �l of 2:1 diluted
restriction/ligation reaction, 1.5 units AmpliTaq DNA poly-
merase (Perkin Elmer/Applied Biosystems), 0.2 mm eachMATERIALS AND METHODS
dNTP, 2.5 mm MgCl2, and the buffer supplied with the enzyme.
The cycling conditions were 72� for 2 min, 94� for 3 min,Materials: All material from Louisiana iris species (I. brevi-
followed by 30 cycles of 94� for 30 sec, 56� for 30 sec (IRRE1-caulis, I. fulva, I hexagona, and I. nelsonii) was obtained from
A1) or 51� for 30 sec (IRRE1-C), 72� for 1 min, and a finalwild-collected plants maintained at the University of Georgia
elongation of 72� for 3 min.Plant Biology Department greenhouses. Other species were

Selective amplifications were performed in 10 �l containingcollected from natural populations in Georgia (I. cristata, I.
1 �l of the 10:1 diluted preamplification reaction, 5 pmol ofverna, and Sisyrinchium sp.) and California (I. bracteata, I. cryso-
adapter primer plus four selective bases, 3 pmol 33P-labeledphylla, I. douglasiana, I. missouriensis, and I. longipetala) or were
IRRE1-A1 primer (CGTATAAAATACGTACACAAGAG) orobtained from plants cultivated in the University of Georgia
IRRE1-C primer (TCCAATTACGTATAAAATACG), 1.5 unitsPlant Biology Department greenhouses (Acidanthera bicolor
AmpliTaq DNA polymerase (Perkin Elmer/Applied Biosys-and Neomarica longifolia). Seed of the genome size standard
tems), 0.2 mm each dNTP, 2.5 mm MgCl2, and the bufferAllium cepa cv. Ailsa Craig was provided by Michael Bennett
supplied with the enzyme. The cycling conditions were 94�(Royal Botanical Garden Kew).
for 3 min, followed by 30 cycles of 94� for 30 sec, 56� for 50Nucleic acid extraction: DNA was extracted using the CTAB
sec (IRRE1-A1) or 51� for 30 sec (IRRE1-C), 72� for 1 min,procedure of Doyle and Doyle (1987) as modified by Soltis
and a final elongation of 72� for 3 min. The amplificationet al. (1991) followed by treatment with RNase A. Total RNA
products were run on polyacrylamide sequencing gels andwas prepared from leaf or root tissue using the RNeasy plant
visualized by autoradiography.RNA extraction kit (QIAGEN, Valencia, CA) and poly(A)�

DNA sequencing and analysis: DNA clones from the plasmidRNA was purified from �600 �g of leaf RNA using an Oligotex
library screens were sequenced by the Molecular GeneticsmRNA purification kit (QIAGEN). First-strand cDNA was ob-
Instrumentation Facility at the University of Georgia. �-clonestained using the Superscript cDNA synthesis kit (Invitrogen,
and cloned PCR products were sequenced using the Big DyeCarlsbad, CA).
terminator sequencing kit (Perkin Elmer/Applied Biosys-Cloning procedures: Repetitive elements from I. fulva and tems) on an ABI 377 automated DNA sequencer (Perkin El-I. brevicaulis were isolated by constructing small insert (�200– mer/Applied Biosystems). A primer walking strategy was em-900 bp) genomic libraries for each species in the plasmid ployed to sequence the �-clones and universal sequencingvector pBlueScript II (Stratagene, La Jolla, CA) following par- primers were used to sequence the cloned PCR products. DNA

tial digestion of genomic DNA with Sau3AI. Libraries were and amino acid sequences were aligned with the ClustalW
probed with sheared �-32P-labeled total genomic DNA (ran- Service at the European Bioinformatics Institute (http://www2.
dom primers labeling kit, Invitrogen) from either I. fulva or ebi.ac.uk/clustalw) using the default parameters, and Gene-
I. brevicaulis. Plasmid clones showing homology to retro- Doc (http://www.psc.edu/biomed/genedoc) was used to man-
transposons in database searches were used to probe phage ually edit and box-shade the alignments. Neighbor-joining
libraries constructed by cloning �5- to 10-kb Sau3AI genomic trees were constructed using MEGA 2.1 (http://www.mega
fragments into the �ZAP express phage vector (Stratagene). software.net/), and the sliding window analysis was carried
PCR products were cloned using the TOPO TA cloning kit out using DnaSp (Rozas and Rozas 1999).
(Invitrogen). Flow cytometry: Nuclear DNA content was measured by flow

Polymerase chain reaction: Retrotransposon fragments con- cytometry according to Galbraith et al. (1997). Following
taining the 3� end of the integrase domain and the 5� end of the recommendations of Johnston et al. (1999), nuclei were
the 3� LTR were amplified using the primer pair LTRSC prepared simultaneously with those of the plant genome size
REENF (CACAYTTGTTYGACTCGTRAGG)/LTRSCREENR standard A. cepa cv. Ailsa Craig and stained with propidium
(TYRTGCAAGATGTACTTGCC). PCR amplifications were iodide. Peak fluorescence was measured with a FACSCalibur
performed on 50–200 ng of genomic DNA in 30-�l reaction flow cytometer (BD Biosciences, San Jose, CA) using an excita-
volumes containing 1.5 units of Amplitaq DNA polymerase tion wavelength of 488 nm. Cellquest v.3.2.1 (BD Biosciences)
(Perkin Elmer/Applied Biosystems, Foster City, CA), 0.2 mm was used to analyze the peaks and Flowjo 3.5.4 (Tree Star,
each dNTP, 1.5 mm MgCl2, and the buffer supplied with the San Carlos, CA) was used to generate histograms. Nuclear
enzyme. Cycling conditions were 94� for 3 min, followed by DNA content was calculated from the peak means according
32 cycles of 94� for 45 sec, 52� for 45 sec, 72� for 1 min, and to the formula in Galbraith et al. (1997) using 2C 	 33.55
ending with 72� for 6 min. Reverse transcriptase (RT)-PCR pg as the value for the genome size standard ( Johnston et
was performed using the same primers and cycling conditions al. 1999). All analyses were performed in the CTEGD flow

cytometry facility at the University of Georgia.except that 1 �l of first-strand cDNA or 1 �l of the DNase-
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Figure 1.—Reconstructed IRRE element based on a series of overlapping �-clones. LTR are depicted as 3.2 kb in length on
the basis of the length of the alignment between the LTRs of FR3-6 (2786 bp) and BR8-7 (3003 bp). The actual range in size
of these repeats among IRRE subfamilies is unknown. The sequence of the putative primer binding site (PBS) and its homology
to the isoleucine tRNA of Lupinus luteus (X06459) is presented at the top of the figure, as are the sequences of the polypurine
tract (PPT) and LTR ends (in capital letters). The relative positions of the plasmid copy-number probes (BR-5 and FR3) and
the LTRSCREEN PCR products used to define IRRE subfamilies are also depicted. Pol, polyprotein; PR, protease; RT, reverse
transcriptase; RH, RNAse H; INT, integrase; CR, chromodomain.

Copy-number determination: Two methods, dot blot hybrid- number of copies per genomic dot by the number of genomes
per dot. As regressions of DNA quantity vs. hybridization signalizations and a genomic library screen were used to determine

the copy number of the retrotransposon internal domains were nearly perfectly linear (R 2 � 0.99, data not shown) for
each series of dots, the copy numbers reported are the averageand LTRs. Two probes labeled with �-32P by random priming

(Invitrogen) were used. The internal domain probe was FR-3, copy number calculated from all dots of a given species.
Copy number estimates were obtained for FR-3 and BR-5a 761-bp plasmid clone containing the end of the integrase

core domain and the downstream sequence (chromodomain) by screening the I. brevicaulis primary �-phage library (average
insert size of �6900 bp) and counting the number of positiveending �100 bp before the start of the 3� LTR. The LTR

probe was BR-5, a 542-bp plasmid clone containing an LTR plaques. Replicate filters were made so that the fraction of
the library screened was identical for both probes. A total offragment ending 10 bp before the 3� end of the LTR (Figure 1).

Serial dilutions of FR-3 or BR-5 and genomic DNA from I. 3192 plaques containing �22 Mb were screened and copy
numbers were calculated by dividing the number of positivebrevicaulis, I. fulva, I. hexagona, and I. nelsonii were spotted

onto GeneScreen hybridization membranes (New England plaques by the proportion of the genome screened (�0.11%).
Gel blot analysis: DNA gel blot analysis was performed usingNuclear, Boston) using a dot blot apparatus (GIBCO BRL,

Gaithersburg, MD). Two replicate dots containing 1, 10, 25, GeneScreen hybridization transfer membranes (New England
Nuclear) following the manufacturer’s “salt transfer protocol”50, and 100 ng of genomic DNA were made for each species

(for a total of 10 dots per species). Internal domain and LTR for transferring DNA to the membrane and the “aqueous
hybridization buffer for DNA” protocol for prehybridiza-spots were also replicated twice and contained 0.01, 0.05,

0.125, 0.25, and 0.5 ng of either FR-3 or BR-5. The total amount tion and hybridization. Following overnight hybridization at
65� the membranes were washed twice with 2� SSC and 1%of DNA in each spot was adjusted to 100 ng with salmon

sperm DNA, and the DNA was bound to the membrane using SDS at 60� for 15 min before a final 15-min wash at 25� with
ultraviolet light. DNAs were quantified by fluorimetry (Hoefer 0.1� SSC.
Scientific, San Francisco), adjusted to the same concentration, RNA gel blot analysis was performed as described by Seeley
and then checked on agarose gels stained with ethidium bro- et al. (1992) using �5 �g of poly(A)� RNA isolated from I.
mide before the final dilutions were made. Two identical blots brevicaulis leaf tissue. The blot was subjected to a final wash
were probed with either FR-3 or BR-5 before a final wash of in 5 mm Tris-HCl pH 8.0 and 0.1% SDS at 65� for 15 min.
0.1� SSC and 0.1% SDS at 65� for 15 min. Hybridization
signals from each dot were quantified with a STORM phos-
phoimager (Molecular Dynamics, Piscataway, NJ) and the av-

RESULTSerage number of counts per copy in the FR-3 and BR-5 dots
was used to calculate the total number of copies present in Isolation and characterization of iris LTR retrotrans-
each genomic dot. The genome size measurements obtained posons: The cloning strategy for isolating iris retrotrans-by flow cytometry for each species were then used to calculate

posons was based on the expectation that the highestthe number of genomes per dot, and the number of copies
of each probe per genome was determined by dividing the copy-number repeats should be LTR retrotransposons.
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High copy repetitive sequences were isolated from small- clearly differentiated by amino acid substitutions in the
additional protein core domains presented in Figure 2.insert I. brevicaulis (IB) and I. fulva (IF) genomic librar-

While retrotransposon proteins are well conservedies by probing with sheared total DNA from the genome
and easily recognizable, LTR sequences are highly vari-used to construct the library. Sixteen IB clones and 12
able in length and in primary sequence and generallyIF clones were recovered and 7 randomly chosen clones
cannot be identified for uncharacterized elements usingfrom each species were confirmed to be repetitive by
database searches. Instead, LTRs must be defined asDNA gel blot hybridization (data not shown) before
direct repeats flanking the coding region of an element.all 28 clones were fully sequenced. BLASTX searches
Attempts to define the IRRE LTRs using this strategyrevealed that 10 of the 28 clones share sequence similar-
were complicated by the length of the LTRs relative toity with the coding regions of LTR retrotransposons in
the average insert size of the libraries from which thethe public databases.
clones were derived (�-phage library average insert sizes:To obtain the LTR sequence information necessary
I. fulva, �6200 bp; I. brevicaulis, �6900 bp), so a com-for the development of the primers for transposon dis-
plete IRRE sequence was reconstructed from a series ofplay (see below), �-phage libraries were constructed and
overlapping �-clones representing paralogous copies ofprobed. Two clones, FR3 (fulva repeat 3) and BR8 (brevi-
the element (Figure 1). Variable, but identifiable directcaulis repeat 8), were chosen to probe I. fulva and I.
repeats of �2.8–3.0 kb flanking the coding region ofbrevicaulis �-phage libraries, respectively, on the basis of
several clones were identified as likely LTRs. The LTRstheir high level of amino acid similarity to Ty3/Gypsy-like
end in the typical 5� TG preceded by a polypurine tractelements in the databases. FR3 is a 761-bp integrase/
(PPT) and in a 3� CA followed by a primer binding sitechromodomain fragment and BR8 is a 426-bp RNaseH
(PBS). The putative PBS is most similar to the cyto-fragment. Both probes hybridized strongly with �5%
plasmic isoleucine tRNA from L. luteus (Figure 1; Bar-of the plaques screened. Six I. fulva clones hybridizing
ciszewska et al. 1988), which is unusual, as the PBS ofto the FR3 probe (�FR3s) and eight I. brevicaulis clones
most (but not all) plant retrotransposons is derived fromhybridizing to the BR8 probe (�BR8s) were chosen for
a methionine tRNA (Kumar and Bennetzen 1999).DNA sequencing. Three of the �FR3 clones and four
LTRs typically end in short inverted repeats, and theof the �BR8 clones were fully sequenced and the rest
putative IRRE LTRs end in the 6-bp inverted repeatof the clones were partially sequenced from each end.
5�-TGTCAC/GTGACA-3�. For additional confirmationThe sequencing of a clone was abandoned when it be-
that the LTR ends had been properly defined, the se-came clear that it did not contain fragments useful for
quences flanking the putative LTR ends were compareddefining the LTR ends (our primary objective) or, in a
among all of the clones containing these sequences (13

few cases, when regions that were difficult to sequence
clones, both plasmid and �). In all cases, the sequence

were encountered. similarity between the clones either dropped off abruptly
The sequence of the larger fragments contained in at the end of the LTRs (representing the flanking geno-

the �-clones revealed that both of the probes were frag- mic DNA) or continued into the coding regions (either
ments of elements belonging to closely related Ty3/ the gag or the integrase) of the element, as expected
Gypsy-like retrotransposons. The elements were named (data not shown).
IRRE, using the naming scheme that has been applied The iris genome contains diverse subfamilies of IRRE
to rice (RIRE; Nakajima et al. 1996), barley (BARE; elements: Alignment of the LTR sequences from the
Manninen and Schulman 1993), oat (OARE; Kimura �-clones clearly indicated that the IRRE1 and IRRE2
et al. 2001), and other LTR retrotransposons. The ele- families can be divided into subfamilies of elements
ments contain genes arranged in the order typical of sharing diagnostic nucleotide residues at many posi-
Ty3/Gypsy-like elements (Kumar and Bennetzen 1999) tions. To further define these subfamilies and to derive
and contain a putative chromatin binding domain the LTR-end consensus sequences necessary for the de-
(Malik and Eickbush 1999) downstream of the integ- sign of transposon display primers, the PCR primer pair
rase gene (Figure 2). Consistent with this observation, LTRSCREENF/LTRSCREENR was used to amplify
IRRE elements group with other plant chromodomain- IRRE fragments consisting of the noncoding region
containing LTR retrotransposons in a neighbor-joining after the stop codon of the pol domain and the first
tree based on an amino acid alignment of the RT do- �280 bp of the 3� LTR (Figure 1). These primers are
main (Figure 3). The phylogenetic analysis also revealed degenerate and were designed to amplify as many IRRE
two well-supported groups of iris elements (�90% of variants as possible given the available sequence infor-
bootstrap replications) that were named IRRE1 and mation. A total of 34 of these PCR products were cloned
IRRE2 (Figure 3). Following the recommendation of from genomes of I. brevicaulis and I. fulva and se-
Bowen and McDonald (1999), these two groups of quenced, revealing remarkable LTR diversity among
elements are referred to as distinct “families” because IRRE elements. The relationships among IRRE subfami-
they display �10% divergence in the amino acid se- lies as defined by these LTR sequences is presented in

the neighbor-joining tree of Figure 4. While the adja-quence of their RT domains. The two families are also
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mic PCR products was performed to search for con-
served and, therefore, possible functional domains
within the IRRE LTR sequences (Figure 5). Two highly
conserved regions were detected, one of them corre-
sponding to the putative PPT/LTR end and the other
located �150 bp downstream in the alignment. This
second conserved region corresponds to the putative
promoter sequences independently identified by the
promoter prediction software.

Louisiana iris genome size: Because an estimation
of total genome size is required to calculate the copy
number of IRRE elements, flow cytometry was used to
measure the C values of each of the four hybridizing
Louisiana iris species (Figure 6). The values measured
for each species (I. brevicaulis, 2C 	 19.75 pg; I. fulva,
2C 	 19.57 pg; I. hexagona, 2C 	 19.59 pg; I. nelsonii,
2C 	 20.04 pg) are comparable to the available data
for other Iris species (iris median is 19.05 pg; Bennett
et al. 1998). All of the Louisiana iris species appear to
have similarly sized genomes, but valid comparisons at
the species level are not possible because only a single
individual of each was measured. The size of these ge-
nomes is large relative to other angiosperms, as I. fulva
has a larger genome than �81% of the �3400 species

Figure 3.—Phylogenetic relationships of Louisiana iris ret- that have been measured (Bennett et al. 1998).
rotransposons to other Ty3/gypsy-like retrotransposons. The Copy-number estimation of IRRE elements: Two meth-
tree is based on an amino acid alignment of the reverse tran- ods were used to determine the genomic copy number
scriptase domain using the neighbor-joining algorithm and

of IRRE elements, dot blot hybridizations and a genomicwas rooted using a copia-like element from A. thaliana (AAG-
library screen. Estimates were obtained for each of the51258). Branches receiving 
50% support in 1000 bootstrap

replications are not shown. Plant “Class A” and “Class B” four hybridizing Louisiana iris species using dot blots
groups after Marin and Llorens (2000) correspond to pre- and independently estimated for I. brevicaulis by screen-
viously described clades of Ty3/gypsy-like elements. The scale ing the primary phage library used to isolate the IRRE
bar depicts Poisson-corrected distances. Elements and the or-

clones (the I. fulva library was amplified and was there-ganisms from which they were isolated are: del1, L. henryi
fore inappropriate for copy-number determination).(X13886); dea1, A. comosas (Y12432); RIRE3, O. sativa (AB-

014738); Legolas, A. thaliana (AC007730.1); Skippy, Fusarium The results obtained for both methods are presented
oxysporum (AAA88791); Sushi, Fugu rubripes (AAC335260); in Table 1 and indicate that between 6.5 � 104 and 1 �
Cer1, Caenorhabditis elegans (AAA50456); TY3, Saccharomyces cer- 105 copies of IRRE elements are present per haploid
evisiae (S69842); Cinful, Zea mays (T14595); RetroSor1, Sorghum

genome. Assuming an average element size of 11 kb,bicolor (AAD19359); Yoyo, Ceratitis capitata (AAC28743); Gypsy,
IRRE sequences are estimated to account for �6–10%Drosophila melanogaster (GNFFG1); and Woot, Tribolium casta-

neum (AAC47271). of the Louisiana iris genome.
Estimation of the number of solo LTRs: Recombina-

tion between the LTRs of a retrotransposon can result
cent internal domain is relatively conserved among all in the loss of internal sequences, leaving behind a solo
of the sequenced PCR products, the LTR sequences LTR. The ratio of intact elements to solo LTRs for the
contain numerous insertion/deletion polymorphisms barley retrotransposon BARE-1 has been shown to be
of �3–30 bp that are most often shared by several se- highly variable among barley species, with the excess of
quences. The overall size of the region corresponding LTR sequences reported to be 7- to 42-fold greater than
to these PCR products among 59 genomic and cDNA the expected two-to-one ratio (Vicient et al. 1999). In
sequences (see below) varies from 382 to 498 bp. an effort to determine the ratio of intact IRRE elements

Retrotransposons are transcribed from promoter ele- to solo LTRs in the Louisiana iris, the copy number of
ments typically located in the 5� end of the LTR. To both an internal and an LTR probe were calculated
identify potential IRRE promoter sequences, each PCR (Table 1). However, in all cases, fewer LTR sequences
product was analyzed with eukaryotic promoter predic- than the expected minimum ratio of two to one were
tion software (http://www.fruitfly.org/seq_tools/promoter. detected on the basis of the calculated number of inter-
html). A region of the LTR was consistently identified nal regions (Table 1). This result is most likely due to
as a likely (score �0.90) TATA box and transcriptional the rapid divergence of the noncoding LTR sequences
start site. To confirm this result, a sliding window analy- relative to the more highly conserved element coding

domains as the LTR sequences of the �-clones differ bysis of nucleotide diversity across the alignment of geno-
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Figure 4.—Neighbor-joining
tree of IRRE LTR ends and adjacent
internal region. The tree is based
on the alignment of RT-PCR and
genomic PCR products from the
primer pair LTRSCREENF/LTRC
REENR and of �-clones containing
the same region, which includes
�200 bp of the internal domain
downstream of the pol stop codon
and the first �280 bp of the 3� LTR.
RT-PCR products are boxed and
arrows indicate the �-clones. Num-
bers on the branches represent the
percentage of bootstrap support
calculated from 1000 replicates,
with values 
50% not shown. The
tree is rooted with the IRRE2 ele-
ment �BR8-1. The scale bar depicts
distances on the basis of the Kimura
two-parameter substitution model.
Bars and letters (A, A1, B, and C) to
the right of the tree indicate IRRE1
subfamily designations.

as much as 30% in the probe region and the hybridiza- of the IRRE LTR corresponding to the probe evolves
at a faster rate than the element coding regions.tion wash conditions were stringent. If the LTRs evolve

faster than the internal domains, then the LTR probe IRRE elements are transcriptionally active: To test for
the possible transcriptional activity of IRRE elements, anwould hybridize to fewer IRRE subfamilies than the

internal probe would, resulting in an underestimate of I. fulva � I. brevicaulis interspecific mapping population
was assayed using RT-PCR. The parents (i.e., “pure” I.the number of LTRs. To test for this possibility, compari-

sons of nucleotide similarity for the region homologous brevicaulis and I. fulva), several F1 plants, and five back
crosses to each parent were assayed for IRRE transcriptsto the LTR probe (BR5) and for the element protein

core domains were made among all pairs of �-clones using the LTRSCREEENF/LTRSCREENR primer pair.
Transcripts were present in all of the genotypes testedcontaining the appropriate sequences. In these compar-

isons, the nucleotide sequence of the region homolo- (Figure 7). Contamination by genomic DNA was ruled
by negative controls, which used the DNase-treated RNAgous to the LTR probe is significantly more divergent

among element copies than are the coding regions (ran- as the amplification template. For I. brevicaulis, tran-
scripts were also detected on Northern blots (data notdomization test, P 
 0.001), suggesting that the region
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Figure 5.—Nucleotide diversity across an alignment of 34
LTR sequences and adjacent noncoding internal domain. Slid-
ing window analysis of genomic LTRSCREEN products show
regions of low diversity corresponding to the PPT/LTR start
(PPT) and to the predicted promoter sequence (TATA). A
25-bp window length and step size of 12 bp was used with the
pairwise gap deletion option of DNAsp selected.

shown), but only when a relatively large amount of po- Figure 6.—Flow histograms of nuclear DNA content in the
ly(A)� RNA (�5 �g) was used, suggesting that IRRE Louisiana iris with A. cepa cv. Ailsa Craig nuclei used as the

genome size standard. Coefficients of variation for Iris andtranscripts are not particularly abundant. To verify that
Allium 2C peaks, respectively, are (A) 3.28%, 2.25%; (B)the amplified bands represent IRRE fragments, 21
3.49%, 2.58%; (C) 3.40%, 2.68%; (D) 3.91%, 2.97%.cloned PCR products were sequenced from I. brevicaulis,

I. fulva, and an F1 hybrid between them. The two bands
evident in all of the RT-PCR reactions represent differ- ticularly useful for studying natural hybridization. How-
ent subfamilies of elements containing insertion/dele- ever, transposon display generates dominant markers,
tion polymorphisms with the larger band representing and high-frequency insertions may not be distinguish-
at least two sequence variants that result in similar over- able from fixed insertions when the number of individu-
all fragment length. als sampled is small. Assuming that the monomorphic

IRRE retrotransposons are useful molecular markers: bands in the sample are fixed, the proportion of poly-
One of the primary reasons for characterizing LTR ret- morphic loci is significantly different between the two
rotransposons from Louisiana iris species was to develop species for both elements (exact test: IRRE1-A1, P 

transposon display or S-SAP markers (Waugh et al. 1997; 0.0001; IRRE1-C, P 	 0.023). No significant difference
Van den Broeck et al. 1998). This marker technology in the level of polymorphism between the two element
is attractive for use in the Louisiana iris system because subfamilies was detected within either species (exact
it takes advantage of the abundant repeats that are char- test: I. brevicaulis, P 	 0.813; I. fulva, P 	 0.085), sug-
acteristic of plants with large genomes. To this end, PCR gesting that the timing and/or level of retrotransposi-
primers were developed on the basis of the consensus tional activity is not dramatically different for the two
sequence of the ends of the LTRs for two IRRE1 subfami- subfamilies. The majority of bands generated for both
lies, IRRE1-A1 and IRRE1-C (Figure 4). The subfamily subfamilies is likely to represent individual loci as they
designated IRRE1-A1 contains both genomic and RT- segregate in normal Mendelian ratios in a separate set
PCR products, whereas the IRRE1-C subfamily contains of linkage mapping experiments using these markers
only RT-PCR products and two of the �-clones. The (A. Bouck, E. Kentner, R. Peeler, M. Arnold and S.
LTR sequence of the two subfamilies is divergent in Wessler, unpublished data).
the region suitable for transposon display primer sites, IRRE retrotransposons are present in many iris spe-
enabling the design of subfamily-specific primers. cies: To investigate the taxonomic distribution of IRRE

To test the level of polymorphism of the IRRE retro- LTR retrotransposons, we assayed their presence in 11
transposon-based markers, 10 wild-collected individuals iris species and in three other genera of Iridaceae by
each of I. fulva and I. brevicaulis were screened using PCR and/or Southern hybridizations (Figure 9). The
primers specific for the IRRE1-A1 and IRRE1-C subfami- results for both techniques were consistent in all cases.
lies (Figure 8). Both sets of primers amplified numerous IRRE elements are present in all members of the genus
bands from each species, and a high proportion of these Iris examined, although the hybridization signal on
bands are polymorphic among the individuals tested Southern blots is much stronger in the Louisiana iris
(Table 2). Several of the monomorphic bands appear than in other members of the genus (Figure 9). This

result could be due to the sequence divergence of IRREto be species-specific markers (Table 2), which are par-
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TABLE 1

IRRE copy number

Iris species INT LTR LTR/INT

I. brevicaulis a 204,048 374,530 1.84
I. brevicaulis b 128,355 � 9,777 180,098 � 27,937 1.40
I. fulva b 188,459 � 14,652 253,384 � 43,900 1.34
I. hexagona b 163,843 � 22,451 198,612 � 46,202 1.21
I. nelsonii b 154,752 � 28,582 209,642 � 45,701 1.35

a Genomic library screen.
b Dot blot. The mean �SD of 10 replicate dots is reported.

elements in the genomes of more distantly related iris, plants since it includes elements from monocots, dicots,
and gymnosperms. As IRRE elements are most closelylower IRRE copy number in these genomes, or both. For

the California irises (Figure 9A, lanes 5–7) preliminary related to elements from other monocots (Figure 3), it
appears that the primary mode of transmission for theseresults obtained by sequencing IRRE PCR products sug-

gest that the lower hybridization signal may be due to elements has been vertical.
Several subfamilies of IRRE elements can be distin-sequence divergence (E. Kentner, unpublished data).

guished on the basis of the sequence variation in their
LTR ends. This variation is similar to the variation docu-

DISCUSSION mented among the Tnt1 subfamilies of tobacco (Casa-
cuberta et al. 1995, 1997; Vernhettes et al. 1998) andThe IRRE elements are typical Ty3/Gypsy-like LTR
among copies of the Retrolyc1 retrotransposon of Ly-retrotransposons that occur in high copy number in
copersicon (Araujo et al. 2001), for which the promoterthe genomes of each of the four species of hybridizing
region is variable among subfamilies while the adjacentLouisiana iris. LTR retrotransposons are major compo-
internal region is more highly conserved. For Tnt1, thisnents of plant genomes, and the phylogenetic relation-
promoter variation is correlated with the expressionships among a diverse set of these elements or element
of specific subfamilies in response to different stress-fragments from many plant species have been deter-
associated signaling molecules (Beguiristain et al.mined (e.g., Marin and Llorens 2000). To determine
2001), suggesting that adaptive promoter variants havethe evolutionary placement of the IRRE elements, we
arisen through the error-prone process of retrotranspo-aligned IRRE RT sequences with those of representa-
sition (Preston 1996; Casacuberta et al. 1997; Begu-tives from each major clade of the existing phylogenies
iristain et al. 2001). Although this study has identifiedand generated a neighbor-joining tree. The group of
putative promoter elements within the IRRE LTRs, it iselements to which the IRRE elements belong was origi-
currently unknown whether the variation present innally identified by Wright and Voytas (1998; Plant
these sequences has an influence on the replicationBranch 1), with additional elements assigned to it by
cycle of the retrotransposons. From a practical stand-Marin and Llorens (2000; Plant Class B). The mem-
point, it is fortunate that the most highly variable LTRbers of this group are characterized by having a putative
region among IRRE subfamilies (Figure 5) correspondschromatin-binding domain downstream of the integrase

gene. The clade seems to be ancient and ubiquitous in to the optimal region for transposon display primers.

Figure 7.—RT-PCR amplification of iris retrotransposon sequences. �, lanes containing cDNA as the PCR template; , lanes
containing RNA untreated with reverse transcriptase as a control for contamination by genomic DNA. Lane designations in the
backcross panels refer to individual genotypes from the mapping population. Products include the end of the putative chromatin-
binding domain and the first �280 bp of the LTR. Double bands are the results of insertion-deletion polymorphisms among
LTR sequences.
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gence among repetitive elements and copy number can
affect the hybridization signal. Also, the accuracy of
the dot blot technique for determining copy number
is dependent on the quantification of the DNA in the
dots unless a probe for a single-copy gene is used as an
internal control. The copy-number estimates from the
library screening do not depend on DNA quantification
and may be more accurate. However, both methods
indicate that at least 800 Mb of the haploid iris genome
is composed of IRRE elements.

At �0.75–1.0 � 105 copies, IRRE elements are abun-
dant in the Louisiana iris genome, but well within the
range that has been observed for LTR retrotransposons
in other plant genomes. For example, the Ty3/gypsy-
like element Huck accounts for �10% of the 2.5 � 109-
bp maize genome with a copy number exceeding 1 �
105 (Meyers et al. 2001). An element closely related to
IRRE, del1, is present in 1.3 � 104 copies in L. henryi,
but the copy number is variable among Lilium species
and is not correlated with the relationships between
species (Joseph et al. 1990). IRRE copy number also
appears to be variable among iris species (Figure 9),
although sequence divergence may also contribute toFigure 8.—Transposon display using primers specific to

the two element subfamilies IRRE1-A1 and IRRE1-C. Both sets the hybridization pattern. The copy number of BARE-1
of reactions used the four selective bases CTAT. Ten wild- in wild barley is correlated with microclimatic condi-
collected individuals of each species were used. IB, I. brevi- tions and varies more than threefold among individualscaulis; IF, I. fulva. Size markers to the left are in number of

within a single canyon (Kalendar et al. 2000). It willbase pairs.
be interesting to compare the BARE-1 results to the
situation in iris by investigating the insertional polymor-
phism of IRRE elements in natural iris populations.This has facilitated the development of subfamily-spe-

To date, only a handful of plant LTR retrotransposonscific primers that will make comparative studies of poly-
have been shown to be transcriptionally active, withmorphism among element subfamilies possible.
activation most often associated with biotic or abioticAlthough the 3� ends of the IRRE LTRs are less vari-
stresses (Grandbastien 1998; Feschotte et al. 2002).able than the 5� ends containing the putative promoter
The exceptions seem to be the BARE-1 element fromelements, the sequence of the 3� end of the LTR corre-
barley and the related OARE-1 from oat for which lowsponding to the copy number probe is more variable
levels of transcription are detectable under normalamong IRRE copies than is the sequence of the internal
growing conditions (Suoniemi et al. 1996; Kimura et al.probe. Given the level of LTR variation among IRRE
2001), although OARE-1 transcription is also upregu-subfamilies and the size of the iris genome, the accurate
lated by stress (Kimura et al. 2001). Like these elements,quantification of the ratio of intact elements to solo
the high-copy IRRE elements are expressed under nor-LTRs may require an alternative strategy such as the
mal growing conditions (Figure 7). However, retrotrans-construction and screening of BAC libraries, which
position can be controlled post-transcriptionally, andwould be very difficult considering the size of the iris
transcribed elements do not necessarily produce newgenome. As discussed by Meyers et al. (2001), there are
insertions (Curcio and Garfinkel 1999). The maizelimitations to measuring copy number with hybridiza-

tion-based techniques because both sequence diver- genome appears to have reached its present size

TABLE 2

Polymorphism detected by IRRE transposon display

Element Total no. Polymorphic No. of
subfamily Species of bands loci (%) species-specific bands

IRRE1-A1 I. brevicaulis 63 84.1 2
I. fulva 53 45.3 3

IRRE1-C I. brevicaulis 61 82 6
I. fulva 56 62.5 8
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lead to the mobilization of transposable elements. In-
deed, interspecific hybridization in wallabies is associ-
ated with genome-wide loss of DNA methylation and a
massive amplification of retrotransposons within a sin-
gle generation (Waugh O’Neil et al. 1998). A less dra-
matic, but significant, increase in retrotransposition has
also been documented following interspecific hybridiza-
tion in Drosophila (Labrador et al. 1999). To investi-
gate the possibility that hybridization between Louisiana
iris species could lead to the transcriptional activation
of IRRE retrotransposons, a backcross interspecific map-
ping population was assayed for element-encoded tran-
scripts by RT-PCR. However, transcripts were present in
all of the hybrid and pure species individuals tested,
and there was no evidence that previously quiescent
IRRE elements were activated following hybridization.
While the RT-PCR results seem to rule out the kind of
retrotransposition burst observed in wallaby hybrids, no
conclusion can be reached regarding more subtle
changes in the level of transcription in the various hy-
brids with the current data. If retrotansposition is oc-
curring in the hybrids, new insertions may be very dif-
ficult to detect given the number of existing IRRE
elements in the iris genome. To date, no genetic evi-
dence for new insertions has been observed in a large
sample of backcross hybrids in a mapping population
that has been genotyped extensively with IRRE transpo-
son display markers (A. Bouck, E. Kentner, R. Peeler,
M. Arnold and S. Wessler, unpublished data).

Transposon display markers were developed for two
subfamilies of IRRE elements and insertional polymor-
phism was assayed in wild-collected individuals of I. brevi-
caulis and I. fulva. For markers derived from both sub-
families of elements, the proportion of polymorphic
loci is higher for I. brevicaulis than for I. fulva. The

Figure 9.—Survey of IRRE-like retrotransposons in the ge- allozyme data of Arnold et al. (1990) show the same
nus Iris and in other Iridaceae. (A) Genomic DNA gel blot trend in species-level polymorphism with I. brevicaulishybridization of the integrase/chromodomain probe FR3 to

containing a higher proportion of polymorphic locithe genomic DNAs of 12 species of Iridaceae. All lanes contain
(54%) than of I. fulva (45%). The standing level of�2 �g of genomic DNA digested with EcoRI: I. brevicaulis (lane

1), I. fulva (lane 2), I. hexagona (lane 3), I. nelsonii (lane 4), polymorphism detected by any marker system can be
I. bracteata (lane 5), I. douglassiana (lane 6), I. inominata (lane influenced by many aspects of a species’ population
7), I. cristata (lane 8), I. verna (lane 9), A. bicolor (lane 10), biology (e.g., Hamrick and Godt 1996; CharlesworthN. longifolia (lane 11), and Sisyrinchium sp. (lane 12). (B) PCR

and Wright 2001), but this fact has often been ignoredamplification IRRE fragments (integrase core domain plus
in the literature in favor of arguments equating the�280 bp of the 3� LTR) from iris species. I. brevicaulis (lane

1), I. fulva (lane 2), I. nelsonii (lane 3), I. hexagona (lane 4), insertional polymorphism of transposons with recent
I. verna (lane 5), I. cristata (lane 6), I. missouriensis (lane 7), element activity. That the timing of insertion events can-
I. longipetala (lane 8), I. douglassiana (lane 9), I. bracteata (lane not necessarily be inferred from the existence of poly-10), I. inominata (lane 11), Sisyrinchium sp. (lane 12), and

morphism has been clearly demonstrated in maize,Neomarica longifolia (lane 13).
where sequencing data have shown that polymorphisms
generated by a burst of retrotransposition estimated to
have occurred 2–3 MYA are still segregating in modernthrough recent bursts of retrotransposon activity (San-

Miguel and Bennetzen 1998). An interesting but unre- North American maize lines (Fu and Dooner 2002).
Currently, very little data exist on the population genet-solved question is whether the iris genome has reached

its present size through such bursts of retrotransposition ics of plant retrotransposons. If, in contrast to the situa-
tion in Drosophila where most euchromatic retro-or through continuous element activity as suggested by

the transcription data. transposon insertions are likely to be deleterious
(Charlesworth and Langley 1989; Bartolome et al.McClintock (1984) predicted that interspecific hy-

bridization may be a form of genomic stress that could 2002; Carr et al. 2002), the average IRRE insertion is
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stress-associated patterns of expression in tobacco. Consequencesneutral with respect to plant fitness, then the polymor-
for retrotransposon control and evolution in plants. Plant Physiol.

phism of IRRE insertions is likely to be influenced by 127: 212–221.
Bennett, M. D., A. V. Cox and I. J. Leitch, 1998 Angiosperm DNAthe population biology of the iris species, as suggested

C-values database. http://www.rbgkew.org.uk/cval/database1.html.by the allozyme data. Although no data currently exist
Bennetzen, J. L., 2002 Mechanisms and rates of genome expansion

pertaining to the fitness effects of IRRE insertions, it is and contraction in flowering plants. Genetica 115: 29–36.
Bowen, N. J., and J. F. McDonald, 1999 Genomic analysis of Caeno-difficult to imagine these elements attaining such a high

rhabditis elegans reveals ancient families of retroviral-like elements.copy number if new insertions are most often delete-
Genome Res. 9: 924–935.

rious. Burke, J. M., T. J. Voss and M. L. Arnold, 1998 Genetic interactions
and natural selection in Louisiana iris hybrids. Evolution 52:Retrotransposons closely related to the IRRE ele-
1304–1310.ments cloned from I. brevicaulis and I. fulva are present

Carr, M., J. R. Soloway, T. E. Robinson and J. F. Y. Brookfield,
in each of 11 iris species tested. The sample includes a 2002 Mechanisms regulating the copy numbers of six LTR retro-

transposons in the genome of Drosophila melanogaster. Chro-representation of species belonging to the subgenus
mosoma 110: 511–518.Limniris (the beardless iris), and it is likely that all native

Casacuberta, J. M., S. Vernhettes and M. A. Grandbastien, 1995
North American iris contain these elements. The LTR Sequence variability within the tobacco retrotransposon Tnt1

population. EMBO J. 14: 2670–2678.ends of IRRE elements can be readily amplified from
Casacuberta, J. M., S. Vernhettes, C. Audeon and M. A. Grandbas-all of these species using the degenerate primers, and

tien, 1997 Quasispecies in retrotransposons: a role for se-
these products can be cloned and sequenced using stan- quence variability in Tnt1 evolution. Genetica 100: 109–117.

Charlesworth, B., and C. H. Langley, 1989 The population ge-dard techniques. The sequence of the LTR ends can
netics of Drosophila transposable elements. Annu. Rev. Genet.then be used to define additional IRRE subfamilies for
23: 251–287.

transposon display development. As the preliminary se- Charlesworth, D., and S. I. Wright, 2001 Breeding systems and
genome evolution. Curr. Opin. Genet. Dev. 11: 685–690.quencing of LTR ends from several species outside of

Curcio, M. J., and D. J. Garfinkel, 1999 New lines of host defense:the series Hexagonae (the Louisiana iris) have yielded
inhibition of Ty1 retrotransposition by Fus3p and NER/TFIIH.

divergent complements of IRRE subfamilies (E. Kent- Trends Genet. 15: 42–45.
Doyle, J. J., and J. L. Doyle, 1987 A rapid DNA isolation procedurener, unpublished data), the application of these mark-

for small quantities of fresh leaf tissue. Phytochem. Bull. 19:ers to other iris species may require this additional step
11–15.

of subfamily discovery and definition. The markers Feschotte, C., J. Jiang and S. R. Wessler, 2002 Plant transposable
elements: where genetics meets genomics. Nat. Rev. Genet. 3:should be useful for many applications in evolutionary
329–341.biology and genetics and it will be interesting to com-

Flavell, A., E. Dunbar, R. Anderson, S. Pearce, R. Hartley et
pare insertional polymorphism among IRRE subfamilies al., 1992 Ty1-copia group retrotransposons are ubiquitous and

heterogeneous in higher plants. Nucleic Acids Res. 20: 3639–and among iris species to gain insight into the dynamics
3644.of retrotransposition in large plant genomes.
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