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ABSTRACT The wx-K mutation results from the insertion
of a copia-like retrotransposon into exon 12 of the maize waxy
gene. This retrotransposon, named Hopscotch, has one long
open reading frame encoding all of the domains required for
transposition. Computer-assisted database searches using Hop-
scotch and other plant copia-like retroelements as query se-
quences have revealed that ancient, degenerate retrotranspo-
son insertions are found in close proximity to 21 previously
sequenced plant genes. The data suggest that these elements
may be involved in gene duplication and the regulation of gene
expression. Similar searches using the Drosophila retrotrans-
poson copia did not reveal any retrotransposon-like sequences
in the flanking regions of animal genes. These results, together
with the recent finding that reverse-transcriptase sequences
characteristic of copia-like elements are ubiquitous and diverse
in plants, suggest that copia-like retrotransposons are an
ancient component of plant genomes.

The retroelement family is composed of transposable ele-
ments that move via an RNA intermediate (1). Included in
this family are long-terminal-repeat (LTR) retrotransposons
and retroviruses. Both LTR retrotransposons and retrovi-
ruses are flanked by LTRs that provide cis-regulatory se-
quences required for transcription of an RNA intermediate
(2). The internal sequences of these elements encode proteins
(Gag, protease, integrase, reverse transcriptase, and RNase
H) necessary for reverse transcription and integration.

Based on the arrangement of their protein-coding domains,
LTR retrotransposons can be subdivided into two groups
named after the Drosophila retrotransposons copia and
gypsy (2). The integrase domain is positioned 3’ of the reverse
transcriptase domain in gypsy-like retrotransposons, and 5’
of reverse transcriptase in copia-like retrotransposons. Both
groups have been found in fungi and plants in addition to
Drosophila but have not been detected in animals other than
insects and fish (3). copia-like reverse transcriptases have
been identified in almost every plant species surveyed (4-6)
and are diverse in terms of their amino acid sequences (7).
Only a few plant retrotransposons, however, are responsible
for recent mutations (Tnt/ of tobacco and Bsl, Stonor, BS,
and G of maize; refs. 8-10). Of these, Tnt/ is the only
retrotransposon shown to be complete and transcriptionally
active in plants grown under normal conditions.

This paper presents the characterization of a second com-
plete plant retrotransposon, Hopscotch.§ Use of this element
in computer-based sequence similarity searches reveals that
many normal plant genes have the remnants of copia-like
retrotransposons in their upstream and downstream flanking
regions. These results provide evidence that retroclements
have the potential to be involved in the evolution of plant
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gene structure and expression by supplying genes with reg-
ulatory sequences and facilitating gene duplication. Further-
more, despite the fact that copia-like retrotransposons have
been found in insects and fish, no element sequences were
found in the flanking regions of normal animal genes.

MATERIALS AND METHODS

Cloning and Sequencing. Genomic DNA was isolated from
maize seedlings homozygous for the wx-K mutation (11). Sal
I fragments of 4.5-6 kb were cloned into AZAPII phage
vector (Stratagene) and the resulting plaques were screened
with a waxy (wx)-specific probe, SalE (12). Both strands of
a positive clone were sequenced with a Sequenase kit (United
States Biochemical).

Database Searches. Computer-based amino acid similanity
searches of the GenBank (version 77.0) and EMBL (version
34.0) databases were performed with the TFASTA search
program of the University of Wisconsin Genetics Computer
Group (GCG) software package (version 7.0) accessed
through the BioScience Computing Resource at the Univer-
sity of Georgia. Conceptual translations of the sequences of
the retrotransposons Tnt/ of tobacco (accession no. X13777)
(9), Tal-3 of Arabidopsis (X13291) (13), PDRI of pea
(X66399) (14), Tst! of potato (X52387) (15), copia of Dro-
sophila (X02599) (16), BARE-1 of barley (Z17327) (17), and
Hopscorch were used as query sequences. Nucleic acid-level
searches of the GenBank and European Molecular Biology
Laboratory databases were performed with the BLASTN (18)
search program of the National Center for Biotechnology
Information (Bethesda). Pairwise DNA sequence compari-
sons were made using the FASTA program of GCG. The GCG
PILEUP and BOXSHADE programs were used to make the
alignment figures. The alignments were edited to account for
frameshifts.

RESULTS

The wx-K mutation of maize results from an =4.5-kb inser-
tion in the wx gene (12). Analysis of the DNA sequence of this
insertion revealed that it has thé structure of an LTR retro-
transposon. We have named this element Hopscotch. Hop-
scotch has identical 231-bp LTRs, is 4828 bp long, and has a
single open reading frame of 4320 nt (1440 aa). A potential
primer binding site with similarity (18/19 nt) to the 3’ end of
wheat initiator methionine tRNA (GenBank accession no.
V01383) is found adjacent to the 5' LTR, and a polypurine
tract lies next to the 3' LTR.

Comparison of Hopscotch with Known Retrotransposons.
The nucleotide and derived amino acid sequences of Hop-

#To whom reprint requests should be addressed.
‘The nucleotide sequence reported in this paper has been deposited
in the GenBank data base (accession no. U12626).
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scorch were compared with other transposable elements by
computer searches of the GenBank and European Molecular
Biology Laboratory databases. The searches identified sig-
nificant nucleic acid (35-51%) and amino acid (23-32%)
similarities between Hopscotch and several known copia-like
retrotransposons. These comparisons also revealed that
Hopscorch contains all of the amino acid domains (nucleic
acid binding, protease, integrase, reverse transcriptase, and
RNase H) that are found to be conserved among autono-
mously active retroelements (Fig. 14). Both the amino acid
conservation and the domain order serve to identify Hop-
scotch as a copia-like retrotransposon (Fig. 1B).

Retrotransposon-Like Sequences Flank Many Plant Genes.
Surprisingly, these searches also revealed that 16 previously
described plant genes have amino acid similarity to the
conserved domains of copia-like retrotransposons (Figs. 2
and 3). Additional searches using the derived amino acid
sequence of the retrotransposon Tnt/ of tobacco as a query
sequence detected 3 more plant genes with flanking regions
similar to these domains (cotleada, cotdgala, and whiger-
mina) as well as 13 of the retrotransposon-like sequences
identified in the Hopscotch searches. No additional plant
genes were detected by using the amino acid sequences of
other plant copia-like elements (Tal-3 of Arabidopsis, PDR]
of pea, BARE-] of barley, and Tst/ of potato) as query
sequences.

Many of the retrotransposon-like sequences in the flanking
regions of the genes probably represent ancient insertions. In
several of the genes, retroelement similarity is degenerate,
ends abruptly (cotmatSa, cucaccl, gmchsl, mzeg3pd,
ricmtnad3a, phvarcla, pschsl, zmpgalac, and zmpms2g), or
contains internal deletions (cotmat5a, cucaccl, phvarcla,
and pschsl). In three cases, retrotransposon-like sequences
are found in the same position in several members of a gene
family, indicating that insertion predated gene duplication.
Comparison of the S’ end of the pea ribulose-bisphosphate
carboxylase gene rbcS-E9 with other members of the rbe§
gene family revealed that two other rbeS genes (rbeS-8.0 and
rbcS-3.6) (37) have insertions at the same site in their
upstream flanking regions. Similarly, several members of the
maize 19-kDa zein gene family have elements inserted at the
same position, as do members of the maize polygalacturonase
gene (PG) family (zmpgalac, zmpgtnsg, zmpggld) (38).

Nucleic acid-level searches using the plant retrotransposon
sequences revealed two more genes with flanking regions
similar to copia-like retrotransposons. The 3 flanking region
of the pea glyceraldehyde-3-phosphate dehydrogenase gene
(Gpbl) (39) has 92% similarity to the PDRI LTR and prob-
ably represents part of an LTR from another copy of the
PDRI retrotransposon. Likewise, the §' flanking sequence of

A Nucleic acid binding Protense

Copla HH| OEB IQK arg

Tntl N Fullr R pRseEEVIY s
Hopscotch Qvigsmv A LN TR D TG AR T

- - al -

Reverse transcriptase
Copia
Tntl
Hopacotch
RNase H

Proc. Natl. Acad. Sci. USA 91 (1994) 11793

a tomato gene expressed during pollen development (LAT59)
(40) has 65% similarity to the LTR of Tnt/. Since Tnt/ has
been detected in the tomato genome by Southern blot anal-
ysis (9), the retrotransposon-like sequence in LAT59 is prob-
ably the LTR of a Tnt/-related retrotransposon in tomato.

The amino acid- and nucleic acid-level searches combined
identified 21 genes with flanking regions similar to copia-like
retrotransposons. Retrotransposon similarity in 20 of these
21 genes had gone undetected until this study. Only the
retrotransposon-like sequence at the 3’ end of the cotton 28
albumin storage-protein gene (Mat5-A) had been reported
(22). The Tnt/ amino acid searches detected another retro-
transposon-like sequence in a 5’ flanking region of this gene
previously described as repetitive (22).

Identifying Element LTRs. The flanking sequences of the
genes identified in this study do not encompass complete
retrotransposons, so the limits of the elements cannot be
resolved by comparing LTRs. Although tRNA binding sites
or polypurine tracts characteristically found immediately
internal to the 5' and 3' LTRs, respectively, can be used to
determine one end of an LTR, the other end is often uniden-
tifiable. By comparing related elements or gene family mem-
bers with and without insertions, however, we have been able
to approximate the LTRs of several retrotransposon-like
sequences. Alignment of the pea rbc §-E9 gene with a closely-
related pea rbcS gene (rbcS-3A) lacking the retrotransposon
insertion allows the limits of the retrotransposon to be
defined. The LTRs of the related elements adjacent to the
cotton Mat5Sa and Leada genes and the pea Chs/ and phe-
nylalanine ammonia-lyase (PAL2) genes were defined by
pairwise alignment of their nucleic acid sequences. The point
at which retrotransposon sequence similarity ends was used
to approximate one end of an LTR and the position of tRNA
binding sites was used to define the other end. The ends of the
retrotransposons in the 19-kDa zein genes were found by
comparing the related upstream and downstream retrotrans-
posons which share 90% sequence identity. The upstream
element’s LTR found in this manner corresponds precisely
with the element end as determined by comparison with
another member of the 19-kDa zein gene family lacking the
insertions (zel9).

Retrotransposon-Like Sequences Are Not Found in Drosoph-
ila Genes. To identify genes harboring nearby retroelement
sequences in organisms other than plants, the searches were
repeated with the Drosophila retrotransposon copia as a
query sequence. These searches failed to identify a single
normal insect or other animal gene with copia-like retrotrans-
poson sequences. They did, however, detect 15 of the plant
sequences shown in Fig. 2.
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Fic.1. (A)Aminoacid similarity among the conserved domains of Hopscotch, copia, (16), and Tnt/ (9). Amino acid residues invariant among
retrotransposons and retroviruses (9) are indicated by triangles. (B) Structure of the Hopscotch retrotransposon. Stippled boxes represent LTRs.
The gag, protease (PR), integrase (IN), reverse transcriptase (RT), and RNase H (RH) domains are indicated. The arrow represents the long
open reading frame. A thin open bar represents a putative primer binding site with similarity to wheat initiator methionine tRNA, and a thin

solid bar, a polypurine tract.
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DISCUSSION

Computer-assisted searches of the GenBank and European
Molecular Biology Laboratory databases using three plant
retrotransposons as query sequences revealed unexpected
similarity to the flanking regions of 21 plant genes. The
identity of these sequences as retrotransposon-like had been
recognized previously in only 1 of these 21 genes. Although
most regions of similarity appear to be the remnants of
ancient insertions, we are confident of their retrotransposon
origin for the following reasons: (i) the extent of amino acid
similarity is striking (e.g., the ricmtnad3 element has 25
malches to either Tnt/ or Hopscotch over 33 aa, and the
element in the zmpms2g gene has 136 matches over 475 aa);
(ii) the regions of amino acid similarity include conserved
retrotransposon domains (i.e., Gag, protease, integrase, re-
verse transcriptase, or RNase H); (iii) several flanking se-
quences contain similarity to more than a single domain; and
(iv) in many instances, other distinguishing structural fea-
tures of retrotransposons such as LTRs, tRNA binding sites,
and polypurine tracts can be identified. Despite the fact that
retroelement similarity usually lies within 1 kb of the coding
regions, 20 of the 21 published genes discussed in this paper
are normal rather than mutant (the exception being the
cotmatSa gene). Over 80 normal plant genes have been
previously found to contain the inverted repeat transposable
elements Tourist or Stowaway (41-43). Thus, the total num-
ber of plant genes harboring mobile elements or their rem-
nants is >100.

The Retrotransposon-Like Sequences Contain Previously
Identified Cis-Regulatory Elements. Four examples of ancient
retroviral insertions that provide regulatory sequences to
adjacent genes have been prcwousiy described. The mouse
sex-limited protein gene is expressed in the presence of

TI
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FIG. 2. Amino acid similarity
among Tntl/, Hopscotch, and the
retrotransposon insertions in the
flanking regions of 19 plant genes.
The locus names and amino acid
positions refer to those used in Gen-
Bank. The reading frame of the con-
ceptual translations used in the
alignment is indicated in parenthe-
ses. Shifts in the reading frame are
underlined and stars indicate stop
codons. In most cases, the inser-
tions do not include the most highly
conserved nucleic acid binding site
of Gag or the protease active site.
Only the cotleada retrotransposon
has similarity to the nucleic acid
binding site (not shown). Refer-
ences: bnahsyiii (19), cotdgala (20),
cotleada (21), cotmatSa (22), cu-
caccl (23), ghlea29 (24), gmchsl
(25), gmenod2a (26), lehsf8 (acces-
sion no. X67599), mzegdpd (27),
peapal2 (28), phvarcla (29), pschsl
(30), psrc01 (31), ricmtnad3 (32),
whtgermina (33), x58339 (34), zmp-
galac (35), zmpms2g (36).
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androgen due to a hormone-responsive enhancer in the LTR
of an endogenous provirus (44). In humans, an upstream
endogenous retroviral insertion has been found to be respon-
sible for parotid-gland tissue specificity of the salivary amy-
lase genes (45). Finally, the rat oncomodulin gene and the
mouse [AP-promoted placental gene are under the control of
promoters in solo LTRs of rodent intracisternal A particles
(1APs) (46, 47).

Several lines of evidence suggest that some of the retro-
transposon-like sequences identified in this study may influ-
ence the expression of adjacent genes. The retrotransposon-
like sequences in the maize polygalacturonase (PG) genes
contain sequence motifs that are common among genes
expressed during pollen development (35). In addition, a
501-bp fragment containing a positive regulatory region of a
tomato gene expressed during pollen development (LAT59)
(40) is composed entirely of a retrotransposon-like sequence.

The region upstream of nt —250 of the pea rbcS-E9, -8.0,
and -3.6 genes corresponds to a retrotransposon insertion
that occurred prior to gene duplication. Another family
member, rbe§-3A, lacks the insertion and, for this reason, has
distinct sequences from nt —250 upstream to at least —410.
Interestingly, the rbeS-E9, -8.0, and -3.6 genes are coordi-
nately expressed in a manner different from rbeS-3A (48).
The combined expression of the rbcS-E9, -8.0, and -3.6 genes
in leaves is 30-50% lower than rbcS-3A gene expression, and
their transcripts are underrepresented in pea petals and seeds
when compared with rbeS-3A transcripts. On the basis of
promoter domain-swapping experiments, the region up-
stream of —170 of the rbcS-E9 gene (=90% of which corre-
sponds to the retrotransposon-like sequence) has been hy-
pothesized to harbor a negative regulator of transcription
(49).
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used in GenBank for each locus,
beginning at the 5 end of the se-
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that appear to be members of the
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The retrotransposon-like sequences flanking the 19-kDa
zein genes of maize may have influenced both the expression
and structure of this gene family. At least five of the seven
sequenced 19-kDa zein gene family members (pmsi, pms2,
zel9ba, zeil9, and ze25) have retrotransposon-like sequences
at the same site in upstream flanking regions (Fig. 4). These
sequences have 90% nucleic acid sequence identity to an-
other element found in the downstream flanking regions of at
least two members of this family (pms/! and pms2). Many of
the 19-kDa zein genes have two promoters, P1 and P2, with
P1 accounting for =0.1% of zein gene transcripts (53). Our
analysis indicates that P1 and the nearby start site of tran-
scription are composed entirely of retrotransposon LTR
sequences. The P1 promoter sequence has also been identi-
fied in the downstream flanking DNA of the pms2 gene (36)
and lies within the LTR of the downstream retrotransposon.

In addition to providing a zein promoter, the retrotrans-
poson sequences may have facilitated the amplification of
this gene family. Since the 19-kDa zein genes have been
found clustered on the short arm of chromosome 7 (54), there
is a possibility that they are tandemly arranged. In fact,
zel9ba and ze25 have been found in such a tandem arrange-
ment (52). This organization suggests that the 19-kDa zein
genes were duplicated by homologous, uncgua] crossing-
over between retrotransposons inserted on either side of a

progenitor gene.

same element family.

Involvement of copia-Like Elements in Plant vs. Insect
Evolution. Only plant gene sequences were identified as
having significant similarity to either plant (Tnt/, Hopscotch)
or Drosophila (copia) retrotransposons. This is surprising,
since copia-like elements are highly expressed in Drosophila
and have been shown to be the causative agent of many
spontaneous mutations (55). In contrast, plant copia-like
retrotransposons are transcribed at low levels under normal
conditions and have been found to be responsible for only a
few mutations.

The disparity between plant and Drosophila genes may
reflect a lack of selection against retrotransposon insertions
near plant genes. Alternatively, copia-like elements may be
an older component of plant genomes and may have had a
longer time frame for insertions into the flanking regions of
genes to occur and become fixed. This hypothesis is consis-
tent with the results of several recent surveys of retroelement
reverse-transcriptase domains in plant genomes. These stud-
ies have revealed that reverse-transcriptase sequences char-
acteristic of copia-like retrotransposons are heterogeneous
and ubiquitous among plant species and were probably
inherited by vertical transmission from a common ancestor
(4-7). In contrast, analysis of both the codon usage of copia
and its phylogenetic relationship to other retrotransposons
has led to the hypothesis that copia-like elements were
horizontally transmitted to Drosophila or one of its ancestors
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FiG. 4. The members of the 19-kDa zein gene family. Heavy

black lines indicate zein coding regions, and arrows represent the two
zein promoters, P1 and P2. Dark stippled boxes represent LTRs.
Vertical dashed lines show the limits of >90% sequence similarity
between the zein family members. Hatched box represents a previ-
ously described CIN! retrotransposon insertion (ref. 50 and T. E.
Bureau, personal communication). Light stippled box represents a
region in zeil9 that does not have similarity to LTR sequences.
Horizontal dotted line in parentheses indicates a deletion in the ze25
pseudogene. References: zel9a (51), pmsi and pms2 (36), zel9ba and
ze25 (52), zeil9 (53).

(56, 57). Therefore, copia-like insertions may have had a
shorter time to become fixed in the flanking regions of insect
genes than in their plant counterparts.
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The maize genome is replete with chromosomal duplications and
repetitive  DNA. The duplications resulted from an ancient
polyploid event that occurred over 11 million years ago. Based on
DNA sequence data, the polyploid event occurred after the diver-
gence between sorghum and maize, and hence the polyploid event
explains some of the difference in DNA content between these two
species. Genomic rearrangement and diploidization followed the
polyploid event. Most of the repetitive DNA in the maize genome
is retrotransposable elements, and they comprise 50% of the
genome. Retrotransposon multiplication has been relatively re-
cent—within the last 5-6 million years—suggesting that the pro-
liferation of retrotransposons has also contributed to differences in
DNA content between sorghum and maize. There are still unan-
swered questions about repetitive DNA, including the distribution
of repetitive DNA throughout the genome, the relative impacts of
retrotransposons and chromosomal duplication in plant genome
evolution, and the hypothesized correlation of duplication events
with transposition, Population genetic processes also affect the
evolution of genomes. We discuss how centromeric genes should,
in theory, contain less genetic diversity than noncentromeric
genes. In addition, studies of diversity in the wild relatives of maize
indicate that different genes have different histories and also show
that domestication and intensive breeding have had heteroge-
neous effects on genetic diversity across genes.

G cnomic technologies have produced a wealth of data on the
organization and structure of genomes. These data range
from extensive marker-based genctic maps 1o “chromosome
paintings” based on uoreseent in sine hybridization to complete
genomic DNA sequences. Although genomic approaches have
changed the amount and type ol data, the challenges ol inter-
preting genomic data in an evolutionary context have changed
litle from the challenges faced by Stebhins (1) and the coauthors
of the evolutionary synthesis, The challenges are o infer the
mechanisms of evolution and to construct @ comprehensive
picture ol evolutionary change.

In this paper. we will focus on the processes that contribute to
the evolution of plant nuclear genomes by using maize (Zea
mays) as a4 model system. In some respects, itis premiture (o
discuss the evolution of plant genomes. because the pending
completion of the Arabidopsis (lrabudopsis thaliuna) genome,
with rice (Onvza sativa) Tollowing, is sure o unlock many
mysteries ubout plant genome evolution. However, it must be
remembered that . lrabidopsis and rice are being sequenced,
precisely because their genomes are atvpically small and stream-
lined. Even after these genomes are sequenced. it will still be a
tremendous challenge to understand the evolution of plant
nuclear genomes, like the maize genome. for which entire DNA

sequences will not be readily available.

Maize is & member of the grass family (Poaceae), The grusses
represent a range of genome size and structural complexity, with
rice on one extreme. A diploid with 12 chromosomes (21 = 24),
rice has one of the smallest plant genomes, with only 0.9 pg of
DNA per 2C nucleus (Fig. 1) Other grass species exhibit fur
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Fig.1. A phylogeny of diploid grass species. Numerical values next to species
names represent the 2C genome content of the species, measured in pico-
grams. The phylogeny and genome content information is taken from figure
1 of ref. 51. The arrows represent the hypothesized timing of evolutionary
events,

larger genomes. Wheat, for example, is a hexaploid with 21
chromosomes (21 = 42) and a haploid DNA content of 33.1 pg
(2). Genera like Svccharum (sugarcane) and Festuea are even
more complicated. displaying wide variation in ploidy level and
over 100 chromosomes in some species. As a diploid with 1)
chromosomes (2n = 20) and 1 2C genome content roughly 6-lold
larger than rice, maize lies somewhere in the middle of grass
genome size and structural complexity (Fig. 1).

This paper focuses on the impact of chromosomal duplication,
transposition, and nucleotide substitution on the evolution of the
maize genome. We will discuss chromosomal duplication and
transposition separately and will pay particular attention to their
clfects on DNA content. Nucleotide substitution will be dis-
cussed in the context of genctic diversity. Patterns ol genetic
diversity provide insight into the population genetic processes
that act on different regions of the genome and thus uncover the
evolutionary forces that act on genomes. We locus on maize
throughout the paper but also generalize 10 other species when
appropriate.

Polyploidy and Chromosomal Duplication
An Ancient Polyploid Origin. The lirst hints ol the complex orga-
nization ol the maize penome came [rom cytological studies.

This paper was presented at the National Academy of Sciences colloyuium “Variation and
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held January 27-29, 2000, at the Arnold and Mabel Beckman Center in lrvine, CA
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Although maize is diploid. early studies by McClintock (3. 4)
demonstrated the association ol nonhomologous chromosomes
during meiosis, Later studies documented the formation of
bivalents and multivalents in maize haploids (5, 6). Altogether,
evtological observations suggested that the maize genome con-
tuins extensive regions of homology, probably reflecting chro-
mosomal duplications.

Fvidence for chromosomal duplication also came from link-
age mformation, In 1951, Rhoades (7, 8) noted that some regions
ol linkage maps did not contain mutants, and he proposed that
the lack of mutants rellected genetie redundancy caused by
chromosomal duplication. Rhoades” proposal has since been
supported by molecular data. For example. isozvme studies have
documented the presence of duplicated. linked loci in maize
19-12), and restriction fragment length polvmorphism mapping
studies have shown that many markers map (o two or more
chromosomal locations (13, 14). These mapping studies have
established that some chromosomes—e.g., chromosomes | and
5 and chromosomes 2 and 7—share duplicated segments. Per-
haps the most surprising information about the extent ol gene
duplication in maize is that 729% of single-copy rice genes are
duplicated in maize (15).

Extensive chromosomal duplication in maize has been inter-
preted as evidenee Tor a polyploid origin of the genome (7, 16),
but until recently. there had been no estimation of the timing and
maode of this polvploid event. In 1997, Gaut and Docebley (17)
inferred the timing and mode ol the polyploid event by studying
DNA sequences from maize duplicated genes. To infer the mode
ol origin, Gaut and Doebley first modeled patierns of genetic
divergence under three different types of polyploid formation:
autopolyploidy, genomic allopolyploidy, and segmental al-
lopalyploidy. (Briefly, allopolyploids are created by hybridiza-
tion between species, with a genomic allopolyploid based on
species that have fully differentiated chromosomes and a seg-
mental allopolyploid based on species that have only partially
differentiated chromosomes, Autopolyploidy refers 1o a
polyploid event based on an intraspecific event. Stebbins con-
tributed o great deal toward the definition and use ol these
terms, and precise definitions ¢can be found in rel. 1) The
models” predictions were then compared with patterns ol DNA
sequence divergence in 14 pairs of maize duplicated genes. The
sequence data were consistent with a segmental allotetraploid
model of origin but inconsistent with the other two models of
polyploid formation. Hence, the authors concluded that the
maize genome was the product of a segmental allotetraploid
evenl. They estimated the timing of the event by applving a
molecular clock to the sequence data.

e hypothesized origin of the maize genome is detailed in
Fig. 2 (17). Brielly, this hypothesis states that (/) maize is the
product of a segmental allotetraploid event, (i) the two diploid
progenitors (or “parents”) of maize diverged ==20.5 mya, (ii7) the
tetraploid event occurred between 16.5 and 114 mya, sometime
alter the divergence of Sorglem from one of the progenitor
lincages, and (1) the genome “rediploidized™ belore 11,4 mya.
Although valuable, there are at least three reasons to be cautious
about the hypothesis. The first reason is that the hypothesis is
based on a relatively small number of DNA sequences—i.e.. only
14 pairs of duplicated sequences. The second reason is that some
of the sequences were not mapped to a chromosomal location,
Ideally, these analyses should be based on a far greater number
of sequences, all of which are known 1o reside in regions of
known chromosomal duplication. Finally, it was not possible to
test molecular clock assumptions rigorously for all of the se-
quence data, and thus some ol the clock-based time estimates are
subject to an unknown amount of error. Despite the need for
caution, the study of Gaut and Docbley (17) provides the first
glimpse into the mode and timing of an ancient plant polyploid
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Fig. 2. A hypothesis for the origin of the maize genome (17). Under this
hypothesis, Pennisetum and maize diverged ~29 million years ago (mya),
followed =9 million years later by the divergence of the two diploid progen-
itors of maize. Sorghum diverged from one of these progenitor lineages
(~=16.5 mya) before the two diploid progenitors united to form allopolyploid
maize. The polyploid event occurred sometime between 16.5 mya and 11.4
mya, with subsequent diploidization completed by 11.4 mya. Gray shading
represents the period in which allotetraploidy and diploidization occurred.

event, and it also proposes a hypothesis that is testable with
additional data.

The Polyploid Event and the Divergence of Maize and Sorghum. I"iy.
1 places the segmental allotetraploid cvent in a phylogenctic
context, and this context raises three important points about the
comparison ol maize 1o sorghum. First, if the allotetraploid event
occurred after maize and sorghum diverged. then the maize
genome should be duplicated more extensively than the sorghum
genome. A corollary prediction is that maize and sorghum
should not share common chromosomal duplications. Ulti-
mately, these predictions can be tested with comparative genetic
maps. At this point, however. it is unclear Irom comparative
genetic maps as to whether the two genomes share extensive
duplications in common, largely because published sorghum
maps lack sullicient coverage (18-21). However, mapping in-
formation indicates that a higher proportion of markers is
duplicated in maize than in sorghum. For example, Pereiraeral.
(19) found that 44% of restriction ragment length polymor-
phism markers detected more bunds in maize than in sorghum:
conversely, only 7% of markers detected more bands in sorghum
than in maize. This information is consistent with the phyloge-
netic placement of the allotetraploid event (Fig. 1).

The second point centers on chromosome number. Mauize and
sorghum (Sorglim bicolor) have the same number of chromo-
somes (2n = 20). IT maize underwent an allotetraploid event
after the divergence of maize from sorghum, why do these plants
have an identical number of chromosomes? At present, there s
no suitable answer to this question, but there has been discussion
about the evolution of chromosome number. Traditionally, it has
been assumed that the basal haploid chromosome number of the
tribe Andropogoneae. which encompasses maize, sorghum. and
Tripsacum. was n = 5 (22, 23). More recently, it has been
suggested that the basal haploid chromosome of the tribe was
n = 10(24). 11 the basal number was 10, one can hypothesize both
that the chromosome number of S. bicolor has remained un-
changed and that maize was the product of an allopolyploid event
between two species with a reduced number of chromosomes
(n = 5). This scenario is plausible, because the tribe contains
diploid vaxa with e = 5 (e.g., Elionurus and Sorghuen species; rel.
24) and because comparative maps provide support that maize
consists of two nn = 5 subgenomes (25, 26).

Wilson et al. (27) have asserted that maize came from an
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ancestor with neither 5 nor 10 chromosomes. Based on genetic
map data. they argued that the chromosome number of maize
helore the fl”lll(.'lf:l|_‘.lh'lil.l event was # = 8, The chromosome
number was doubled subsequently ton = 16/ (20 = 32) during the
maize allotetraploid event and then reduced Turther by dip-
loidization and fusion to the current number (1 = 1k 2n = 21)),
Unfortunately, however, the argument of Wilson e al. contains
crrors regarding the timimg and phylogenctic context ol the
allotetraplond event. For example. they suggest that the allotet-
raploid event oceurred after the divergence ol matze and Trip-
sactom. whereas most evidenee suggests that the allotetraploid
cvent occurred before the divergence ol maize and Tripsacrm,
When these errors are taken into account, their arguments for
the evolution of chromosome number seem unlikely, In short,
there are no definitive answers either as to the evolution of
chromosome number in this group or as to why S, breolor and
maize have the sume number of chromosomes.

The third and final point about maize and sorghum centers on
the ditference in genome content between the two species, The
seamental allotetraploid event predicts 2-fold variation in DNA
content between sorghum and maize, but it does not account for
the actual 3.5-Told variation in DNA content (Fig. 1). Based on
this information, ditferences in DNA content probably reflect
the allopolyploid event and additional evolutionary changes,
such as the accumulation of repetitive DNA.L

Genome Rearrangement After an Allopolyploid Event. It must be
remembered that extant maize is a diploid, and thus the seg-
mental allotetraploid hypothesis presumes that the maize ge-
nome rearranged and diploidized. Is this presumption reason-
able? Is genome rearrangement common after allopolyploid
events?

Ihus far. studies of synthetic plant polyplods suggest that
genomes rearrange rapidly after allopolyploid events (reviewed
in rel. 28). In one study, Song ef al. (29) ereated Tour synthetic
allopolyploids, After recovery of Fa polyploids. cach line was
selfed until the Fs gencration. Plants from the F» and cach
subsequent generation were subjected to Southern hybridization
with a panel of 89 probes. Southern blotting revealed remarkable
differences in fragment profiles from generation 1o generation.
In one synthetic polyploid, 667 of the probes detected fragment
loss, fragment gain. or a change in fragment size. demonstrating
that extensive rearrangement can oceur rapidly alter al-
lopolyploid formation, Feldman and coworkers (30-32) per-
formed similar studies in Trinenmt and Aegifops. Their results
suggest that allopolyploids lose noncoding sequences ina di-
rected, nonrandom fashion and that coding sequences are mod-
ificd extensively (30-32).

Empirical studics deteet rapid rearrangement of allopolyploid
genomes, but rapid rearrangement is not equivalent Lo a com-
plete diploidization. However., there is growing evidence that
many plant, animal, and fungal genomes are the products of
ancient polyploid events that were followed by rearrangement
and a reduction in ploidy level, Yeastis one example. The DNA
sequence of the yeast genome contains numerous blocks of
duplicated genes. The phase (or direction) of the hlocks are
nonrundomly associated with centromeres, suggesting that the
blocks were produced by the process of chromosomal duplication
(33). Altogether, the data suggest that the veast genome s the
product of an ancient tetraploid event followed by rearrange-
ment and diploidization (34). Vertebrates are another example
of diploidized ancient polyploids: it is believed that vertebrates
are degencrate polyploids owing to two polyploid events before
the radiation of fish and mammals (35). Similar examples come
from plants: for example. both Glyane (sovbean) (36) and
Brasstea species (37, 38) seem 1o be degenerate polyploids, Bused
on this information, one can conclude that diploidization alter
polyploidy is evolutionarily common.

1010 | www pnasarg

Table 1. Duplicated chromosomes in maize and the studies that
identified them

Duplicated

chromosomes Reference nos,
1-5 14, 27, 84
1-9 14, 27, 84
2-4 14
2-7 14, 27, 84
2-10 14, 15, 27, 84
3-8 14,15, 27, 84
3-10 84
4-5 27, 84
6.8 14, 27, 84
6-9 27,84

For maize, it should be possible to garner insights into the
processes ol rearrangement and diploidization from extant pat-
terns of chromosomal duplication. Mupping studies have docu-
mented regions of chromosomal duplication in maize (Tahle 1),
(It is important to note that Table | includes onlv those chro-
mosomes that were explicitly delined as duplicated by the
authors: Table | docs nor include all of the chromosome pairs on
which markers are known to crosshyvbridize.) As Table | dem-
onstrates, there is some disagreement among studies about
chromosomal duplications, for two reasons. First, different
studies use different data, leading 1o different conclusions.
Second, and perhaps more importantly, researchers rarely de-
note their criteria tor defining chromosomal duplications, and
thus criteria likely differ among studies. Ultimately. chromo-
somal duplications should be defined by objective statistical
criteria. l

Nonctheless, there is a consensus about some chromosomal
pairs. For example. it is now well established that portions of
chromosome | are duplicated on chromosomes 5 and 9 (Table
1). The evolutionary implication for these pairings is that the
process of diploidization rearranged one copy of chromosome 1.
(Alternatively, chromosome 1 could be an amalgamation of
regions from different parental chromosomes.) Chromosome 2
had a similar fate in that portions of chromosome 2 are also
found on chromosomes 7, 10, and perhaps 4 (Table 1), More
extensive eviduation of these duplications will provide an indi-
cation as to whether there has been any bias in rearrangements.
For example, there is a strong bias Tor paracentric inversions, s
opposed to translocations and pericentric inversions. between
potato and tomato. It was reasoned that the bias toward para-
centric inversions reflects the relatively low effect of paracentric
inversions on fitness (39). Additional studies of chromosomal
duplications in maize could provide additional insights into the
kind ol rcarrangements that are most evolutionarily stable.

The Importance of Chromosomal Duplication in Genome Evolution. [«
maize typical with regard o its polyploid history and prevalent
chromosomal duplication? There is no doubt that polyploidy is
common in plants, with up to 70% ol angiosperms owing their
history to polyploidy (1, 40). Furthermore, genctic maps dem-
onstrate that a great number ol species contain chromosomal
duplications. Even species with streamlined genomes contain
chromosomal duplications; for example, rice has a large dupli-
cation between chromosomes I and 12 (41) and Arabidopsis also
has at least one large chromosomal duplication (42). Other plant
genomes with chromosomal duplications include sorghum (21),
cotton (43). soybean (36). and Brassica species (37, 38). Some of
these genomes are degenerate polyploids like maize, but others
may owe their chromosomal duplications to independent seg-
mental cvents.

It is important to note that chromosomal duplications are
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usually inferred from genetic maps, but most (if not all) genctic
nips are based on low copy-number markers. Low copy-number
markers are systematically biased against detecting duplicated
chiromuosomal sezments. and hence the extent of chromosomal
duplication is likely grossly underestimated Tor most plant taxa.
In addition. the resolution ol most genetic maps is low, such that
relatively smadl areas of chromosomal duplication cannot be
detected. The result s that we do not have a realistic under-
stunding of either the extent to which chromosomes are dupli-
cated or the extent to which genomes contain functional redun-
dancies, We can, however, look to Arabidopsis sequence data as
preliminary examples of the extent of chromosomal duplication.
Based on the sequences of chromosomes 2 and 4 (42, 44), it is
estimated that 10-20%% of the low-copy regions ol the Arabi-
dopsis genome lie within duplicated chromosomal regions (42).
Given that the - brahidopsis genome is streamlined, this pereent-
age iy undoubtedly much higher in complex genomes. It is
possible that most genes in most plant genomes reside in
duplicited chromosomal regions,

Multiplication of Repeat Sequences
Extent and ldentification of Repetitive DNA. Rcpetitive DNA con-
stitutes o high proportion of plant genomes. This fact has been
confumed experimentally by reassociation (or Cyt) kinetics. For
example, Flavell e af. (43) found that repetitive DNA (defined,
m this cosec as DNA with more than 100 copies per genome)
constitutes =80 of genomes with a haploid DNA content =3
pa. Incontrast, small genomes of <'5 pg contain 6245 repetitive
DNA on average. Maize falls into this range: reassociation
experiments indicate that the genome contains from 607 1o S0%
repetitive DNA (45, 46). The repetitive DNA of maize can be
categorized further as 20% highly repetitive (over 800,000 copies
per genome) and 4077 middle repetitive (over 1,000 copics per
venome; rel. 46).

Itis obvious that repetitive DNA is a large component ol the
maize genome, and thus the proliferation of repeat sequences
has had important evolutionary implications. However, reasso-
ciation studies alone cannot answer two important questions
about repetitive DNA in maize: what is the repetitive DNAL and
when did it arise?

To date. the most complete answers to these two uestions
come from studies ol the maive Adhl region by Bennetzen and
coworkers (47-30). They isolated a 280-kilobase yeast artificial
chromosome clone ol the Adhl region and characterized the
L'mnm':silinn of the repetitive intergenic DNAL Retrotransposons
comprise roughly 62% of the 240 kilobases analyzed, with an
additional 6% ol the clone consisting of miniature inverted-
repeatl transposable elements, remnants of DNA transposons,
and other low-copy repeats. In total, the region contained 23
retrotransposons representing 10 distinet families. Of the 23
retroclements. W) inserted within another element, resulting in
anested or Clavered” structure of mtergenic DNA within maize
(Fig. 3). The architecture of this region suggests that retrotrans-
posons preferentially target other retroclements lor insertion,

Perhaps the most interesting feature of the Adh ! region s that
it seems to be @ representative region of the muize genome.
Three observations support this contention. First, Southern blot
and other analyses suggest that the retrotransposon families in
the Adhl region comprise at least 50% ol the maize genome;
altogether, just three ol the retroclement families tound in the
Adhl region constitute o full 23% of the genome (48). Second,
857 ol r::pcliti\ ¢ DNAs from other regions were also present in
the Adh ] region (although it should be noted that the sumple of
repetitive DNAs from other regions was small and thus this
estimate may not be robust). Finally, & more recent study
suggests that retrotransposons hybridize fairly uniformly 1o
maize bacterial artificial chromosome clones, suggesting that the
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Fig.3. The estimated insertion times of retrotransposons in the Adh1 region
(49). Each gray box represents a retrotransposon. The horizontal line through
the box is the estimate of insertion time, and the height of the box represents
the standard deviation of the estimate. Arrows between boxes indicate the
order of insertion. For example, Huck-2 inserted into Fourf =1 mya.

distribution of retrotransposons is reasonably homogencous
throughout the genome (B, Meyers, personal communication).

The Timing of Retrotransposon Multiplication. Muize repetitive
DNA secems 1o be primarily retrotransposons, but the second
yuestion remains: when did these retroclements multiply? To
answer this question, SanMiguel ¢ al. (49) sequenced the long
terminal repeat (LTR) of retrotransposons in the Adhl region.
The rationale was as follows: when a single retrotransposon
inserts into genomic DNAL both copies of the LTR are identical.
Over time, the LTRS accumulate nucleotide substitutions and
diverge in sequence. I the accumulation of nucleotide subsu-
tutions occurs at a regular pace, the number ol nucleotide
differences between the two LTRs provide insight into the date
of LTR divergence and henee the date of retrotransposon
insertion,

SanMiguel er al. (49) applicd this approach to estimate the
insertion time lor 17 LTRs from the Adlil region (Fig. 3). The
results show that the oldest retrotransposon insertion is =5.2
mya and that most (15 of 17) retrotransposons inserted within
the last 3.0 million years, The question arises as o whether these
time estimales are reasonable. One feature that supports the
results is that the time estimatds correspond 1o the layering of
retrotransposons (Fig. 3). In other words, in most cases (100l 1)
the insertion date Tor a retrotransposon is less than the insertion
date for the retrotransposon into which it inserted. (The one
eaception is an instance in which the insertion dates are statis-
tically indistinguishable.) Another observation that supports
these results is that the sorghum Adhl region lacks retrotrans-
posons (50). Based on this information and ignoring the possi-
bility of extensive retrotransposon loss in sorghum (51), retro-
transposons in the maize Adhl region must have amassed in the

“16 million years since the divergence of sorghum and muaize.

The implications of the study are important. If the Adh ] region
is representative and the retrotransposons in this region consti-
tute 309 of the genome, the maize genome has doubled in size
in the Jast 5-6 million years, Like the polyploid event, retro-
transposon proliferation represents a doubling of genome con-
tent over a relatively short evolutionary time scale.

Fig. 1 indicates that retrotransposon multiplication likely
began in the evolutionary lincage leading to maize and Tripsa-
cum., which diverged roughly =4.5-4.8 mya (52). Thus, most
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maize retrotransposon activity postdates the divergence of gen-
vri but the oldest retrotransposons in the maize Adh! vegion
likely predate the split between Zea and Tripsucnm. This dis-
cussion wderseares the importance ol studving Zripsacum 1o
understand evolutioniary events in maize better: il Fioo | s
accurate, Trpsacion should share both chromosomal -.I.uplic:l-
tions and some retrotransposon activity in common with maize,
Itis known that Zea and Tripsacm share at least one low-copy
retrotransposon that is absent from other closely related genera
(33). but there is generally little information about chromosomal
duplications or retrotransposons in Tripsacum,

Based on the available information, two Lirge events differ-
entiate the maize lincage from the sorghum lincage. The Tirst
cvent. seamental allotetraploidy, resulted in o 2-fold increase in
nitze DNA content. The second event, retrotransposon prolif-
crition. produced wnother 2-fold increase in maize DNA con-
tent. Together. these events adequately explain the 3.5-fold
difference in DNA content between maize and sorghum. 1low-
ever, it should be noted that there is also substantial variation
in genomic DNA content among Zea and Tripsacum species
(Fig., 1) (2. 34): this vuariation may reflect dilferent amounts
ol retrotransposon proliferation or independent chromosomal
dupheations.

Remaining Questions. Studics ol the J1dh] region by Bennetzen
and comorkers (47-50) have provided invaluable insight into the
structure and dyvnamics ol maize intergenic DNA, but at least
three important gquestions remain.

Question 1. Arc retrotransposons distributed homogencously
amony genomic regions? The L ldhl studies, as well as other
studies (B, Meyers, personal communication), suggest that ret-
rotransposon distribution may be roughly homogenous among
regions ol the maize genome. However, other lines of evidence
suggest that such homogeneity is unlikely. For example, evolu-
tionary theory predicts that transposable elements should gather
in regions of low recombination, such as centromeres (55, 50).
This prediction holds in Arabidopsis, where sequence data from
chromosomes 2 and 4 indicate an increase in the frequency of
transposable elements near centromeres (57).

There are other reasons 1o suggest that retrotransposon
distribution may not be homogencous throughout the maize
genome. One obvious reason is that there are heterogeneities in
chromaosomal structure, such as cuchromating heterochromatin,
nucleolus organizing regions, telomeres, centromeres, and
knobs, Nonctheless, recent research indicates that retrotrans-
posons constitute a substantial fraction of both heterochromatic
centromeres and heterochromatic knobs (38, 539): for one chro-
mosome Y knob, retroclements comprise roughly one-third of
knob-spedific clones (60). Many of the retrotransposons in knob
and centromeric DNA belong to the element Families found m
the Jtdl region, Despite these commonalties. there are also
substantive differences among knobs, centromeres. and the Adh ]
region, For example, centromeres contain a centromere-specific
retrotransposon (Cent Az rel 39). Similarly, chromosomal knobs
associate with 180-bp and 350-bp repeat clements that are
otherwise sparse in the genome (38). Altogether, the emergimg
picture is one in which some retroclement families are Fairly
ubiquitous, and other repetitive DNAs are heterogencous in
their distribution (c.g.. refl. 61).

The work of Bernardi and coworkers (62, 63) is an intriguing
addition to this picture. They fractionated DNA by G:C content
and hvbridized cach G:C fraction to 38 coding-region probes,
I'he Ct‘ldl‘llg genes hybridize almost exclusively to a DNA Traction
ol very narrow G:C content (190 of the total range), and this
narrow fraction corresponds to 17% ol the DNA content of the
genome. To eapluin this hybridization pattern, Bernardi and
coworkers (62, 63) reasoned that maize coding genes must be
located in “gene-rich™ regions and that these gene-rich regions
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must be fanked by DNA with highly homogencous G:C con-
tents. They praposed that this flanking DNA could consist of
retrotransposons like those lanking the Akl sene (48).

The resulis from G:C lractionation experiments and studics ol
the Adit] region are inconsistent. On the one hand, the study o
the Adhl region, coupled with studies of centromeres and knobs,
suggest that retrotransposon distribution is w idespread. repre-
senting 50% ol the genome. On the other hand, Bernardi and
coworkers” work implicitly suggests that retrotransposon distri-
butions are heterogencous, with a higher concentration ol
retroclements in the 179 of the genome that represents coding
DNA. Ultimately, there may be a resolution 1o differences
implicd by different studics. but such a resolution will require
more sequencing ol large chromosomal clones representing
diverse genomic regions,

Question 2. What contributes more 10 the evolution of DNA
content: multiplication of repetitive DNA or chromosomal
duplication? The evolutionary history of maize suggests that
retrotransposon multiplication and chromosomal duplication
(by way of polyploidy) each have generated a 2-fold increase in
DNA content within the Tast 16 million years. Henee, the net
elfeet of these two evolutionary processes is similar in maize. In
contrast, it seems that the multiplication of repeat sequences is
the primary contributor to differences in DNA content between
many taxa (45). For example, barley and rice have similar
complements of low-copy genes (64) but a 12-fold difference in
DNA content (Fig. 1). The dilference in DNA content is thus
probably attributable 1o differences in the amount ol repetitive
DNA (64).

It is premature to make the general statement that repeat
proliferation contributes more to the evolution of DNA content
than chromosomal duplications for two reasons. First, as men-
tioned previously, mapping studies are biased against the dis-
covery ol duplications, and for this rcason, there is as yet no
accurate indication of the extent of chromosomal duplication in
complex genomes, Second, duplication and repeat prolileration
are not independent. Duplication plays a role in repeat prolit-
cration. because duplication doubles repetitive DNA as well as
low-copy DNA.

Question 3. Are chromosomal duplication events correlated
with an increase in the rate of wansposition? This question
originates Irom the work of Matzke, Matzke, and colleague (65.
66), They argue that polyploid genomes contain duplications of
all genes and thus are relatively well bulfered against mutations
caused by transposon insertion. As a consequence, transposible
clements multiply and are maintained in polyploid genomes. For
mutize, the fact that two major events (polyploidy and retrotrans-
poson multiplication) are located on the same phyvlogenctic
lincage gives credence to the idea that these phenomena are
biologically correlated (Fig. 1), but itis not yet known whether
this correlation is widely observed,

Genetic Variation in Genes Along Chromosomes

Genetic Diversity as a Function of Recombination, Natural Selection,
and Chromosomal Position. Gienomes are dynamic entitics that can
be modified extensively by polyploidy and transposon multipli-
cation. [owever. ongoing evolutionary processes like mutation,
recombination, natural selection, and migration also shape the
genome. The effect ol these extant processes on the genome can
be inferred Trom carclul study ol genctic diversity.

Diversity throughout the genome is allected strongly by the
interplay of recombination and natural selection, In Drosophila.
for example, genetic diversity varies along the chromosome as a
function of recombination rate (67, 68). Loci near centromerces
tend to have low recombination rates and also tend to have low
levels of genetie diversity, but both recombination rate and
genetic diversity increase toward the tip of chromosomes. This
relationship is not because recombination is mutagenic: rather,
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Genealogies of four genes, based on the neighbor-joining method (82) with Kimura 2-parameter distances (83), Taxa are abbreviated as follows: maize,

domesticated maize; parv, ancestor of domesticated maize (Z. mays subsp. parviglumis); mex, Z. mays subsp. mexicana; lux, Zea luxurians; dip, Zea diploperennis;
trip, Tripsacum dactyloides. Sequences from Z. luxurians are shown in bold. The data are from refs. 52 and 76-78. Scale bars indicate level of divergence among

sequences, bootstrap values =80% are shown.

it reflects an interdependence between natural selection and
recombination (67, 69). In regions ol low recombination, for
example, linkage between nucleatide sites ensures that selection
for or against a single nucleotide substitution will affect a large
region of the genome. In regions of high recombination, nucle-
otide sites ure nearly independent: thus, selection onasingle site
affects a1 much smaller region of the genome, The result of the
interdependence between selection and recombination is that (1)
levels of genetic diversity can be a function ol chromosomal
position and (1) large chromosomal regions ¢in be depauperate
ol genetic diversity,

The correlation between chromosomal position and genctic
diversity has been confirmed in plants (70, 71), but it is not yet
clear whether recombination in maize follows a simple pattern
along chromosomes. For example, it has been documented that
maize single-copy regions act as recombination hot spots, but
recombination rates also vary among single-copy regions (72-
74). Altogether, these studies suggest that the relationship
between chromosomal position and recombination rate may not

Gaut et al.

be as straightforward in maize as in Drosoplila. More thorough
clucidation of recombination rates in maize requires compari-
sons between genetic and physical maps: such physical maps are
being produced but are not yet completed.

Nonetheless, we have a goal 1o gquantify patterns of genetic
diversity more accurately in the maize genome. To make this
quantification, we have begun a long-term study ol 100 maize
eenes along chromosomes | and 3. To measure genctic diversity
in cach gene, we will sample DNA sequences from =70 indi-
viduals representing maize, its progenitor, and two other wild
Zea 1axa, The project has many long-term goals, including (1) 1o
ivestigate the relationship between chromosomal position and
genetic diversity, (i) to examine the impact of domestication on
genetic diversity in maize. (i) 1o compare the evolutionary
history among specics across genes, and (iv) to create o public
single-nucleotide-polymorphism database.

The first stage of this ongoing project is 10 measure geneltic
diversity in 25 chromosome | genes from 16 maize individuals
representing Mexican and South American land races and 9
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individuals representing ULS. inbred lines. The results of this first
stage will be reported in detail elsewhere, but we can make a
preliminary contrast ol diversity in centromeric vs, noncentro-
meric genes, Average diversity per base pair in four genes within
5 centimorgans of the contromere is (0 = 00144, as determined
by using Watterson’s estimator (75), This level of diversity is
shightly lower than average diversity in 1] noncentromeric genes
(average Watterson's # = 0L0170). but the centromerie genes do
not have extremely low levels of diversity. For example, all four
centromerie genes contain more diversity than 3 of the 11
noncentromeric genes. Thus, we report that there is as yet no
clear evidenee for a strong reduction in genetic diversity near the
centromere of chromosome 1.

Discordant Evolutionary Histories Among Genes. One interesting
feature ol genetic diversity studies of maize and s wild relatives
is that evolutionury histories differ among loci. As an example.
consider Fig. 4, which summuarizes sequence data from four
genes. The genes Adh) and GIb] provide very similar pictures of
the relationship of the wild species Z, luvurians 1o other members
ol the genus Zea (520 70): m short, Tor both ol these genes. Z.
frvurians sequences comprise o separate, well delined clade. In
contrast, Z. fanriany individuals contain sequences that are very
similar (or even identical) w sequences from other Zea taxa for
A2 (77) and ] (78). Thus, the picture of evolutionary history
from Adhl and GIBT s not consistent with mformation from ¢/
and Adh2. (Fig. 4 focuses on gencalogical or phylogenetic
information for case of presentation, but sequence statistics also
stipgest that these genes have dilferent evolutionary histories.)
One interesting feature of Fig 4 is that Adhl and GIbl are
located within a 12-centimorgan region of chromosome 1 Adhi2
and ¢ are found on chromosomes 4 and Y, respectively.

We have sampled extensively from the wild relatives ol maize
for only a hundlul of genes. but discordant patterns, such as those
demonstrated in Fig. 4, continue Lo be identificd. The challenge
ol these data will be 1o infer the evolutionary processes that
contribute 1o discordant evolutionary histories among genes.
Several possibilities exist, including differences in nucleotide
substitution rates, introgression (migration) rates, and natural
selection among genes, One interesting possibility is that gene-
alogical patterns among genes may correlate with chromosomal
location,

I this context. it is worth noting that studies of Drosophila
species have also demonsirated discordant patterns ol gencetic
diversity umong loci. For example, Wang e al. (79) studied three
loct in three Drosophila species. Two of the loct (Hsp82 and
period) vickled very similur pictures of genctic divergencee among
taxi At these two loci, sequences were well differentiated among
taxi. However. the pattern of genctic diversity in the third

Stebbans, G (193000 b aenanions aered Fyoduteosn s Plamn (0 ol Ulns, Pross,
New Yink)
Bennew, M. D& Leiteh, 1L (19493) Ann B 76115170
Mot hintock, B (1930 Prov. Nadl ctewed. Sei USA 16, T91-T406
MoClintock, B (1933) 2 Zellforseh Mikrosk. Anat 19, 191237
Fing. ¥, C (19060) Cyredogea X1, 324-3249,
Snope. AL (196T) Chromosema 21, 2433440,
s Rheades, MOMO 1931 A N 88, Tus-1 10,
8. Rhoades, M. M, 0 1953) a0 Connt ated Conn Tgprovement. e, Sprague, Gl F,
(Acadenmic, New Ywrk), pp. 123-219
0 Goodiman, M. ML, Stuber, C0 W, Newnon K& Wessanger, 1L HL (1950)
Cionetic s 96, B97- 710
WL Wendel, J F L Stuber, €W, Goaodinion, 8 MK Becket, 1 B (1980 2 Hered,
R0, 218-228
11, Wendel, . Fostuber, C. W, Edwarnds, MDD & Goodoan, MM U1980) Theor
Appl Genet. 72, 178 185
12, MeMillin, 1 1 & Scandalios, 30 GO 0180) Prowe Nadl Aeaad Soid, U5 77,
EEUTR Rl
Davis, G M, MeMallen, M. Do Bavsdorter, O Musket, T Grant, D Stachell,
Mo N G Polucen, S Roster, B Selie Hancock, S eval (199 Genetiey

W G e 04

- >

7014 | www pnas.ntg

Drosophila locus (dl) was incongruent with data from the first
two loci. In this last locus, DNA sequences from dilferent taxa
were not highly diverged. Wang er al. (79) used populition
genetic tools 1o contrast gencalogical information among Dro-
sophila loci. and they concluded that introgression among species
has occurred ata much higher rate at one locus (L) than at the
other two loct (HspS2 and period). In short. Drosophila studies
strongly suggest that the processes affecting genctic diversity can
vary among loci and also demonstrate the importance ol com-
paring gencalogical information across species and across loci.

In crops. artificial selection can cause discordant patterns of
genetic diversity among loci. Thus far, levels of nucleotide
sequence diversity have been measured in maize and ils wild
progenitor (Z. mays subsp. parvighunis) lor six genes (summii-
rized in ref. 80). All six genes indicate that maize has reduced
genetic diversity relative 1o its wild progenitor, probably reflect-
ing a genetic boutleneck during domestication (52, 76). Towever,
the level of reduction in genetic diversity varies substantially
among genes. For four of the six genes, maize retains at least half
ol the genctic diversity of its wild progenitor. For the remaining
two genes (¢f and thl). maize contains less thin 207 of the level
ol diversity ol its wild progenitor (78, 81). Low diversity in ¢/ and
th likely reflects artificial selection by the carly domesticators of
maize. The bl gene was probably selected o affect morpho-
logical changes in branching pattern (81), and ¢/ may have been
selected for production of purple pigment in maize kernels (78).

Just as domestication has had a heterogencous effect across
loct, so has the process of maize breeding. For nine genes that
we have sampled extensively thus far, ULS. inbred lines average
roughly 657 the level ol genctic diversity of the broader sample
of maize. This level of reduction from maize land races to U.S.
maize is commensurate with the original reduction in genctic
diversity from wild progenitor 1o domesticated maize (52).
Altogether. owing 1o reductions in diversity caused by initial
domestication and subscquent intensive breeding, our initial
estimates indicate that U.S. inbreds contain only =40% of the
level of genctic diversity of the wild ancestor of maize.

Thus [ar, studies of genctic diversity have shown that maize
senes have different levels of genetie diversity, and diversity in
some genes has been affected strongly by artificial selection. In
addition, studies of wild Zea taxa indicate that genes differ in
their evolutionary histories among taxa. Our ongoing study of
100 genes will help determine whether patterns of evolutionary
history among genes are, in fact, correlated with chromosomal
location and will also contribute to the overall understanding of
the evalutionary forces acting on plant genomes,

I'he authors acknowledge Nuational Science Foundation Grants DBI-
872631 and DEB-9815855 and U.S. Department of Agriculture Grant
O98-35301-6153.
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Plant Transposable Elements. A Hard Act to Follow

Susan R. Wessler®
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The discovery and genetic characterization of plant
transposable elements (TEs) led to a revolution in our
understanding of the composition and dynamic po-
tential of the genetic material in virtually all organ-
isms. Most ot these breakthroughs occurred between
30 and 50 vears ago. [t was during this time that TEs
were discovered in maize (Zea mays) and several
aspects of their genctic behavior were characterized.
Fhrough the study of spotted kernels and sectored
flowers, McClintock and her contemporaries discov-
cred: (a) the existence of multiple TE families with
autonomous and nonautonomous members that are
normal residents of the genome, (b) that elements can
move within and between chromosomes where they
can alter gene expression or serve as sites of chromo-
some breakage or rearrangement, (¢) that excision is
often imprecise and reinsertion is often to a linked
locus, and (d) that elements can exist in the genome
in a quiescent state that is subject to reactivation by
biotic and abiotic means collectively termed “genom-
ic stress.” This era of discovery and its relevance to
modern biology is reviewed by Fedoroff (9). In addi-
tion, the story of how the genomic stress hypothesis
came to fruition is summarized in McClintock’s No-
bel lecture (18). This view of the genome as respon-
sive and dynamic, that is, something more than a
collection of genes, heralded the start of the current
SeNnoOmics era.

The purpose of these historical notes is to review
conceptual breakthroughs that have occurred over
the past quarter century. | would venture to guess
that for most of us involved in the study of plant TEs
during this time, the historical legacy has been a hard
act to follow. However, | will argue that recent stud-
ies, especially those in the last 5 years, have raised the
bar on what constitutes the dvnamic genome and
have placed plants once again at the forefront of
transposon studies.

PHASE I: THE DNA ELEMENTS—
CHARACTERIZING OUR GENETIC LEGACY

Although the historical legacy may have been a
hard act to follow, the large collections of TE-induced
alleles generated during that era provided most of
the raw materials used by the first generation of plant
molecular biologists. What I have arbitrarily called

* E-mail sue@dogwood botany ugaedu; fax 706-542-1805.

phase I in the molecular analysis of plant TEs focused
on two areas: (a) the isolation of genes and their
TE-induced alleles and the subsequent characteriza-
tion of TE families, and (b) understanding the mech-
anisms underlying the diversity of unstable pl1cm>~
tvpes. Many of the first plant genes cloned in the
carly 1980s were chosen because they had TE-
induced alleles. These include the sk, adhl, and wy
genes from maize and the nivea gene from Antirlin-
i majus. From their mutant alleles came the first
characterized Ds, Ac, and Tam clements (3, 11, 21).
The isolation of members of the other prominent
plant TE families including Mutator, Spm/En, and
other Tam elements occurred in numerous labs
around the world including those of the Burrs, Freel-
ing, Peterson/Saedler, Starlinger, Walbot, and qgn'-
penter/Coen (for review, see 17)

This first wave of plant elements was distinguished
by their high frequency of somatic and germinal
instability. All were DNA or class 2 ulcmcnlt. agroup
that is characterized by short inverted terminal re-
peats and transposition via a DNA intermediate.
That is, the element usually excises from one site and
reinserts elsewhere. Analyses of complex and diverse
mutant phenotypes induced by insertion and exci-
sion of class 2 elements into plant genes revealed a
myriad of ways that these elements can modify gene
regulation. These included: (a) the discovery that
transposon hmtpnnls are usually left behind when
elements exicise (21), (b) that Ds and dSpm elements
function as introns (15, 23), and (c) that promoter
insertions can alter tissue-specific patterns of expres-
sion (8).

In retrospect, the most important discoveries that
came out of this period were the analyses of what
McClintock called changes in phase, or the reversible
switch in element activity. The correlation between
element activity and methylation state was first doc-
umented for the Mutator element (6) and foreshad-
owed similar correlations for other TEs and normal
plant genes.

With these elements in one hand and a large col-
lection of previously isolated TE-induced alleles in
the other, transposon tagging strategies were devel-
oped (for review, see 10) that permitted the rapid
isolation of many structural and regulatory genes in
both maize and Antirrhinun majus. The importance of
transposon tagging protocols for gene isolation was
recognized by those working with plants that lack
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well-characterized endogenous systems. This recog-
mition led to the mtroduction ot the maize clements
into a variety of plant species, beginning with to-
bacco (Nicotiona tubacum; 1), and has resulted in the
isolation of many genes, the first being a floral color
gene from pn‘tnhid (Petimia hybrida; 7) and the most
prominent being the N resistance gene from tobacco
(24). It is unfortunate that the success of forward
genetic approaches like transposon tagging is se-
verelv limited by the large size of most plant ge-
nomes and the requirement for a visible mutant phe-
notvpe. To crcumyent these problems, site-selected
transposon lagging pl'utn(nlr-. {also called reverse ge-
netics) using the Mutator element were developed (2).

PHASE 2: TEs OF HIGH COPY NUMBER

\though the characterization of class 2 clements

dominated the livst 10 vears of the molecular era, it
soon became clear that the low copy numbers of
these elements precluded their having a signiticant
impact on genome size, structure, or evolution. One
exception to this generalization may be miniature
inverted repeat TEs (MITEs) which appear to be high
copy number class 2 elements that, in some cases, are
preferentially associated with grass genes (4).

TE studies in the 1990s have been dominated by
long terminal repeat (LTR) retrotransposons, which
are members of the class 1 or retro-element group.
LTR retrotransposons are flanked by long terminal
repeats and usually encode all of the proteins re-
quired for their transposition. For all class 1 cle-
ments, it is the element-encoded transcript, and not
the element itself, that forms the transposition inter-
mediate. [t is for this reason that they can attain much
higher copy number than class 2 elements. Transcrip-
tion of most of the active plant elements character-
ized to date is largely quicscent during normal de-
velopment but can be induced by biotic and/or
abiotic stresses including cell culture, wounding, and
pathogen attack (12). Because the element-encoded
transcript is also the transposition intermediate, LTR
retrotransposons may have the ability to rapidly alter
genome structure in response to environmenltal cues
(sce below).

Given their large size (from 4-10 kb on average)
and potential to amplify on a massive scale, it is not
surprising that LTR retrotransposons comprise the
largest fraction of TE-derived genomic DNA in al-
most all plant genomes examined to date (for review,
see 16). An important series of recent experiments,
led by the Bennetzen lab (20), has demonstrated that
differential amplification of LTR retrotransposons
largely accounts for the C-value paradox among the
agronomically important members of the grass clade.
The C-value paradox is the observed lack of correla-
tion between increases in DNA content and an or-
ganism’s complexity. It has been documented for
both animal and plant species, but to date only ap-
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pears to be “solved” for the members of the grass
tribe

[he focus on high copy number elements in plants
necessitated the development of new protocols to
assay TE movement on a whole-genome basis. Unlike
the low copy number class 2 elements discussed
above, MITEs and retrotransposons rarely transpose
and are not associated with mutant genes. Thus their
activity could not be visualized in the traditional
manner of examining spotted kernels (Fig. 1A).
Instead, a modification of the gel-based amplified
fragment length polvmophism technique called trans-
posondisplay was developed tosimultancously moni-
tor the movement of hundreds of elements (Fig. 1B;
22). Transposon display of the stable and highly
polymorphic MITE families of maize has led to their
use as a new class of molecular marker that is pref-
erentially associated with genic regions (5).

THE FUTURE OF PLANT TRANSPOSONS: POISED
FOR NEW BREAKTHROUGHS

Given that a large fraction of the DNA sequence
output from plant genome projects will be derived
from TEs, there will be no shortage of new elements
to be discovered, categorized, and exploited as po-
tentially valuable molecular tools. However, three
recent papers exemplify for me the areas where ma-
jor breakthroughs are most likely to arise. The first,
by Hirochiki and coworkers, reports the amplifica-
tion of the tobacco retrotransposon Ttol in Arabidop-
514 |!]‘ml~4 that are methylation deficient (ddm1; 13). In
the near future we should know how epigenetic

Figure 1. Assaying TE activity the old way (A) and the new way (B}
A, Maze kernels displaving patterns characteristic of TE excision
from a gene in the anthocyanin hiosynthetic pathway, B, Computer-
'L"I'Hl'l'.ﬂl’fl mage of a Iranspason ([I‘-\{)Ll\_' where blue fluorescent
hands are PCR products that are anchored in a restriction site and in
a member of the MITE family 12 (courtesy of Zenaida Magbanua
{University of Georgia, Athens]). Red bands are M, markers. Samples
were resolved on an ABI3Z7 sequencer where the loading was
slagpered,
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mechanisms regulate TEs, whether this control is
influenced by environmental cues, how TE organiza-
ton influences global chromatin structure (and in
turn gene expression), and whether epigenetic regu-
lation evolved to regulate TEs,

T'wo papers have raised the bar on our concept of
the dvnamic genome and have positioned the grass
clade as a focal point for future studics. In a
follow-up to their study of intergenic retrotrans-
posons in maize, SanMiguel et al. (19) provide evi-
dence that a burst in retrotransposon activity dou-
bled the size of the maize genome within the past 3
million years. This result demonstrated for the first
time that TEs could rapidly restructure a genome. In
the second paper Kalendar et al. (14) present a dra-
matic example of TE-mediated genomic restructuring
within populations of the wild barley Hordewm spon-
taneum growing in distinct regions of a canyon in
Isracl. In this case, genome restructuring takes the
torm of genome size variation due to retrotransposon
amplification  (the BARE-T element) and  intra-
clement deletion. Correlation between BARE-1 copy
number, genome size, and local environmental con-
ditions suggest for the first time a testable molecular
mechanism linking habitat with TE induction in nat-
ural populations.

Taken together these two studies suggest that the
grass clade is in a dynamic period of genomic re-
structuring and, tor this reason, may be the system of
choice for understanding the extent of TEs involve-
ment in both macroevolutionary and microevolu-
tionary processes. Given the rapid pace of recent
discoveries, it may be reasonable to expect that in the
not-too-distant future this line of research will pro-
vide mechanisms to explain how evolution works at
the molecular level.
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RNA silencing is a eukaryotic genome defence system
that involves processing of double-stranded RNA
(dsRNA) into 21-26 nt, short interfering RNA
(siRNA). The siRNA mediates suppression of genes
corresponding to the dsRNA through targeted RNA
degradation. In some plant systems there are add-
itional silencing processes, involving systemic spread
of silencing and RNA-directed methylation/transcrip-
tional suppression of homologous genomic DNA. We
show here that siRNAs produced in plants from a
green fluorescent protein (GFP) transgene are in short
(21-22 nt) and long (24-26 nt) size classes, whereas
those from endogenous retroelements are only in the
long class. Viral suppressors of RNA silencing and
mutations in Arabidopsis indicate that these classes of
siRNA have different roles. The long siRNA is dispens-
able for sequence-specific mRNA degradation, but cor-
relates with systemic silencing and methylation of
homologous DNA. Conversely, the short siRNA class
correlates with mRNA degradation but not with sys-
temic signalling or methylation. These findings reveal
an unexpected level of complexity in the RNA silencing
pathway in plants that may also apply in animals.
Keywords: DNA methylation/double-stranded RNA/
retroclements/RNA silencing/silencing suppressor/
systemic signalling

Introduction

In eukaryotic cells, gene silencing operating at the RNA
level has roles in adaptive protection against viruses
(Voinnet, 2001), in genome defense against mobile DNA
clements (Ketting er al., 1999; Wu-Scharf et al., 2000) and
in developmental regulation of gene expression (Grishok
et al., 2001; Hutvagner er al., 2001; Ketting et al., 2001).
Many of these silencing systems involve double-stranded
RNA (dsRNA) that is generated by host- or virus-encoded
RNA-dependent RNA polymerases (Dalmay et al., 2000;
Mourrain er al., 2000; Sijen et al., 2001a), by transcription
cither through inverted repeats (Grishok er al., 2001;
Hutvagner er al., 2001; Ketting er al., 2001) or from
converging promoters (Aravin et al., 2001). Various terms

@ European Molecular Biology Organization

including RNA interference, post-transcriptional gene
silencing and quelling have been used to refer 1o these
examples of gene silencing. However, based on genetic
and molecular analyses. it secms that their mechanisms
share similaritics and here we use the generic term ‘RNA
silencing’.

A second component of RNA silencing, in addition to
dsRNA, is a 21-26 nt RNA known as short interfering
RNA (siRNA) (Hamilton and Baulcombe, 1999; Elbashir
et al.. 2001a). In Drosophila, the siRNA is derived from
dsRNA (Zamore ¢t al., 2000) by the action of an RNaselll-
like enzyme named Dicer (Bernstein er al., 2001). The
siRNA guides a multi-subunit ribonuclease, referred to as
RNA-induced silencing complex (RISC) (Hammond er al.,
2000, 2001a; Elbashir er al., 2001a; Nykanen et al., 2001).
and ensures that it specifically degrades RNAs that share
sequence similarity with the dsRNA. It is thought that the
specificity is mediated by base pairing of the siRNA and
the targel.

In addition to mRNA degradation, RNA silencing in
plants acts at several other levels, including DNA
methylation and transcriptional suppression (Wassenegger
and Pelissier, 1998; Mette er al., 2000; Jones er al., 2001),
pre-mRNA processing (Mishra and Handa, 1998) and
translation (VanHoudt er al., 1997). Aspects of RNA
silencing have also been implicated in translational control
in other cukaryotes (Grishok er al., 2001; Hutvagner et al..
2001; Ketting et al., 2001). In many of these examples the
target nucleic acids share nucleotide sequence similarity
with the initial dsRNA trigger, and it is likely therefore that
siRNAs are the specificity determinants. However, it is not
known whether RISC is involved and it remains possible
that different siRNA-containing complexes act at various
levels of gene expression.

As well as intracellular RNA silencing, there is also
transmission of the silencing state between cells (Palauqui
eral., 1997: Voinnet and Baulcombe, 1997; Voinnet ef al..
1998). In plants, a signal of silencing moves from cell to
cell through plasmodesmata and for greater distances
through the vascular system. The signal is likely to
incorporate a nucleic acid because it mediates a nucleotide
sequence-specific effect. A similar signal may exist in
Cuenorhabditis elegans, where RNA silencing is also non-
cell autonomous (Fire er al., 1998; Winston et al., 2002).

One possible role of the extracellular signal of silencing
in plants is anti-viral. The signal would move together
with, or in advance of the virus, and mediate silencing of
the viral RNA in the newly infected cells. Consequently
the infection would progress slowly or would be arrested
(Voinnet er al., 2000). Many plant viruses produce
proteins that suppress RNA silencing in order to counter-
act this defence mechanism (Anandalakshmi er al., 1998;
Brigneti er al., 1998; Kasschau and Carrington, 1998).
These proteins share no obvious common structural

4671



A Hamilton et al.

A Symtunie

anier g 551

wibnar iy
e

ax

LX
marker HS 55 LS market NS 35 LS

| | -“l

25 @ 80

2 3 4 s 6 I 8

[ | P TSP PR U ST L R

Fig. 1. Ditterenual accumulation of long and short siRNA in local and
svstemic GEP silencing (A) Local silencing (LS) of GFP (left) was in-
duced in leaves of wild-type (WT) N benthamiana by agro-infiltration
of the 355-GFP construct. Local silencing also occurs in GFP trans-
genic N benthamiana (right) and precedes systemic silencing (58), in
which transgene expression is suppressed in new. emerging, non-infil-
trated tissues. (B-C) Low molecular weight RNA was hybridized with
GFP untisense-specific (B) or sense-specific (C) probes. Lanes 'S5
were from  systemically silenced upper leaves of GFP transgenic
N.benthamiana. *5X" indicates that the amount of RNA loaded in lanes
3 und 7 was 5-fold higher than the sunount loaded in Tunes 4 and §. The
samples in lanes 'LS" were from leaves of wild-type N.benthamiana
exlubiting local silencing following infiltration with the 35S-GFP struin
of Atumefaciens. Comtrol samples (lanes “NS°) were from non-infil-
trated leaves of wild-type N benthamiana. Both GFP siRNA classes
accumulate o similar, high levels in GFP wansgenic and wild-iype
plants (data not shown)

motils and appear to act against different stages of the
RNA silencing mechanism  (Voinnet et al., 1999;
Anandalakshmi er wl., 2000: Llave er al., 2000: Mallory
et al., 2001), including synthesis or movement ol the
systemic signal (Voinnet er al.,, 2000; Guo and Ding,
2002).

Here, we characterize siRNAs  produced from a
trunsgene and from several endogenous retroclements,
and we investigate the effects of viral suppressors of
silencing. We show that there are two size classes of
siRNAs associated with RNA silencing ol a green
fluorescent  protein  (GFP) transgene and that these
siRNAs are differentially affected by the viral suppressors
of RNA silencing. In contrast, siRNA from retroelements
is composed of only the long class. Il the abundance of the
long siIRNA was reduced by viral suppressors or by
mutation of the SDE4 Arabidopsis gene, systemic silen-
cing and methylation of genomic DNA were prevented or
reduced, whereas degradation of the target RNA was
unaffected. Conversely, if the short class was reduced in
abundance or was absent. there was no degradation of
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target RNAs corresponding to the siRNA. Based on these
results. we propose that the short siRNA is incorporated
into RISC and is involved in degradation of the target
RNA. We further propose that the long siIRNA plays a
separate role that is associated with systemic signalling of
RNA silencing and RNA-directed DNA methylation,

Results

Agrobacterium-mediated silencing of GFP in plants
When a liquid culture of Agrobacterium wumefaciens is
pressure-injected into leaves, the transferred (T)-DNA of
the bacterial Ti plasmid is transferred into plant cells.
where transient expression of the T-DNA-encoded genes
procedes. Thus, in Nicotiana benthamiana, the ‘agro-
infiltration’ of a GFP transgene coupled to a cauliflower
mosaic virus 35S promoter (35S) results in strong green
fluorescence in the infiltrated zone that contrasts with the
surrounding red fluorescence from chlorophyll. GFP
fluorescence and GFP mRNA reach peak levels after
2-3 days in the infiltrated patch (Voinnet and Baulcombe,
1997) and then decline as a consequence of RNA silencing
activation (Johansen and Carrington, 2001: O.Voinnet.
S.Rivas, P.Mestre and D.C.Baulcombe, manuscript sub-
mitted). We refer to this phenomenon as ‘local silencing'
of GFP,

When a 358-GFP transgene is agro-infiltrated mnto
plants that are already transformed with a GFP transgene,
the infiltrated patch appears bright green due to the
transient GFP expression superimposed on fainter green
fluorescence from the resident transgene (Voinnet et al..
1998). As on the non-transformed plants, transient
expression of GFP peaks after 2-3 days and then declines.
At later times, the tissue becomes uniformly red fluores-
cent (Voinnet ef al.. 1998), indicating that the newly
infiltrated transgenes and the resident GFP transgene have
both become locally silenced. This local silencing pre-
cedes ‘systemic silencing’, in which GFP expression is
suppressed in newly emerging, non-infiltrated leaves of
the GFP transgenic plants (Voinnet et al., 1998).

Two classes of siRNA

Local and systemic silencing of GFP in N.benthamiana is
associated with two size classes of 21-25 nt GFP siRNA
(Figure 1), corresponding to both sense and antisense
strands. In the extracts of local silencing tissue, the longer
siRNAs (25 nt) are as abundant as the shorter species
(Figure 1B and C, lanes 4 and 8, respectively) whereas in
the systemic silencing tissue the shorter siRNAs (21-22 nt)
are by far the more abundant species (Figure 1B and C,
lanes 3 and 7, respectively). We can rule out that the
different size classes of siRNA are artefacts caused by
contaminants in the RNA preparations because labelled
marker RNA had the same electrophoretic mobility,
irrespective of whether it was analysed alone or after
mixing with the plant RNA (data not shown).

The effect of viral suppressors on local silencing

The onsct of GFP silencing after agro-infiltration provides
a convenient system for induction of siRNA. Furthermore,
by infiltrating mixed A.tumefaciens cultures, the effect of
viral suppressors on GFP siRNA, mRNA and systemic
silencing can be assessed. In such an experiment one of the
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Fig. 2. The effects of viral suppressors on local RNA silencing,
(A) Local silencing was induced in leaves of GFP transgenic
N benthamiana by mfiltration of the 35S-GFP strain of Agrobacterium

together with a second strain designed to express a viral suppressor of

silencing, The onset of local silencing was then monitored and samples
were collected for GFP mRNA und siRNA analysis, RNA was ex-
tracted from the infilated leaves after § (B) and 11 days (C). GFP
MRNA was detected by hybridization with “P-lubelled GFP ¢DNA.
GFP siIRNA was detected by hybridization with labelled GFP sense
RNA. The length of the siRNA s indicated as 21-22 nt (short class)
and 25 nt (long class). Lanes 2-6 and 9-12 are from plants in which
the GFP A tiomefaciens was mixed 1:1 with a second culture expressing
a viral suppressor. The suppressors were He-Pro (HC, lanes 2 and 9),
2b thanes 3 and 10), P1 (lanes 4 and 11), AC2 (lanes 5 and 12) ind P19
tlanes 6 and 13). Lanes 7 and 14 ure from plams in which the
second Admefaciens culure carried the 3535-GUS transgene construct.
Lanes | and 8 correspond to non-infiltrued control leaves.

T-DNA constructs carries the 35S-GFP transgene as an
initiator of silencing and the sccond encodes a viral
suppressor (Figure 2A). The cultures are infiltrated into the
leaves of GFP transgenic N.benthamiana and the plants are
monitored for local and systemic GFP silencing. This
approach has been used previously to investigale suppres-
sors of silencing encoded in several viruses (Voinnet er al.,
2000; Johansen and Carrington, 2001; Dunoyer er al.,
2002; Guo and Ding, 2002).

The viral suppressors tested include the P protein of
ricec yellow mottle virus (RYMV). the P19 protein of
tomato bushy stunt virus (TBSV), the helper component
protease (He-Pro) of potato virus Y (PVY), the 2b protein
of cucumber mosaic virus (CMV) and the AC2 protein of
African cassava mosaic virus (ACMV) (Voinnet et al.,
1999). We used an Agrobacterium culture carrying a 358-
B glucuronidase (GUS) transgene as a non-suppressor
control. Both GFP mRNA and GFP siRNA levels were

Two classes of siRNAs in plants

monitored at 3 and 11 days post-infiltration (d.p.i.) in three
separate experiments. _ )

Figure 2B and C illustrates that both GFP siRNA size
classes accumulated in tissues infiltrated with a GFP
Agrobacterium strain in the absence of a viral suppressor
(lanes 7 and 14, respectively). In contrast, in all GFP
combinations with viral suppressor constructs, the accu-
mulation of siRNA was reduced, although to different
extents (lanes 2-6 and 8-12). The strongest effect, with
P19, resulted in suppressed accumulation of both long and
short siRNAs for at least 11 days (lanes 6 and 13). He-Pro
suppressed both siRNA classes at 5 d.p.i., but by 11 d.p.i.
there was accumulation of the smaller class only (lanes 2
and 9). P1 suppressed accumulation of the longer class of
siRNA throughout the 1 1-day duration of the experiments.
but caused only a moderate reduction in the shorter class
(lanes 4 and 11). AC2 and 2b were the weakesl suppressors
and caused a similar, moderate reduction of both siIRNA
classes (lanes 5 and 12 and lanes 3 and 10, respectively).

The GFP mRNA levels were inversely related to the
abundance of the short siRNAs. Thus, in the samples
without a viral suppressor, agro-infiltration of 355-GFP
induced a high level of short siIRNAs, and the GFP mRNA
from the stable integrated transgene and from the
transiently cxpressed DNA  was below the limit of
detection (Figure 2B and C, lanes 7 and [4, respectively).
In samples with intermediate levels of the short siRNA due
1o the 2b, PI and AC2 suppressors (Figure 2B, lanes 3-5),
the GFP mRNA at 5 d.p.i. was at approximately the same
level or was less abundant than in the non-silenced
controls (Figure 2B, lane 1). However, by |1 d.p.i., with
these intermediate suppressors, the GFP mRNA silencing
was as strong as in the absence of viral suppressors
(Figure 2C, lanes 10-12). The |1 d.p.i. sample with He-
Pro also represented the intermediate situation in which
the short siRNA class was moderately abundant and the
GIFP mRNA was markedly reduced (Figure 2C, lane 9).
The extreme situation, in which short siRNA was reduced
to levels that were at or close to the detection limit, was
with He-Pro at 5 d.p.i. and with p19 at both time points. In
these samples (Figure 2B, lanes 2 and 6, and Figure 2C,
lane 13), there was strong suppression of silencing and the
GFP mRNA was more abundant than in the non-silenced
plants (Figure 2B and C, lanes | and 8, respectively).

In contrast, there was no obvious relationship between
the accumulation of the long siRNA and GFP mRNA
levels. Thus, GFP mRNA was suppressed if the long
siRNAs were detectable, as in the 2b and AC2 samples
(Figure 2B, lanes 3 and 5, and Figure 2C, lanes 10 and 12).
The GFP mRNA was also suppressed if the longer siRNAs
were not detected, as in the He-Pro (11 d.p.i.) and Pl
samples (Figure 2B, lane 2, and Figure 2C, lanes 9 and 11).
Taken together, these RNA analyses indicate that the short
siRNA but not the long siRNA has a role in local silencing.

The effect of viral suppressors on

systemic silencing

Systemic silencing of GFP in the upper leaves of the
infiltrated plants (Figure 3) was strongly inhibited when
the 355-GFP trigger of local silencing was co-expressed
with P1, He-Pro or P19. It was striking that the suppressors
were those affecting production of the longer siRNA
(Figure 2B, lane 2, 4 and 6, and Figure 2C, lanes 9, 11 and
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13). Conversely, the suppressors that had either a slight
(AC2) or moderate (2b) effect on systemic silencing
(Figure 3) in our experimental conditions were those with
only a slight elfect on the level ol the long siRNA
(Figure 2B, lanes 3 and 5. and Figure 2C. lanes 10 and 12).
These results were consistently  reproduced in three
independent experiments involving 10 plants each. They
suggested a correlation between the production of the long
GFP siRNA species in the infiltrated patch and the
subsequent onset of systemic silencing.

To investigate this possible correlation between the
longer siRNA and systemic silencing further. we exploited
mutant  forms of PVX incorporating a GFP gene
(PVX-GFP) (Figure 4A). Replication-competent forms
ol PVX=GFP are able 10 initiate local silencing of the
GFP mRNA and siRNA production in GFP transgenic
N.benthamiana. However, only mutant forms of
PVX-GFP in which the P25 movement protein gene had
been deleted are able to initiate systemic silencing,
indicating that P25 is a suppressor of the systemic signal
but not of the local silencing triggered by virus replication
(Voinnet et al.. 2000).

We have now extended these analyses using conditions
that, unlike those used previously (Voinnet er al., 2000),
allow resolution of long and short siRNAs. We inoculated
GFP transgenic Nobenthamiana with forms of PVX-GFP
that either did or did not encode P25, and monitored
production of siRNAs and systemic silencing in the
infected plants. The PVX constructs were incapable of
moving out of the inoculated cells because they were
defective for coat protein (Figure 4A) (Voinnet er al.,
2000). Consequently, any systemic silencing would be due
to spread of the silencing signal rather than the virus.
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ﬂo l 35S:suppressor
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Fig. 3. The effects of viral suppressons on systemic RNA silencing,
GFP transgenic Nbenthamiana plants were infiltrated  with mixed
A tumefuciens cultures as described in Figure 2, and were monitored
for the onset of systemic silencing at 5, 7. 11 and 20 dpa. For each
experimental treatment. a wral of 30 individual seedlings (three separ-
ate experiments with 10 plants each) were tested. Abbreviations for the
vital suppressors are as shown in the legend to Figure 2. V.O., veins
only: this indicates that systemic silencing was incomplete and limited
to the veins of a few leaves.
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The results with these constructs show that there was
systemic silencing and long siRNA only if the PVX-GFP
had a deletion that included the P25 gene (Figure 4B, lanes
1 and 3). It the P25 gene was included as part of the
PVX-GFP genome (Figure 4B, lane 2) or was provided
in trans, there was suppression of systemic silencing and
the longer siRNA was absent (Figure 4B, lanc 4). These

A

by Gre TN |
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Py GFP CP
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PVX-GFP-ACP
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355 P25-\A1G - - + =
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Systemic 1 2 3 4

silencing
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Fig. 4. The effects of PVX P25 on siIRNA accumulation and systemic
RNA silencing. (A) PVX-GEFP has been described previously (Ruiz
et al., 1998; Voinnet ¢f al., 2000). Expression of the inserts in the PVX
vector is controlled by a duplicated coat protein (CP) promoter, as indi-
cated in blue. The replicase ORF is essential for viral replication; the
25,12 and 8 kDa proteins are all strictly required for viral cell-to-cell
movement and are collectively referred to as triple gene black (TGB)
proteins, The CP is essential for encapsidation as well as cell-to-cell
and systemic movement. PVX-GFP-ACP carries a deletion span-
ning the entire CP ORF. PVX-GFP-ATGB-ACP is based on
PVX-GFP-ACP and carnies a deletion spanning the enure TGB
(Voinnet ¢r al., 2000). These PV X-GFP mutants were inserted between
the 355 promoter and terminator of the pBinGl T-DNA, and viral
mocula were provided to plamis by Agrobacterivm-mediated transient
expression of the above-mentioned T-DNAs. (B) Four-week-old seed-
lings of GFP transgenic N.benthumiana were inoculated  with
PVX-GFP-based replicons. After 5 days, RNA was extracted from the
moculated leal and antisense GFP siRNA was assayed as described in
Figure 2. The onset and progression of systemic GFP silencing was
monitored in 10 plants for each inoculum and the number of plants
showing systemic silencing is indicated. The asterisk at the bottom of
lune 2 indicates partial systemic silencing that was only restricted to a
few leaf veins in this particular plant. The viral inocula were either
PVX-GFP-ATGB-ACP (lanes 1, 3 and 4) or PVX-GFP-ACP (lane 2).
The 355-P25-AATG (lane 3) and 355-P25 (lune 4) constructs were
trunsiently co-expressed in the inoculsted tissue, as described in
Figure 2.



data therefore reinforee the association of the long siRNA
with systemic silencing. They further suggest that P25

blocks systemic silencing by interfering with production of

this long siRNA

Retrotransposon siRNA

We also investigated the size distribution of endogenous
plant siRNAs. Although there are no known natural targets
of RNA silencing in plants, it was originally suggested
(Flavell, 1994) that the mechanism is a natural defence
against transposable clements in plants. This idea is
supported by recent molecular and genetic evidence from
antmals and lower plants (Ketting er al., 1999; Tabara
et al.. 1999 Wu-Scharl er al.. 2000 Aravin et al., 2001).
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Two classes of siRNAs in plants

To find out whether plants also have transposon siRNA-
like species. we probed extracts of Arabidopsis thaliana
and Nicotiana species for siRNAs corresponding 1o three
different retroelements. In each instance, as shown below,
we detected RNA of both sense and antisense polaritics
and of a size similar to transgene siIRNA (Figures 5 and 6).
However, unlike transgene siRNA, in each case the small
RNA corresponded only to the longer size class.

The Tntl element in Nicotiana tabacum is an active
retrotransposon (Grandbastien er al., 1989). Sense and
antisense specific probes from the long terminal repeat

A

Wl sded sgsd sded sov m Wi sted sgsd soed e m
—
it
o
Ll B | —ila L o~y
&
-tn .
A\l 2 3 4 5 & ’ [} Ll 10 1 12

ALGh | antiserse spec o ATGH Y sense specste
BRI e

B

m Wl sded sgsd siked  asel m Wl mael agid soed  waw )

pro—
e O Y ) bid e T AL
_-—— b een

Haelll . ok - - “ .

Saulai

FreT

cum

Fig. 6. Rewroelemem siRNA and DNA methylation in Arabidopsis,
(A) RNA was extracted from wild-type and silencing-defective mutants
of 6-week-old A thaliana (landrace C24) seedhings. The mutations were
at the sdel/sgs2, sps3, sded and sded loci (Dalmay er ol 2000, 2001;
Mourrain ef al., 20000, AISN1 siRNA was detected by hybridization
with sense RNA transcribed from the cloned AISNI sequence. After
probe stripping, the filter was reprobed with antisense RNA from the
cloned AISNI sequence. (B) DNA was extracted from the lines of
Athaliana as in (A) and digested with the methylation-sensitive
engymes Haelll or Sand Al Similar extent of digestion was confirmed
by electrophoresis und ethidium staining of digested DNA, Each sample
of digested DNA was used as template for PCR with AtSN-specific
primers and primers that would amplify an unrelated sequence (1o
control for vanations in efficiency ol individual PCR). The AISN
primers would only amplify AtSN DNA G it had remuined undigested

Fig. 5. Retroelement siRNA in Nicotiana sp. (A) Low molecular
weight RNA  from  Nbewhamiona  (lanes *N.b.'),  S-week-old
N.tabacum var. Petite Havana (Lines "N.G') and 6-week-old Athaliana
lundrace C24 (lanes *A.L") were hybridized with 2P-labelled Tmt] LTR
sense or antisense RNA. Samples in lunes 8" and 'NS' were as de-
seribed in Figure | and the siRNA wis detected by hybridization with
a GFP antisense-specific probe. (B) RNA was extracted from the leaves
af 1=, 5- and 9-weck-ald Nrabacum var, Petite Hav Low molecular
weight RNA was hybridized with & “P-labelled sense or antisense
RNA corresponding to a cloned TS SINE. The two panels show hybri-
dization to the same lilter stripped of probe between hybridizations,
(C) Leaves of Nbenthamiana were inoculated with TRV:00 or
TRYITS and total RNA was extracted from the inoculited leaves after
2,4 and 7 days. RNA was hybridized with a 2P-labelled, 617-bp DNA
fragment of TRV RNA2 generated by EeoRl digestion of vector
pTVOO. This fragment corresponds o the 3° UTR of RNA2 and thus
cross-hybridizes with RNAL The multiple RNA species hybridizing to
the probe are genomic and subgenomic RNAs that are typically
associated with TRV infection (Rawelift er al, 2001). The size shift
ol the TRV:TS RNA specics (lunes 7-9) conlirms detection of the
recombinant virus,
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(LTR) of this scquence detected 24-26 nt RNA in
Notabacum (var. Samsun) and N.benthamiana (Figure SA,
lanes 6. 7. 10 and 11) but not in A.thaliana (Figure 3A,
lanes 8 and 12), which does not harbour elements of the
Totl family. These longer siRNAs corresponded, in equal
abundance. to both sense and antisense strands (Figure 5A)
and were also detected using probes from the Gag gene of
Totl (data not shown). We did not detect Tntl siRNA of
the small ¢lass (21-22 nt).

To determine whether sIRNA was produced from other
retroelements. we used as a probe the TS SINE element
of tobacco (Yoshioka er al.. 1993). TS siRNAs in
N.benthamiana and N.tabacum were detected with both
sense and antisense probes corresponding o the entire
length of a cloned TS clement (Figure 5B). As with the
Tutl clement, these TS siRNAs corresponded only to the
24-26 nt long class. We infer that the TS siRNAs are
abundant because they were detected with the same short
fluorographic exposure times used to detect GFP siRNA in
systemically silenced leaves (Figure 5B).

The siIRNAs associated  with transgene  silencing
mediate  resistance  against  virus  infection.  Thus,
N.benthamiana plants exhibiting virus-induced and trans-
vene-induced systemic silencing of a GFP transgene are
resistant against recombinant viruses carrying a GFP insert
(Voinnet and Baulcombe, 1997 Ruiz et al., 1998),
However, the TS siRNAs did not confer resistance 1o
Nobenthamiana against recombinant tobacco rattle virus
carrying a TS insert (TRV:TS), because this vector was
able to accumulate as rapidly and as extensively as the
recombinant TRV without an insert (Figure 5C, lanes 4-6
compared with lanes 7-9).

To test whether abundant siRNA production is a general
feature of SINEs, we used the AISNT of Arabidopsis as a
probe. As with the TS SINE, both sense and antisense
SIRNA (Figure 6A) were found but detection required
much longer exposure time than for the tobacco TS
clement, suggesting that they are less abundant. The strong
SIRNA signal obtained with the TS probe is more likely a
reflection of the high copy number of the TS element
[50 000 copies per genome (Yoshioka er al., 1993)
compared with 70 copies of the AISNI (Myouga et al.,
2001)]. RNA blot analysis indicated the presence of sense
and antisense AISNI siRNAs (Figure 6A) which, as with
the Tntl and TS elements, were of the longer class. These
AISNI siRNAs were present in wild-type plants and in
sdellses2, sexd and sded mutants that are defective for
transgene silencing (Elmayan er al., 1998; Dalmay er al..
2000) (Figure 6A). However, in an sded mutant back-
ground, the AISN] siRNAs were absent (Figure 6A, lanes
4 and 10). Based on these results it seemed likely that
retroelement siRNAs are produced by mechanisms that are
similar but not identical to those involved in transgene
RNA silencing.

RNA silencing ol transgenes and retroelements in plants
is often associated with sequence-specific methylation
(Ingelbrecht er al.. 1994; English et al., 1996; Jones et al..
1999: Mette er al., 2000; Morel er al., 20005 Miura er al.,
2001). Because siRNAs are strong candidates for the
molecules that direct methylation, we tested whether
methylation of an AISN1 element was affected in the sded
mutant. The methylation analysis of AISNI DNA was
carried out by PCR of genomic DNA from wild-type and
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silencing-defective mutants of A.thaliana. The primers
were based on the A.thaliana (landrace Columbia) DNA
that flanked an AISN1 insertion and the PCR was carricd
out on DNA that had been digested independently with
two separate methylation-sensitive enzymes. Seu3Al and
Huaelll. These enzymes cut within the AISN1 sequence so
that if the template DNA was unmethylated, the amount of
PCR product would be less than with methylated DNA. A
an internal control, the PCR also included a pair of primers
for a DNA fragment that did not contain Sau3A | or Haelll
sites. Figure 6B shows the results of this analysis and
confirms that in the sde4 genotype. the AtISNI DNA was
less methylated than in wild-type plants or any of the other
silencing-defective mutants tested. Thus, based on this
seled phenotype, there is a correlation of long AISNI
siRNA and methylation of the corresponding DNA.

Discussion

Two classes of siRNA in plants

In this paper we demonstrate that the short RNAs
associated with transgene RNA silencing are heterogenous
in both size and function. Thus, these RNAs are not a
single class of =25 nt, as reported previously (Hamilton
and Baulcombe, 1999), but instead are two distinct
species, co-migrating with 21-22 nt and 25 nt markers,
The discrepancy between the present and the previous
analysis is most likely due to improved electrophoretic
resolution, shorter exposure times and the nature of the
size markers. We previously used DNA oligonucleotide
markers migrating ~10% faster than the RNA markers
used here (Sambrook et al., 1989). We refer to the two
classes as short and long siRNAs. However, until we have
sequenced these molecules and determined their length.
we acknowledge that the apparent size difference may be
due o RNA modifications alfecting electrophoretic
mobility.

In the presence of viral suppressors, the short GFP
siRNAs correlated with degradation of the target GFP
mRNA (Figure 2). We propose, therefore, that this
21-22 nt siRNA represents the siRNA that guides the
RISC ribonuclease to the target of RNA silencing (Zamore
et al., 2000; Elbashir er al., 2001a). The long class of
siRNA is similar to the short class in that it corresponds to
both RNA strands (Figure 1) and, therefore, is probably
derived from dsRNA. However, it is unlikely that the two
classes of siRNA have the same function because they
accumulate differentially in locally and systemically
silenced tissue or in the presence of viral suppressor
proteins (Figures 1-3). In addition, there are two lines of
evidence indicating that the long siRNA is not the guide
for RISC. First. in our assay of the Pl and Hc-Pro
suppressors, there was silencing of a GFP target RNA in
the absence of long GFP siRNA (Figure 2B and C). The
second line of evidence is based upon experiments with
TRV:TS showing that targeted RNA degradation does not
occur in the presence of abundant, long TS siRNA
(Figure 5C). Consistent with the idea that the long
SIRNA is not a guide for RISC, synthetic siRNAs are
inactive in an RISC assay if they are longer than 23 nt
(Elbashir er al., 2001b).

Our finding that long siRNA is associated with both
SDE4-mediated DNA methylation (Figure 6B) and sys-



temic silencing (Figures 3 and 4) could mean that this class
of siRNA is directly involved in these processes. For
example. it could be that long siRNA is the systemic signal
of silencing. This long siRNA molecule could also
mediate the nucleotide sequence-specific methylation of
DNA often associated with systemic RNA silencing in
plants, However, our data could also accommodate the
possibility that the long siRNA is either a derivative or
precursor of the RNAs species that are directly involved in
systemic silencing and RNA-directed DNA methylation.

To assess the precise function of the different classes of
sIRNA in plants, it will be necessary to establish the ways
in which these RNAs differ physically and whether they
are produced by the same Dicer activity. The Arabidopsis
genome encodes at least four proteins with the helicase,
PAZ and dsRNA binding domains that are characteristic of
the Drasophila Dicer (Y.Klaue and D.Baulcombe, unpub-
lished data), and one possibility is that different members
of this protein family produce the short and long siRNAs.
Loss Tor cach of these proteins will allow us to assess this
scenario. Loss of the true Dicer function would lead to loss
of the primary RNA silencing mechanism. Suppression of
Dicer paralogues would leave the primary silencing
mechanism intact but may prevent production of the
long siRNA. If systemic signalling and DNA methylation
are dependent upon long siRNA. the loss of Dicer
paralogue function would lead to suppression of these
aspects of RNA silencing. Other RNA silencing processes
such as amplification and transitivity (Sijen er al., 2001a;
Vaistij et al., 2002) may also be dependent on the long
SIRNA.

RNA silencing and the control of retroelements
Mutations in C.elegans, Drosophila and Chlamydomonas
that impair RNA silencing of transgenes or host regulatory
genes also result in elevated activity of transposable
clements (Ketting et al.. 1999; Wu-Scharl er al.. 2000:
Aravin et ul., 2001). Based on these observations, there is
now widespread agreement that an important natural
function of RNA silencing is to restrict transposons
(Plasterk and Ketting, 2000; Sharp and Zamore, 2000;
Hammond er al., 2001b). It is somewhat ironic that
although RNA silencing was discovered in higher plants,
(Napoli et al., 1990), there has been no direct evidence of
such a function. The data presented here provide this
evidence by demonstrating the presence of SIRNA corres-
ponding to three different retrotransposons in Nicotiana
spp. and A_thaliana (Figures 5 and 6). [t will be interesting
to determine whether the sde4 mutant, which does not
accumulate siRNA of at least one type of retroelement. has
a mutator phenotype like muwr7 and other silencing-
defective lines of Celegans.

In C.elegans, there is only partial overlap in the RNA
silencing-related mechanisms that control retroelement
activity and mediate dsRNA interference. Some mutations
suppress both processes whereas others affect only one
(Ketting er al., 1999; Tabara et al.. 1999). Clearly there are
degrees of complexity in RNA silencing that are not
apparent from the well studied dsRNA/Dicer/RISC-based
process. In plants there is probably a similar degree of
complexity because both classes of siRNA are associated
with transgene silencing, whereas retrotransposon siRNA
belongs only to the long class. Similarly, of the four loci

Two classes of siRNAs in plants

identified in a mutant screen as being required for
ransgene-induced RNA silencing, only sde4 has any
effect on AtSN1 siRNA. Moreover, sgs2 and sdel, -3 and
-4 interfered with transgene methylation (Dalmay er al..
2000). but only sded interfered with methylation of AtSN|
DNA (Figure 6). Presumably, the classes of siRNA or
RNA silencing genes are not involved equally in different
branches of the silencing pathway. Some of the complex-
ity may simply be a result of compartmentalization with,
for example, RNA turnover degradation in the cytoplasm
and DNA methylation in the nucleus (Meltte er al., 2001).
Retrotransposon DNA in plants is often methylated and
transcriptionally silent (Hirochika et al., 2000; Miura et al..
2001). To account for this situation it is likely, from the
data here and from prior analyses of RNA-mediated
transcriptional silencing (Mette er al., 2000; Sijen er al..
2001b), that the transcriptional inactivation involves RNA
silencing. A double-stranded form of the retroelement
RNA would be processed into siRNA and there would be
RNA-mediated methylation of the corresponding DNA.
There is little information about both the transcriptional
status and genomic organization ol the three elements we
tested, and we cannot predict how the putative dsRNA
precursor of the siRNAs arose in each case. One possibility
is that an RNA-dependent RNA polymerase converted
retrotransposon RNA into  double-stranded form. The
dsRNA derived in this way would include promoter
sequences of the retroelement and could target transcription.
A second model to account for retroelement dsRNA
invokes transcription through inverted repeat retro-
elements. In this second model, transcription would be
initiated from either an adjacent host promoter or within
the retroelement, and the dsRNA would be produced
independently of an RdRP. However, irrespective of the
mechanism [or retroelement dsRNA production, our data
show that RNA silencing has the potential to protect plant
genomes against foreign DNAs. Given the abundance of
retroelements in many plant genomes, the activity of RNA
silencing is likely to have played a major role in
determining plant genome size and structure.

Materials and methods

Plant and Agrobacterium material, and growth conditions

Wild-type Nrabacwm (var, Samsun and Petite Havana), N.benthamiana
and the GFP transgenic 16¢ line of N.benthamiana were grown as
described previously (Marano and Baulcombe, 1998, Voinnet er al..
1998) Arabidopsis thaliana landrace C24 und trunsgenic and mutant
lines derived from this were grown as described previously (Dalmay eral..
2000). The previously described sde2 mutant is allelic with sgs3
(Mourrain er al, 20000 (AHerr, personal  communication). GFP
fluorescence was monitored visuvally under ultra-violet epi-illumination
(Voinnet et al., 1998). Recombinant A.tumefaciens strain C58C1 was
grown to stationary phase at 29°C in L-broth with 50 pg/ml kanamycin
and 5 pgiml tetracycline. collected by centrifugition (5000 g for |5 min
20°C) and re-suspended in 10 mM MgCls and 150 pg/ml acetosyringone.
Cells were left in this medium for 3 h and then infiltrated into the
abaxial airspaces of 2- to 4-week-old Nbemthamiana plants. All the
Agrobacteritm  strains used harboured the pCH32 helper plasmid
(Hamilton et al., 1996) and were used undiluted in the experiments
described here, except for the P25 strain which was maintained at an
optical density (ODgn) of 1.0 to avoid toxicity (Voinnet ef al., 2000).

Constructs for tr jent expr 1, viral constructs and
viral inoculation procedures

155-GFP, 355-25K, 355-25KAATG, PVX-GFP-ACP and PVX-GFP-
ATGB-ACP constructs were described previously (Voinnet er al., 2000).
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The other suppressor cDNAs were amplified with primer sequences
Gevailable on request) from previously described plasmids (Brigneti eral.,
1998; Voinnet et al., 1999) and inserted into the Smal site of pBin6l
(Bendahmane er af . 2000), and confinned by sequencing. The control
355-GUS construct wis from Jonathan Jones (Sainsbury Labaratory).
TRVITS is bused on recombinant, bipartite tobiacco rattle virus, (Ratehiff
eral L2001 RNATL encodes the viral replicase, & movement protein (MP)
and @ 16 kDu protein of unknown function. The replicase open reading
Trame (ORF) contains an intron (int). RNA2 encodes the viral coat protein
(CP) and was modified to carry the TS SINE insert as a 3’ trunseriptional
fusion. RNAT and RNA2 share nucleotide sequence homology in their 3
UTRs The cloned RNAT of TRVITS was inserted between the 358
promoter and the terminator of the pBin6! T-DNA. The cloned TRV:TS
RNAZ was inserted between the 3538 promoter and the Nos terminator of
the pGreen bimry vector T-DNA (Hellens e al.. 2000). Viral inocula
were provided 1o plants by Agrobacterium-mediated  transient co-
expression of the above-mentioned T-DNAs

RNA isolation

Leaves were harvested and frozen in liquid nirogen, ground w a fine
powder and mixed with RNA extruction buffer (4 M guanidine
isothiveyanate, 25 mM Na Citrate pH 7, 0.1% Sarkosyl) (Figures 1, 5
and 6). The resulting slurries were extracted twice with phenol/
chloroformiisoamylaleohol (equilibrated at pH 8; Sigma). Alternatively
(Figures 2 and 4), the frozen leal powder was mixed with Tri-reagent
(Sigma), extracted once with 1/5 volume of chloroform and then once
with an equal volume of phenolfchloroform/Asoamylalcobol. RNA was
precipitated with the addition of an equal volume of isopropanol and
incubated wt=20°C for 30 min. mRNA and rRNA thigh molecular weight
RNAs) were precipitated with 10% polyethylene glycol (mol. wt 8000).
0.5 M NuCl(47C for 30 min) and redissolved in 50% formamide. Low
muolecular weight RNAs including ©IRNA were precipitated from the
PEG/NC supernatant (3 vol. ethanol at - 20°C for 2 h) and redissolved in
S0% formumide. Relanve quantification of the low molecular weight
Traction was by ethidium bromide staining.

RNA analysis

High molecular weight RNA was analysed as described previously
(Figures 1. 2 and 4). For the experiments shown in Figure S, high
molecular weight RNA in 50% formamide was denatured with 3.7%
formaldehyde in 13X TAE and separated by electrophoresis in a 0.8%
agarose/1 X TAE gel run at 50°C. Analysis of siRNA was s deseribed
previously (Hamilton and Baulcombe, 1999), Low moleculur weight
RNA markers were produced by RNase T1 digestion of ¥P-lubelled GFP
sense i vitre transenipts yielding fragments of 27 nt, 24 nt (X2), 18 m
and 15 nt. Strand-specitic hybridization controls were oligonucleotides
spotted omo hybndization membranes and hybridized under the
conditions as described for northern blotting. All hybridization signals
were detected by phosphorimaging.

Retroelements

Retroelements corresponding to Tl LTR from Noabacwm (var.
Samsun), the TS element (Yoshioka er af, 1993) from Notabacum (var.
Samsun) and the AtSNI1 sequence of Athaliana were PCR-amplified and
cloned into plasimid vectors, Direct sequence analysis showed that the
I'ntl sequence corresponded o DDBYEMBL/GenBank accession No
X13777. thut the TS clone corresponded to the TSa sublimily of SINEs
(Yoshioka ef al., 1993) and thut the AtSN sequence corresponded most
closely o genomic sequence on BAC clone TISB3.

DNA methylation analysis

Genomic DNA from S-week-ald plants (DNeasy plunt DNA extraction
kit Qiagen) was digested with Haelll or Sau3Al (New England Biolabs)
The sequence Manking the cloned AISN | insertion was amplitied by PCR
(30 cycles wt 95°C for 30 s, at 55°C for 15 s and at 72°C for 30 s)
with primers (ACTTAATTAGCACTCAAATIAAACAAAATAAGT,
TITAAACATAARAARAARTTCCTTTTTCATCTAC) from =400 ng
of this DNA. Internal PCR control primers based on the Arabidopsis
(landrace Columbin) sequence Ar2g /9920 (A Herr, personal communi-
cation) span a region laching Haelll or Sau3Al sites.
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Three Tntl Subfamilies Show Different Stress-Associated
Patterns of Expression in Tobacco. Consequences for
Retrotransposon Control and Evolution in Plants

Thierry Beguiristain, Marie-Angele Grandbastien, Pere Puigdomeénech, and Josep M. Casacuberta*

Departament Genetica Molecular, Institut de Biologia Molecular de Barcelona (Conscjo Superior de
Investigaciones Cientificas), Barcelona, Spain (T.B., P.P., ].M.C.); and Laboratoire de Biologie Cellulaire,
Institut National de la Recherche Agronomique, Versailles, France (M.-A.G.)

The genomes of most Nicoltana species contain three different subfamilies of the Tntl retrotransposon, which differ
completely in their U3 sequence, whereas the rest of the sequence is relatively constant. The results presented here show that
all three Tatl subfamilies are expressed in tobacco (Nicotiana tabacum) and that the U3 sequence variability correlates with
ditferences in the pattern of expression of the Tntl elements. Fach of the three Tntl subfamilics is induced by stress, but their
promoters have a different response to different stress-associated signaling molecules. The Tntl A subfamily is particularly
strongly induced by clicitors and methyl jasmonate, whereas expression of the Tnt1C subfamily is more sensitive to salicvlic
acid and ausins, The direct relation |-h|p between U3 sequence variability and differences in the stress-associated expression
of the Tntl elements present ina amglv host species gives support to our model that pohtu]alw that retrotransposons have
adapted to their host genomes through the evolution of highly regulated promoters that mimic those of the stress-induced
plant genes. Morcover, here we show that the analysis of the transcriptional control of a retrotransposon population such

as Tntl provides new insights into the study of the complex

stress-induced plant signal transduction pathways.

Retrotransposons  are  mobile  genetic  elements
ubiquitously present in eukaryote genomes. In some
cases, such as the BARED element from barley, a
single retrotransposon family can reach a copy num-
ber as high as 50,000 copies per hnplmd genome
(Suoniemi et al., 1996). This high invasivity is facili-
tated by their replicative mechanism of transposition:
the tlanaulplmn of the element generates an RNA
copy that is reverse transcribed into ¢cDNA prior to
re-insertion into the genome (Boeke and Corces,
1989). As retrotransposons do not excise, the copy
number of retrotransposons increases exponentially
with transposition. On the other hand, retrotranspo-
sition is potentially a highly mutagenic event, which
makes the invasivity of these elements a hindrance
for their survival in evolution. As retrotransposons
are noninfective agents that cannot leave the host
they inhabit, their survival depends on a fine-tuning
of activity—high enough to maintain the ability to
transpose, but below a threshold that would compro-
mise the viability of the host genome. How this equi-
librium is reached is an interesting and still open
question that will probably have different answers
for different retroelement-host genome couples. In
the case of the veast Ty elements, which are probably
the most well-characterized retrotransposons, this
cquilibrium is achieved by a strict specificity of in-
sertion to regions devoid of genes (Boeke and De-

* Corresponding author; e-mail jesgmp@cid.esic.es; fax 34-93-
204 =59 -,

and still poorly understood network of defense- and

vine, 1998), combined with a frequent intra-element
long terminal repeat (LTR) recombination that elim-
inates newly inserted elements (Jordan and Mec-
Donald, 1999). This high turnover of Ty elements
leads to the maintenance within the yeast genome of
a small population of active Ty elements with a high
level of sequence homogeneity (Jordan and Mc-
Donald, 1999). The case of plant genomes seems to be
very different, as they contain a high copy number of
retrotransposon sequences that can account for more
than 50% of their DNA content (Kumar and Bennet-
zen, 1999). In addition, these sequences display a
high degree of variability (for example, see Casacu-
berta et al., 1995; Marillonnet and Wessler , 1998) and,
in most cases, they represent elements that have lost
the ability to transpose. This is probably a conse-
quence of the fact that although intra-element LTR
recombination has been shown to occur for plant
retrotransposons (Vicient et al., 1999), it does not
seem to be a general or important mechanism for
reducing retrotransposon copy number in most plant
genomes (Bennetzen and Kellogg, 1997). Moreover,
plant retrotransposons do not display target site
specificity and can insert within or close to genes,
creating mutations. Therefore, it scems that plant
retrotransposon populations are controlled by mech-
anisms unlike those of the yeast Ty elements.

All the active plant retrotransposons characterized
so far are only expressed under very precise stress
situations, being silent during most of the plant life
cycle (Wessler, 1996; Grandbastien, 1998). This sug-

212 Plant Phystology, Seplember 2001, Val, 127, pp. 212-221, wW\\'_|\1!;|n[}_1|1)-5in]_(\rg 2001 American Society of Plant Biologists



gests that transcriptional regulation is a major mech-
anism of control for retrotransposition in plants
(Wessler, 1996; Grandbastien, 1998). This is the case
tor the tobacco (Nicotinna tabacum) retrotransposons
TntlA and Ttol, whose promoters have been ana-
Ivzed in detail (Grandbastien et al,, 1997; Takeda et
al., 1999). How plant retrotransposons have evolved
such stress-activated promoters is an open question.
We have previously shown that Tatl is expressed in
protoplasts and roots as a heterogencous population
of RNA molecules that resembles retroviral quasispe-
cies (Casacuberta et al,, 1995). This lead us to suggest
that as for retroviral quasispecies, this high sequence
variability could endow Tntl with a high sequence
plasticity that could facilitate the evolution of its
promoter regions to improve its coexistence with the
host (Casacuberta et al,, 1997). To validate this hy-
pothesis, we have looked for a possible correlation
between sequence variability and differences in the
expression patterns of Tntl elements. The results pre-
sented here show that the three previously defined
I'ntl subfamilies (Casacuberta et al., 1997; Vernhettes
et al, 1998) are expressed in tobacco with different
expression patterns. These specific patterns of ex-
pression are probably a consequence of the sequence
variability of their U3 regions, which in cach case
contain a different stress-inducible promoter.

RESULTS

The Three Tntl Subfamilies Are Expressed in Tobacco
Cell Cultures

Tntlis present in hundreds ot copies in the genome
of tobacco and related Nicotiana spp. (Casacuberta ct
al., 1997). The U3 region of Tntl is highly variable,
and three different subfamilies of Tntl have been
defined according to their U3 sequence (Casacuberta
et al., 1997; Vernhettes et al., 1998). All three different
subfamilies, TntlA, TntlB, and TntlC, are present,
but they differ in relative abundance in different
Nicotiana genomes, which suggests that all three sub-
families remain active (Vernhettes et al., 1998). How-
ever, until now only the TntlA subfamily has been
shown to be expressed. TntlA is expressed in proto-
plasts and roots and, although we have analvzed
more than 100 partial Tntl sequences by reverse tran-
scriptase (RT)-PCR, we have failed to detect expres-
sion of TntIB and TntlC elements in these tissues
(Casacuberta et al., 1995).

Tntl is transiently expressed during protoplast iso-
lation, and its RNA level decreases rapidly when
protoplasts are cultured (Grandbastien et al,, 1997).
However, it also has been reported that Tntl copy
number increases slightly in cultured cells, suggest-
ing that Tntl could be expressed in those cells (Hi-
rochika, 1993). As different gene programs are acli-

vated during the different cell culture stages, we
decided to analyze the expression of Tntl in cultured
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Ditferential Expression of Tntl Retrotransposon Subfamalics

tobacco cells to look for a possible expression of
Tnt1B and Tnt1C clements by RT-PCR analvsis.

The results presented in Figure 1 show that
whereas Tntl is not expressed in 1-week-old cultures
(Fig. 1, 0'), there is a transient induction of Tntl
expression 4 h after the addition of fresh media to the
culture. Preliminary results suggest that this induc-
tion could be associated to the presence of auxin
hormones in the fresh media (data not shown). To
determine the Tntl subfamilies expressed under
these conditions, 15 partial Tntl RNA sequences
comprising the U3 region (see Fig, 2A) were obtained
by RT-PCR amplification with RNA from tobacco cell
cultures and were cloned and sequenced. A phylo-
genetic analysis of the sequences, including consen-
sus sequences of the TntlA, TntlB, and Tnt1C
subfamilies  (Casacuberta ¢t al, 1997) by the
neighbor-joining method, is shown in Figure 2B. This
analysis shows that only two of the sequences ob-
tained are closely similar to the TntlA consensus,
whereas most of the sequences are highly similar to
the TntlB subfamily consensus. One of the sequences
was found to be more similar to the consensus for
TntlC than to the consensus for the two other Tntl
subfamilies. These results show that the three Tntl
subfamilies are expressed in freshly subcultured to-
bacco cells and that Tnt1B RNA is predominant in the
conditions. To our knowledge, this is the first report
of different subfamilies of a retrotransposon being
expressed in a particular host species.

Induction of Different Tntl RNA Populations with
Different Stress-Associated Signaling Molecules

To get an insight into the signal transduction path-
ways that lead to the induction of the different Tntl
subfamilies, we infiltrated tobacco leaf discs with
ditferent elicitors and stress-associated  signaling
molecules. Previous results showed that cryptogein,
a protein from Phytophtora cryptogen that elicits to-
bacco defense responses (Ricci et al., 1989), was able
to induce the Tntl A promoter, as was salicylic acid,
the signal transduction intermediate of the plant re-

0 10’45’ 4h

ﬁ 4 5.2 Kb

Figure 1. Induction of Tntl expression in obacco cultured cells.
Northern analysis of RNAs obtained from tobacco cells cultured in
NKT medium after T-week culture (0) or after 10 min 110°, 45 min
457, or 4 h of subculture in fresh media, hybridized with a probe
corresponding 1o a conserved endonuclease region of Tntl, The
1.2-kh band corresponding to the Tnt1 genomic RNA is indicated by
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sponses to wounding and pathogen infection (Grand-
bastienet al., 1997; Vernhettes et al., 1997). Neverthe-
less, it has recently been proposed that another
detense-related signaling molecule, methyl jasmon-
ate, could be also part of the signaling cascade trig-
gered by ervptogein (Rusterucci et al., 1999). On the
other }mmi pwhmln.nv results suggest that addi-
tion of fresh auxins to the culture medium could be
responsible for the transient induction of Tntl we
have observed in tobacco subcultured cells. There-
fore, we investigated the effect on Tntl expression
of infiltrating leaf discs with cryptogein, salicylic
acid, methyl jasmonate, and 2,4-dichlorophenoxy-
acetic acid (2,4-D) using discs infiltrated with water
as a control,

Figure 3 presents a northern-blot analysis of the
RNAs obtained after each treatment. It can be seen
that, as previously reported (Vernhettes et al., 1997),
the 5.2-kb RNA of Tntl is expressed to low levels in
leaf discs infiltrated with water, due to the wounding
stress associated with the infiltration process. How-
ever, infiltration with chemicals results in a visible
increase in induction of Tntl. A quantitative analysis
of the hybridization using a phosphoimager (Bio-
Rad, Hercules, CA) shows that infiltration with cryp-
togein leads to a 10-fold induction of the steady-state
level of Tntl RNA, whereas the increase in induction
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with salicylic acid, methvl jasmonate, and 2,4-D is 3-
to 4-fold. A 6.5-kb leat mRNA is also detected, but it
has been shown that this does not correspond to the
genomic transcript of the retrotransposon (Pouteau

t al., 1991).

To analyze which Tntl subfamilies are expressed
after each treatment, we amplified the 37 end of the
Tntl RNA, which comprises the U3 region, by RT-
PCR. Two sets of 10 sequences obtained from two
independent RT-PCR reactions were cloned and se-
quenced from RNA obtained from each treatment.
These sequences were compared with the consensus
of the three Tntl subfamilies using a phylogenetic
approach. The neighbor-joining trees obtained with
the sequences from each treatment are shown in Fig-
ure 4. These results show that although cryptogein
infiltration induces the expression of the TntlA sub-
family only (Fig. 4A), the rest of the treatments in-
duce a more complex population of Tntl RNAs. This
is particularly clear for the salicylic acid (Fig. 4B) and
2,4-D (Fig. 4D) treatments in which five and 11 out of
20 sequences, respectively, closely resemble the con-
sensus sequence for the TntlC ‘\llbf’lﬂ]l'\ A sequence
highly similar to the TntlB consensus was detected in
the methyl jasmonate-treated material (Fig. 4C).

All the sequences obtained from the water-
infiltrated control leaf discs were closely similar to
the consensus for the TntlA subfamily (data not
shown).

The U3 Regions of the Three Tntl Subfamilies Contain
Promoter Elements Differentially Induced by Different
Stress-Associated Signaling Molecules

Our results clearly show that the stress-associated
signaling molecules, salicylic acid, methyl jasmonate,
and 2,4-D, as well as the fungal clicitor cryptogein,
differentially induce the expression of the three Tntl
retrotransposon subfamilies. To analyze whether the
U3 regions of each Tntl subfamily contain different
stress-inducible promoters, we bombarded leaf discs
with constructs of U3 regions representative of each

Figure 3. Induction of Tntl expression by infiliration of tubaceo leat
discs with stress-associated signaling molecules. Northern analysis of
RNAs oblained from tobacco leaf discs infillrated with water medium
(=1 or 1 pg mL™! cryptogein (CRY), 2 ma salicylic acid (Sah, 10 mm
methy | jasmanate tMela), and 1 mw 2,4-0, hybridized with a probe
corresponding 1o a conserved endonuclease region of Trtl. The
5.2-kb band corresponding to the Tatl genomic RNA is indicated by
ROIRTECPICR
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alignment of the 20 Intl partial sequences obtained by two independem RT-PCR amplifications from infiltrated leat disc
RNA together with the consensus sequences for the Tnt1A (conAl, Tt B wonBy, and Tat1C (conC subtamilies. A, Sequences
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subfamily upstream of a f-glucuronidase (GUS) re-
porter gene, and then analvzed GUS expression after
incubation with cryptogein, salicvlic acid, methyl jas-
monate, or 2,4-D. As secondary cffects could be gen-
erated by single nucleotide differences within the
conserved TATA box or transcription start region, we
cloned Tnt1B and Tnt1C U3 sequences upstream of
the TATA box in front of the TATA-box region of the
sequence chosen as representative for the Tntl A sub-
family (see “Materials and Methods”). Leaf discs
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bombarded with a GUS reporter gene devoid of pro-
moter and a GUS reporter gene driven by the 355
constitutive promoter were used, respectively, as
negative and positive controls.

Results presented in Figure 5 show that the U3
region of the TntlB subfamily is not able to efficiently
promote GUS expression in the conditions tested. On
the contrary, the Tnt1A and Tnt1C U3 regions are
able to drive a high level of GUS expression in to-
bacco leaves. It is interesting that whereas the U3
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>
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Figure 5. lransient expression analvsis at Totl promaoterss. Relative
G0 ue activity obtamed atter incubating the leaf discs, bombarded

with the ditterent GUS constructs, with difterent ¢hemicals

region of TntlA seems to induce a particularly high
level of expression after incubating the bombarded
leaves with cryptogein or methyl jasmonate, the U3
region of the TntlC subtamily is particularly induced
in leaf discs incubated with salicylic acid and 2,4-D.
On the other hand, no GUS activity is detected in leaf
dis¢ bombarded with the negative control, whereas,
as expected, a strong noninducible GUS activity is
detected in leaf discs bombarded with the 355-GUS
construct. These results are in agreement with the
RT-IPCR results obtained and are consistent with a
major role of the U3 region in conferring a specific
pattern of expression on cach Tntl subfamily.

We have previously shown that the TntlA pro-
moter is activated by cryptogein (Vernhettes ot al.,
1997), and Figures 3 and 4 show that it is also highly
activated by methyl jasmonate. To analyze if jos-
monate induces TntlA through the same promoter
clements as cryptogein, we compared the Tntl RNA
sequences obtained after induction by these different
chemicals. A neighbor-joining tree of the 61 TntlA
sequences obtained failed to form groups supported
by a bootstrap value of more than 10%, indicating
that it is not possible to differentiate populations
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within them (not shown). The populations of TntlA
sequences expressed after the different treatments
here analyzed are thus indistinguishable. In addition
to this, the BII elements, which were shown to be
important for cryptogein induction (Vernhettes et al.,
1997), are conserved in all the sequences amplified,
67" of them having four tandem repetitions of this
element and only one sequence out of 61 having less
than three elements (data not shown). These results
suggest that methyl jasmonate and cryptogein induce
TntlA through the same cis-acting c¢lements.

On the other hand, our results show that the pro-
moter of TntlC is particularly sensitive to 2,4-D and
salicylic acid. Although the populations of Tnt1C
RNA induced by 2,4-D and salicylic acid are much
more variable than those of Tnt1A RNA, they cannot
be differentiated from one another by plwlnbvnchc
analysis. Figure 6A presents a neighbor-joining tree
of all the Tnt1C sequences ul'-tnuwd, and it can be
seen that different groups supported by high boot-
strap values can be defined. Nevertheless, sequences
belonging to cach of these groups were tound after
salicylic acid and 2,4-D treatments, and we have not
been able to define any induction-specific group.

It has been shown that salicylic acid and auxins can
induce plant genes through the interaction of induc-
ible transcription factors with the as-1-related cis-
elements (Chen and Singh, 1999; Niggeweg et al.,
2000). The Tnt1C sequence analyzed here contains a
nearly palindromic sequence within the U3 region

A axd3s a8
salf
adis f~ axz?
Nyt
T
| C2
axli2g - ..\
5al15
|
'l
| 100
|
|
T
1 81 100
oSFE. i
sali20 R ,,]r_g C 1
cul12 i
axi10
sali22
0.1
B as-1 element TGACGTCAnnnnTGACGTCA
TrntlCl TGAAGTUAatatTGATGTCA

TntlC2 TGAGATCAttgaTGACATCA

Figure 6. Analysis of the TntlC RNA molecules expressed in infil-
trated leaf dises. A, Neighbor-joining trees abtained with an align-
ment of all the TntlC partial sequences obtained. Sequences ob.
tained from saheyhc acid-infiltrated leaf dises are shown as in Figure
4. Bootstrap values over 60 for the main branches are shown B,
Comparison of the consensus as-1 matif with those found in Tat1C1
and Tnt1C2 sequences, Conserved nucleotides are shown in bold.
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that closely resembles the as-1 element (TGACGT-
CAnnnTCACCGTCA), and this could be important
for the induction of this Tntl subfamily by auxins
and SAL It is interesting that although the two TntlC
groups of sequences differ within the U3 region, both
contain an almost identical as-1-like element located
20 to 30 nucleotides upstream of the corresponding
TATA boxes (see Fig. 6B), suggesting that this ele-
ment is important for the expression of these retro-
transposon elements.

DISCUSSION

Different Subfamilies of the Retrotransposon Tntl
Have Maintained Their Transcriptional
Activity in Tobacco

Although three ditferent subfamilies of the tobacco
retrotransposon Intl have been found to be present
at a hizh copy number in the genome of different
Nicotma species, until now evidence for expression
activity has only been obtained for the TntlA sub-
family (Grandbastien et al., 1997). The results pre-
sented in this work show that all three Tntl subfam-
ilies are expressed in tobacco and that they have
different patterns of expression. We have previously
shown that the fungal clicitor cryptogein induces the
expression of the TntlA promoter (Pouteau et al.,
1994; Vernhettes et al., 1997). We show here that this
treatment induces an important accumulation of
RNA that corresponds to Tntl elements that belong
to the A subfamily. This result is similar to what we
have previously reported from the analysis of Tntl
RNA present in root tips and protoplasts in which
only TntlA elements are expressed (Casacuberta et
al., 1995). In contrast, the infiltration of leaf discs with
methyl jasmonate, and particularly with salicylic acid
or 2,4-D, induces a more complex population of Tntl
clements that belong to all three subfamilies. To our
knowledge this is the first report of different subfam-
ilics of a retrotransposon being expressed in a par-
ticular host genome, which makes Tntl a particularly
interesting model for analyzing the evolution of ret-
rotransposons within plant genomes.

The Three Different Tntl Subfamilies Are
Differentially Induced by Stress-Associated Signaling
Molecules through Specific Promoter Elements

The results presented here not only show that the
three Tntl subfamilies are expressed in tobacco, but
they also show that these subfamilies are differen-
tially regulated. The RT-PCR analysis shows that
infiltration treatments with different signaling mole-
cules are able to induce particular subsets of Tntl
elements. We found expression of TntlA RNA in
leaves infiltrated with all the chemicals analyzed.
TntlA RNA was also found in the water-infiltrated
leaf discs (not shown), probably because of the
wounding stress associated with the infiltration pro-
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cedure (Vernhettes et al., 1997). Also, it is likely that
the bombardment procedure induces a wound re-
sponse on its own and, thus, we cannot rule out the
possibility that the weak induction of Tntl A detected
with 2,4-D in these experiments is the result of a
wounding-associated stress response. In line with
this hypothesis, it has been previously reported that
the promoter of TntlA is not inducible by 2,4-12 in
transgenic tobacco calli (Pauls et al, 1994). On the
contrary, the clear induction of the TntlA promoter
observed after cryptogein and methyl jasmonate in-
cubation in the transient expression analysis reveals
an elevated sensitivity of the Tnt1A promoter to both
chemicals, and is in agreement with the RT-PCR
results obtained.

The presence of several sequences belonging to the
Tnt1C subfamily among those obtained from salicvlic
acid- and 2 4-D-treated leaf discs suggests that Tnt1C
expression is probably induced in stress situations
regulated by these signal molecules. The transient
expression analysis presented here shows that the
first 150 nucleotides of the U3 region of Tnt1C are
sufficient to produce high levels of expression from a
minimal promoter in bombarded leaves incubated
with salicylic acid and 2,4-D and suggests that this
region contains the promoter elements of TntlC that
respond to these signaling molecules.

We have not been able to detect any promoter
activity of the U3 region of the TntlB sequence ana-
lyzed. This is not completely unexpected considering
that most of the TntlB RNA sequences obtained were
amplitied from subcultured cells and almost no
TntIB RNA sequence was obtained from infiltrated
leaf discs in which the transient expression experi-
ments were performed. These results could suggest
that the TntlB promoter is not expressed in leal
tissues. We are, at present, transforming tobacco
plants with constructs similar to those used in this
report to analyze in more detail the expression pat-
tern of the different Tntl subfamilies.

The strong correlation of the RT-PCR results and
the transient expression experiments suggest that the
promoter regions that control the transcription of the
Tntl elements in response to wounding, cryptogein,
or methyl jasmonate are all contained within the U3
region of the different Tntl clements.

In conclusion, the results presented here show that
the different Tntl subfamilies are expressed in to-
bacco with different patterns, driven by different
inducible promoter elements located within their U3
regions. [tis interesting to note that the expression of
all three Tntl subfamilies is strongly regulated, with
the different Tntl elements only being expressed un-
der stress situations or after inoculation with stress-
associated signaling molecules. This emphasizes the
importance of transcriptional regulation in the con-
trol of plant retrotransposon activity and the tight
relationship that exists between retrotransposition
and stress situations in plants.
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Retrotransposons as Models to Analyze Stress-
Associated Expression in Plants

Defense-related responses of plant cells depend on
a complex network of signal transduction pathways.
Salicvlic acid is probably the most well-characterized
signaling molecule in plant defense reactions (Klessig
et al,, 2000), but signal transduction pathways involv-
ing methvl jasmonate and ethylene have also been
characterized (Reymond and Farmer, 1998). On the
other hand, auxin has been shown to activate some
detense-related  genes  through the as-1 element,
which also confers inducibility by salicylic acid
(Strompen et al., 1988; Xiang et al., 1996). In some
cases, these different pathways seem to be indepen-
dent (Penninckx et al, 1996), but genes concomi-
tantly activated by two of these pathways have also
been reported (Strompen et al., 1988; Xiang et al.,
1996; Asai et al, 2000). A recent microarray-based
analvsis has shown that a high number of defense-
related genes are coordinately induced by different
signal transduction pathways, although genes con-
trolled by only one of these signals, and L‘\dn‘lph_‘t- of
signal antagonism, were also found (Schenk et al.,
2000). This illustrates the complexity of the network
of regulatory interactions that controls plant defense
reactions, and the risk of drawing general conclu-
sions from the analysis of a single gene promoter.
The presence of retrotransposon promoter sequences
within the RNA molecule, as well as the high se-
quence variability found for these elements in p|<11‘ttb,
allows for the combination of classical promoter anal-
vsis with population-based approaches to study tran-
scriptional regulation. We have applied this strategy
to analvze the promoter of TntlA (Casacuberta and
Grandbastien, 1993; Casacuberta et al.,, 1995; Ver-
nhettes et al, 1997), and here we used a similar
approach to improve our analysis of this promoter,
as well as to begin to analyze the promoters of the
TotlB and Tnt1C subfamilies.

Our results show that the TntlA RNA populations
induced by methyl jasmonate and cryptogein are
indistinguishable, suggesting that both signaling
molecules induce Tntl A through the same cis-acting
elements. Our results thus reinforce the recent hy-
pothesis that jasmonic acid could be part of the sig-
naling cascade triggered by cryptogein (Rusterucci et
al., 1999).

On the other hand, the Tnt1C populations induced
by salicylic acid and 2,4-D are also indistinguishable,
suggesting that also in this case, both chemicals in-
duce Tot1C through the same cis-acting clements. It
has been already shown that salicylic acid and 2,4-D
can induce plant gene expression through as-1-
related elements (Chen and Singh, 1999; Niggeweg et
al., 2000). It is interesting that although sequence
variability among the Tntl1C sequences amplified is
high and two different subfamilies can be defined, all
of them maintain a consensus as-I-related clement
within the U3 region. We are currently analyzing the
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possible implication of this element in the induction
of the TntlC promoter by auxins and salicylic acid,
and we will examine the promoters of the two Tntl1C
groups here defined for differences in induction by
pathogen-associated stresses.

Sequence Plasticity and Evolution of Stress-Associated
Promoters: A Strategy for Retrotransposon
Maintenance in Plant Genomes

We show in this paper that the sequence variability
found within the U3 regions of Tntl elements corre-
lates with differences in their pattern of expression.
The three Tntl subfamilies contain different pro-
moter elements that induce their activity in different
stress situations. Such expression variability should
have consequences for the evolution of these ele-
ments, as repeated exposure ot the host to a partic-
ular stress situation should favor amplification of a
particular subfamily and a series of different induc-
tion events will thus lead to the amplification of
different populations of elements in different host
genomes. We have previously shown that the three
Tntl subfamilies are differently represented in differ-
ent Nicotiana genomes (Vernhettes et al., 1998).

It is interesting to note that the U3 region displays
a high degree of sequence variability even within a
single Tntl subfamily. For cxm‘np!e, two different
groups of Tnt1C sequences can be defined based on
their U3 sequence, so even though both groups of
elements are induced by the same chemicals, slight
differences in the pattern of expression might exist
between them. The simultaneous expression of het-
crogeneous populations of Tntl elements with such
differences in expression should allow the selection
of different subsets of elements in different genomes,
allowing them to evolve and to adapt to their hosts.
The existence of Tntl-related retrotransposon, Re-
trolycl, in tomato and related wild species showing
extensive sequence similarities to Tntl except for its
U3 region, which also contains the promoter se-
quences, seems to confirm that adaptation to the host
genome correlates with U3 sequence divergence
(Costa et al., 1999; Araujo et al., 2001).

Thus, we propose that the high sequence variabil-
ity of Tntl and other plant retrotransposons, which is
a consequence of the infidelity of the retrotransposi-
tion process (Gabriel et al., 1996) and the high copy
number of these elements in plant genomes (Casacu-
berta et al., 1995), could have allowed their promoter
sequences to evolve the optimum pattern of expres-
sion to be maintained in cach host genome. This
strategy obviously would be very different from that
of Ty elements in yeast and could be a consequence
of the important differences of the organization of
these different host genomes. The high proportion of
intragenic regions and repetitive DNA in plant ge-
nomes compared with the compact genome of Sac-
charomyees cerevisiae, as well as the high frequency of
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polyploidy in plant genome evolution, could have
minimized the negative impact of retrotransposons
being inserted randomlyv. Inaddition, this could have
allowed these elements to reach the high copy num-
ber that is essential to develop such a quasispecies-
like strategy of adaptation.

MATERIALS AND METHODS
Cell Culture

Tobaceo (Nicodama tabacum o Wisconsin 38) cells cul-
tured in NK 1 medium (Xiang et al, 1996) were subcultured
ance a week by the addition of one-hall-volume of Tresh
media to one-hali-volume of cells. After subculturing, cells
were harvested at different times, pelleted by centrifuga-
tion, and frozen in liquid nitrogen.

Infiltration of Leaf Discs

Tobacco (ov Xanthi, wild-type line XHFDS, Bourgin and
\lissonier, 1973) leal dises were infiltrated with water, 1 pg
ml "ol crvptogein, 2 ma salicvlic acid, and 10 gy methvl
jasmonate or 1T omy 24-D as previously described (Vor-
nhettes et al, 1997)

RNA Extractions, Northern-Blot Hybridizations,
RT-PCR Amplifications, Cloning, and Sequencing

RNA from cultured cells and infiltrated leaves was ob-
tained by standard methods (Casacuberta et al., 1995)
RNA blotting and hvbridization with a conserved Titl
endonuclease probe was performed as previoushy de-
scribed (Mhari et al, 1997). RT-PCR amplifications with the
Avi and dT primers were performed as previously de-
scribed (Casacuberta ot al, 1995), and the PCR fragments
were cloned in a pGEM-T vector (Stratagenc, La Jolla, CA)
and were sequenced on both strands.

Phylogenetic Analysis

Sequences  were  aligned  using the CLUSTAL W
multiple-alignment program (version 1.5; Thompson et al,
1994) with some minor refinements. DNADIST in Fels-
estein’s PHYLIP package (Felsenstein, 1989) was used Lo
generate a distance matrix based on the Jukes-Cantor algo-
rithm (Jukes and Cantor, 19649). This was used to generate
neighbor-joinig trees (Saitou and Nei, 1987). Bootstrap
analyses were performed using the Seqboot and Consense
programs from Felsestein’s PHYLIP package (Felsenstein,
1959).

Promoter-GUS Conslructs

A previously described wab? done (Vernhettes et al,,
1998) was chosen as representative of the U3 region of the
TntlA subfamilv. To construct the A-GUS clone, the tab?
clone was dq.,u.atcd by Sall, filled in with Klenow, and
re-digested with Banil 1. The fr. wment containing the U3 of
tab7 was cloned in a previously described GP plasmid
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(Casacuberta et al, 1993) containing a GUS reporter gene
devoid of promoter and was digested with Hind1 (blunt-
ended with Klenow) and BamHI To obtain the B-GUS and
C-GUS plasmids, the region upstream of the TATA box of
the clones chosen as representatives of the TatlB subfamily
(culd) and Tnt1C (cull2) was amplified by PCR by standard
procedures, using the universal primer located within the
polylinker region of the pGEM plasmid and an oligonucle-
otide complementary to 25 to 30 nucleotides of cach clone
10 nucleotides upstream ol their respective TATA boy,
followed by an HindI11 site (5'-GCC AAA GCT CTA CCA
ACCTTG ACC-3" tor TntlB, 3-GCC AAA GCT TGE ACA
TAT TGA CTT ATG CAA TOA CAT C-3" for Tnt1C). The
amplified fragments were digested with Sall and Hindlll
and this fragment was used to substitute the Sall-Hindll
fragment of the tab7 clone. The corresponding fragments
were cloned within the GP plasmid to generate the B-GUS
and the C-GUS constructs as for the A-GUS construct.

Microprojectile Bombardment and Enzyme Assays

Tobacco leaf discs were transformed by particle bom-
bardment, with 4 pg of the different Tnt1-GUS constructs
and 1 pg of a pCAMV3SSLUC used as an internal standard
(Marzabal et al,, 1998). Enzyvme assavs were performed as
described (Marzabal et al., 1998).
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The replicative spread of retrotransposons in the genome creates
new insertional polymorphisms, increasing retrotransposon num-
bers and potentially both their share of the genome and genome
size. The BARE-1 retrotransposon constitutes a major, dispersed,
active component of Hordeum genomes, and BARE-1 number is
positively correlated with genome size. We have examined ge-
nome size and BARE-1 insertion patterns and number in wild
barley, Hordeum spontaneum, in Evolution Canyon, Lower Nahal
Oren, Mount Carmel, Israel, along a transect presenting sharply
differing microclimates. BARE-1 has been sufficiently active for its
insertional pattern to resolve individuals in a way consonant with
their ecogeographical distribution in the canyon and to distinguish
them from provenances outside the canyon. On both slopes, but
especially on the drier south-facing slope, a simultaneous increase
in the BARE-1 copy number and a decrease in the relative number
lost through recombination, as measured by the abundance of solo
long terminal repeats, appear to have driven the BARE-1 share of
the genome upward with the height and dryness of the slope. The
lower recombinational loss would favor maintenance of more
full-length copies, enhancing the ability of the BARE-1 family to
contribute to genome size growth. These local data are consistent
with regional trends for BARE-1in H. spontaneum across Israel and
therefore may reflect adaptive selection forincreasing genome size
through retrotransposon activity.

clrotransposons resemble retroviruses in their structure and

lite evele (1, 2). They are ubiguitous (3-5) and contribute o
large proportion ol the total repetitive DNA ol some plant
aenomes (0). Retrotransposons are mobilized by a replicative
mechanism that has the capacity to generate and imsert many
new diughter copies into the genome, thereby inereasing ge-
nome size (7). The error-prone nature ol their replication by
reverse trinseriptase (8), the mutagenic potential of their trans-
posttional integration (9), and the effects of therr accumulation
and recombination (10) together suggest that active retrotrans-
posons may be major contributors to genome diversilication in
the plants. Genomic changes induced by retrotrmsposons can be
tracked by the joints between the Tlanking DNA and the
conserved retrotransposon termini created upon integration,
Marker techniques based on PCR amplification between retro-
transposons and flanking DNA recently have been developed
(11-13).

Accumulated data indicate that retrotransposons in plants
(14=16). animals, and fungi respond to various lorms ol stress,
When stress factors in the environment vary ccogeographically,
retrotransposon prevalence and insertion patlerns may viry
accordingly. The immediate wild ancestor of cultivated barley
{(Hordeum valgare), Hordewn spontanerom, is ideal for analyzing
retrotransposon insertions and their role in the genome because
of the presence of a large and active retrotransposon family and
the availability ot well-studied wild populations distributed in

diverse habitats (17-21). The BARE-1 family of retrotransposons
comprises on average 14 % 103 copies in the genomes of
Hordewm species ( I{l)‘ Members of this family are transcription-
ally (22) and translationally (23) active, cnunlmu both a polypro-
tein (24, 25) and processing signals (20), which are functionally
conserved. The BARE-T copy number is positively correlated
with both genome size and habitat aridity (10), factors that are
themselves correlated (27) regionally in 71 spontancuim.

We have examined the role ol the BARE-1 retrotransposon in
genome diversification in imdividuals ar the Evolution Canyon
microsite, Lower Nahal Oren. Mount Carmel, Israel (28-300).
This 400-m-wide erosion gorge (see Fig. 4, which is published as
supplementary data on the PNAS web site, www.pnas.org),
dating from the Plio-Pleistocene cra. presents north- and south-
facing slopes (NFS and SES. respectively) with common geolo-
gies and macroclimates but microclimates sharply differing in
solar irradiation and aridity. Biotically, the NFS is Eurasiun and
the SFS is Afro-Asian within the Mediterranean context (28, 30).
We have examined 1L spontanewn wlong a north-south transect
across the canvon slopes to test whether regional patterns (10)
can be detected Tocally, The BARE-1 copy number and patterns
ol insertional polymorphism. as well as total genome size. were
determined for accessions from the canyon.

Materials and Methods

Plant Materials. Spikes from individual H. spontanewnt plants were
collected at six stations located along a 300-m north-south
transect across the NES and SES of Evolution Canyon (’H} The
stations previously deseribed (29, 31) as NIFS (stations 5-7) and
SES (stations 1-3) are referred to here as: N (north high). NM
(north middle), NL (north low), SL (south low), SM (south
middic), and SH (south high). From cach station, sceds of 10
individual plants, separated by at least 1 m [rom cach other, were
used as the samples. The seeds were grown 1o seedlings tor
preparation of DNA and nuclei.

Retrotransposen-Microsatellite Amplified Polymorphism (REMAP)
Amplification. DNAs were prepared by the cetvltrimethylammo-
nium bromide method (32). For REMAP PCR amplification,
primers Fcing outward from the long terminal repeats (LTRs)
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were combined with anchored simple sequence repeat (SSR)
primers. The POR conditions and the SSR primers and anncal-
ing temperatures are as specilied (see Table 1, which is published
as supplementary data). The eveling program was: 94°C, 2 min;
0 eveles of 94°C for 30 sce, 34-587C. depending on the primer
pair. for 30 see, aoramp ol <1005 C (see) T 72°C, and 72°C Jor
2min. Isecat 72°C being added with each evele; 72°Ctor 10 min:
nuaintenance at 2°C, Primers to the BARE-1 1L TR were L'TR-Z.
3h-cte get cee een CTA CAT CAA CCG CGT TTA TT-3". a
torward primer matching bases 1993-2012 of BeARE-1a (Gen-
Bank accession no. Z17327). the lowercase bases indicating a
cloning tail, and LTR-AL 57-gea att cat aGC ATG GAT AAT
AAA CGA TTA TC-3". a reverse primer matching 369-393 of
BARE-10. The products were resolved on 29 NuSieve 3:1
agarose (FMC) and detected by ethidium bromide staining.

REMAP Data Analysis. Cicl banding patterns were scored, and
tables of band presence and absence were created. Principal
component analyses were run with GeENsTAT 3, release 4.1 (NAG.
Oxford, UK. and the plots were generated with the group
average agelomerative clustering function as used previously
(33). Stanistical tests were carricd out with sStayvartorso (SPSS,
icago). Nonparametric correlation analyses were made by
Spuirman Rank Order (generating the correlation coclTicient
re)as implemented in SIGMASTAT 201 (SPSS), Values for £1in the
test represent the likelihood of falsely rejecting the null hypoth-
esis that the variables are not correlated. Data values in the text
are expressed as means and Sk

BARE-1 Copy Number Estimation. Copy number was determined by
reconstruction Irom dot blot hyvbridizations. To control for
differences in loading, 1394 ng of lambda DNA was added 1o
cich pg of plant DNAL giving 1.2 > 10 copies of lambda per
barley genome equivadent. Dot blots were prepared with multi-
ple replicates by using | ng or 10 ng of genomic DNA per sample
and cross-linked under UV light. Isolated plasmids (0.1-10 ng)
contaiming the fragments for hybridization probes served as
controls on cach lilter. LTR (Nhel-Bstell. 743 bp) and integrase
(o, Hpal=Bym 1. 389 bp) probes were subcloned from BARE-1a.
Probes were random-primed (Rediprime or Megaprime, Amer-
sham Pharmacia) and “P-labeled. Filters were hybridized in
SO formamide. 1.23 < standard saline phosphate/EDTA (0.18
MONGCL 10 mM phosphate, pll 7.4/1 mM EDTA), 5 % Den-
hardt's reagent. .57 SDS, and 20 g(ml) " herring sperm DNA
overnight at 42°C.

Hybridized Hlters were washed successively with 2 % §SC,
10 SDS (T min, 253°C), twice in 2 = S8SC. 0019 SDS (10 min,
63 C), and once i 0.2 % 88C (20 min. 65°C). Bound radiation
was quantified by exposure of a Phosphorlmager screen for 45
min lollowed by scanning on a Fuji Phosphorlmager. The same
filter was probed in series with e TR, and lambda probes.
Hybridization response to the i and LTR probes was corrected
W the average value Tor the Limbda hybridization response and
relative copy number caleulated. Absolute copy number was
caleulated from the hybridization response of the genomic DNA
compared with the control plusmids: copies(ng) ' {genomic
epm)(ng) ' < (plasmid copies)(plasmid cpm) ' Copies(ng) !
were converted 1o copies(genome) by using the Hordeum
genome size data determined here,

Preparation of Nuclei and Flow Cytometry. All lcal samples (=350 mg
cauch) were collected from the three-leal stage, Protoplasts were
isoluted as before (34), then resuspended in 1 ml of nuclear
bulfer {30 mM sodium citrate, pll 7.0/45 mM MgCl:/20 mM
Mops |3(N-morphalino)propanesulfonic acid] /19 (wi/vol) Tri-
ton X-100/5 pltml) ' B-mercaptoethanol} (35, 36), 10 which
20 wm(ml) ! propidium iodide then was added for staining. The
samples were stained for 15 min and then centrifuged for 10 see

6604 | www pnas.org

at 14,000 rpm. The supernatant was discarded and the pellet was
suspended in 200 pl of nuclear buffer supplemented with
24 pliml) " RNase and | gl(ml) ' of an internal standard
solution (37) containing chicken red blood cells (2€ - 233 pe:
ref, 30). The tubes were incubated at 37°C Tor 15 min and then
chilled on ice betore analvsis, An average of three separate
determinations per individual were made on o 1.023-channel
Mow evtometer (FACSort, Becton Dickinson) having an argon-
ion laser ol 488-nm excitation wivelength, The output data were
processed with the cELLoUEsT program supplied with the cy-
tometer. The estimates for the nuclear DNA amount for the
sampleswere calculated by using the median position of the plam
nuclear peak.

Results

Genome size was measured by [How eytometry (see Fig. 5. which
is published as supplementary material) for accessions collected
al cach of six stations along a north-south transcet across
Evolution Canyon (Fig. 4). Taking all stations together, a diploid
genome size of 9.037 = (0L027 (SE) pg was observed and is within
1.17% of the average of previous observations for a set of Isracli
H. spontanennt accessions (38). The transeet through the canvon
presents two position variables, relative height (lower. middle. or
upper) and orientation (NFS or SIS). With the limited precision
of fow evtometry, the observed genome sizes were not distinet
by sampling site within the canvon (Kruskal-Wallis ANOVA on
Ranks). However, lincar regression analyses indicate that ge-
nome size is weakly associated with slope orientation (R = 0,167,
! Lo84, P = 0.095). the SFS having larger genomes than
the NFS.

Two regions of BARE-L the enzyme-encoding ool the
internal domain and the terminal LTRs, served as probes for
copy number determinations. The i and LTR regions both are
conserved (25, 20) and were used in carlier BARE-1 copy
number determinations for Hordeum (10). The in probe is used
to estimate the number of full-length BARE-1 elements. Copy
number and genome size were estimated on the same aceessions,
and together gave an average ol 140« 004 > 10 (range. (.83
10 221 % 10%) BARE-1 copics. equivalent 1o 298 = (LO87%
(range. 1.77% to 4.707%), of the haploid genome. This was in
the range seen earlier for more broadly distributed /1. spon-
tancum (10).

Because BARE-1 and other LTR-retrotransposons contain an
L'TR at cach end. two are expected for cach internal domain.
However, the LTR copy number greatly exceeds that of the
internal domain in barley, 11 spontancum, and throughout the
Hordewm genus (10). because of the presence of large numbers
ol solo LTRs, hypothesized to result primarily from intraclement
rccombimation between the L'TRs and consequent loss of the
mternal domain, Here, we detected anaverage of 7.5 = 0.2 % [(F
L'TRs per genome, 5.4+ (L1-fold more LTRs than internal
domains, This finding indicates that the average genome mea-
surcd contains 4.7 % 10* LTRs not attributable 1o full-length
BARE-1 clements. These solo LTRs contribute an additional
84 < 107 bp or 203 = 0.07% 1o the genome.,

Each solo LTR represents a minimum of one integration event
followed by recombinational loss of the internal domain and an
LTR. Assuming no other changes in the repetitive DNA com-
plement, BARE-1 therelore would comprise at least 11.7 = 0.3%
af the genome if none werce lost through recombination. Taking
all aceessions together. the number of Tull-length BARE-1 cle-
ments (measured by i response) is positively and highly signif-
icantly correlated (Fig. LA = 0432, £ = 0.001) with the
number of both total LTRs and solo L'TRs (Pearson Product
Moment. rp = 0714, P = 1.35 ~< 10 ). The slope lor the
regression plotting the growth in LTR numbers (Fig. 1.1) is 3.7 =
0.5 (£ < 0.001). whereas as a slope of 2 would be expected il the
increase in LTR number were to come only from those remain-
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Fig. 1. BARE-1copynumberin H. spontaneum accessions at transect stations
in Evolution Canyon. {A) LTR number as a function of in number for all
accessions. (B) The in number as a function of transect station. (C) LTR number
as a function of transect station. (D) Ratio of LTR number to in number as a
function of station. For all plots, /. are samples from the NH station; [1, NM;
JUNL; Y, SL; W, SM; A, SH. For plots B-D, means and SE are shown,
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ing in full-length clements, These caleulations imply that those
genomes that have more BARE-1 elements at present generally
have also lost more through recombination.

Given that the number of LTRs. in particular the solo T'TRs.
rises more rapidly than the number of BARE-1 clements, one
would expecta positive correlation between the BARE-1 genome
share and the ratio of LTRs to full-length clements, However. in
the canyon, the TR /i ratio is pegatively and highly signifi-
cantly correlated (1 = =035, - 0.009) with the contribution
ol BARE-1 1o genome size, as indeed was carlier seen lor the
genus Hordewm as o whole (10). Therefore, the higher the
abundance of LTRs relative to full-length B/IRE-1 clements. the
smaller the fraction of the genome occupicd by BARE-1. Henee.
variation in recombinational loss of BARE-1 may be linked to the
genome share of the Family both throughout the genus and for
one species at a single geographical microsite.

Inview of these correlations and the copy number and genome
share variations among the [ spomaneum accessions. we ex-
amined whether measures ol BARE-1 prevalence might vary with
the heightand orientation ol the transect positions (Fig, 1), The
BARLE-1 number is positively and significantly correlated (ry
0,386, P = 0.004) with the height of the accession site. Further-
more. the accessions from the top of the canyon (NI STH). when
considered together, have a distinetly and significantly greater
(Student’sr testor = 2,657, £ = 0.01) number of BARLE-1 copices
thun found in the bottom- and mid-slope accessions, The St
station, the most stressed site in the canyon. alone is distinet from
all others (r = 3.107. P = 0.003). The number of L'TRs in the
genome is positively but not signilicantly associated with height
in the canyon, particularly on the SES (Fig. 1), Il only the SFS
is considered, the correlation between LTR number and height
on the slope becomes very strong and nearly signilicant (-
0991, £ = (0.084).

Variation in recombinational lass of BARE-1 with respect 1o
insertional activity, reflected in the LTR /i ratio. is signilicantly
and negatively correlated (rp = —0.351, £ = 0.009) with height
of the accession on the canyon slopes (Fig. 10). Furthermore,
the accessions frrom NI and SHL taken together, have a distinetly
smaller proportion of solo LTRs than all other accessions (1 =
—=2.985, P = 0.004). These data suggest that the higher in the
canyon. the more full-length BARE-1 elements are maintained
relative 1o the number lost through recombinuation. Consistent
with this, BAARE-1 comprises a signilicantly increasing propor-
tion ol the genome (rp = 0402, 2 = 0.0025) with increasing
height in the canvon. The SH individuals display a distinetly
greater proportion of the genome than all of the rest of acces-
sions (1 = 3.082, P = 0.003). the distinction by height also being
maintained when SH and NI are considered together (1 = 2.769,
il 0.008) and when the op- and mid-slope accessions are
compared with the two lowest stations (1 = 2,394, 2 — 0.012). By
multiple regression analyses, height in the canyon on both slopes
is it good predictor of the BARE-1 share of the genome whether
(£ = 0.00)or not (£ = 0.008) the SH station is included in the
data set,

Using the REMAP method (12), integration joints belween
BARE-T copies and Tanking genomic sequences were detected
by PCR amplification in reactions containing LTR primers in
combination with primers to SSRs anchored at their 3' end.
Because BARE-1 elements have a tendeney o insert into regions
containing SSRs (12, 26, 39), many of the BARE-1 inscrtions
thereby can be detected. Marker bands generated by this system
are, in principal, insensitive to intraclement LTR recombination:
the remaining, recombinant LTR would still serve as a priming
site for PCR oriented in either direction,

Ten individuals from cach ol the six transeet stations were
typed with REMAP. Earlier results (12) showed that the
REMAP products generally do not derive from amplification
between pairs of SSR domains, but rather from element inser-
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Fig. 2. Banding patterns generated by REMAP amplification. The reaction
was carried out with primers LTR-A and (CAC);T. Lanes are labeled by the
genotype of the sample (Table 2); two different accessions are shown for
genotypes 2, 5 and 17 The products have been stained with ethidium
bromide after agarose gel electrophoresis; the gel is shown as a negative
mage Swe markers in bp derive from a bacteriophage A Pstl digest

tions, The inter-SSR products were generally longer than the
REMAP products, indicating that the 55Rs pairs are more
widely interspersed than LTR /SSR pairs. Incontrol experiments
containimg the SSR primer but not the LTR primer. none of the
hands produced by amplitication between SSR loci in the
senome had mobilities identical 1o the REMAP bands (sce Fig.
6. which is published as supplementary material). In the gel of
Fig. 2.0 the generally high degree of polvmorphism detected
between individuals from the canyon is evident. Seven sets ol
REMAP primer combinations were used to generate 316 bands
lrom the aceessions (Table 1), Of these, 277 or 88% were
polymorphie,

Atotal of 26 distinet banding genotypes were detected among
the sccessions (see Table 20 which is published as supplementary
material). The particular primer combination (LTR-A,
(CAC)-T) used in Fig. 2 does not distinguish genotypes 22 and
23, although other combinations do. The genotypes distin-
cuished all eases but one (genotype 6) within collecting stations
and represented three or fewer of the individuals per genotvpe,
excepting NEFS genotype 17 with four individuals and SFS
genotvpe 6 with 16 individuals. Genotype 6 also contained both
SEoand SM individuals. The slopes were clearly distinet in the
number ol genotypes represented. the SFS having only nine
genotypes whereas the NFS had 17, A mean of 114+ | bands
were detected in total for each of the stations except SM, for
which only 65 bands were scored (see Table 3. which is published
as supplementary material), This yielded average frequencies
from 0.1 ta 0.7 fora given genotype and an imtrastation similarity
index ol (L47 = 0,05, a value of | indicating all bands are shired.
Ihe bunding patterns generated for cach individoal were used 1o
estimate genelie distances between them. The REMAP buanding
data were examined by principal component analysis (Fig. 3).
which allows comparison ol overall genotypic similarities in the
absence of phylogenetic considerations. The analyses completely
separated the individuals from the NES from those ol the STS.

Discussion

I'he number of full-length BARE-1 copies in individuals of 11
spontancum i Evolution Canyon, at the Lower Nahal Oren
microsite, was found 1o range rom 8.3 to 22.1 < 10° per haploid
genome equivalent. This almost 3-fold variation in the number
of full-length BARE-1 clements among individuals at a single
microsite, within the range seen carlier for the genus Hordewmn
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Fig. 3. Principle component analysis of Evolution Canyon H. spontaneum
derived from variation in REMAP banding patterns, Numerals refer to the
corresponding genotypes; those from the same slope have been circled.

as w whole (10). indicates that this retrotransposon family has
been highly and recently insertionally active.

Aneacess of LTRs, likely solo. were detected in all accessions,
These are abundant across the genus Hordewm (10) and appear
1o result from intrachromosomal recombination between the
TR pairs within Tull-length elements. The excess in [TTRs
increases with the number of BARE-1 elements, consistent with
carlier evidence that recombination is additive between ele-
ments in the genome (40). The results here furthermore contirm
what was carlier shown (10) for the genus as a whole: the greater
the number of solo L'TRs relative to full-length BARE-1 ele-
ments, the smaller the part of the genome comprised by BARE-1.
This indicates that variations in the relative rates ol recombina-
tion and integration allect the success of o retrotransposon
family in spreading within the genome. and that these variations
may act within a single species at a single locule.

The data, morcover, suggest a linkage between BARE-
numbers and the ecogeography of the Evolution Canyon micro-
site. More BARIE-D copies and proportionally fewer solo LTRs
are found in the upper, drier sites within the canyon. particularly
at the top of the SFS, than at lower sites. Earlier studies indicated
a decrease inangiosperm species diversity (29, 31) and an
increase in allozymic (30) and randomly amplified polymorphic
DNA (28) diversity upward in the canyon, all correlated with
imereasing stress upward on both slopes, with the most stressful
slope being the SES. The upper stations on cach slope are,
furthermore. generally drier even during the wet scason because
of the movement of runofll down-slope. The local data at this
single microsite mirror regional observations across Israel (10)
that BARE-T copy number was correlated with aridity across the
range ol the L spontanceum, both sets of data being consistent
with the presence within the BARE-T promuoter ol abscisic
acid-response elements typical for water stress-induced genes
(24). The data therefore suggest that expression and propagation
ol BARE-1 may be stress induced and also that, the higher in the
canyon. the lower the rate of loss of integrated copics through
recombination.

Polymorphism detectable with REMAP markers yields a
complete distinction between individuals growing on the NFS
and SIS ol Evolution Canyon, which arce scparated from cach
other by a maximum ol 300 m. Because the REMAP pattern
derives from short-runge amplifications (hundreds of bises). the
differences observed by REMAP ure likely to have been gen-
crated by retrotransposon BARE-1 insertion, independent ol
other gencue changes among the individuals, Given the small
percentage of the total BARE-T copies visualized by the seven
primer combinations, the data imply that BARE-1 integrational
activity in the canyvon has been greater than genomic homoge-
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nization driven by gene flow through pollen dispersal among the
Largelv selfing (average Y8.4%. rel. 41) H. spontaneunm or by seed
dispersal. The REMAP marker data show more genotypes in the
NES than in the SEFS individuals, which we interpret as being
cuused by the patchiness of the NFS, having open areas suitable
for M. spomanern intervupted by shaded, tree-growing arcas. in
contrast 10 the SES. Under sulficiently high rates of BARE-1
integrational activity, the patches appear to have hecome geno-
tvpically disunct with regard Lo the BARE-T insertion pattern,

Classicadly “sellish™ self-replicating units such as retrotrans-
posons might he expected, independent of the genome as a
whole. to undergo selection for increasingly efficient propaga-
non, However, the observed combination of decreased recoms-
hinational loss together with increases in the number ol full-
length copies suggests that plant-level selection is operating to
increase BIRE-1 copy number. Increasing numbers of trunspo-
son copies have been thought to be associated with decreased
fitness through ereasing lethality (42, 43). However., the ten-
deney of retrotransposons 1o insert into repetitive DNA in barley
and other cereals (60 12, 26, 39) mitigates their deleterious
potential.
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The insertion and maintenance of full-length BARE-1 copies
would marginally increase genome size. albeit against the back-
ground of Muctuations in the content of other retrotransposons
and repetitive DNAL Sclection for large genomes has been
hypothesized 1o oceur in the Mediterrancan basin (44). a region
where growth takes place primarily in the cool, wet winters and
not in the dry summers. Growth is more cefficient under cool
conditions by increase in cell volume rather than by increase in
cell number because cell division rates are decreased by low
temperatures (44, 45). The potential for large cell volumes has
been directly correlated with genome size and associated nuclear
volume in a wide range of organisms (46, 47). Retrotransposan
integrational activity, by increasing genome size. may be
adaptive.
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Short RNAs Can Identify New Candidate Transposable
Element Families in Arabidopsis

M. Florian Mette, Johannes van der Winden, Marjori Matzke®, and Antonius ].M. Matzke

Institute of Molecular Biology, Austrian Academy of Sciences, Billvothstrasse 11, A-5020 Salzburyg, Austria

Mining the Arabidopsis genome for transposable
clements (TEs) by DNA sequence similarity searches
and analvsis plutmula is revealing ptunmsl\* un-
identified families of TEs and prov 1dmg insights into
I'E structure, mobility, distribution, and diversity (Le
et al,, 2000). We suggest here that new putative TE
families and partially diverged TE-like sequences can
be identitied by an alternate approach involving
cloning and analyzing short RNAs, which are a hall-
mark of RNA silencing mechanisms.

RNA silencing s triggered by dsRNA that is
cleaved to short RNAs 21 to 24 nucleotides (nts) in
length by an RNase [-like enzyme termed Dicer
(Matzke et al., 2001; Hutvdgner et al., 2002). The short
RNAs are thought to bl.lld(.' enzyme complexes that
cither degrade complementary RNAs in the cytoplasm
(a process termed posttranscriptional gene silcncing in
plants and RNA interference [RNAI] in animals), «
modify homologous DNA sequences in the nudc us
(RNA-directed DNA methylation [RADM]). In plants,
RADM can lead to transcriptional gene silencing if
dsRNAs contain promoter sequences (Matzke et al.,
2001). A major function of posttranscriptional gene
silencing/RNAiT and DNA methvlation, which may
result from RADM in many cases, is to limit the
proliferation of TEs (Matzke et al., 2000). The host
defense role of RNA silencing is evidenced by the
mobilization of some TEs in Cacnorhalditis elegans
mutants defective in RNAiQ (Ketting et al., 1999;

Fabara et al, 1999) and in Arabidopsis mutants
deficient in some aspect of DNA methylation or
chromatin structure (Miura et al, 2001; Okamoto
and Hirochika, 2001; Singer et al., 2001; Tomba et al.,
2002). A role for RNA silencing in TE control is also
supported by findings of sequences homologous
to various TEs in collections of short RNAs cloned
from different sources (Djikeng et al., 2001; Lagos-
Quintana et al., 2001). The enrichment of known TE
sequences in populations of short RNAs, which are
presumably cleavage products of a Dicer-like en-
zyme, suggests that unidentified TEs might be de-
tected through their presence in short RNA libraries.
In an ongoing project to clone and sequence short
RNAs approximately 17 to 27 nts in length from
Arabidopsis leaves, we have isolated short RNAs
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that appear to be derived from previously unknown
TE families and trom TE-like sequences.

40" FAMILY

One short RNA sequence has been isolated repeat-
edly and represents the most frequent nonstructural
short RNA recovered in our study (11 independent
clones comprising approximately 8% ot total non-
structural RNAs). This group of short RNAs, desig-
nated the “40” family, ranges in size from 17 to 21
nts, with a fixed 5" end and ragged 3" ends. BLASTN
searches revealed DNA sequence homology in three,
unannotated intergenic regions of the Arabidopsis
genome (Fig. 1). The only other highly similar se-
quences (identity in 20/21 nt) in the database are
present in the Oryza sativa genome. Because the “40”
short RNA familv was uxccpt:mmll\' well represen ted
in the pupulatlon of cloned short RNAs, we investi-
gated it further. An RNA folding program was used
to examine whether the DNA sequences surrounding
the short RNA “genes” could give rise to an RNA
with a stable secondary structure. In all three cases,
an approximately 200- bp ll'n'npurlvd RNA duplex, in
which the short RNA is located in a semiconserved
IR, was generated (Fig. 1). Alignments of the three
corresponding DNA sequences demonstrated that
spacers internal to the TIRs of copies A and B display
79% DNA sequence identity, whereas the internal
spacer of copy C, which is somewhat longer, shows
no significant homology to A and B.

Although the potential RNA duplexes are quite
long, only short RNAs derived from the TIR were
cloned, indicating that this region is preferentially
cleaved by a Dicer-like enzyme. Moreover, all 11
short RNAs originated exclusively from one side of
the dsRNA (the 3’ end), which is the most conserved
half of the TIR among the three copies. The presence
of these short RNAs and their polarity were con-
firmed on northern blots: Only the antisense RNA
probe produced a signal (Fig. 1). The “40” short RNA
family appears to be relatively uniformly sized on the
northern blot, displaying the same maobility as a 23-nt
DNA oligonucleotide. The range of sizes that were
cloned (17-21 nts) may indicate differences in the
migration of short RNAs compared with DNA oligo-
nucleotides or some degradation from the 3' end
during cloning procedures.

6 Plant Physiology, September 2002, Vol 130, pp. 6-9, www plantphysiolorg © 2002 American Socicty of Plant Biologists
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Figure 1. “10" family of short RNAs, Using the

C T4 shornt RNA SCUCUENL 0S as (ueries
BLASTN search, s in antergenic

5 3 three BACs were obtained. The names of these
i BACs, the regions used to wenerate the prodie ted
i RNA secondary strucihures al the lop, and ihe

: chromuosome assignment ares A, 250022, bases
5 AL 461 through 41,170, chromosome 10 B
TTOE20  overlapping with T10022),  bases
26,724 through 26,9149, chromosome 1; and

T3F17, bases 28,928 through 28,714, ¢hramao-
sume 20 Middle, The DNA sequences consenved
among copres A through C are underlined in
black and the length of the spacer indicated. The
lang arrows below copy C denote the semicon-
servid termunal inverted repeats (TIRsG the right
half of which gives rise to the “407 short RNA
tamily redd arrow. red line in secondary struc-
tures at topl. Bottom right, The sequences of the
longest short RNA clones (21 nt derived from
copies A and B, which differ in the final nt, are
-, shown. Bottom lefl, The northern blot confirms
Z the presence of “407 short RNAs that hybridize

% o an antisense (AS] RNA probe in the Arabidop-

- i sis small RNA population: no hybridization sig-
nal was abserved with a sense (S) RNA probe
nol showni, Short RN As were cloned according
to a published pracedure (Hbashir et al,, 20010
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[0 generate the dsRNA structures that could be
processed by a Dicer-like enzyme to yield the “40”
family of short RNAs, the entire approximately
200-bp unit must be transcribed 5’ to 3’ from a pro-
moter that has not yet been identified. At least copies
A and B are transcribed, as exemplified by the se-
quences of two 21-mers, which differed in the 3'-
most nt exactly according to the A and B DNA sc-
quences (Fig. 1). Transcription of A and B must
initiate either from adjacent intergenic promoters or
by read-through transcription from the upstream
host genes. Judging from the hybridization intensity
on the northern blot, which approximates that ob-
served with short RNAs derived from 355 promoter-

Mant I'h}'.\-i(ﬂ_ Vol 130, 2002
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driven transcripts (Mette et al., 2000), the precursor
RNA for the “40” family of short RNAs is strongly
transcribed.

The presence of multiple, dispersed copies of an
approximately 135- to 155-bp DNA scequence flanked
by relatively well conserved 20- to 30-bp TIRs in the
Arabidopsis genome suggests that this small repeat
family is possibly derived from a TE. Although se-
quence similarity generally falls off beyond the re-
gions we have designated as TIRs, suggesting that
they delimit a putative TE, we did not detect target
site duplications, which would be expected from a
class 2 (DNA) element. [t is not yet clear whether and
how members of the “40” family transpose, but their
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sequence heterogeneity suggests they are degenerate
relics of a previously active TE family. Whether the
short RNAs derived from this putative TE family
plav a role in controlling transposition is not clear,
but the striking conscrvation ot both the “40” short
RNA sequences and the potential secondary struc-
tures from which they are presumably derived sug-
gests an important function.

When compared with known types of TEs, the “40”
family appears similar to “neisseria miniature inser-
tion sequences” (nemis). These are abundant, small
DNA insertion sequences in the chromosome of the
pathogenic bacterium  Neisseriae gonorrhocae (Maz-
cone et al, 2001). Unit length nemis (approximately
160 bp) feature TIRs (26-27 bp) and can potentially
fold into a robust stem-loop structure. More than 66"
of nemis are found close to cellular genes. In an
intriguing parallel to the “40” family, the nemi RNAs
appear to be cotranscribed with cellular genes and
subsequently processed, at either one or both TIRs,
by RNase 11 (14).

“175" FAMILY

One short RNA clone 24 nt in length was found to
be homologous to regions of five BACs in the
BLASTN search. In each bacteria artificial chromo-
some (BAC), there are two hits in inverted orienta-
tion that are separated by varying lengths of spacer
DNA. For the longest copy (Fig. 2, BAC F10C21),
there is one mismatch to the short RNA sequence
(identity in 23/24 nts); for the other four copies,
sequence identity is perfect (24/24 nts). The longest
sequence is annotated as a putative MudrA trans-
posase, suggesting a MULE family. Alignments of all
five sequences demonstrated that they are related by
common TIRs approximately 330 bp in length that
flank internal deletions of varying sizes (Fig. 2). Each
clement copy is flanked by a 6- to 9-bp target site
duplication.

The “175” family is distinct from MULE families
described so far in Arabidopsis (Yu et al.,, 2000),
supporting the claim that short RNA sequences can
draw attention to previously unidentified TE fami-
lics. The longest copy, which contains the coding
region of MudrA transposase, is possibly an autono-
mous element that has degenerated rapidly to pro-
duce a heterogencous group of internally deleted,
nonautonomous derivatives (Fig. 2). The short RNA
could originate from either the left (F14F8, T4B21) or
right (F14)22, F25024) half of the TIR of an internally
deleted copy (Fig. 2). The existence of short RNAs
derived from the TIR region suggests transcription
through the entire element and intramolecular pair-
ing to form a dsRNA, which would probably be
produced most readily with transcripts issuing from
one of the more extensively deleted copies (Fig. 2).

The “175” short RNAs are less abundant than the
“40” family of short RNAs, as indicated by the recov-
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Figure 2. “175" family of short RNAs, Middle, Sequence of the 2-4-n1
short RNA of the “175" tamily tred) and its position in the stem of a
predicted RNA duplex generated by folding a transeript homologous
to the shonest putative Mutator-like TE (MULE) derivative (BAC
F250240 The emall red arrowvs indicate possible origins of the <hon
RNA in the TIRs of the “175" MULE family. The fanuly members are
in the llowing regions of Arabidopsis genome: F10C21, bases
Bfy, D0 rhruugh 62,6149, chromosome 1; FI4F8, bases 26,905
through 10,372, chromosaome 5; TAB21, bases 45,822 through
44,489, chromosome +; F14)22, bases 500,446 through 49,368, chro-
mosome 1; and F25024, bases 3,075 through 1,118, chromosoma 4
The northern blot confirms the presence of “175” short RNAs that
hybridize to an antisense (AS] RNA probe in the Arabidopsis small
RNA population. No signal was visible using a sense (S) RNA prabe
(not shown).

ery of fewer independent clones and a fainter signal
on northern blots (Fig. 2). In addition, the “175” short
RNAs are longer than those in the “40” family. The
“175" short RNAs migrate as a doublet slightly above
the 23-nt DNA oligonucleotide standard, which is
consistent with the 24-nt length of the cloned RNA.
Whether the size difference between the two short
RNA families reflects the activity of different dicer-
like enzymes, and/or the subcellular localization of
dsRNA processing (nucleus or cytoplasm), is not yet
known.

Our data suggest that investigating short RNA
populations can help to identify new candidate TE
families and partially diverged TE-like sequences
that might be missed in conventional DNA sequence
analyses. In contrast to DNA sequence similarity

Mlant Physiol. Vol. 130, 2002



searches, this approach focuses on putative TEs that
are transcribed to produce dsRNA and that might be
targets of transcriptional and posttranscriptional RNA
silencing mechanisms. Certain short RNAs, such as
those from the “30” family, are extraordinarily well
represented in the short RNA population, whereas the
degree of representation of standard cellular RNA
genes appears considerably less (A. Matzke and MLF.
Mette, unpublished results). It is striking that the short
RNAs we have described in this report always origi-
nate in regions of the genome that can potentially give
rise to dsRNA, indicating that they are not random
products of single stranded RNA degradation. As we
found with the “175” short RNA, which revealed a
putative MULE family, tiny RNAs can pinpoint a
widely spaced inverted repeat comprising two halves
that show high DNA sequence similarity. Moreover,
as shown by the “40” family, a short RNA can also
reveal imperfect inverted repeats that might be un-
detectable from the DNA sequence alone. Because
G-U pairing is allowed in RNA secondary structures,
however, an RNA duplex can form from a transcript
of the region.

Much remains to be learned about areas of the
genome that are transcribed to produce dsRNA pre-
cursors of short RNAs, and the identity of the RNA
polymerase(s) involved. In addition to their possible
role in controlling transposition, it will be interesting
to determine whether short RNAs derived from TEs
and TE-like sequences are involved in host gene reg-
ulation. TEs flanked by TIRs, including MITEs, M-
tafor elements, and nemis, frequently integrate next
to host genes, thus potentially furnishing these genes
with target sites for complementary short RNAs aris-
ing from members of the TE family that produce
dsRNA. Conceivably, such TEs or their derivatives
might be sources of micro-RNAs (miRNAs), at least
some of which are involved in developmental timing
of gene expression in C. elegans and possibly other
animals (Lagos-Quintana et al., 2001; Lau et al., 2001;

Mant Physiol. Vol 130, 2002
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Lee and Ambros, 2001; Lai, 2002). The miRNAs are
derived via Dicer cleavage of an approximately 70-nt
precursor that can form an imperfect RNA duplex.
Similar to the “40” family described here, miRNAs
usually accumulate from only one arm of the fold-
back precursor. The reason for the asvmmelry in
short RNA accumulation is unclear, but it might
indicate preferential stabilization of the copy that can
base pair with the target RNA. It is also not known
why short RNAs originate only from the TIR region
of the putative “40” TE family, even though the
predicted RNA duplexes comprise spacer sequences.
Further studies on short RNAs and the intergenic
regions that encode them should help answer these
questions.
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Commentary

Retrotransposon-mediated genome evolution on a
local ecological scale

Jonathan F. Wendel* and Susan R. Wessler'?

*Department of Botany, lowa State University, Ames, 1A 50011; and *Departments of Botany and Genetics, University of Georgia, Athens, GA 30602

he dynamic genome is a conceplt asso-

ciated with the discovery ol transpos-
able clements by Barbara McClintock.
Her Nobel lecture concluded with i chal-
lenee o biologists considering this issue
(1) She wrote,

W Kknow about the components ol
cenomes that could be made available
for such restructuring. We know noth-
ing. however, about how the cell senses
dunger and instigutes responses to it
that are often truly remarkable. (rell 1,
pp- SO0=801)

Fifteen vears later we still know nothing
about the mechanisms underlying ge-
nome-restructuring events in response o
cnvironmental cues. This is despite nu-
merous studies. especially in plants, sug-
gesting o connection between growth
conditions und one form ol genome re-
structuring. a change in genome size. In
many plants there is impressive variation
in total genomic DNA content among
individuals and populations (2) including
Helanthus annes [sunflower, 50% with-
in-plant reduction (3, D). Pisun sativim
[pei. 1.29-fold variation (3)]. Linung usita-
tessimune [[ax. L 16-fold (6)], and Glyeine
may |sovbean, 1 15-lold variation (7)]. Al-
though this variation is correlated with
environmental gradients or growth condi-
tions in a number of species (2-4). in no
cases have the specific genomic compo-
nents of DNA content change been iden-
tficd.

In this issue of PNAS, Kalendar et al. (8)
document an example of genome size vari-
ation in natural populations of the wild
barley Hordewn spontanewm. This papel
shows that an abundant and active com-
ponent of the barley genome, namely the
BARE-T long terminal repeat (LTR)-
retrotransposon, displays nearly a three-fold
intraspecilic copy number variation. Fur-
thermore, correlations between BARE-1
copy number, genome size, and local eny i-
ronmental conditions suggest. for the first
lime, & testable molecular mechanism link-
ing habitat with retrotransposon induction
in natural populations,

LTR retrotransposons are members of
the retroelement or Class T Tamily, which
June 6, 2000 | wval 97 |
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also includes retroviruses, long inter-
spersed nuelear clements (LINEs, also
known as non-LTR retrotransposons),
and short interspersed nuclear elements
(SINEs). LTR retrotransposons are
Manked by long terminal repeats and usu-
ally encode all of the proteins required for
their transposition, including a capsid
(Gag), protease, integrase. reverse tran-
seriptase, and RNase H. For all Class |
clements, it is the element-encoded tran-
seript (mRNA), and not the element itsell,
that forms the trunsposition intermediate.
Transeription of most of the active plant
clements characterized to date is largely
quiescent during normal development but
can be induced by biotic and/or abiotic
stresses, including cell culture, wounding,
and pathogen attack (9. 10). For two
elements, the tobacco Thrl and the rice
Tos!7. incrcased transcription is corre-
lated with retrotransposition (11, 12),

LTR retrotransposons arc the most
abundant trunsposable element class in
grass genomes, of which barley is a mem-
ber (reviewed in ref. 13). In fact, differ-
ential amplification of LTR retrotrans-
posons largely accounts for the Cvalue
paradox in this group of organisms. The
C-value paradox is the observed lack of
correlation between DNA content and
organismal complexity (14). 1t has been
documented for both animal and plant
species but, to date, only appears to be
“solved™ for the members of the grass
tribe. That is, the fraction of the genome
contributed by LTR retrotransposons in-
creases with genome size from rice, the
smallest characterized grass cenome 430
Mbp, = 4% LTR retrotransposons (13)],
through maize [=3,200 Mbp, 50-80% ret-
rotransposons (16)] to barley [=4.800
Mbp. =70% retrotransposons (17)]. For
maize, SanMiguel ¢f ¢l (18) made the
remarkable discovery that the majority of
the retrotransposon insertion cvents oc-
curred very recently, within the last two to
six million years,

As discussed above, we are beginning to
understand the relative contribution and
time scale of retrotransposition among
dillerent grass species, However, little is
known about the dynamics of transposable

no. 12

clement copy-number evolution within
and among natural populations, or its
signilicance with respect to natural selec-
tion. Ina similar vein, itis well known that
transposition events may lead to modificd
patterns of gene expression, but this pro-
cess has rarcly been demonstrated 1o be
selectively relevant within natural popu-
lations. Thus, the possible connections
between genome size variation and adap-
tive genie evolution (as illustrated in Fig.
1) have remained elusive.

Kalendareral. (8) may have taken a lirst
step toward intertwining these once dis-
parate threads, Inoa study of natural pop-
ulations ol wild barley (Hordewm sponta-
newnt) from a single canvon in Israel. they
describe patterns of retrotransposon ac-
cumulation on a local spatial scale. Their
data demonstrate a striking degree of
population-level genome dynamics and sug-
gest what well may be an example of retro-
transposon-mediated adaptive evolution.

The barley plants studied derived from
six natural populations distributed across
a4 300-m transect of a single canyon. Ten
individuals were sumpled from cach pop-
ulation, which were selected to span the
spectrum ol lacal edaphic and microcli-
matic conditions present in the canyon,
including potentially important ecological
variables such as level of solar irradiation
and aridity. Each individual was geneti-
cally fingerprinted, and copy number was
estimated for the barley retrotransposon
BARE-1, a relatively high copy-number
(average of 14,000 copies/Hordeum spe-
cies) family ol elements that carlier was
shown 1o be transcriptionally (19) and
translationally active and assembled into
virus-like particles (20). In the present
study, fTull-length BARE-1 retroelements
were shown o comprise an average of
nearly 3% ol the approximately 4.5-pg
haploid wild barley genome, accumulating
to a mean of 14,000 copics per genome.
Although this observation is not in itsell
especially noteworthy, the variance in

See companion article on page 6603
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Genome evolution on a local ecological scale. Wild barley plants are distributed along ecological

gradients both regionally and locally, and vary nearly three-fold in copy number for the retrotransposon
BARE-1 (in situ hybridization to barley chromosomes, bottom). lllustrated here are the intriguing
nterconnections between local adaptation to a moisture gradient {upper left) in a single canyon in Israel
and the correlated distribution of BARE-1 copy-number (8). Local adaptation conceivably may be facili-
tated by direct selection on genome size (genome-level selection) or from functionally relevant physio-
logical effects of individual BARE-1 insertions (gene-level selection). Credits: M Kemppinen (barley, upper
right), K. Anamthawat-lonsson (BARE-1 in situ hybridization); A. Schulman (canyon); A Gardner (assis-

tance with illustration)

copy number among closely spaced natu-
val plants is unprecedented and remark-
able: o nearly three-fold range in copy
number (8.300=-22.100) abserved
among imdividuals of the six populations,
corresponding 1o 1.77-4.70% of the nu-
clear DNA.

Such extraurdinary variation in retro-
clement copy number among spatially ad-
jacent plant populiations implicates a his-
tory of recent transposition, a suggestion
supported by “REMAPT DNA linger-
printing. This technigue. which couples
PCR priming sites in BARE-1 LTRs with
those designed from simple sequence re-
peats, was used by Kalendar er al. 1o show
that wild barley plants from this single
crosion gorge have high levels of mterin-
dividual polymorphism for REMAP frag-
ments. An important implication of these
observations. when considered in light of
the striking loeal variation . BARE-
copy-number. is that retroelement prolif-
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cration may contribute 10 genome size
evolution within and among local populia-
tions (Fig. 1). Extrapolated to a more
global level. this study may provide a
snapshot ol the dynamies that underlie
patterns of C-value evolution,

A more provocative implication of the
Kalendar er @l study emerges rom con-
sideration of the spatial distribution of
BARLE-1 copy-number among wild barley
plants. When the REMAP genetic finger-
printing data were subjected 1o multivar-
tate analysis, populations from the north-
uand south-facing slopes of the gorge
clearly were distinguished. On both slopes,
but particularly on the drier, south-lacing
slope, there was a significant positive cor-
relation between height in the canyon and
BARE-1 copy-number. These data parallel
regional trends observed in a broader
sampling of /L spontanewm populations
collected from across Isracl (17) and sug-
gest a relationship between retroclement

accumulation and one or more ccological
variable related to the sampled populi-
tions. The most obvious variable is mois-
ture availability: higher sites and those
from the south-fucing slope are the driest
and thus potentially the most watcer-
stressed. By far the highest BAARE-1 accu-
mulation is in the highest site from the
south-Tacing slope. Kalendar e al. note a
remarkable connection between the pres-
enee, within the BARE-1 promoter, ol
ABA (abscissic acid)-response elements.
found in water stress-induced genes (19),
and BARE-] copy number variation, sug-
gesting that BARE-1 prolileration in wild
barley populations may be stress-induced.
With the important caveat that the data
are correlative rather thun causal, it is
tempting to speculate that other examples
ol interpopulational DNA content varia-
tion (2) will similarly be found to result
from stress-induced  retrotranspositional
actvity,

An intriguing aspect ol the BARLE-|
data ol Kalendar et al. concerns the rela-
tive abundance of [ull-length elements and
solo LTRs. The latter, which are relatively
rare in the maize genome (21) but are
common in yeast and Hordewn species
(17, 22, 23). are thought to anse (rom
intraelement or perhaps intrachromo-
somal recombination between transicntly
paired LTRs. Kalendar er al. used dot-blot
reconstruction to estimale copy numbet
for both LTRs and BARE-1 integrase
genes and found an average of 5.4-fold
more LTRs than internal domains. These
data show that recombinational loss of
BARE-1 clements is an important factor
limiting element accumulation in wild
barley populations. Significantly. the
geographical sites with the highest
BARE-1 copy number. e, those [rom
the most stressed sites, have the highest
ratio of full-length 1o solo LTRs, sug-
aesting once again a connection between
environmental sensing and cither rates
ol recombinational loss (favored expla-
nation of Kalendar etall) or recent bursts
ol retrotranspositional activity.

A central question that emerges from this
study concerns the role, il any, ol BARLE-I
clement proliferation in the stress response
One might postulate, for example, that wa-
ler stress-induced epigencetic modilications
have led to release from suppression of
BARIZ-1 retrotransposition in the higher.
drier sites, but that this burst of clement
activity has been independent of the actual
adaptively signilicant physiological re-
sponses. Under this seenario, local adapta-
tion may be taking place in wild barley
populitions, but this adaptation is postu-
lated to arise from genctic and/or ¢pige-
netic changes unrelated o BARE-1 activity.
Alternatively, perhaps the relationships be-
tween BARE-T activity, water-stress, and

PNAS | June 6, 2000 | vol. 97 | no 12 | 6251
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adaptation arc not only correlative but
causal. To the extent that this is true, the
mode ol action of nitural selection in the
process remains. mysterious, as does the
arganizational level on which selection
might be manifested. Tt may be, for example,
that selection is operating on one or more
aspects of genome size thit we presently do
not perceive of as adaptively relevant. In
contrast o whole-agenome selection, per-
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haps retroelement activation has led 1o
adaptively relevant insertions that affect
drought-tolerant pathways or other ecolog-
ically relevant physiologies. Given that thou-
sands of insertions appear o distinguish
wild harley populations I'rom adjacent sites,
it may be a daunting challenge to ferret out
the adaptively significant insertions.
Notwithstanding the number of re-
maining issues, the study of Kalendar er
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Summary

We have analyzed the stress-induced amplification of the tobacco Tnt1 element, one of the rare active
plant retrotransposons. Tnt1 mobility was monitored using the retrotransposon-anchored SSAP strategy
that allows the screening of multiple insertion sites of high copy number elements. We have screened
for Tnt1 insertion polymorphisms in plants regenerated from mesophyll leaf cells, either via explant
culture or via protoplast isolation. The second procedure includes an overnight exposure to fungal
extracts known to induce high levels of Tnt1 transcription. Newly transposed Tnt1 copies were detected
in nearly 25% of the plants regenerated via protoplast isolation, and in less than 3% of the plants derived
from explant culture. These results show that Tnt1 transcription is followed by transposition, and that
fungal extracts efficiently activate Tnt1 mobility. Transcription appears to be the key step to controlling
Tnt1 amplification, as newly transposed Tnt1 copies show high sequence similarities to the
subpopulations of transcribed Tnt1 elements. Our results provide direct evidence that factors of
microbial origin are able to induce retrotransposon amplification in plants, and strengthen the
hypothesis that stress modulation of transposable elements might play a role in generating host genetic

plasticity in response to environmental stresses.

Keywords: fungal factor, protoplast, retrotransposon, stress, Tnt1, tobacco.

Introduction

Stress and environmental challenges are known to trigger
surprisingly similar defensive mechanisms in different
eukaryotic organisms (Taylor, 1998). In particular, recent
evidence suggests the possible generation of genetic
plasticity in response to stress through the mobilization
of retrotransposons, the most widespread eukaryotic
mobile elements. Stress and external challenges, including
microbial attacks, are known to be major factors activating
retrotransposon expression in a wide range of organisms
such as yeast (Bradshaw and McEntee, 1989; Rofte etal.,
1986), drosophila (Strand and McDonald, 1985}, mammals
{Liu etal.,, 1995) and plants (Grandbastien, 1998; Wessler,
1996). So far, the biological significance of the stress
modulation of retrotransposons remains unclear.
However, it is in agreement with McClintock’s original
model that postulates that transposable elements are

© 2001 Blackwell Science Ltd

involved in genome restructuring in response to environ-
mental challenges (McClintock, 1984). A recent study
indeed suggests that retrotransposon amplification has
been involved in barley adaptative evolution to drought
conditions (Kalendar etal, 2000). An alternative, but not
exclusive, hypothesis is that activation by microbial chal-
lenges might also favor horizontal transmission and allow
elements to colonize new hosts. A parallel can be noted
between this hypothesis and the recent proposition that
stress activation of retroviral replication corresponds to an
escape mechanism for the virus from damaged or stressed
host cells (Andrews etal., 1998).

Any debate on the putative biological impact of retro-
transposon activation implies that stress induces not only
expression but also subsequent transposition. However,
except for yeast, direct evidence of retrotransposition in

159
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response to stress is scarce and often controversial. This
situation partly results from the difficulty in establishing
experimental systems to demonstrate mobility in multi-
cellular organisms (Arnault and Dufournel, 1994),
Additionally, post-transcriptional inhibition mechanisms
are often used by hosts to control potentially deleterious
retrotranspositions (Curcio and Garfinkel, 1999; Menees
and Sandmeyer, 1996). In particular, there is little evidence
for retrotransposon mobilization by stress in plants, where
experimental tests for retrotransposition are particularly
difficult due to the high copy number of most plant
retrotransposons. Examples of transposon insertions were
reported in progenies of virus-infected maize plants
(Dellaporta etal, 1984; Johns etal, 1985). However, a
causal relationship between virus infection and transpos-
ition still remains to be established in these cases. So far, a
link between transcription and retrotransposition has been
demonstrated for a few low copy number elements, in
response to in vitro tissue culture (Hirochika etal, 1996;
Hirochika, 1993).

The Tnt1 element of tobacco (Nicotiana tabacum) is one
of the best characterized plant retrotransposons
(Grandbastien etal, 1989b). Tnt1 is not expressed in
healthy tobacco tissues, except in roots (Pouteau etal.,
1991). Tnt1 expression is strongly induced by stresses
such as pathogen attacks and factors of microbial origin,
and a tight correlation has been shown between Tnt1
transcription and plant defense responses (Grandbastien
etal, 1997; Mhiri etal, 1997; Mhiri etal, 1999; Moreau-
Mhiri etal.,, 1996; Pouteau etal., 1994). In contrast to many
other elements, Tnt1 transcription is poorly activated by
tissue culture, at least in tobacco (Grandbastien etal., 1997;
Hirochika, 1993; Pauls etal.,, 1994). However, Tnt1 is highly
expressed in freshly isolated tobacco protoplasts (Pouteau
etal, 1991). A detailed study of the different factors
involved in protoplast isolation has shown that wounding,
plasmolysis or hormone addition have little effect on Tnt1
transcription, and that Tnt1 expression in protoplasts is a
direct response to the Onozuka solution, one of the three
components of the cocktail of fungal extracts used to
digest cell walls (Pouteau etal., 1991). Onozuka is a crude
extract prepared from the fungus Trichoderma viride and
contains proteinaceaous elicitors that activate defense
responses in tobacco, leading to necrotic hypersensitive
cell death (Bailey etral., 1990; Lotan and Fluhr, 1930; Yano
etal., 1998). Tnt1 expression is detected soon after appli-
cation (Grandbastien etal, 1997), and Onozuka also acti-
vates Tntl expression when applied to intact tobacco
tissues (Pouteau etal, 1994), indicating that Tntl is
activated in direct response to elicitors contained in the
Onozuka solution. The effect of the fungal extracts is
transient, as Tnt1 transcript levels rapidly decrease after
their removal, in the early stages of subsequent cell culture
{Grandbastien etal., 1997).

Tnt1 is mobile and was originally isolated after trans-
position into a target gene. However, in spite of a good
knowledge of the conditions and mechanisms activating
Tnt1 expression, no evidence was yet reported that Tnt1
transcriptional activation is correlated to subsequent Tnt1
mobility. The low level of Tnt1 expression in response to
tissue culture stimuli or plasmolysis has allowed us to
develop an experimental strategy aimed at testing for the
effect of fungal extracts on Tnt1 mobility. We have
monitored Tnt1 transposition in tobacco plants regener-
ated from mesophyll leaf cells, either via protoplast
isolation, or as controls, via leaf explant culture. In both
procedures, regenerated plants originate from cells that
have been submitted to stress stimuli linked to successive
steps of woi'nding, cell dedifferentiation, callus formation
and shoot regeneration. The major difference between the
two procedures consists of an early step of plasmolysis
that does not induce detectable Tnt1 expression, associ-
ated with overnight exposure to fungal extracts, including
the Onozuka solution known to induce very high levels of
Tnt1 expression. The comparison of Tnt1 transposition
between each of these two procedures is thus expected to
provide an accurate estimate of the effect of the fungal
extracts on Tnt1 mobility.

Since Tnt1 copy number has been estimated at several
hundred copies (Grandbastien etal, 1989b), we used a
high resolution retrotransposon-anchored PCR strategy
allowing the simultaneous detection of multiple insertion
sites of high copy number elements, described as the
Sequence-Specific Amplification Polymorphisms (SSAP)
technique (Ellis etal, 1998; Gribbon etal, 1999; Waugh
etal, 1997) or as Transposon Display (Casa etal., 2000;
Van den Broek etal., 1998). Newly transposed copies have
been screened through the appearance of new poly-
morphic bands in SSAP profiles of regenerated plants.
We have also characterized these new SSAP polymorphic
bands, in order to analyze the sequences of the population
of newly transposed Tnt1 elements and to compare them
with the sequences of the population of elements known
to bz transcribed in the same stress conditions
(Casa:uberta etal., 1995).

Resuits

Tnt1 insertion polymorphisms in regenerated plants

The SSAP procedure outlined in Figure 1 was developed to
analyze Tntl insertion polymorphism in regenerated
tobacco plants. Since most Tnt1 elements do not contain
Ecodl restriction sites (Grandbastien etal, 1991), EcoRl
digestions were performed to avoid internal amplifications
from the 3'LTR. A primer pair consisting of an EcoRI primer
(E00) and a Tnt1-specific primer (LTR13) was used for
SSAP.ampIifications. The Tnt1-specific primer, LTR13, was

© Blackwell Science Ltd, The Plant Journal, (2001), 28, 159-168
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Figure 1. Schematic representation of the SSAP strategy used to analyze
Tntl insertion polymorphism

Top: Tmtl general structure; bottem: enlargement of the region
containing the SSAP-amplified sequence. Boxes represent Tnt1 sequence
and thick dotted lines represent flanking genomic DNA. The three
functional domains (U3.R-U5) of the LTR are indicated. The Bl and Bl
regulatory motfs present in the U3 domain of Tmi1A elements are
indicated by sinped and shaded boxes, respectively. The sequences of
the EcoRl a ators (lower case letters) and of the EO0 primer [capital

italics) are indicated, together with the remaining nucleotides resulting
capital bolds). The positions and onentations

and LTR13 are indicated by arrows

from the EcoRl digestior

of the SSAP primers E(

designed in the highly conserved U5 region, 250 pb
downstream of the 5' end of the element, and oriented
towards the 5" end. The EQOO/LTR13 primer combination
thus allows amplification of variable amounts of 5’ flanking
genomic DNA, together with a 5°’LTR portion that includes
the U3 region, previously shown to be highly variable in
Tnt1 populations (Casacuberta etal, 1995; Vernhettes
etal, 1998). Control SSAP experiments were performed
on six tobacco genotypes (Figure 2a). In our experimental
conditions, about 80 bands per SSAP profile were
observed. These profiles are similar for all genotypes,
except for the PBD6 line, which shows a low number of
polymorphic bands. These results indicate that the tobacco
lines used in this study are closely related. In addition, no
SSAP polymorphism was found in different plants of the
D8, tl and PBD6 lines and in different leaves of D8 plants,
thus indicating no detectable interplant or intraplant
variability (data not shown).

Following protoplast isolation or direct explant culture,
20-30 plants were regenerated per genotype, leading to
totals of 156 plants and 147 plants, respectively. Tntl
insertion polymorphism was examined in all the regener-
ated plants using the SSAP procedure. After protoplast
isolation, new SSAP bands were detected in 11.8% to
42.9% of the regenerated plants, depending on the
genotype (Table 1). SSAP profiles obtained for a few
representative plants are illustrated in Figure 2b. ¥? tests
of homogeneity show that intergenotype differences are
not statistically significant (x’s = 6.37, P=0.27). The
presence of the t/ somatic instability, known to increase
the level of spontaneous mutations (Grandbastien etal.,
1989a), does not lead to a significant increase in new SSAP
bands. Altogether, an average of 24.4% of all plants
regenerated via protoplast isolation contain new SSAP
bands. In contrast, after direct explant culture, new SSAP
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P o

Figure 2. SSAP profiles obtained with the EQO/LTR13 primer combination
for the six tobacco genotypes analyzed in this study (al. and for
independent regenerants obtained after protoplast isolation (b)

08 and g9p are regenerants obtained from the Gat genotype and x14,
x17 and x30 are regenerants obtained from the DBxtl hybrid genotype
Arrows indicates new SSAP bands

bands were detected in a much lower percentage of the
regenerated plants, ranging from 0% to 6.6% (Table 1). The
Fisher's exact test demonstrates that intergenotype differ-
ences are not statistically significant either (P = 0.41). An
average of 2.7% of all plants regenerated via explant
culture contain new SSAP bands. Altogether, a significant
difference (%4 = 29.68, P < 0.001) is found between
plants regenerated via protoplast isolation or via explant
culture, indicating a 9-fold increase in the appearance of
new SSAP bands in response to the protoplast isolation
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Table 1. Tnt1 insertion polymorphisms in regenerated tobacco plants

Genotype Plants regenerated from leaf protoplasts

Plants regenerated from leaf explants

Numhber of Plants with New bands Transposed Number of Plants with New bands Transposed
tested plants new bands per profile copies’ tested plants new bands per profile copies’
number % number mean number % number mean

Gat 21 9 42.9% 1-7 255 1112 20 0 0% 0 0 0/0

D8 33 7 21.2% 1-4 2.43 3/5 30 0 0% 0 0 0/0

1l 29 6 20.7% 1-5 35 33 27 1 37% 3 3 m

D8 % tl 29 6 20.7% 1-5 2.67 9/9 16 1 6.2% 1 1 nt

Sam 27 8 29.6% 1-3 1.75 8/8 24 0 0% 0 0 0/0

PBD6 17 2 11.8% 1 1 M 30 2 6.6% 1 1 2/2

Total 156 38 24.4% 245  35/38 147 4 2.7% 1.5 /3

'confirmed transpositions/number of tested bands; nt =-non-tested

procedure. The number of new SSAP bands revealed on
EO0/LTR13 profiles varied from one to seven per plant
{Table 1), with a mean number of bands of 2.45 and 1.5 for
plants regenerated via protoplast isolation or explant
culture, respectively. Due to the low number of explant-
derived plants containing new SSAP bands, it is not
possible to determine if the numbers of new SSAP bands
per plant statistically differ between the two populations of
regenerated plants.

Thirty-eight new SSAP bands isolated from 22 plants
regenerated via protoplast culture, and three new SSAP
bands isolated from three plants regenerated via explant
culture, were sequenced after re-amplification from the
gel. The transpositional nature of each new SSAP band
was tested by direct PCR performed using the LTR13
primer and primers designed in each flanking genomic
sequence. Thirty-eight out of 41 new SSAP bands were
confirmed to correspond to transposition events (Table 1).
The remaining three bands, obtained from three different
protoplast-derived regenerants, could not be identified as
transposed copies. In these three cases, however, no
consensus sequence was obtained from the few clones
recovered from the cloning step (see Experimental pro-
cedures), suggesting that the failure to identify the trans-
posed copy represents the background of technical
problems inherent in our cloning strategy. Taken together,
our results demonstrate that the vast majority (93%), and
possibly all, of the new SSAP bands detected in regener-
ated plants correspond to newly inserted Tnt1 copies.

Sequence variability of the populations of transposed
Tnt1 elements

The tobacco Tnt1 family is composed of an heterogeneous
population of elements that can be grouped in subfamilies
characterized by different U3 regions (Vernhettes etal.,
1998). We have previously shown that only the Tnt1A

subfamily, characterized by the Bl and Bl regulatory
sequences involved in Tnt1 stress-activation (Casacuberta
and Grandbastien, 1993; Vernhettes etal, 1997), is
expressed in protoplasts (Casacuberta etal, 1995).
Furthermore, protoplast-specific transcripts are not a
unique sequence, but a population of different, albeit
very closely related, RNAs (Casacuberta etal., 1995). Since
the first half part of the 5°LTR is amplified by the EO0/LTR13
primer pair (Figure 1), it is possible to compare the U3
regions of the Tntl copies that have transposed in
protoplast-derived plants with the U3 regions of previously
characterized Tnt1 protoplast-specific transcripts. The
unexpected characterization of preexisting insertions (see
Experimental procedures) also allowed the comparison of
newly transposed Tnt1 copies with ancient copies that
inserted earlier during tobacco evolution.

All the newly transposed copies analyzed belong to the
Tnt1A1 group (Figure 3a). Furthermore, a striking correl-
ation was found between the U3 sequences of transcribed
and transposed copies. We have previously shown that
two major U3 subpopulations could be defined in the
protoplast-specific transcript population, the P23 and the
P1 RNAs, each representing 24% of the population, and
both containing four BIl regulatory repeats (Casacuberta
etal, 1995). The P1 and P23 RNAs differ in the U3 region
by four signature nucleotide changes only (G, A, A, T)
(Figure 3a) and the U3 regions of the remaining RNAs
differ from P1 and P23 by one or two single nucleotide
changes only, as well as by the sporadic deletion of a
complete Bl repeat, that may be considered as a single
mutational event generated during the reverse transcrip-
tion process (Casacuberta etal, 1995). Our results show
that most of the newly transposed copies can also be
grouped in P1-type (four copies) and P23-type (24 copies)
sequences. Furthermore, 10 (30%) of the newly transposed
Tnt1 copies are identical to the P23 sequence. A third
subpopulation of newly transposed copies is closely
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BI BIT BII BIl BII
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Figure 3. Sequence variability of the partial LTR sequences of newly transposed Tnl1 copies characterized in protoplast-derived plants (a) and of
preexisting Tntl insertions (b).

Sequences have been aligned on the d1611r transposed copy, chosen as a reference because of its identity to the major P23 Tnt1 RNA species. Sequences
of the P23 and P1 Tnt1 RNA species as well as of the Tnt1-94 mobile copy are included (the P23 and P1 RNA seguences terminate at the end of the R
region). Dashes and blanks indicate sequence identity and deletions, respectively. Nucleotides that differ from the reference sequence are shown in capital
letters. Lower case letters and stars indicate that the 5" end of the LTR could not be determined, since no homology to previously characterized Tnt1 LTRs
could be detected upstream from the sequences shown by dashes. Blanks have been introduced in the reference sequence to allow for nucleotide
insertions. Black boxes indicate important features of the Tni1A LTR (Bl and Bll boxes, TATA box, R region). The subfamily and group of each sequence,
as defined in Vernhettes er al. (1998) are indicaled in brackets

related to the Tnt1-94 element originally isolated after etal., 1989b) (Figure 3a, six lower lines). Interestingly,
insertion into the nitrate reductase encoding gene and transcripts of this type were never characterized in
characterized by an atypical third Bl repeat (Grandbastien protoplasts. Finally, it is noticeable that Tnt1 copies
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newly transposed in the same regenerant belong usually,
but not exclusively (e.g. sB81tr and s82tr), to the same
subpopulation type.

These data indicate that there is a good correlation, at
the level of the regulatory U3 region, between the Tnt1
transcripts generated by protoplast isolation and the Tnt1
copies that have successfully completed the retrotranspo-
sition cycle. However, a significant difference between
transcribed and transposed copies is found with respect to
the number of Bll repeats. We have previously shown that
90 percent of transcribed elements contain 4 Bll repeats,
indicating that Bll sequences were essential for Tnt1
activation in protoplasts (Casacuberta etal, 1995).
Surprisingly, a significantly lower proportion of newly
transposed copies containing four Bll repeats (64%) has
been observed in this work {;r_zd” =8.48, P<0.001). In
addition, one of the newly transposed copies, t42tr,
contains only two Bll repeats, although transcripts con-
taining fewer than three Bll repeats have never been
characterized (Casacuberta etal., 1995).

In contrast to newly transposed Tnt1 copies, the regu-
latory regions of pre-existing Tnt1 insertions are much
more heterogeneous (Figure 3b). While most of them
(75%) belong to the Tnt1A1 group, only four of them
belong to the P23-type and one of them to the P1-type. All
the remaining pre-existing Tnt1A1 copies contain more
than four bp changes. Only six (33%) of them contain four
Bl repeats, and several others display larger-scale modi-
fications such as insertions or apparent 5 truncations
(dp162a, g72c, sB2c and gp94b). The remaining ancient
Tnt1 insertions belong either to the Tnt1B (17%) or to the
Tnt1C (8%) subfamilies.

Discussion

Microbial factors activate retrotransposon amplification

Using the SSAP strategy, we have monitored the ampli-
fication of one of the few plant retrotransposons known to
be active, the tobacco Tnt1 element. Here we report that
the protoplast isolation procedure activates Tnt1 transpos-
ition efficiently in tobacco, since a nine-fold increase in
Tnt1 mobility is observed in plants regenerated via
protoplast isolation, compared with the Tnt1 mobility
observed in control plants regenerated via explant culture.
Since transcription is a prerequisite for the transposition of
retroelements, this sharp increase in Tnt1 mobility results
necessarily from one or several protoplast-specific factors
able to strongly activate Tnt1 expression. Previous studies
have shown that the major factor activating Tnt1 expres-
sion during the protoplast isolation procedure is the initial
overnight application of Onozuka fungal extracts (Pouteau
etal, 1991). The subsequent early steps of protoplast-
derived cell culture are expected to have very little impact

on Tnt1 transposition, since Tnt1 transcript levels decrease
strongly in the few hours following removal of the fungal
extracts (Grandbastien etal., 1997), and no Tnt1 transcript
could be detected by Northern analysis in tobacco cell
cultures (Hirochika, 1993). Furthermore, Tnt1 is not
expressed in tobacco calli (Pauls etal, 1994). As other
factors involved in the production of the regenerated
plants were also involved in the generation of the control
plants from leaf explants, it can therefore be assumed that
the nine-fold increase in Tnt1 mobility observed in plants
regenerated from leaf protoplasts is specifically attribut-
able to the effect of the cell wall hydrolyzing fungal
extracts, most essentially the Onozuka solution. Qur
results therefore show that Tnt1 mobility correlates to its
transcriptional activation by factors of microbial origin.
New insertions were detected in nearly 3% of the control
plants regenerated from leaf explants. This demonstrates
that stimuli other that microbial factors are also able to
activate Tnt1 mobility. This background mobility could
result from the original wounding step, since previous
studies showed that, although no transcript could be
detected by Northern analysis in shredded tobacco leaf
tissues (Pouteau etal., 1991), a low level of expression was
detected in mechanically wounded tobacco leaves through
the use of a reporter gene placed under control of the Tnt1
LTR (Mhiri etal, 1997). Alternatively, background trans-
positions could result from a low level of activation during
tissue culture. Although no Tntl transcript could be
detected by Northern analysis, a small increase in Tnt1
copy number was indeed observed in established cell
cultures (Hirochika, 1993). It is noticeable that new SSAP
bands were usually detected in a reproducible manner in
an SSAP experiment performed with DNA isolated from
duplicate cuttings of the regenerated plantlets (data not
shown). This suggests that the regenerated plants are
probably not chimaeric for the new insertions, and that the
transpositions that we detected have occured very early in
the regeneration process. They might therefore originate
from the original wounding step rather than from the
successive rounds of transposition expected from a
response to tissue-culture stimuli. Finally, we cannot
exclude the possibility that background transpositions
could have a somatic origin in the leaves used for explant
and protoplast isolation, due to a possible low background
of Tnt1l expression in mature leaves. No interplant or
intraplaat polymorphisms were detected in our control
analyzes, but somatic transpositions occuring in a few leaf
cells weuld not be detectable by the SSAP procedure.
Interestingly, microbial-induced transposition levels
measured in this work are strikingly high, since transpos-
itions specifically induced in protoplasts have occured in
over one protoplast out of five. Due to competitive PCR
amplification, the E00 primer, which contains no additional
selective nucleotide in 3', reveals only a fraction (80) of all
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tobacco Tnt1 insertions. The total number of Tnt1 inser-
tions in tobacco was indeed estimated to be more than 500
through SSAP analyzes using EcoRI primers containing
two additional selective nucleotides (unpublished data), It
is therefore likely that the total number of newly trans-
posed Tnt1 copies that we observed in each plant on E00/
LTR13 profiles is also underestimated. The high level of
Tnt1 transposition observed in our in vitro experimental
strategy opens the perspective to assess efficiently the
genetic impact of stresses such as microbial attacks or
generalized abiotic stresses applied on whole plants, since
the plant germline is not sequestered early and somatic
transpositions can be transmitted to the progeny in plants.
Although the functional consequences of the new Tnt1
insertions remain to be established, insertions of transpo-
sable elements are thought to be a major source of genetic
diversity, by generating direct gene mutation or genome
structural rearrangements (Kidwell and Lisch, 2000). Our
work represents the first direct demonstration that factors
of microbial origin, known to activate plant defense
responses, are also able to generate plant genomic
diversity through retrotransposition amplification. Our
results therefore strengthen the hypothesis that stress
modulation of transposable elements might play a role in
generating host genetic plasticity in response to environ-
mental stresses (McClintock, 1984). Interestingly, T. viride
does not invade tobacco tissues, but merely activates
tobacco defense responses and hypersensitive cell death.
A successful pathogen infection is thus not a prerequisite
for Tnt1 amplification, and mobilization might also result
from incompatible or non-host plant-microbe interactions,
provided that tobacco defense responses are activated.
Since such ‘unsuccessful’ microbial challenges are quite
frequent in natural conditions, and since resistant or non-
host plants are much more likely to produce progenies
than heavily infected plants, the evolutionary impact of
retrotransposon activation by microbial challenges might
be quite significant.

Transcription is a key step controlling Tnt1 amplification
in response to pathogen factors

Previous studies have shown that the population of
tobacco Tnt1 transcripts displays a structure similar to
the populations of closely related but different viral
genomes referred to as 'quasi-species’, and that the LTR
U3 region is important for expression in protoplasts
(Casacuberta etal, 1995). We show here a striking simi-
larity between the U3 sequences of Tnt1 elements tran-
scribed in protoplasts and the U3 sequences of Tnt1 copies
that have subsequently completed their retrotransposition
cycle and inserted into the tobacco genome. Interestingly,
the sharp contrast between the populations of newly
transposed copies and the more variable pre-existing
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insertions allows us to determine with little error, by
visual analysis of U3 regions, whether a given Tnt1
element has been recently active or is an ancient insertion.
The effect of fungal extracts on Tnt1 expression is transi-
ent, since their removal after the overnight treatment is
rapidly followed by a sharp decrease in Tnt1 transcript
levels (Grandbastien etal, 1997). This indicates that
induced transpositions have mostly occured during, or
shortly after, the application of the fungal extracts, at the
single cell level. It can thus be assumed that transpositions
in each cell have occured in a single transposition burst.
Interestingly, new Tnt1 copies detected in the same
regenerant can belong to different subpopulations, indi-
cating that different master copies can be simultaneously
active within the same cell.

Since the population of transposed copies is expected to
reflect template RNAs that succeed in completing the
downstream steps of the retrotransposition process, the
tight correlation between transcribed and transposed
pools suggests that there is very little or no template
selection for Tnt1 reverse transcription. Transcription
appears therefore to be a key step controlling Tnt1
retrotransposition, and no specific post-transcriptional
control, for instance at the reverse transcription or the
integration steps, seems to further select for particular
Tnt1 types, at least in pathogen-related activating condi-
tions. It is, however, interesting to note that newly
transposed copies contain a significantly lower number
of Bll repeats, compared with RNA templates. Deletion of
repeated sequences frequently occur during retroviral
replication and retrotransposition (Pathak and Temin,
1990; Xu and Boeke, 1987). We have previously suggested
that BIl deletions during reverse-transcription could be
involved in the control of active Tnt1 populations
(Casacuberta etal, 1995). The significant decrease in the
proportion of 4-Bll elements that we observe after com-
pletion of the reverse transcription cycle strengthens this
hypothesis. Interestingly, an unexpected 2-Bll transposed
copy appears as a possible single direct deletion derivative
of two adjacent Bll. However, since we also observed in
this work the frequent transposition of Tnt1-94-type
copies, poorly represented at the transcriptional level
(Casacuberta etal., 1995), we cannot exclude the possi-
bility that 3-Bll elements are in fact more efficiently reverse
transcribed than 4-Bll elements.

SSAF is a very efficient tool for monitoring
retrotransposon behavior and genomic impact

Most plant retrotransposons are present in high copy
number in the genome, and information on their activity
is mostly available through transcript analyzes
{Grandbastien, 1998). To date, direct retrotransposition
has qnly been monitored by characterization of insertional
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mutants (Grandbastien etal., 1983b; Varagona etal, 1992;
White etal., 1994), or for low copy number elements
(Hirochika etal., 1996; Hirochika, 1993). We show here that
the SSAP strategy is an efficient tool to detect and quantify
the mobility of high copy number elements. SSAP pro-
vides an interesting alternative to reverse transcription
tests based on intron splicing from indicator genes
(Heidmann and Heidmann, 1991), since complete retro-
transposition events, up to the insertion step, are directly
detected. Consequently, results can be directly interpreted
in terms of genomic impact. In addition, SSAP provides a
tool for isolation of new mobile retrotransposon copies
when only partial LTR data are available, since it allows the
detection of transposed copies without any need for
insertional mutants for a known target gene. Finally,
SSAP performed with carefully designed primers allows
a direct and easy access to LTR sequences, the most
variable region of retroviruses and retrotransposons. In
addition to polymorphism studies and retrotransposition
assays, SSAP can therefore be used to correlate the
activity and the population evolution of retrotransposons
and endogenous retroviruses, and to study more effi-
ciently their behavior and impact on host genomes.

Experimental procedures

Plant material

Six tobacco genotypes were used: (1) N. tabacum cv Xanthi: the
XHFDB8 line ('D8'), a homozygous diploid line obtained from an
anther culture-derived haploid line (Bourgin and Missonier, 1973);
the 11086 line ('t'), carrying the somatically instable t/ mutation
(Deshayes, 1979), The t/ mutation, originally obtained on N.
tabacum cv Samsun {Dulieu, unpublished), was transfered to N.
tabacum cv Xanthi by successive backcrosses (Deshayes, 1976).
The F1 hybrid between the XHFD8 and t1-1086 lines was also used
('D8xtl'). (2) N. tabacum cv Gatersleben ('Gat’). (3) N. tabacum cv
Samsun ('Sam’) and (4) N. tabacum cv PBD6 ('PDB6'), both
provided by the Institut du Tabac, ALTADIS, Bergerac, France.
Plants were cultured in a shaded greenhouse and fully
expanded young leaves of the six genotypes were sampled to
obtain leaf explants and mesophyll protoplasts. Leaf tissues were
simultaneously sampled from similar plants for both procedures.

Protoplast-derived regenerants

Leaves were sterilized, wounded and placed in medium T0
(Bourgin etal, 1979) containing cell wall hydrolases (Onozuka
R10, Yakult Biochemicals Co. Ltd, Tokyo, Japan, 0.1%;
Macerozyme R10, same origin, 0.02%; Driselase, Sigma, St
Quentin Fallavier, France, 0.05%) for a standard overnight (16 h)
enzymatic digestion. Protoplasts were rinsed from the digestion
medium, cultured in medium TO as described (Bourgin etal,
1979) and subcultured in medium C as previously described
{Muller etal,, 1983). Derived colonies were plated onto solidified
medium R4MO medium (Bourgin etal, 1979), allowing callus
formation and callus-derived shoot regeneration. Regenerated
shoots were rooted on B medium (Bourgin etal, 1979). Each

regenerated plant was produced from a different callus, that is
from a different protoplast.

Explant-derived regenerants

Leaves were sterilized, and wounded leaf pieces were placed onto
solidified medium R4MO medium (Bourgin etal, 1979), allowing
callus formation and callus-derived shoot regeneration at wound
sites. Regenerated shoots were rooted on B medium {Bourgin
etal, 1979). Calli produced at different positions of the same leaf
explant were separated at early stages. Each regenerated plant
was obtained from a different callus.

SSAP procedure

Plant DNA was extracted from leaf material of 5-6 leaves in vitro
plants, according to the Doyle and Doyle CTAB method (Doyle
and Doyle, 1990). After an RNAse treatment, RNA-free genomic
DNA was extracted with phenol:chloroform, salt-precipitated and
re-suspended in TE {10 mm Tris, 0.1 mm EDTA). Genomic DNA
(0.5 pg) was digested with 5 U EcoRl {Gibco BRL, Cergy-Pontoise,
France) in a 25-ul volume of RL buffer (10 mm Tris-acetate pH 7.5,
10 mM magnesium acetate, 50 mMm potassium acetate, 5 mm DTT)
at 37°C overnight. The restricted DNA was diluted with one
volume of ligation mix comprising 50 pmoles of EcoRl adaptors
(Figure 1), 0.4 mm ATP, 1 U of EcoRl and 1 U of T4 DNA ligase
{Pharmacia, Orsay, France) in RL buffer. Ligation was performed
at 37°C for 3 h. Ligated DNA was finally diluted with 10 mm Tris-
HCI, 0.1 mm EDTA pH 7.5 to the final concentration of 2.5 ng L.
A 5-ul aliquot of the diluted ligation mix was amplified in a 25-ul
reaction containing 35 ng of *°P.labeled LTR13 primer (5-
CTTATACCTTGTCTGTGAAACC-3', +286 to +265 of Tnt1-94
(Grandbastien etal,, 19839b), 50 ng of EcoRl primers (Figure 1),
0.24 mm of each dNTP, 1.5 mm MgCl; and 1.5 U of Tag DNA
polymerase (Perkin Elmer, Courtaboeuf, France) in its reaction
buffer. PCR was carried out using the following conditions: 5 min
at 94°C, 13 cycles of 30 sec at 94°C, 30 sec at 65°C (- 0.7°C per
cycle), 2 min at 72°C, 25 cycles of 30 sec at 94°C, 30 sec at 56°C
and 2 min at 72°C, followed by a final extension step at 72°C for
10 min

After PCR, samples were diluted with one volume of loading
dye (95% formamide, 0.05% xylene cyanol FF and 0.05% bromo-
phenol blue), heat denatured at 94°C for 5 min and directly cooled
on ice. For each sample, a 6-8 ul aliquot was loaded on a 6%
denaturing polyacrylamide gel (20 X 40 x 0.04 cm) and pre-run
at 35 W far 45 min. Samples were then run at 35 W for 4 h in
1xTBE. Gels were lransferred to Whatman 3 mm paper and
vacuum dried at 65°C for 1 h. Dried gels were exposed to X-ray
films overnight or for 48 h, depending on the signal intensity.

Isolation and characterization of new SSAP bands

New SSAP bands that were clearly separated from non-poly-
morphic bands were selected, excised from the dried gels using a
razar blade and re-suspended in 100 pl of water. DNA was eluted
from the bands by boiling for 15 min, salt-precipitated and re-
suspended in 10 pl of sterile water. A 5-ul-sample was then used
as DNA template in PCR amplification using the SSAP conditions
and primers described above. Amplification products were sep-
arated on 2% agarose gels. Bands with the expected molecular
weight were excised from the agarose gels and cloned in pGEMT
vector according to the manufacturer's recommendations
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{Promega, Charbonniéres, France). Sequencing was performed
using the Abi prism automated sequencer. The nucleotide
sequence data of these clones have been submitted to the
DDBJ/EMBL/Genebank databases under the accession numbers:
AF401683 to AF401739.

Five to six clones per SSAP band were usually analyzed. In
some cases, minor contaminating clones were obtained in
addition to a major consensus clone. Primers (sequence available
upon request) were designed from the flanking genomic regions
of consensus clones. Direct PCRs were performed using these
primers and the LTR13 primer. In each case DNA from the
regenerant, from which the new SSAP band was characterized,
was tested against control DNA samples from other regenerants
andfor from original genotypes. A new insertion was indicated
when a PCR product of the expected molecular weight was
obtained with DNA from the corresponding regenerant, but not
with other control DNA samples. One regenerant was lost and the
transpositional origin of two new SSAP bands could only be
indirectly tested by negative PCR results on control DNA samples.
For two bands isolated from protoplast-derived plants, only 2 bp
of adjacent flanking sequences were found. However, these bands
were assumed to be new insertions, since they each generated 5-
6 identical clones. Most minor contaminating clones were also
tested, and shown to correspond, as expected, to pre-existing
Tnt1 insertions.

All sequenced copies were named as follow: the first letter(s)
indicate(s) the genotype (g and gp = Gat; d and dp = D8; t = 1I;
x = D8xtl; s = sam; pb = PBD6); the following numbers (ranging
fram 1 to 23] identifie(s) the regenerant and the final number
identifies the SSAP band. In the case of transposed copies, ‘tr'
was added to the name. In the case of pre-existing insertions
{minor clones), a lower-case letter corresponding to each clone
(ranging from ‘a’ to 'I') was added. For instance, the s231tr, s232tr
and s233tr sequences correspond to three newly transposed
copies, characterized from the same regenerant {numbered 23}
obtained from leaf protoplasts of the cv. Samsun line, while the
s231a sequence correspond to a pre-existing insertion isolated
together with the s231tr new band.
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ABSTRACT

Retrotransposons are ubiquitous components of
eukaryotic genomes suggesting that they have played
a significantrole in genome organization. In Saccharo-
myces cerevisiae, eight of 10 endogenous insertions
of the Ty5 retrotransposon family are located within
15 kb of chromosome ends, and two are located near
the subtelomeric HMR locus. This genomic organiz-
ation is the consequence of targeted transposition, as
14 of 15 newly transposed Ty5 elements map to
telomeric regions on 10 different chromosomes. Nine
ofthese insertions are within 0.8 kb and three are within
1.5 kb of the autonomously replicating consensus
sequence in the subtelomeric X repeat. This suggests
that the X repeat plays an important role in directing
Ty5 integration. Analysis of endogenous insertions
from S.cerevisiae and its close relative S.paradoxus
revealed that only one of 12 insertions has target site
duplications, indicating that recombination occurs
between elements. This is further supported by the
observation that Ty5 insertions mark boundaries of
sequence duplications and rearrangements in these
species. These data suggest that transposable
elements like Ty5 can shape the organization of
chromosome ends through both transposition and
recombination.

INTRODUCTION

Telomeres are specific protein-DNA  structures found at the
termini of eukaryotic chromosomes (!). Telomere sequences
typically consist of tandem arrays of simple repeats synthesized by
telomerase, a cellular reverse transcriptase (). Most organisms
have short and precise telomeric repeat sequences that are
cvolutionanly conserved. The Saccharomyces cerevisiae telomeric
sequences, however, are atypically heterogeneous and consist of
arrays of TGi_3 (*). A variety of middle repetitive sequences,
called subtelomeric repeat sequences, are found associated with
telomeres. These repeats are highly polymorphic and not well-
conserved among eukaryotes.

In S.cerevisiae, subtelomeric repeat scquences have been studied
in great detail (1= ). They are comprised of two major groups,
called Y’ elements and X repeats. Y’ elements are immediately
internal to the telomeres. There are two major classes that differ by

DOBJ/EMBL/GenBank accession nos U19263. U19264

size, called Y'-long (6.7 kb) and Y’-short (5.2 kb). The size
differences are due to a series of small insertions and/or deletions.
Y’ elements in the same class are highly conserved and typically
share —=99% nucleotide identity. Y’ elements are found on most
chromosomes and are highly polymorphic among different strains.
At the end of any particular chromosome, Y’ clements are present
in zero to four tandemly arranged copies.

X repeats are centromere-proximal when present in conjunction
with Y” elements (). Junction sequences between X repeats and
Y’ elements are normally short stretches of telomere sequences
TGy 3. On some chromosomes, such as chromosome 111 (chr 111),
no Y’ elements are present and X repeats are found immediately
internal to the telomere. X repeats consist of a 473 bp core X
sequence as well as varying numbers of short subtelomeric repeats
(STR-A, STR-B, STR-C and STR-D) that range in size from 45 to
140 bp (. ). Boundaries of X repeats vary dramatically due to the
presence of STRs. The STRs are not present at all chromosome
ends, while core X sequences are found in all but one subtelomeric
region and share ~80% nucleotide identity.

The widespread and polymorphic distribution of X repeats and
Y’ elements suggests that these subtelomeric sequences are in
constant flux. Some Y’ elements have a large open reading frame
(ORF) with weak homology to viral helicases, suggesting that Y’
elements may be related to transposable elements (). However,
transposition of Y’ elements has never been documented. On the
other hand, Y’ recombination occurs frequently and depends on
the RADS52 gene, which is required for homologous recombina-
tion (1,). Y’ elements preferentially recombine with members of
the same size class, which results in a preponderance of one size
class in any given strain. Recombination of Y’ elements can also
result in exchange of sequences between ends of chromosomes.
For example, gene conversion can replace sequences at one end
of a chromosome with those from another end. Therefore, Y’
recombination can clearly reshape the organization of the
chromosome ends. The presence of X repeats at the ends of
almost all chromosomes suggests that they may also participate
in homologous recombination. However, movement of X repeats
by rccombination has not been documented.

TyS is a retrotransposon identified from S.cerevisize and its
close relative S.paradoxus (', 111). The copy number and distribu-
tion of TyS insertions are polymorphic in different Saecharo-
myces species and strains. Characterization of eight endogenous
Ty5 insertions in S.cerevisiae showed that two arc associated with
the silent mating locus HMR and six are located in subtelomeric
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regions. None of these elements are transposition competent. In
S paradoxus, two of three characterized TyS insertions are likely
subtelomeric, based on their association with a subtelomeric X
repeat () A Ty5 transposition assay was developed in
Scerevisiae using an Sparadoxus clement (). Of 19 newly
transposed Ty5 clements on chr 111, four were inserted near the left
telomere and 14 were inserted near transcriptional silencers at the
HMR and HML. loci. These regions are bound in a unique type of
chromatin, called silent chromatin, which represses the transcription
of adjacent genes (). The target bias for Ty5 suggests that this
clement recognizes silent chromatin during integration.

Transposable elements have been found associated with
telomeres in other organisms. In Drosophila melanogaster, for
example, two families of non-LTR retrotransposons have been
identified that serve as telomeres (7,7 ). The telomeric location
of Ty5 suggests that it may play a role in genome organization,
and in particular, contribute to the dynamic nature of chromosome
ends through transposition and/or recombination. To test this, we
charactenzed the genomic location of additional TyS transposition
cvents. We also used the complete nucleotide sequence of the
S cerevisiae genome to compare the organization of endogenous
clements between S cerevisiae and S paradoxus.

MATERIALS AND METHODS
Strains

The following yeast strains were used in this study: S paradoxus
NRRL Y-17217 (Northern Regional Research Laboratory); wild-
type S.cerevisiae strains SK1 and S288C for the characterization of
endogenous Ty3 insertions (J.D. Boeke, Johns Hopkins University);
S.cerevisiue W303-1A (MATa ade2-1 canl-100 his3-11 leu2-3
trpl-1 wra3-1) for the TyS transposition assay (A. Myers, lowa
State University). The E.coli strain XL1-Blue (Stratagene) was
used for recombinant DNA manipulations. Transformation of
E.coli and yeast strains was performed by electroporation as
described (7).

Mapping newly transposed TyS insertions

Sequences flanking newly transposed Ty5 clements were amplified
by inverse PCR method as described (1), Briefly, ~100 ng of
genomic DNA was digested with Mspl and self-ligated in a 50 pl
ligation mixture. Sequences flanking Ty5 insertions were amplified
from 2 pl of the ligation mixture with Ty5-6p LTR-specific
oligonucleotides DVO219  (5-TACTGTCGGATCGGAGGT-
TT-3) and DVO220 (5-CTGTGTACAAGAGTAGTACC-3).
PCR products were sequenced with oligo- nucleotides DVO214
(3-CCCTCGAGCATTTACATAACATATAGAAAG-3) or
DVO243 (5-CCTTGTCTAAAACATTACTG-3"). TyS integration
sites were determined by comparing these sequences to the
S.cerevisiae genome database.

DNA manipulations and analysis

Yeast genomic DNA and chromosomes were prepared as described
(). The genomic DNA was digested with restnction enzymes and
separated by agarose gel electrophoresis. Yeast chromosomes were
separated by pulsed-field gel electrophoresis, and chromosome
identity determined by their mobility (*). Gels containing genomic
DNA or chromosomes were transferred to nylon membranes by
alkaline transfer. Filters were hybridized with DNA fragments that
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had been radio-labeled by random-priming (Promega). Hybridiza-
tion probes included TyS internal sequences (probe A and B in
Fig. 3A), the long terminal repeat (LTR) (Fig. 3A), as well as
sequences flanking Ty5 insertions. The LTR was amplified from
Ty5-5p with oligonucleotides DVOI182 (5-GGGTAATGTTTC-
AGT-3") and DVO116 (5-TAGTAAGTTTATTGGACC-3').
Sequence flanking the 5%end of Ty5-12p element was amplified
with DVO200 (5-CATTACCCATATCATGCT-3") and the reverse
primer, which is complementary to the vector. DNA sequences were
determined with the fmol sequencing kit (Promega), or by the
Nucleic Acid Facility of lowa State University. Sequence analysis
was performed using the GCG computer programs (1 ). LTR
sequences were identified from the complete nucleotide sequence of
S.cerevisiae using the program BLAST (' ). Sequences were
considered that had >65% nucleotide identity to the TyS-1 left LTR.

RESULTS

TyS preferentially transposes to subtelomeric regions in
S.cerevisiae

We have previously characterized 19 newly transposed Ty3
clements on chr I1l. Of these, 18 occurred in regions of silent
chromatin, including 14 at the HMR and HML mating loci and
four at the left telomere (/). We hypothesized that this
integration pattern is due to a mechanism that targets TyS5 to silent
chromatin. For chromosomes other than chr 111, the only known
regions of silent chromatin are at the telomeres. We wanted to
investigate whether Ty5 insertions on other chromosomes are
near the telomeres, which would support a general role for TyS in
the genomic organization of chromosome ends.

Fifteen strains were randomly chosen from a collection of
strains with newly transposed Ty5 clements (' 7). Sequences
flanking these clements were amplified by inverse PCR and used
directly for DNA sequencing. These insertions were found to
reside on ten different chromosomes (Fig. 1). One insertion, W3,
is on chr XI 152 kb from the end of the chromosome. The
remaining 14 insertions are all subtelomeric and are within 15 kb
of chromosome ends. The insertions show no orientation
specificity with respect to the ends of the chromosomes; eight
insertions are in the same 5" to 3" orientation as the chromosome
sequence, and seven are in opposite orientation.

TvS preferentially inserts near the X repeat

We have previously used the autonomously replicating consensus
sequences (ACS) in the X repeat as a reference point for TyS
insertions. In this study, nine of the 15 Ty5 insertions are within
0.8 kb on either side of the ACS in the X repeat; three additional
insertions are within 1.5 kb. Eight of the 11 telomeres that have
TyS5 insertions also have Y’ elements. These Y’ elements scparate
the X repeat from the telomere by =5 kb. In all eight cases, Ty5
insertions are clustered within 1.5 kb of the ACS in the X repeat
and are consequently several kilobases from the TG, _3 telomeric
repeats. This suggests that the X repeat serves as a nucleation site
for factors important for Ty5 targeting.

I'eatures of sequences flanking endogenous Ty5
insertions in the subtelomeric regions of S.cerevisiae

The clear preference for TyS to integrate near the telomeres
indicates an active role for Ty5 in shaping the organization of
chromosome ends. We took advantage of the complete genome
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Figure 1. Location of de nove TyS transposition events. Left and right arms of chromosomes are labeled as L and R, respectively. T indicates welomeric repeat sequences,
and the narrow boxes mdicate X repeats, which are aligned at the ACS (the autonomously rephicating consensus sequences). The sizes of Y elements are provided.
Open boxes with arrowheads depict endogenous Tv3 LTRs, and open boxes with labels indicate open reading frames. The TyS insertions are labeled as W followed
by a number, which refers to the strain from which they were 1solated. Arrows pointing down indicate insertions in the same 5 to 3" orientation as the chromosome
sequences. Arrows pointing up represent insertions i the opposite orientaton. Numbers in parentheses designate base positions of open reading frames and TyS
nsertion sites. e base position of the ACS 1s provided adjacent 1o the dashed line, which marks the position of this sequence.

sequence of S.cerevisive to cevaluate whether endogenous Ty5
insertions have played a passive role in genome organization
through recombination. We identified all Ty5 insertions in
S288C, the strain used for the yeast genome project (Fig. 2A). Ten
Ty5 insertions were found, including cight previously identified
onchr HL VL VIHTand XT( ). The chr VI insertion (designated
Ty5-15) had previously been characterized only by Southem
hybridization analysis (). Two new insertions were identified
on chr V, designated Ty5-16 and TyS5-17. The chr V inscrtions are
near the right telomere but are in opposite orientation. Ty5-17 is
within 600 bp of a X ACS, and Ty5-16 is within 2.7 kb.

Target site sequences were characterized for eight TyS insertions
with full-sized LTRs. None of these insertions have the perfect 5
bp target site duplications characteristic of newly transposed TyS
clements ('), although Ty5-16 has flanking target sequences
with four identical nucleotides out of five (Table | ). The 5” target

site of Ty5-17 is the same as the 3" target site of Ty5-16. However,
the 3’ target site of Ty5-17 is diffcrent from the 5" target sites of
these two insertions, suggesting that a gene conversion event, or
two sequential reciprocal recombination cvents, occurred be-
tween these clements,

Some TyS clements mark boundaries of duplicated sequences
in the S.cerevisiue genome. Genome sequencing cfforts have
identified extensive duplications between the telomeric regions
ofchr i1l and X1 (19=21). Four Ty5 insertions are present in these
duplicated regions (Fig. 2B). The chromosome ends, including
the X repeat, are similar between the chr 1 left telomere and both
telomeres of chr XI (region a). The similarity ends at the Ty5-1
insertion on chr 1. Downstream of region a, the chr XI left-end
has a unique 50 bases and both chr XI ends share a second
duplicated sequence (region b). For the chr X1 left-end, the b
region terminates in sequences that have been duplicated from the
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Figure 2. Saccharomyees cerevisiae TyS elements. (A) Chromosome location
of endogenous TvS elements. Chromosomes are drawn to seale with the leftend
on top. The asterisk reflects elements on the Crick strand of the chromosome
sequences. Base positions for insertions are: Ty5-1, 1172-4314; Tys-2,
290646-290891, Ty5-3, 291015-291252; Ty5-4 on chr [11, 4471-4572; Ty5-4
on chr X1, 664909-664808; Ty5-7, 665062-665300; TyS5-8, 7993-8224;
Ty5-15, 863-1079; Ty5-16, 562209-562459, Ty3-17, 564300-564533. (B)
Sequence rearrangements between chr [ and chr X1 of S cerevisiae. Symbols
are as in Figure 1. Duphicated sequence domains are indicated by arrows and
designated as a, bore. The Y* element sequence in region c is labeled. The open
box labeled chr 111 R represents an additional sequence duplication between chr
XIL and chr TR,

right-end of chr 111. The right-end of chr XI, however, has a TyS
insertion at the end of the b region (Ty5-7). This insertion has
different target sites from Ty5-1 and is in the opposite orientation,
clearly indicating that they are different insertions. Centromere
proximal to Ty5-1 and Ty5-7 are several kb of duplicated
sequences (region ), including a TyS insertion (Ty5-4). It has
previously been noted that the beginning of the ¢ region contains
140 bp of a Y’ element ("), The location of Tv5-1 and Ty5-7 at
the boundaries of rearrangements suggests that these clements
have played a role in these events.

Distribution of TvS insertions in S.paradoxus

Characterization of Ty5 elements showed that transposition-
competent insertions are not present in S.cerevisiae, but are present
n its close relative Sparadoxus. The close relationship between
these specics suggests that they may be a good model further
understanding the role of Ty5 in genome organization. We focused
our characterization cfforts on the Sparadoxus strain NRRL
Y-17217, which harbors the most Ty5 insertions, at least onc of
which is transpositionally active (11,1 1). We first estimated copy
number in this strain by Southern hybridization analysis using
restriction enzymes that do not cut within the element or cut only
once. Filters were hybridized with probes specific to either TyS
intemal sequences or Ty5 LTRs (Fig. 3). An example of this
analysis is presented in Figure 3B, using Hindlll (one internal site)
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Figure 3. Copy number of Ty5 elements in strain NRRL Y-17217. (A) Genomic
organization of Ty5-6p. Open boxes with arrows indicate the LTRs. Boxes
within the internal domain depict conserved amino acid sequence domains: RB,
RNA binding domain; PR, protease; IN, integrase; R, reverse transcriptase;
RH, RNase H. The arrow over the element indicates the open reading frame.
E, Hand S denote restriction endonuclease sites for EcoR1, Hindl1l and Snal.
The lines under the element depict probes used for hybridization analyses.
(B) Southern hybridization analyses of strain NRRL Y-17217. DNA was
digested with Hindlll (H) or Xhol (X). Molecular length markers are indicated,
and arrows denote Xhol restriction fragments that hybridize 10 probe A.
Arrowheads indicate bands that hybridize to both internal and LTR probes.
(C) Chromosome distnibution of TyS in NRRL Y-17217. Filters were prepared
from pulsed-ficld gels and hybridized with probe A and the LTR probe
Chromosome designations for hybnidizing chromosomes are indicated.

and Aol (no cut sites). Based on this analysis, at least six restriction
fragments hybridized to both internal and LTR sequences in NRRL
Y-17217. In the Hindlll lanes, there are at least seven more
restriction fragments that hybridized to the LTR, Some of these
extra LTRs may be solo LTRs, which are derived from recombina-
tion between LTRs of full-length TyS clements,

The chromosomes of NRRL Y-17217 were separated by
pulsed-ficld gel electrophoresis and transferred to nylon filters.
The chromosome location of TyS inscrtions was analyzed by
hybridizing the filter with either TyS intemal or LTR sequences
(Fig. 3C). Ty5 clements with internal sequences were located on
at least five chromosomes, namely chr Vlor [, 111, X1, XVI or X111
and XIV or VIL Ty5 LTRs were located on these same
chromosomes as well as chr XIV or [X.
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Table 1. Sequences of TyS target sites

Insertion (chry

Species Left target sequence Raght target sequence Target nucleotide LTR nucleotide
identity identity (%0)*
5 .'1':1'.1\14_.1:' ‘ TyS-1 (1 TTTCA TATCC 3/5 86, 89
Ty5-2 (I11) Trecert TAAAA 1/5 73
Ty§-3 (1IN ATCGC TTTGC 3/5 55
Ty5-7 (X1) CGTGG TACCG 145 82
Iy5-8 (V1) GTATA ATATG 35 77
Iy3-15 (VI ITTCA CCCAA 1'5 Kl
IyS-16 (V) GTTAT GTTCT 45 91
Iy3-17 (V) aGrTC I'TACA 25 73
8 paradoyus I'v5-6p (X1) ICGTA TCGTA 5/5 100
Ty5-5p (X1 IGTCA CTATC 0/5 100. 98
FyS-10p (/XD AGTAT TATAA 2/5 98
[y5-12p (NXD AGTAT TTTTC 175 97
TyS-14p (ND) TGTCA 98

Walues are derived from comparisons with the TyS-6p right LTR. Multiple values refer to comparisons with the left and right LTRs, respectively.

Duplication and rearrangement of sequences flanking
TvS insertions in S.paradoxus

We previously isolated five of the approximately 13 Ty5 insertions
present in Sparadoxus strain NRRL Y-17217 (111). To investigate
the relationship between TyS and genome organization, sequences
flanking these insertions were determined. The target sites of
several insertions were analyzed, and only the Ty5-6p insertion
was found to have target site duplications (Table 1). It is
interesting to point out that the 5 bp target sequence at the 3-end
of Ty5-14p is the same as the 5" target sequence of Ty5-5p. This
suggests that Ty5-5p and Ty5-14p recombined and exchanged
targets, and Ty5-14p subsequently suftered a deletion of its §
region (Fig. <). Evidence for such a reciprocal translocation is
also supported by sequence differences among the LTRs of these
clements. The 3" LTR of Ty5-5p has four bp that differ from the
5" LTR. The Ty5-5p 3" LTR, however, is identical at these four
nucleotide positions to the 5" LTR of TyS-14p, arguing strongly
that a recombination event had occurred between these elements.

Flanking scquences of several S.paradoxus insertions were
compared to the Scerevisiae genome database or used in
Southern hybridization analysis. As previously reported, 5 and 3
sequences flanking Ty5-6p share ~90% nucleotide identity to
sequences on S.cerevisiae chr X1 (10). The 5° Aanking sequence
hybridized to chr X1 of S paradoxus as well as S.cerevisiae (Fig.
SA), indicating that TyS-6p is located on S.paradoxus chr X1 and
its flanking sequences are conserved between the two specics. No
evidence for a TyS insertion, however, was found at the
corresponding region on S.cerevisiae chr XI, suggesting Ty5-6p
transposed to this site after species divergence.

Analysis of flanking sequences of some S.paradoxus insertions
support a role for TyS in genome rearrangements. Several TyS
clements were flanked by sequences unique to S.paradoyus. For
example, the 5 flanking sequence of TyS5-5p shows no significant
homology to any S.cerevisiue sequences, while the 3” flanking
sequence shares high homology with the subtelomeric X repeat.
Southern analysis indicated that the unique 5’ flanking sequence
hybridizes to Sparadoxus chr 11l and XI, suggesting that this

GCC G GC C G
98 107 145 183 71 98 107 145 163
ToToA [—] 7/ Je—raTcA
rr
ATGT ATGT
98 107 145193 74 98 107 145193
SO e e/ — =

Recombination
G CC G ATGT
98 107 145193 'y 98 107 145183
TGTCA [— 7/ [——="]cTATC
!
Ty5-5p
G C C G
98 107 145193
Y/ m—
Ty5-14p

Figure 4. Proposed model for the reciprocal translocation that generated
Ty5-5p and Ty5-14p. Two parental elements are shown with LTRs that differ
by black or speckled arrowheads. Nucleotide differences between these LTRs
are shown, with numbers indicating base positions, Sequences of target sites on
either side of the elements are provided.

sequence is duplicated between these chromosomes (Fig. 5B).
Since Ty5-5p is associated with a subtelomeric X repeat, the
duplication may have occurred between the ends of chr [T and X1.
Sequence analysis of Ty5-14p indicated that it has a § deletion,
which includes the 5° LTR. The 3’ flanking sequence has no
significant similarity to any S.cerevisiae sequences.

Flanking sequences of some clements suggest that TyS
insertions mark sites that have been rearranged between S.para-
doxus and S.cerevisiae. For example, the 5* sequence of TyS-12p
hybridized to S.cerevisiae chr V (Fig. 5C). This sequence,
however, hybridized to S.paradoxus chr 111 and X1, indicating that
it has been duplicated and rearranged between these species.
Consistent with the hybridization analysis, the 5 flanking
sequence shares 90% nucleotide identity with a subtelomeric
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bt 15 located on chr V of 8 cervvisiae. The number denotes the base position
corresponding to the S cerevisiae chr V nucleotide sequence. The 3" flanking
sequence shows homology to the middle of S.cerevisiae chr 1, with the number
indicating the base position within the chromosome.

region of Scerevisiae chr V (Fig. 5D). The 3’ sequence of
Ty5-12p shares 90% identity to the middle of the left anm of
S.cerevisiae chr 1, providing evidence for additional rearrange-
ments. Part of the Nanking sequences of insertion Ty5-11p were
also determined. The 5" sequence shares 84% identity to the
subtelomeric region of S.cerevisiae chr XVI, but the 3" sequence
shares 84% identity to the subtelomeric region of S.cerevisiae chr
XI1I1. Although the chromosome location of this element was not
determined by hybridization analysis, these results indicate a
sequence rearrangement between S paradoxus and S.cerevisiae
and implicate a role for TyS elements in genome rearrangements.

SCUSSION
TyS is a subtelomerie repeat

From the available S.cerevisiae genomic sequence, we have

identified 10 endogenous Ty5 insertions. Of these, seven arc
located within 10 kb of the ends of chromosomes, and one is
within 15 kb. Two inscrtions are near the /MR locus. If HMR
(=20 kb from the end of chr I11) is considered a subtelomeric
region, then all the endogenous TyS insertions are in the vicinity
of chromosome ends. In addition, characterization of Ty5 in
different Saccharomyces species and strains indicated that TyS
distribution is polymorphic and varies in copy number and
chromosome location (.'). We have previously mapped the
locations of 19 newly transposed Ty3 insertions on chr HI (1 1).
One insertion was in the middle of the right arm of chr 1T, 14 were
at the silent mating loci, HML and MR, four were within 2 kb
of the left telomere. Here we mapped the locations of 15 newly
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transposed Ty5 insertions on 10 chromosomes other than chr 111,
which are not known to have silent chromatin except at the
telomeres. Fourteen of fifteen are located within 15 kb from the
ends of these chromosomes. These results indicate that Ty3 is a
subtelomeric repetitive clement based on its location and
polymorphic nature.

At the subtelomeric regions of S.cerevisiae, the X repeats and Y’
elements are the two most abundant repetitive sequences (). Y’
elements arc immediately adjacent to the telomere sequences and
arc found at the subtelomeric regions of most but not all
chromosomes ( ). Internal to Y’ clements are X repeats, which are
found at the ends of all but one chromosome. Chromosome ends,
therefore, have a relatively rigid organization; internal to the
telomere sequences are Y’ clements, followed by X repeats. In
contrast, the location of TyS is very flexible. Insertions can be
found within the telomere sequences, between X repeats and the
telomere sequences or centromere-proximal to X repeats or Y’
clements. Unlike Y’ elements, Ty5 insertions can occur in cither
orientation with respect to the chromosome end. TyS transposition,
therefore, has a regional specificity as opposed to a site specificity.

A potential role for the X repeat in directing 1vS
transposition

In our previous study of Ty5 insertions on chr III, 14 of 19
elements were clustered near the E and [ transcriptional silencers
that flank HML and HMR. We have recently shown that the
assembly of silent chromatin mediated by these silencers is
critical for TyS5 targeting (S. Zou and D. F. Voytas, unpublished).
Of'the 14 telomeric insertions identified in this study, and the four
telomeric insertions on chr 111, 12 are located within 0.8 kb of the
X repeats. Particularly notable are insertions on chromosome
ends with Y’ elements, which are all =5 kb from the chromosome
ends. The TG telomeric sequences can assemble silent chromatin
in the absence of X repeats (). However, the clustering of Ty5
insertions near X sequences suggests that some unique feature of
the X repeat directs Ty3 integration. The X repeats have binding
sites for the origin recognition complex and the transcription
factor ABFI1. Future experiments will test the role of these
binding sites in directing Ty5 transposition.

Transposable elements and the origin of subtelomerie repeats

Telomere repeat sequences are generated by reverse transcription,
which is carried out by telomerase (). Telomerase is the only known
reverse transcriptase that is not associated with retroclements, and
may have originated from a retrotransposon or a retrovirus. The
Y’ clements have some features of transposable elements; however,
transposition of Y’ elements has never been demonstrated (1).
Although X repeats are conserved among Saccharomyces
species, their origin is largely unknown (7). In contrast to the
other repeat sequences, the Ty5 elements are typical LTR
retrotransposons and actively transpose to subtelomeric regions.
This provides direct evidence that subtelomeric repeats can
originate from transposable elements. The link between transposable
clements and telomeres is further substantiated by the observation
that the HeT and TART transposable elements of Drosophila
melanogaster serve as telomeres (! 7, 1-1), Transposable clements,
therefore, may generally contribute to the structure of chromosome
ends.
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Ih 5 and the organization of subtelomeric regions

The Ty5 clements arc unique among yeast subtelomeric repeats
in that they can shape chromosome ends actively through
transposition and passively through recombination. The copy
number of Ty5 varies extensively in strains of both S cerevisiae
and Sparadoxus (). Although functional TyS elements do not
exist in S.cerevisiae, they still influence genome organization
through recombination, similar to the Y’ elements. In S paradox-
uy, however, there are transposition-competent elements that can
actively participate in restructuring chromosomes. The close
relationship between the two yeast species makes them ideal
models to more precisely evaluate the extent to which TyS has
mnfluenced genome organization, especially in light of the
complete genome sequence of S.cerevisiae.

Analysis of de novo transposition events clearly demonstrated
that Ty5 generates 5 bp target site duplications (¢ ). Characteriz-
ation of endogenous insertions, however, showed that only one is
flanked by such duplications. There are two possibilitics to explain
this phenomenon. First, the absence of target site duplications may
be due to random mutation. We reason that if this is the case, the
LTR sequences among different Ty5 insertions should be degener-
ate o a similar extent as the target sites. The LTRs of Ty5-5p and
Ty5-12p share =98% nucleotide identity with the transpositionally
functional Ty5-6p LTR, suggesting that these insertions are not
ancient and their target sites should not have mutated dramatically.
Nonetheless, the target sites of Ty5-5p share no similarity and the
target sites of Ty5-12p have only one nucleotide in common. It is
difficult to argue that mutation alone could be responsible for the
extreme differences in target site sequences.

A second possibility is that recombination between elements
resulted in the lack of target site duplications. There are several
examples that direetly support this model. The S bp at the 5 target
site of Ty5-5p are the same as those at the 3’ target site of Ty5-14p,
suggesting these two insertions recombined, resulting in the
exchange of target sites. We can not tell whether the 3’ target site
of Ty5-3p is the same as the 5’ target site of TyS-14p, because
Ty3-14p has suffered a deletion of its 5" LTR. Additional support,
however, is provided by four nucleotide differences between the
LTRs of Ty5-5p. These four nucleotides in the Ty5-5p 5" LTR are
shared with the 3" LTR of Ty5-14p, suggesting that these LTRs
originated from the same element. Evidence for recombination is
also found among the S.cerevisiae elements. The 5° target sequence
of Ty5-17 shares only two nucleotides with its 3" target sequence,
but is the same as the 3’ target sequence of TyS-16; the target sites
of Ty3-16 differ by only one nucleotide. A possible explanation for
this observation is that gene conversion occurred between TyS-16
and Ty5-17. In this process, the 5° target site of Ty5-17 was
replaced by the target sequence of Ty5-16, but the other site of
Ty5-17 and both target sites of Ty5-16 remained unchanged. The
57 target site of Ty5-16 subsequently mutated, resulting in one
nucleotide difference. Experiments need to be conducted to test
whether subtelomeric TyS elements can recombine among them-
selves and exchange their newly acquired target sites.

Recombination between repetitive sequences has likely played
an important role in restructuring chromosomes. We have
obtained evidence that Ty5 has been involved in recombination
cvents, and these events have reorganized chromosomes in

S.cerevisiae and S.paradoxus. For example, the 5° flanking
sequence of Ty5-12p is located on chr V of S.cerevisiae but is
duplicated on chr 111 and chr X1 in S paradoxus The 5° flanking
sequence of Ty5-5p is duplicated between chr 111 and chr X1 in
S paradoxus, butis completely absent from S.cerevisiae. Similar-
ly, duplicated sequences between chr 111 and X1 in S.cerevisiae
have boundaries that are marked by Ty5 insertions. Recombina-
tion between some subtelomeric repeats, such as Y’ elements, has
been well characterized (7). Taken together, these observations
clearly support the role of repetitive sequences, including
transposable elements, in influencing the organization of chromo-
some ends. Further characterization of the genomes of closely
related species such as S.paradoxus and S.cerevisiae will likely
ofter additional perspective on the extent to which transposable
clements have shaped chromosome architecture.
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TEs are genetic units capable of movement within the genome. Present in all living organisms, these
elements are mutagenic agents and their activity produces structural changes in single genes or overall
genome followed by altered spatial and temporal patterns of gene expression and function. Out of the
261,609 EST sequences, produced by the Brazilian Sugarcane Expressed Sequence Tag Project (SUCEST),
220 clones highly homologous to previously reported TEs were chose for expression analysis. After full
length cDNA sequencing, TE clones were assigned a family according to the best sequence alignment
against a fully characterized element using BLASTX program.

Electronic Northern Analysis allowed us to visualize the frequency distribution of the 220 clones across the
libraries. TE clones were mostly identified in callus, meristem tissue, flower and pathogen infected tissue.

Macro-array expression experiments with flower, leaf roll, apical meristem and calli cDNA as probes,
revealed clearly that tissue culture induced drastically TEs expression in agreement with the electronic
northern result. To validate macro-arrays data Northern blot experiments were carried out for some of the
most representative clones.
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The Brazilian Sugarcane Expressed Sequence Tag Project (SUCEST) produced important data for
characterization of the structure and organization of sugarcane genome. These data showed an abundant
occurrence of transposable elements. Retrotransposons transpose via an RNA intermediate that is reverse
transcribed before integration into a new location within host genome. The unique properties of
retrotransposons, as their stable inheritance, have been exploited as genetic tools for plant genome
analysis. Major applications are in determining phylogenic and genetic diversity in plants. We studied the
sugarcane genome by analyzing SSAP (Sequence Specific Amplified Polymorphism) and IRAP (Inter-
retrotransposons Amplified Polymorphism) profiles. SSAP is a multiplex amplified fragment length
polymorphism (AFLP)-like technique that displays individual retrotransposon insertion as bands on a
sequencing gel. IRAP displays on an agarose gel the products of a PCR amplification of sequences between
two retrotransposons LTRs. Both strategies generate polymorphic band patterns in different sugarcane
varieties as well S.officinarum and S. spontaneum progenitors. Our results suggest the occurrence of new
insertion events during the hybridization or/and variety establishment process. The band patterns also
indicate each progenitor contribution on sugarcane hybrid genome. Furthermore this polymorphism can be
potentially use as a source of new molecular markers.
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Retrotransposons are mobile genetic elements that have the ability to insert into new genomic locations,
increasing their copy number in the process. They can make-up a significant proportion of the repetitive
sequence content of a host genome and their mobility makes them potential mutagens. Insertions into or
near genes can alter expression patterns. In addition, retrotransposons can acquire and mobilise host
genes and recombination between elements can generate chromosomal rearrangements. Tntl is a
retrotransposon endogenous to tobacco and one of the few known elements that have been shown to be
currently active. Demonstration that activation of Tntl can be induced by certain types of stress factors
has lent support to the hypothesis that, in populations undergoing adverse conditions, transposition can
be an important source of genetic variability upon which selection can act. Recently, sequences flanking
pre-existing and novel insertions of Tntl were analysed in tobacco regenerants recovered from leaf
mesophyll protoplasts. During protoplast isolation, Tntl is activated by the exposure to a fungal extract
which is thought to mimic the stresses caused during pathogen attack. An analysis of the recovered
sequences flanking new and pre-existing Tntl insertions detected a location bias towards genic regions for
newly transposed copies whereas old copies tend to be found in non-coding or repetitive regions. This
suggests that Tntl insertions into genic regions are initially favoured but that they are later counter-
selected.
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Retrotransposons are abundant, conserved, and dispersed components of plant genomes. Cycles of
transcription, reverse transcription, and integration of these elements into the genome generate new
copies and contribute to genomic diversity. These features make retrotransposons well-suited as
molecular markers for germplasm characterization and molecular breeding applications. We and coworkers
have developed and applied retrotransposon marker systems in a variety of crop plants, ranging from
barley to banana. We have conducted a systematic comparison of the Sequence-Specific Amplification
Polymorphism (S-SAP) method, together with related molecular marker techniques IRAP (inter-
retrotransposon amplified polymorphism) and REMAP (retrotransposon-microsatellite amplified
polymorphism) technigues in barley, and examined the utility of different retrotransposon families in
producing polymorphic, scorable fingerprints. We have generated S-SAP data for three barley (Hordeum
vulgare L.) varieties using primers based on sequences from six retrotransposon families (BARE-1, BAGY-
1, BAGY-2, Sabrina, Nikita and Sukkula). The effect of the number of selective bases on the profiles has
been examined and the profiles from eight 3-base Mse I selective primers compared for all the elements.
Polymorphisms detected in the insertion pattern of all the families show that each can be used for S-SAP.
The uniqueness of each transposition event and differences in the historic activity of each family suggests
that a multi-retrotransposon family approach to genetic analysis will find applications for mapping,
fingerprinting, and marker-assisted selection and for evolutionary studies, not only for barley and other
Hordeum species and related taxa, but also more generally.
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We have identified a new group of long terminal repeats (LTR) retrotransposons, termed terminal-repeat
retrotransposons in miniature (TRIM) that are present in both monocotyledonous and dicotyledonous
plants. TRIM elements have terminal direct repeat (TDR) sequences between ~100 to 250-bp in length
that encompass an internal domain of “100 to 300-bp. The internal domain contains primer binding site
(PBS; complementary to methionyl initiator tRNA) and polypurine tract (PPT) motifs, but lacks the coding
domains required for mobility. Thus, TRIM elements are not capable of autonomous transposition. We
have nocw exploited recently available "almost" complete genomic sequences from several plant species
(Arabidopsis thaliana, Oryza sativa (japonica and indica), Brassica oleracea, and Lotus truncatula) to
perform a comprehensive study on a diverse populations of TRIM elements with respect to their genomic
organization and evolution in plant genomes. The structural organization of TRIM elements suggests an
evolutionary relationship to either LTR retrotransposons or retroviruses. Searches for "Mother element"
have been negative to date, indicating either an ancient origin or a recent origin via horizontal transfer in
the host genome. Unlike Tyl-copia and Ty3-gypsy, TRIM elements show a high level of conservation in
structure, size and sequence identity levels within plants. The past mobility of TRIM elements is indicated
by the presence of flanking 5-bp direct repeats typically found at LTR retrotransposon insertion sites, by
the identification of related to empty sites (RESites) and by the presence of polymorphic bands using
transposon display. A transcript of TRIM elements has also been detected by RT-PCR in plants. TRIM
elements are actively involved in the restructuring of plant genomes and genes. In solanaceous species
and in rice, TRIM elements provided target sites for further retrotransposon insertions. In Arabidopsis and
in rice TRIM elements are involved in the transduction of host gene and retrotransposon sequences.
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The BARE-1 retrotransposon occurs in more than 10% copies in the barley genome. The element is
bounded by long terminal repeats (LTRs, 1829 bp) containing motifs typical of retrotransposon promoters.
The demonstrated transcription, translation and VLP production by BARE-1 indicates that it is an active
retrotransposon. Inheritance of integrated copies critically depends on cell-specific and tissue-specific
expression patterns. In view of this, we looked for transcription of BARE-1 within different barley tissues
and examined the promoter function of the BARE-1 LTR. Our results showed that BARE-1 like elements
are actively transcribed in the various tissues. Transcripts beginning within the BARE-1 LTR downstream of
TATA box 1 and TATA box 2 were found. Their relative transcription level was compared by nuclease
protection assay and exact transcription start sites were mapped by RACE PCR. The LTR can drive
expression of reporter genes in transiently transformed barley tissues. Furthermore, we identified regions
within the LTR responsible for expression in barley leaves by deletion analyses of LTR-/uc constructs. The
differences in activity of the two promoters within different tissues were also investigated by particle
bombardment. The activity of the LTR as a promoter, combined with the abundance of BARE-1 in the
genome, suggests that BARE-1 may retain the potential for propagation in the barley genome.
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Environmental factors have played a major role in shaping plant genomes in the past and will continue to
do so in the future. However, tight controls of changes of plant genomes are necessary in order to
preserve existing quality and guarantee repair of mistakes in DNA.

In order to understand the balance between these apparently conflicting activities genes responsible for
recognition, signal transduction and ultimate molecular responses are being analysed in plants exposed to
environmental threats. In a genetic screen Arabidopsis mutants altered in their frequency of
recombination at a transgenic locus were isolated. Analysis of targeted genes revealed a battery of
components including DNA helicases and proteins involved in DNA repair and in signaling. Specifically,
activities of chromatin remodeling proteins and proteins involved in the balancing of repair activities will
be discussed. Complementary to this approach global changes in gene expression of wildtype plants grown
under stress conditions known to induce homologous recombination (UV-C, bleomycin and the fungal
elicitor xylanase) were investigated. Using Arabidopsis microarrays, both commonly and specifically
induced or repressed genes could be identified.

Plants are constantly exposed to natural and/or artificial stresses such as UV-B, gamma radiation, high
salt concentrations, heavy metals and pathogens. Plants use a range of activities to fight these influences.
Concomitantly, also the rate of recombinational repair, as measured with our transgenic Arabidopsis lines,
increased. This was especially dramatic for plants exposed to the environment of the Chernobyl reactor.
These plants are thus sensitive bioindicators for radioactive (and other ) environmental pollution. Of
highest biological significance is probably the increased frequency of somatic recombination found after
fungal attack of the plants or in plants subjected to simulated attacks. This may be an indication for
pathogen stress mediated genomic change which, as we demonstrated, can be inherited in the next
generation.
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Plants respond to certain pathogens by the induction of the hypersensitive response (HR) and the
development of salicylate (SA)-dependent systemic acquired resistance (SAR). Loss of function mutations
in genes that encode negative regulators of SAR or HR may cause plants to exhibit accelerated cell death
and/or constitutive SAR.

For example, the Arabidopsis MAP kinase 4 (mpk4) mutant exhibits SAR with elevated SA levels, increased
resistance to virulent pathogens, and constitutive pathogenesis-related gene expression (Petersen et al.
2000 Cell 103, 1111-20). MPK4 kinase activity is required to repress SAR as an inactive MPK4 form fails to
complement mpk4. Analysis of mpk4 expressing the SA hydroxylase NahG, and of mpk4/nprl double
mutants, indicates that SAR in mpk4 is dependent upon elevated SA levels, but is independent of NPR1.
PDF1.2 and THI2.1 gene induction by jasmonate was blocked in mpk4 expressing NahG, suggesting that
MPK4 is required for JA-responsive gene expression.

Similarly, the accelerated-cell-death11 mutant (acd11) constitutively expresses defense-related genes and
also exhibits characteristics of animal apoptosis (programmed cell death) monitored by flow cytometry
(Brodersen et al. 2002 Genes & Develop. 16, 490-502). The PCD and defense pathways activated in acd11
are (SA)-dependent, but do not require intact jasmonic acid or ethylene signaling pathways. Epistatic
analysis showed that the SA-dependent pathways require two regulators of SA-mediated resistance
responses, PAD4 and EDS1. Furthermore, acd11 PR1 gene expression, but not cell death, depends on the
SA signal tranducer NPR1, suggesting that the nprl-1 mutation uncouples resistance responses and cell
death in acd11.
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RNA silencing is associated with epigenetic mechanisms at two levels. The first operates at the RNA level
and provides protection against viruses. It involves a cycle in which an initiator double stranded (ds)RNA
is processed into a population of primary short (21nt approx) RNAs that have two roles. Some of them are
thought to guide a nuclease to target single stranded RNAs that have complete or near complete identity
to the original dsRNA. The others prime the single stranded target RNA so that it can be converted into
dsRNA by an RNA dependent RNA polymerase (SDE1/SGS2). This secondary dsRNA is then processed into
secondary siRNAs that also have the dual guide and primer role. Once production of the secondary RNAs
has been established the cycle is self maintaining as long as the target RNA is present. The second
epigenetic mechanism involves a sequence-specific RNA-DNA interaction that results in methylation of the
target DNA and, presumably, chromatin modification. If the target DNA is a promoter there is
transcriptional gene silencing. The SDE4 gene is required for this mechanism. It is likely that short RNAs
are involved although they are longer by three or four nucleotides than those associated with the
SDE1/SGS2 mechanism. It is likely that this second mechanism has a role in genome protection. In my
talk I shall describe recent data on the detailed aspects of these two epigenetic mechanisms and further
findings about the likely biological roles.
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The mechanism of RNA silencing involves double-stranded RNA (dsRNA) degradation into short interfering
RNAs (siRNAs) of 21-26 nt in length. The siRNAs are produced by Dicer, an RNase III protein, and
incorporated in RNase protein complex (RISC) for degradation of homologous mRNAs. Endogenous short
RNAs (microRNAs: miRNAs) have been found in different organisms, including plants, and have been
implicated in regulation of development. One of the potential miRNA target genes is PHABULOSA (PHB)
that encodes an HD-Zip transcription factor. Based on the molecular properties of phb mutants we
propose that the PHB mRNA is downregulated on the abaxial surfaces of leaves by miRNA MIR165. To test
this hypothesis we have generated transgenes producing transcripts in which the putative MIR165 target
sequence is present in a GFP mRNA. The chimeric GFP/MIR165 transgenes will be introduced into
Arabidopsis thaliana. We predict that the expression of GFP will be suppressed in cells with high levels of
MIR165. This strategy could be a general approach to study of miRNA targeting.
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