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ABSTRACT The wx-K mutation results Crom the insertion
of a copia-Iike retrotransposon into exon 12 of the maize waxy
gene. This retrotransposon, named Hopscotch, has one long
open reading frame encoding aU oC the domains required for
transposition. Computer-assisted database searches using Hop­
scotch and other plant copia-Iike retroelements as query se­
quences have revealed that andent, degenerate retrotranspo­
son insertions are round in c10se proxiinity to 21 previously
sequenced plant genes. The data suggest that these elements
may be im'olved in gene duplication and the regulation of gene
expression. Similar searches using the DrosophiÚl retrotrans­
poson copia did not reveal any retrotransposon-Iike sequences
in the llanking regions oC animal genes. These results, together
wilh the recent finding that reverse-transcriptase sequences
characteristic of copia-Iike elements are ubiquitous and diverse
in plants, suggest that copia-like retrotransposons are an
andent component of plant genomes.

The retroelement family is composed of transposable ele­
ments lhat 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 Ilanked by LTRs tha,t provide cis-regulatory se­
qucnces required for transcription of an RNA intermediate
(2). The internal sequences ofthese elements encode proteins
(Gag, protease, integrase, reverse tninscriptase, and RNase
H) necessary for reverse transcription and integration.

Based on lhe arrangemenl of lheir prolein-coding domains,
LTR retrotransposons can be subdivided into two groups
named after lhe Drosophila relrolransposons copia and
gypsy (2). The inlegrase domain is positioned 3' ofthe reverse
lranscriplase domain in gypsy-like retrolransposons, and 5'
of reverse lranscriptase in copia-like relrotransposons. Both
groups have been found in fungi and planls in addilion lo
Drosophila bul have not been detecled in animals olher than
insects and fish (3). copia-like reverse transcriptases have
been identified in a1most every plant specíes surveyed (4-6)
and are diverse in terms of theír amino acid sequences (7).
Only a few plant relrotransposons, however, are responsible
for recenl mulalions (TntI of tobacco and Bsl, Stonor, B5,
and G of maize; refs. 8-10). OC these, TntI is lhe only
relrolransposon 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 ofthis element
in computer-based sequence similarity searches reveals that
many normal plant genes have the remnants of copia-like
relrotransposons in their upslream and downstream Ilanking
regions. These resuHs provide evidence that relroelements
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 retrolransposons have
been found in insects and fish, no element sequences were
found in the Ilanking regions of normal animal genes.

MATERIALS AND METHüDS

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

Database Searches. Computer-based amino acid similarity
searches oC the GenBank (version 77 .0) and EMBL (version
34.0) databases were performed with the TFASTA search
program of the University oC 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 Tntl of tobacco (accession no. X13777)
(9), Ta/-3 of Arabidopsis (X13291) (13), PDRJ of pea
(X66399) (14), Tstl of potato (X52387) (15), copia of Dro­
sophila (X02599) (16), BARE-I of barley (Z17327) (17), and
Hopscotch were used as query sequences. Nucleic acid-level
searches of lhe GenBank and European Molecular Biology
Laboratory databases were performed with the BLASTN (18)
search program of the National Center for Biotechnology
Information (Bethesda). Pairwise DN A sequence compari­
sons were made using the FASTA program ofGCG. The GCG
PILEUP and BOXSHADE programs were used to make lhe
aJignment figures. The alignmenls were edited to account for
frameshifls.

RESULTS

The wx-K mutation of maíze results from an =4.5-kb inser­
tion in the wx gene (12). Ana1ysis ofthe DNA sequence ofthis
¡nsertion revealed that it has th~ structure of an LTR retro­
lransposon. We have named this element Hopscotch. Hop­
scotch has identical231-bp LTRs, is 4828 bp long, and has a
single open reading frame of 4320 nt (1440 aa). A potentíal
primer binding site with similarity (18/19 nt) to the 3' end of
wheat initialor methionine tRNA (GenBank accession no.
V01383) is found adjacent to the 5' LTR, and a polypurine
tract líes next to the 3' LTR.

Comparlson oC Hopscotch with Known Retrotransposons.
The nucleolide and derived amino acid sequences of Hop-

tTo whom reprint requests should be addressed.
§The nucleolide sequence reported in lhis paper has beeo deposited
in the GenBank dala base (accession no. U12626).
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scoteh 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 Hopseoteh and severa! known eopia-like
retrotransposons. These comparisons also revealed that
Hopscotch 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. lA). Both the amino acid
conservation and the domain order serve to identify Hop­
scoteh as a eopia-like retrotransposon (Fig. lB).

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 eopia-like retrotransposons (Figs. 2
and 3). Additional searches using the derived amino acid
sequence of the retrotransposon TntI of tobacco as a query
sequence detected 3 more plant genes with flanking regions
similar to these domains (cotlea4a, cotdgala, and whtger­
mina) as well as 13 of the retrotransposon-like sequences
identified in the Hopseoteh searches. No additional plant
genes were detected by using the amino acid sequences of
other plant eopia-like elements (Tal-3 of Arabidopsis, PDRI
of pea, BARE-I of barley, and Tstl 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 (cotmat5a, cucaccl, gmchsl, mzeg3pd,
ricmtnad3a, phvarc1a, pschs1, 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 5' end of the pea ribulose-bisphosphate
carboxylase gene rbeS-E9 with other members of the rbeS
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 ofthe maize polygalacturonase
gene (Pa) family (zmpgalac, zmpgtnsg, zmpgg14) (38).

Nucleic acid-level searches using the plant retrotransposon
sequences revealed two more genes with flanking regions
similar to eopia-like retrotransposons. The 3' flanking region
of the pea glyceraldehyde-3-phosphate dehydrogenase gene
(GpbJ) (39) has 92% similarity to the PDR1 LTR and prob­
ably represents part of an LTR from another copy of the
PDRI retrotransposon. Likewise, the 5' flanking sequence of
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a tomato gene expressed during pollen development (LAT59)
(40) has 65% similarity to the LTR of Tnt1. Since TntI has
been detected in the tomato geilOme by Southern blot anal­
ysis (9), the retrotransposon-like sequence in LAT59 is prob­
ably the LTR of a Tntl -related retrotransposon in tomato.

The amino acid- and nucleic acid-Ievel searches combined
identified 21 genes with flanking regions similar to eopia-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 coiton 2S
albumin storage-protein gene (Mat5-A) had been reported
(22). The Tntl 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-Iike
sequences. Alignment ofthe pea rbeS-E9 gene with a closely­
related pea rbeS gene (rbeS-3A) lacking the retrotransposon
insertion allows the limits of the retrotransposon to be
defined. The LTRs of the related elements adjacent to the
coiton Mat5a and Lea4a genes and the pea Chs I and phe­
nylalanine ammonia-Iyase (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 tRN'A
binding sites was used to define the other end. The ends ofthe
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 (ze 19).

Retrotransposon-Like Sequences Are Not Found in Drosoph·
¡la 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 eopia-like retrotrans­
poson sequences. They did, however, detect 15 of the plant
sequences shown in Fig. 2.
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FIG. 2. Amino acid simiJarity
among Tnll, Hopscorch, ahd the
retrotransposon insertions in the
flanking regions of 19 plant genes.
The locus names and amino acid
positions refer lo those used in Gen­
Bank. The reading frame ofthe 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 highJy
conserved nucleic acid binding site
of Gag or lhe protease active sile.
OnJy the cotlea4a retrotransposon
has similarily lo the nucleic acid
binding site (not shown). Refer­
ences: bnahsyili (19), cotdgala (20),
cotlea4a (21), cotmat5a (22), cu­
cacc1 (23), ghlea29 (24), gmchs1
(25), gmenod2a (26), lehst8 (acces­
sion no. X67599), mzeg3pd (27);
peapaIl (28), phvarc1a (29), pschs1
(30), psrcOl (31), ncmlnad3 (32):
whlgerrnina (33), x58339 (34), zmp­
galac (35), zmpms2g (36).

androgen due to a hormone-responsive enhancer in the LTR
of an endogenous provirus (44). In humans, an upstream
e~dogenous retroviral insertion has been found to be respon~

slble for parotid-gland tissue specificity of the salivary amy­
lase genes (45). FinaUy, the rat oncomodulin gene and the
mouse IAP-promoted placental gene are under the control of
promoters in solo LTRs of rodent intracisternal A particles
(IAPs) (46, 47).

Several lines of evidence suggest that sorne 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 polien 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 rbeS-E9, -8.0,
and -3.6 genes corresponds to a retrotransposon insertion
that occurred prior to gene duplication. Another family
member, ,beS-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 rbeS-E9, -8.0, and -3.6 genes
in leaves is 30-50% lower than ,beS-3A gene expression, and
their transcripts are underrepresented in pea petals and seeds
when compared with ,beS-3A transcripts. On the basis of
promoter domain-swapping experiments, the region up­
stream of -170 of the rbeS-E9 gene (=90% of which corre­
sponds to the retrotransposon-like sequence) has been hy­
pothesized to harbor a negative regulator of transcription
(49).

.TH<36>1"'".. . < 37 :> l, B
R . VO < 37:> SK " 1 B H .

TS < 37 :> T' •

R ¡ 8<40>~IpCm

DISCUSSION

IIi"hU""tlíJd < 88 :>

1 i12iIiIII P GS < 89 :>

~FC <89>

<(jI> &iN < 97 >
< 60 > V < 91 >

< 60:>
< 57:>

(2)
(1)
(3) 3238
(1) 547
(4) 7
(5) 2003
(1) 29
(2) 54
(3) 207
(6)
(1)

(2) 1405
(1) 1367
(2) 3282
(3) 60
(1) 612

¡1¡ 2~g 1lY1II~~WI
(2) 113
(1) 289

In legrase

~~~Wl<h m ¿~ ~~~~~~~'R.~C88~~~~~~¡:¡R~~~~
Cmen0d2a (6) 894 ml(i:tavT~;_~siali~~~I~~~~~~~;rJmÁ"

Reverse transcripta8e
Tnll (2) 1103
Hopscotch (1) 1072
Bnahs)ili (6) 67
Cucaccl (3) 3166
Phvarcl El (3) 87
,Zmpgalnc (-1) 477
Zmpmg2g (1) 1551

Tntl
Hopscotch
Cuc..'lcc.l
Cmch'l
Lch&t'8

~~ee~3~d
Pcapul2
X58339
ZmpgaJac
Zmpms2g

RNaseH

Computer-assistcd searches of the GenBank and European
Molecular Biology Laboratory dalabases 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
matches to either Tntl or Hopseoteh 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 in verted repeat transposable
elements TOllrist or Srowaway (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 previously described. The mouse
sex-limited protein gene is expressed in the presence of
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used in GenBank for eaeh locus,
beginning at lhe 5' end of the se­
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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 (pms1, pms2,
zeJ9ba, zei19, 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 (pms1 and pms2). Many of
the I9-kDa zein genes have two promoters, PI and P2, with
PI accounting for =0.1% of zein gene transcripts (53). Our
analysis indicates that PI and the nearby start site of tran­
scription are composed entirely of retrotransposon LTR
sequences. The PI 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.
ze19ba and ze25 have been found in such a tandem arrange­
ment (52). This organizatíon suggests that the 19-kDa zeín
genes were duplicated by homologous. unequal crossíng.
over between retrotransposons inserted on either side of a
progenitor gene.

Involvement of copia·Like Elements in Plant vs. Inseet
Evolution. Only plant gene sequences were identified as
having significant similarity to either plant (Tntl, HOPSCOICh)
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 mulations.

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
lent 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 contrasto 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 Jines indicate zein coding regions, and arrows represent the two
zein promoters, PI 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 C/NI retrotransposon insertion (ref. 50 and T. E.
Bureau, personal communication). Light stippled box represents a
region in zei/9 that does not have similarity to LTR sequences.
Horizontal dotted line in parentheses indicates a deletion in the ze25
pseudogene. References: ze/9a (51), pms / and pms2 (36), zel9ba and
ze25 (52), zei/9 (53).

(56, 57). Therefore, capia-like insertions may have had a
shorter time to become fixed in the f1anking regions of insect
genes than in Iheir plant counterparts.
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Colloquium

Maize as a model for the evolution of plant
nuclear genomes
Brandon S. Gaut*, Maud Le Thierry d'Ennequin, Andrew S. Peek, and Mark C. Sawkins

Fig.1. A phylogeny of diploid grass species. Numerical values next lo species
names represenl Ihe 2C genome canlenl of Ihe species. measured in pico·
grams. The phylogeny and genome conlenl informalion is laken from figure
1 of rel. 51. The arrows represenl Ihe hYPolhesized liming of evolulionary

u'a mays, 5.7

rripsaCllIlI "acly/oides, 7.7
'----- Sorg!llllll bicn/nr, 1.6

'. = rClrolransposon in\'a~ion

~ = segmental allolclraploid cveru

'------ Pel/llisClU1I1 spp., 4.8

/-IordcIIIII vII/gare, JO 9

¡legi/ops spp,. 11,8

TriliclIlII 1I101l0COCCIIII1, J '.3

'------- FeslIICrI /Lolil/lll spp .. 5.6

'---------- Ol)'~a sOliva, n.')
Zea /lIxllriam', 8.8

events.
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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-
geme between sorghum and maize, and heme 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 al so show
that domestication and intensive breeding have had heteroge­
neous effects on genetic diversity across genes.

Genumic technologi.:s hav.: produced a ",ealth of data on Ihe
urg<lnizaliun ane! ~lrllcturé uf ~énOll1es. Thcse dal,¡ r;¡n"e

I'rllm extl'nsive 1ll~rkcl'-based genctic ¡llaps lo "chnl¡1lIlS01~e
p;lintings" b;IScLl on I'luuresccnl ill si/II hybridiz¡¡tion tu compktc
genomic DN."\ seqllences. Allhollgh geno1llic ;¡ppro;¡ch.:s haw
changeLl the anwllnl and l)'pe of data. the chalknges 01' inlcr­
preling genumic thlla in an el'ululionan' cOllle,\t h;ll'l' chan!!l'd
liltic' fmm Ih.: eh;tIlcnges faced by Slebhi;ls (1) anLl thl'coaulh'ors
llf Ihe cI'"llItillnarv s\nlhesis, The chalkn!!l'S ;lrI.: lo inkr lhe
1lledl<lnisnlS 01' l,\,'ol~lion <lne! lO conSlrll~1 a comprl'hensil'e
pictllr.: uf .:vollllionarv change.

In lhis papel'. \Ve \Viii l'uclls on lhe: pn1c.:sse:s lhal cunlribute lu
lhe eVolllliun 01' pl<lnl nllckar genol1les by llsing maize (Zel/
/1/1/)'.\') as a molle! syslelTl. In S(11lle respecls, il is pn':1llalllre to
discllss the el'olUlion 01' planl gelllll11eS, beclu,e lhe: pending
COlllplclion 01' lhe .1mbido/JSls (.'Imhicloflsis 1//fI/il/l/a) ge1ll1l11l',
\Vilh rice (OI)'~1/ sali1'll) follo\Ving, is sure !O llnlllck many
1llysleries aboul plant genol1le evolllli"n. 1100Iel'er, il 1llUSl bc
re1llcmhcred lhal .lrabirl0J!.Il.\ ami rice arl' hcing seqllcnced,
prccisel)' hl'l";IlJ~e lh.:ir gcnul1les are all'pic:t1ly ~l1lal! and 511'1:;1111­
lined. I:\en ;11'ter Ihese gl'nome' are ,eqllenecd, il \ViII slill be a
IrClllendlHI' ehalknge lo lImler~land lhe CI'ollllion 01' planl
nuekar genomcs, likc lhe 11l;,iLe genollle, for which l'nlirc DNA
sequcnces \ViII nul he rl'adily al'ail<lhk.

M¡lizc i, <1 mel1lber 01' lhe grass f¡ll1lily (I'o<lceac). The grasses
represcnt a range 01' genol1le size amI slruelllral cOlllplcxily, wilh
rice on one e.\1 1'1: me. A diploid \Vilh 12 ehrol1losomes (211 = 24),
rice h;ls one 01' the ,m¡llleSl planl genol1les. wilh onl)' n.9 pg 01'
DNA per 2e nuc!cus (Fig. IJ, Olhl'l' gr<lss speeies exhihil far

!argl'r genllllles. Wheat, for cxal11plc, is <1 h.:xapluid Wil'h 21
chrOl11osol1les (211 = 42) and a haploid DNA Cllnlenl 01' 33.1 pg
(2). G.:nera lik.: Srrcelwl'lll'll (slIgarcane) and {'<'sIl/el! are el'en
Illore cOlllpliealc'd. displ<lying witlc vari<llion in ploidv level ami
m'er lOO chronlllsul1l':s in ,ul11e species. As ¡I diplo'id w ilh lO
ehrol11osunlcs (211 = 20) ami a 2e: gcnullle cuntenl ruul(hlv (l-fold
¡arger Ihan ricl', maize lies sOl1lc\Vh~re in lhe l11iddl'é 1;1' llr;lsS
genollle size and slrllClllr¡Ji elllnplcxily (Fig. 1). '

This papCl' ¡úcuses onlhe il11paeluf chronHJsol11al duplication,
Iransposilion. and nuclcolide ~lIhslilutiononlhc el'olulion oflhe
l11aize gcnollle. We \Viii di,cuss chrol11osolllal dllplic<llion and
lransposilion separalel)' and will pay particular atlenlionlo Ihei!'
crfecls on DNA conlcnl. NlIelcolidc SubSlilulion \ViII be dis­
cussed in lhe conte.\l 01' genclie ciiversily, Pallerns 01' genel ic
dil'ersity prol'ide insighl inlo lhe poplllation genelic processes
Ihal acl on difkrl'nl regions 01' Ihe genol11e ;Ind lhus llncovcr lhe
evolulionary fo!'ce~ lh<ll ael on genOl11es, \Vl' l'ncus on l11:.li/e
lhrollghulIt lhe paper bul al~o gelleralizc lo olh.:r spccie~ whcn
¡Ippropri;¡ll'.

Polyploidy and Chromosomal Duplication

An Ancient Polyploid Origin, Thl' !'irSl hinls 01' lhe e01llplex orga­
niLaliull uf lhe maizl' gellomc came fro1ll cylulugical sllldics.

Thi\ papel Wd~ Pf(;'\CrttCLJ dt lhe N.... tiol1al A<ademy 01 Sdcnc.cs c.olloqulum "Vatlatlon amI
Evolutior1 in Plan \ alld Ml<rOorgiUlI\In-:'. Toward a New Synlhesi\ SO Years After Stebbins."

h~ld January 27-29,2000. dI lhe ArnohJ dnel Mabcl 8(><kman (enter in Irvine. CA.
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:\Il!lou~!l m;¡iLe i, diploiu . .:'trly ,luuie, by ;"'1cClinlnd; (3. 4)
,kmtln'ir"lCd l!le a,soeialion uf non!lumologous c!lromosomes
durint: meiosis. Ltlcr quuies doeumcnlL'd l!lc formation of
hl\;tI,:';ll' al1ll mullivalcnls in maiLt: !laploids (5. (,). Allogelher,
e\ llllnt:ical oh,cr\'alions su~gesl.:d 1!l;1I l!l¡; maizc g¡;nome con­
I:lin, ~\lL"n'i\e region, nf 1;~n1l1Iogy. pruhahly rdlecling ehro­
nll'",mal duplictlions.

IC:\'i,it'ncc fm e!lr'lmo,omal dupliealinn also eamc from link­
:Ig" inlúrm;tlion. In 195 l. Rhoades (7, 1') utlled l!l"l some regions
uf linbge n1ap" did 1)<)\ conlain Illlllanls. al1ll !le proposed l!lal
l!l¡; laek (lf nllll;lnl, rdkclL'd genelic redundancy callseu hy
ehwmo,om;tI duplic;llion. Rhoade~: proposal !las ,inn: been
,upporll:J by mnJ¡;cular uala. For examplc. i<;oz) mc sludies ha"c
d'll"lIl11¡;lllcd lhe presencc nf uuplieal¡;J. link¡;d loci in maize
(')-12). allCl re,lriclion fragmcnl Icngl!l polymorphislll Illapping
sludies !la"L' ,11(\\\,n lb;¡1 manv marker, m;,p lO lwo 01' more
e!lrol11",omal I"e;tli"ns (13. 14). Tbe,e mapping sludies have
c,lahlis!led l!lal sumc CbrOnll)SI)mCs-e.g., chrnlllosomcs I ane!
5 and ebl"lll11,,'<lme, :2 am! 7-,bare duplicaled 'cgmenls. Per­
b:lps IbL' nhlst surpri,ing inlúrmalion ab,\ul lhe exlenl ,,1' gene
dupliealiun in maize i, l!lal 72f;r nI' single-eopy rice genes are
duplic;tled in maize (15),

rXlensive c!lromosomal duplicalion in m:li/.e !las been inler­
Im:1L'c1 ," c\'idenc¡; for a polyploiu origin 01' lbe gen"m¡; (7, 1(1),
bul unlil recenlly. lhae bao beenno eSlimalion nf lhe timing am!
mode of l!lis poilploid e\'enl. In 19l)7, (;;lllt am! Doehley (17)
inkrrcd l!lt: liming allllmlllk 01' lhe polyploio event bv sludying
DN:\ ,equL'nces frommaize c1l1plic:lled gcnes. To infer lhe mode
,,1' ,'rigin, G;l\ll ano Doeblcy firsl modeled pallerns 01' genelic
di\'crgcnce under l!lree c1i1krenl lypes of polyploicl formation:
aUlop"lypl"iuy, genllmic allopolyploidy, anu ,eglTlental ,tI­
lopolyploidy. (I3rit:fly. allopolyploius an:: crealt:d by bybridiza­
lion !lct\\leen species. \\'ilh a g¡;nomic allopolyploid b;\sccI 011

speeies lhal Ilélve fully uifferenlialed chrol1losomes ami a st:g­
I11cnl,ll allopulyploid hased on speeies lhal !la"e only parliall)'
difkrenlialed clll"omosulllcs. AUlOpolyploidv I'ders lu a
Illllyploid evenl basL'd on an inll'aSp¡;cific ¡;vcnl. Slehhins con­
Iributeu a greal deal luwaru lile t1cfinili"n ;¡1ll1 US¡; (lf lhese
lerms, ami precise ddiniliuns can be fuund in rd. 1.) 'fhe
models' pr¡;dielions were lhcn comp:lreu ",ilh pallerns nI' DNA
s¡;quence divergenee in 14 pairs of l1laize duplical¡;u genes. The
sequence dala ",cre consislenl ",ilh a segmenlal allolclraploid
l11udel uf "rigin bul inconsistenl with lhe olhL'r l"'O Illndcls nI'
Imlyplnid form'llion. Hence. lile aulllors eoncluded lhal lhe
mai/c genome \\las lile procluel 01' a segmental allolClraploid
evcnl. T!le)' ¡;slilllaled lhe liming of lhe e"enl by ;¡pplying a
nllllecuiar dock lO lhc sCCJucnce ual;\.

The 11\ pUlllesizecl origin nI' lhe maize genlHll¡; i, uetailcu in
I:ig. ~ (17). Ihidly. lhis hypolllcsis slales lhal (i) maiz¡; is lhe
prucluet uf a segmenlal allol¡;trapluid el·en!. (ii) lhc 1\\'0 diploid
progenilors (m "parenls") of maize divergeu =2ll.5 mya, (iii) lhe
lclraploicl evenl occurt"ccl belwcen 16.5 and 11.-1 my;\. sOJnclimc
af"¡¡;r lhe di"crgence uf Sorghlllll from une nI' lhe progenilor
lineages. and (i") lllc gcnumc ··rediploidi/.ed·· bcfure 11.4 m)'a.
Allllough valuable, l!lcre ,tl'e al kast lhr¡;e reasun, 1ll!t¡; cauliuus
abOUl lhe hYPOlllesis. Tlle firsl reason is 11l,¡1 lhe hypolllesis is
hr¡sed on a r¡;latively smallnul1lb¡;r 01' DNA seCjucnces-i.e .. only
14 p;tirsnfuuplicateu sequenees. The second rt:aSlln is lllal some
01' Ihc seqllences werc nol mapped to a ellrol1losomal localion.
Idc;tlly, lhcse anal)'ses shuuld he hased un a far grL'aler numher
uf scquences. all of which are kno\\ln tu reside in regions uf
known chronwsuln,t1 uuplicatinn. Finall)', it was nnt pmsib1c lo
lcsl molecular dock assumplions rigorollsly for all of lhe se­
ljuence di¡la. and lhus sumc of lile clock-hased lime eSlimatcs arc
subject lO an unkno\Vn amounl 01' error. Despile th¡; neeu for
eaulion. lhe SIUUV of Gaut anu Doeb1cy (17) provides lhe first
glinlpse inlo the ;llnde am! timing 01' an aneient planl polyploiu

Gaut et al.

maize

Sorglzum

Pelllliselwn

28.8 205 165 11.-1 0.0
Time (millian years befare prcsenl)

Fig. 2. A hypothesis for the origin of the maize genome (17). Under this
hypothesis. Pennisetum and maize diverged -29 million years ago (mya),
lollowed -9 million years later by the divergence of the two diploid progen­
itors 01 maize. Sorghum diverged from one 01 these progenitor lineages
(=16.5 mya) before the two diploid progenitors united to lorm 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,

even1. ami il also prnpnses a !lypnlhesis lhal is leSl,tble wil!l
additional data.

The Polyploid Event and the Divergence of Maize and Sorghum. rig.
1 places l!le segmenlal allolelraploid evenl in a ph)'log¡;nclic
conlex!. alllllhis cnnlL'xl raises l!lree impurtanl puinh ahollllhe
comparison 01' nwizc lO ,orghum. firsl. if lhc allolclraploid CVCIlI
oeelllTt:d afler maize and sorghum diverged. lhen tht: maize
genome should be duplicated /11ore cXlellsivcly lhall lhe sorghu/11
genome. f\ corollary prcuiclion is that maize ,/11d sorghum
sholllci nol share common chru1T1osnmal ullplicalions. Ulli­
malely. lhese prediclions can be lesled wilh comparaliw genelic
maps. Al lhis poinl, howevcr, il is lInclear from cOlllpar;llivc
gellelic maps as to whL'lller lile t\\'o genomes share eXlcnsi\'¡;
duplications in commOIl, largely hec;\usc puhlished sorghu1T1
maps lack sufficienl coverage (IR-21). However, mapping ill­
formalioll indicates lhal ¡¡ higher proportion 01' markers i,
tiuplicaled in maize lhall in sorghum. For examplc, ['creir,t el al.
(11)) IÚlIntl lila! ,14 'Ir: 01' reslriclion fragmenl lengl!l polymur­
phis/11 markers detecled l1lort' bands in maize lhan in sorgllum:
convcrsely, only 7o.~ 01' l11arkcrs deleeléd mur¡; hands in sorghllm
lhan in maizt:. This informalion is consistent wilh lhe phylog¡;­
nL'lic plaeement 01' the alloletrapl(lid c"ent (Fig. 1).

The seconu poinl centers on chromosome Illlmber. M;¡iLe ami
st1rghlllll (S(JI;~/IIIIII hicolor) have lhe sam¡; Illlmhel" 01' chronlll­
somes (211 = 20). If maize lIndcr\\'elll an allolt:lr,¡ploid evclll
aftcr thc uivergL'nee 01' maize fmm sorghum, why do tbcse plalll,
ha\'e all idenlical Illlmbcr of chrul11osol11es') I\t presenl, lherL' is
no suilable ans",cr to this queslion, hut there hitS bcell diseussioll
abOlll the evolulion ofcllromosollle nU/11her. Tr,tdilionally, il 1l;\S
been assutned lhat lhe basal haploid chrolllllS0me nU/11her 01' l!le
lrihe Andropogolleae. whieh encompasses maize, sorghul11. ami
TrifisaclIIl1, was 11 = 5 (22. 23). More r¡;c¡;nlly. it has beell
suggesled lhal lhe basal haploid ehroJllosome of lh¡; lribe \\ ;¡S
11 = I(l (24). If lhe has;¡lllumbcr was I(l, one call hypothesize hoth
lhat Ibt: chromosome nllmber of S. hicolur has rem,til1l:d un­
challged am! thalmaize was lhe prmlllct ofan allopolyploid e\'elll
belw¡;cn lwo speeies Wilh a n;uuced number of cllrunHlsoll1es
(11 = 5). This seellario is plausiblc. hee,lus¡; the tribe contains
díploid laxa willl 11 = :) (e.g., Uillllllms and SUlghlltll specit:s; rd.
24) ;¡no because cOlTlparative l11aps provide sllpport that rnaize
eomisl, of lwo 11 = 5 subgenol1les (25, ~(¡).

Wi1son el al. (27) ha\'e asserteu lhal lIlaizc e;I/11¡; from an
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14,27,84
14,27, 84

14

14,27,84
14,15.27,84
14, 15, 27,84

84

27,84

14,27,84

27,84

Reference nos,

1-5
1-9

2-4
2-7
2-10
3-8
3-10
4-5

6-8
6-9

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

Duplicated
chromosomes

FuI' maizc, it shuuld be possihle lu g:1I'I1e'1' insighls inlo the
processcs 01' rcarrangelllent and diploidizalion from cxlant pal'
Icrns 01' ehfllmosomal duplil'alion. \1\;lpping Sludies have docu­
ment¡;J regions 01' chrol11osomal duplicalion in l11aize (Tahle 1).
(11 is impnrtant to note thal Tahlc 1 includes 0,,/.1' Iho,e chru­
mO'oomes Ihat "'erc explicilly dcfincd as duplicaled by Ihc
aulhors; 1'ahle 1 does IlOf i11Cludc all uf Ihe l'hromosome pairs un
",hieh markcrs arc kno",n lo crnsshybridizc.) As Table 1 del11­
onstralcs, lhere is some disagrccl11enl alllong sludies abollt
chml11usomal dupliealions, for t"'u r¡;¡¡sons' First. dit'fcrenl
sludics use oifferent dala, Icading lo differc'nl conclusiuns.
Second, ami perhaps 1110re importanlly, researchers rarely de­
note Iheir uiteria 1'01' uct'ining l'hnll110Somal duplieation'i. ami
lhus critcria li!;el\' differ amon~ ,ludies. Ullimalelv, chrt1ll1l1'
St>mal duplicatio¡;s should he t1dined hy nhj-:ctivé staliqical
crileri:l.

I

Nonclheless, there is a cons-:nSllS :lboUl ,ome chrol11osomal
pairs. Fm c~al11ple, il is nu'" ",ell estahlished lhal portinlb nI'
chrull1osome 1 ¡¡re duplicaled on chrumosomes 5 anJ <) (Table
1). 1'he ¡;\'olulionary il11pliealion 1'01' lhese pairings is lhal the
pruccss 01' diploiJizalion rearr:¡nged one eupy nI' ehromo,ol11e l.
(Altcrnali\'ely, chromosol11e I could be an amalgamaliQn 01'
regions 1'1'0111 different parenlal chromosomcs,) Chmmusome 2
had a similar fatc in Ihat portion, nI' Chnlll111SUme 2 are alsl>
found on l'hromoSOl11cs 7, lO, and perhap, 4 (Table 1), \101'(:
cxlensi\'e evalualion uf lhe'se duplil'<Jlinns will providc an intli­
ealion :IS lu \\'helher lhere has been any hias in rearr:lI1gemenls.
rol' cxamplc, lhere' is a slrong bias for paracenlric invc:rsio!ils, a,
Oppl1scd lo lransloeations ano pcriccnlrie inversions, bel{\,een
potaln ami lomalo. lt ",as rcasoned lhal Ihc bias tuward para­
centrie il1\'er,ions rdleets Ihe rclatively lo'" crrecl 01' paracenlric
inversions on filness (39). AJdilional studies 01' ehromosol11al
duplicalions in l11aize cuuld proviJe addilion¡tI insighls inlt> the
kine!llf rearrangcments that are 1110S1 c\,t,lulionarily slable,

The Importance of Chromosomal Duplication in Genome Evolution. Is
rnaize lypical \\,ith re'g:ml lO its pulyploicl hi,lury and prevalenl
chromosol11al duplicalion'¡ Thcre is no doubt lhal pnlyploidy is
comlllon in plants, \\'ilh up lo 70% uf an¡:io,pcrms n",ing lheir
hislory lo polypluidy (1, 40). Furlhernlllrc, gcne'lie maps oe'm­
onslr:lle Ihal a great nllmber 01' species conlain chrol11osomal
dupliealions. Even specics ",ilh slreamlil1t:o gcnul1lL:s eonlain
chromllsumal duplicmions; 1'01' e.\amplc, rice has a Iarge dupli­
calion helween chromosumes 1I and 12 (41) and!1mhidofJsis also
has :J11c¡lslune large e'hrol11usum;t1 dupliealiun (42). Olher planl
genolllcs \\'ilh ehrol11osul11al duplil'atiuns incluJe smghul11 (21),
co\lon (43), soybean (3C», and I3ra.l'.lica spccies (37, J8), Somc 01'
lhese genumes are degenera le polyploids like maizc, bUI othe:rs
may owe thcir ehrol11osomal ouplications to indcpenJent scg­
menlal evcnls.

It is imporlant lO note Ihal chnllTlusomal duplications arc

¡¡nce,lur ",ilh neilhcr S nm lO chrolllo,ol11es. Ba,ed on ~enetie

1ll:IP d¡¡la. Ihey argucd Ihal lhe Chrt>lllll,Ullle nUlllher uf ll1aize
hefore lhe aJlulelraploid e\'l'nl \\as 11 ~ ~. The chrol11o,ol11e
nlllllber\\¡¡sdouhlcdsuhscquenllvtoll ~ ICJ(:!JI - 32)durin!:lhe
l11aizc aJlult'lraploid c\'cnl aJl(1 'lhen n:uuceu furthcr by'uip­
Iuidizaliun :tIlU fu,ion ltl lhe currcnl nUll1her (11 = 1(): :!II = :!O),
LJnlúrlunately. htl\\c\'cr, lhe :lrgull1c'nluf \Vilsun ('1 al, l'llnl:lins
c'lTors rc'g¡¡rding Ihe lil11ing :Ind phylogc'nclic CO¡lle>.1 01' lhe
:t1lolClr:¡pk,id e\CI1\. I'm eX:¡l11ple. lhe\' sllgge,1 lhal lhe allolel­
r:ll'loid C\'cnl tll'ClIlTl'd "flc'r lhc' di\'ergencc uf l11aiLC and [n/J'

W/CIIIII. \\ hl'1'e:l'> I11ll'l e\ idellce ,uggeq, Ihal lhc' allutctr:Jploid
e\enl occulTc'd h"/Im: lhe diwrgel1ce 01' l11aizc' :Ind Tri/JsaclIl1I.
\Vhcn Ihcse crrors :Ire I"ken inlo aceounl, Iheir :Irgunlcnls 1'01'
¡hc e\'Ollllion 01' "hrol11OSI>l11e nUlllher SCCIll unlikcly. In shorl.
lhere :Ire no dcfinilivc an,\\'cr, eilhcr :1, lU lhc c'\'llluliun 01'
chrulllusoll1C nUlllber in lhis group 01' as lo \\'hy S. IJiculur aJl(1
l11aiLe have lhe ,:II11C l1ulllher 01' eh ruIllO,O III es.

1'he lhirJ ami final puinl ahoul rnaize and sorglllllll cenlers on
Ihc differc'l1c¡; in genol11c conlelll bl'l\\'een Ihe 1\\'0 'l)Ceies. 1'he
'egllll'lll¡t1 ,t1101clrapluiu e\Cnl predicls 2·ft>ld \arialion in O f\
l'l\lllenl hc'l\\een ,urghlllll "l1d lllaiLe, I'ul il UOC, nol aceounl 1'01'
Ihe :¡C1U:t1 3,5-fuld \arialion in DN,\ eunlenl (Fig. 1). Baseu tll1
Ihi, inlúrlllalioll, dil ferences in D /\ conlent I'robahly rcflecl
Ihe ¡¡llul'0lyploid evenl l/lit! addiliunal evolulionary changes,
~uch as lhe :¡CCuIl1ul:¡linn 01' n:pelilivc DNi\.

Genome Rearrangement Alter an Allopolyploid Event, 11 IllUSI be
rCllleIl1hcn.:d lhal c\lal11 Il1aize is a diploid, ¡¡mi Ihus Ihe seg­
Il1enl:t1 :1Ilo1elraploid hypolhesis presulllcs Ihal lhe ll1aiLe ge·
nl\ll1C re:tlT¡l/lged "mi diploidized. Is Ihis pn:sumplion reason­
:tl'Jc'l h gentll1lC re:lrrangemenl common aflc'r "llopol) plt1iu
L'\ cnt<.'

1'hll' fa!. ,Iuuies 01' '>Ylllhelic plant polyploids suggesl Ihat
gc'ntln1-:s rl':lrrangl' rapidly aflcr allopolyplt.lid evcnls (revie\\ied
in rd. 28), In tlnc sludy, Sung 1'11/1. (29) crc¡¡lc'd 1'0111' synthclic
allopol) pltlios. ,Afll'l' reeovery uf F, polyploids, eaeh lil1e was
'elkd ul11il thc F; gel1cration. Plants from lhe F, ami cach
,ubseqllenl gcneralion \\'ere ,ubjeClcd tu SOlllhern h)'hridiz¡¡liol1
\\ ilh a panel of~)tJ prohes. Soulhern blolling rcvealcd remarkahle
diff~rcnce's in fragmel1l profiles from g~ncration lO gcncralion.
In t1nc synlhl'lic polyploid, (¡(¡f',( 01' Ihc probes tic'lcl'lcd fr:tgllll'nl
lo~~. fraglll~111 g~in. or i.l ch~lngt..: in fraglllcllt ..;iZL'. t!clllllIl"'lr:lling

lhal c'xlensi\'c' \'earrangeml'nl can OCClll' rapidl) :tfler :tI­
Itlpulypluid IÚrm¡¡litln. Fcldman ane! co\\'orkcrs (-'(1-:':2) pc'\'­
forllled similar ,ludies in hilic/II'/l ano /legilofis. Their rcsulls
,uggl'sl Ihal alloptllvploids Itl,e noncuding sl'que:nces in " di­
rccled, nOIH"ndom f:tshion and thal ct1ding sCljllcnces are mOlI·
ifinl exte:nsivelv (311-:rn.

F.mpirical sll¡dies delecl rapid rearrangernenl 01' allopolyploid
genornes, hlll rapicl rearr,tngenlelll is nol equi\alcnl tu a com­
pic'le diploidizalion. Ilo\\'evc:r. lhe:re is growing l'vicic'nce lh¡¡l
m¡¡ny pl¡¡nl. :lIlilll;¡\, and fllngal genol1le, arc Ihe prodllCls 01'
¡¡nCil'nl pulyploid l'venl, Ih:ll \\'(;I'e' 1'oIlowe'd hv l'e;lI'l'angement
al1d a redllelion in pk1idy leve!. Yea,1 is one exallll'le. The' DNA
se'lU¡;¡Ke 01' lhc y'a,l gcnornc conlains 1l11l11L'rt1 US hlock, 01'
duplic¡¡led gc'ne" Thc phasc (01' direCliun) 01' Ihc hltleks arc
nonrandol11ly associaleJ Wilh ccnlromnc" sllggesling lhal Ihe
blocks \\ ere prodllecd hy Ihc process 01' Chrtll111)Som:tI duplicalion
(:1:1). A!tog¡;¡her. lhe: dala sugge,l lhal Ihe \'c:lsl genome is Ihe
prtlCllICI 01' an aneienl lelral'loid e\'elll folltl\\'l'd by rearrange­
Illenl :lnd diploidizatitln (.,4), Verlehr:ltcs arc ;lIlUlher examplc
01' diploiuized ancil'llt polyploitk il is belic\'cu Ih:tl \,ertehrales
:lI'e dcgl'ncr;llc polyphlids o\\'ing 10 1\\'0 polyploid l'\'l'nls hdtlre
lhe radi:llion tlf fi,h aIHlm:ll11mals (35). Similar ex,ll11ples eome
from planls: lúr ¡;\ample, bolh G(l'cill{, ('>uybean) (:16) ami
ill'll.\sica specics (:17, J8) ,cel1llO he' degenl'J'ate polyplllids. Uascd
tlll Ihis inform:tlillll, tlne Cln cOIlc1ude Ih:tl diploidizalion afler
ptll\'ploidy is e\,tlluliunarily comnlllll.
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U'll;tlh il1f¡;rrcu flOIll genctie l1laps. hui nlO>t (ifnol '111) genetie
1ll;IPS;¡rC b,l'cd lllllp\\, eopY-l1ulllher Illarkcrs. Low eopy-nulllber
l1urkcr' ;¡re 'l:-t,'lll;lIietlh' hiased again>t delecting uupliC¡II¡;d
ChWnH''l)ln;tI 'c'gI11CI1l:-. '111(1 hCl1ee lhe ,'"lcnl uf ehrolllusolllal
dUl'licilion i, lih'll' ~r<l,,11' undcreslilll:lled for Illo>t plant laxa.
111 :Iddili<ln, Ih,' l'c,,,lulipn pf IllUSI gcn¡;lic Ill;¡P:- is Ipw. sueh lhat
r¡;lalil,'11' sn1;tll al'eas l)f chrulllosolll,tI duplicalion C;lnnUl b¡;
dcleclc:d. The rcsull i:- lhal lI'e do 110t have :1 realislic under­
:-1:lIlding uf cilhn lhe C:Xlenl lO \\'hich chro11l<lSOllleS are uupli­
ellc:d l1l' lhe C\lent to which genol1l,'$ e0l11ain funclional reuul1­
dancie" 'W¡; c;ln. hC1I\'¡;I','r, Ipok to /fm/Jid0f!sis sequence dala as
pr¡;lilllinary e,xal11pl¡;s of lhe c'x!L'nl of ch rtllllOSOllla 1duplicalion.
Based PI) Ih,' ,equenccs of Chmlll()SOllleS ~ :lI1d 4 (.+~, 4'+), il is
,'stilll:licd lh;¡t IO_~I)r'; uf lhe Iu\\'-cupy r¡;gions of the /Im/Ji·
,101',);.1 g,'nt11lIC li,' \\ ilhin dupliC:lln\ chrnnlosulllal regions (-12).
Cj¡I','n lhat lhe ,Im/Jidopsis genulllC: is sllTallllined, lhis pCIT¡;nt­
;¡ge is ul1duubl,'dly Illueh highcr in COlllplex gelwllles. II 1:­

pl)';sihlt: lh;ll Illusl g.ene~ in llluSI planl gcnolllcs reside in
d upl ic;¡ Icd c11['Unll lSUllla 1 regiuns.

Multiplication of Repeat Sequences

Extent and Identilication 01 Repetitive DNA. Repetitil'c DNA con­
slilUleS;¡ high pI'ol)()nion pf planl genol1les, This fael has h¡;en
ct1nfillll¡;d e'xpcriIllL'nl;tlly by r¡;assoeialipn (or G,L) kin,'tics, For
CX:llllpk, Flalcll e/I//. (45) I'ound thal repelilil'e DNA (dcfined.
in lhis c;lse. as I)NA \\ ilh Illpr¡; Ihan 100 cupies per genollle)
cpn:-lilules =::\(1'.; 01' gcnulllc, \Vith a haplClid DNA cpnlent >5
pg, InC<Hlll';,I't. 'Ill:JII gelWn1¡;S PI' <5 pg cClnlain (¡~(,;r I'epelitil'¡;
J)N/\ tln :t\cr:lge . .\Ltize lalls inlu Ihis range: reassLlci,llion
t:,xperilncnl' indical,' Ihal lh,' genLlllle contains IÚH1l60'i; lO 1)0%
repelilil'e DNA (45 . ..¡(,), The repc:tilive DN/\ 01' Illaize can be
c:Ilegori/cd I'ul'lhc:r ;IS ~lY'; highly repclitil'e (over ¡;OU,OOO copics
per genullle) ami 4W;' Illilidle repelilil'c (ol'er ¡,nOn cupies per
genullle; rd, 4('),

11 is u!wiuus lhal repel it ive DNA is a large eOlllpunenl 01' 1hc
Illaize genollle, ;Ind lhus lhe prolifcraliun 01' l-epeal sequcnces
h¡¡s had illlporlanl el'llllilionarl' illlplications. Howel'L'r, reilsso­
Ci;lliol1 ,ludies ;i1onc Glnlwt ,lnSW¡;r lwu illlpOl'tilnl queslions
:1!loUl r,'pclitil'e DNA in l11aize: what is lhe repetilive DNi\. i1nd
when did il 'Irise','

To dal,'. the: Illusl cOlllplet" :lIls\\'ers lu lhese til'O queslions
ClHllC 1'1'('111 <;ludies (.JI' lhc maize /ldhl region by 8ennclzen al1ll
cllworkcr, (.17-jl!). Th,'y iSllbtcd a 2KO-kilobilse yeasl artificial
chronwsullle elone uf the ,1d/¡ / regioll i1nu charaeterized Ihe
cOl1lposition oflhe rcpclilil'e inlcrgcnic DNA. Rctrotransposons
cOlllprisc rpughly (¡2% 01' Ihe 240 kilobases analyzed, with an
addilional 6% 01' lhc clone consisling of Illinialllfe inverted­
r¡;peal lransppsab1c elelllents, relllnants uf DNA transposons,
;lIld olhcr low-copy rqJl:;(IS, In lola!. the region cunl;lined 23
rclrolransposons reprcsenling lO distincl I'alllilies, 01' lhe 23
I'elroclelllcnls, lO ins,'l'tcd within i1nolhcr eklllenl, resulling in
a nesl,'d nr .. J;¡> ,'red" slruclurc 01' illlergenie DNr\ within Illaize
(Fig. 3), The archit,'clllle PI' Ihis rcgiun suggests thal relrolr;ln,­
po,ons prckrenlially larg,'l olhcr retroelcmenls 1'01' in,erliol1,

I'crh'lIls lhe l11usl inleresling kalurc of lhcArI/¡/I'Cgiul1 is thal
it seems lo be a represenlalive region 01' lhe maize gelllHlle.
Three observalions supporl this conlention. Firsl, Soulhern blol
ami olhcr analyses suggesl lbal the relrotransposon falllilies in
Ihe /Ir//¡ I rcgion cOlllprise al leasl 50% 01' lhe Illaize genollle;
aitl1gethcr. just three of the rclroelelllcnt I'amilies found in lh,'
/Idh/ region cunslilUl¡; ;1 full 25(,: uf lhe genll/IlC (-1:-», Sel'l)nd,
XY'; of repelili"" DN/\s fnHllUlher rcgiun, \\','I'e ;tlsu prCS¡;nl in
lhc,lrI/¡/ r,'g.i()I1 (;tlllwugb il shuuld he npled th;i1lhe "llllple uf
repelitive DNAs frulll other rcgions was slll;i11 ami thus lhis
¡;stirnalc rnay nol be robust). Finally, a mure recenl slUUY
suggcsls lhal relrolrallsposollS hybridize fairly unifürlllly to
Illaize baclerial artificial ehnllllUSIl/lle clClnes, suggesting that lhc

Fig,3, The estimated insertion times of retrotransposons in the Adh 1 region
(49), Each gray box represents a retrotransposon, The horizontalline through
the box is the estimate of insertion time, and the height of the box represents
the standard deviation 01 the estimate. Arrows between boxes indicate the
order 01 insertion, For example, Huck-2 inserted into Fourf -1 mya,

dislrihutiun 01' retrolransposons is reasonably hOlllogen,'ullS
thruughou\ thc: genome (13, rvkyc:rs. pcrsonal cummunica\ion),

lhe lil1ling of Retrotransposon Multiplication. Maizc: r,'pelilive
DNA secllls lO be primarily retroll'anspusuns, bUI the ,ecolld
qucslion remains: II'hen did tbesc relroelclllenls mulliply" Tu
ansll'er lhis questioll, Sanivriguel e/ al, (-11)) sequenceu Ihe long
lermin,tI repeal (LTR) of relrotransposons ill lhe /1d/¡/ rcgiun,
The r;llilln,i1e lI'as as I'ollows: when a singk rell'OlranSposon
inserls illlll g.enumic DNA, both copies of lhe LTR are idenlical.
Ol'a time, Ihc LTRs accul1lulate nucicotide subslilulions ;lnu
dil'crge in scquencc. Ir lbe accunllllation 01' nucleolide suhqi­
tUlions lKcurs ;1\ a regular pace, lbe numhcr 01' llucleoliL!e
dilTnenees bdwecn the 111'0 LTRs provide insighl into tbe: dale
01' LTR dil'ergenee allll b¡;nee Ihe dale 01' r,'trotl'anspuson
inserlion,

SanMigucl e/ al, (41)) applied Ihis :Ipproach lo eslimale Ihe
insertion lime I'ol' 17 I.TRs fmlll lhe Adll/ r¡;gion (Fig, :1), Tb,'
results sholl' lhal the oldes! rclrotransposon insenioll is «'5.2
mya ami lhat mosl (1501' 17) retrolranspw,ons insel'led ",ilhin
the l<lsI3.0 Illillioll years. The qucslion arises as lo whether lhese
time eSlimates are reasunahie. One fealure thal supports lhe
rcsulls is thal lhe limc cstimales correspond lo lhe layering 01'
re trolra nSIJ<.1sons (Fig. 3), ¡n olher words, in most cases ( I(] 01' I I )
lh,' insntion date for a relnltransposcln is Iess lhalllhe inse\'lion
date for Ihe relmlr;lnsposon inlo II'bich il insnled. (ThJ (lne
CXCl:plion is an inslance in whieh Ihc in",'l'lion dalc:s ;¡re sl;llio,­
licaJly il1dislinguio,habic,) ;\nulher ohserv:lliun lhal SupporlS
lhese l·eStillo, is lhal Ihe sorghum /I<I/¡/ rC1!iol1 1;lcks relrotrans­
puo,ons (5(1). Based on lhis inforlllalion aJiu ignoring lhe possi­
hilily 01' ext¡;nsive retrotrallsposon loss in smglHlIll (51), I'ClfO­
lransposuns in lh¡; maize /Id/¡/ regiun mu,l have :Ilnasseu in lhc
= 16 million years sinee the divergellce 01' sorghum ,Ind maize.

The implicalions ur t he sI udy il rc iIllIJort anl. 111 hc /1<1111 region
is represelllalil'e and lhe retrolranspllsllllS in lhis region consli­
tUle 5W;¡" uf lhe genolT1e, lhe maize genpm¡; h:1S duub1cd in size
in lhe last 5-6 million )'ears. I.ike tbe polypluid cl'enl, retl'O­
trampuson prulifcralion repres,'nls a t10ubling 01' g.cnollle COIl­
lcnl (JI'er a rel:i1ively short evolulionary lime seile,

Fig. I inuiciltes lhat relrolransposon Illulliplicalillll likely
began in Ihe evulutionary lincagc leading lo Ill:¡ize ami Ti"ip,l'Il­
CllIII, which diverged rOllghly p,4 ..'i-4,H Illya (52), Thus, nHlst
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m:li/(; rs'lrtllr:lI1SpO>I)n :'l'li\'ily posld,lles lhe di"crgencc 01' gell­
n:\. hUI Ihe oldL'SI ITlrtl!r':lnspo,oI1S in lhe Illaizc ,1dlll rc~ion

li~\'" prcd:l1l: Ihe ,plil ¡'el\\s'en 7<'11 alld Tril'soclIlIl. This c clis_
\,.·1l ....... il\11 1I111k'r"LIJI"C'i lile illlp{lrt~lll<':l: nf qudying T";jJStlClIIJ1 lO
Illldn'l:lIld c\llluli(Jll:tr'\' s'\Cllls ill m:¡iLe bs'lkr: ir Fig, I is
:ICL'U r;, IL', lriIJ,I(/C/1/1I ,;IlOUld Sh:II'C hlll h ch romosOlll:ll dupl ica­
Ilons alld S(1\llC l'CII'lllransposoll aCli"ily in conllllOll wilh maizc,
1I is ~l1n\\'11 111,,17('1/ ,ll1d TripSI/ClI1I1 sharc :tI leaS! 011L' low-copy
relr(Jlr:¡nSposon Ih,ll IS ahsenl Irom olher closely rclalcd genera
(5.1), bUllhere is gencr:t1ly lillle inrOrlllalioll ,¡bOul chrunlllsom:t1
duplil'élli(lll' or n;lrolr:lI1,pOSOns in Trips(/C/III1,

I:bsed 011 lhe :tvailahlc illrormalioll, l\Vo larl!e e\'enlS dilTn­
ellli;¡le lhe ln:lilL' line:lge rrolll Ihe ,0rghulll line:I~L', The rirsl
\'\'cnl. 'cgllll'nlal allnl\'II·:qJloidy. l'csulleo in a 2-rol~1 illcre;¡Se ill
m:lil.c DN,\ Cl1\lls'IlI, The 'CCLllld t:Vs'IlI, relrLllr:lll.,poson prnlif­
cralillll. pn'dus's'd :lIHllhn 2-fuld incrs'ase ill milize DNA con­
IL'nl. Togs'lher, Ihs',e evellls adequal('ly explain lhe 3.S-I'old
dilkrencs' ill DN¡\ conlelll hs'I\\('('11 Illaize ,me! sorghum, Ilo\\'­
é\ (,1', il should be 110léd Ih:ll lhcre is also SubSl,l11lial varialion
in gClltlllliL' DN,\ ('(}Illenl al110ng L('(/ and li-ip.mclIlI1 species
(I--ig, 1) (1, 5-1): Ihis varialiun m;¡y rdlccl clirferenl alllounts
111' rclnl1l'ansptlson prtllifcralioll tlr indept:ndcll1 chrulllOSOlll;¡1
duplic<tliuns,

Remaining Questions, SludiL's uf lhe ,1dh 1 rt:gitln by lknnt:lzen
and L'l\\\()I'KerS (,n-SO) b:l\c pw\'idcd in"aluablc insighl inlo Ihe
,lrUClure ;Illd (hn:nllics 01' l11aiz<.: inlngcllic DNA, hUI al ka si
Ibree il11port'"ll qucsliun, l'el1l:1in,

Question 1. ,\I's' rclrolr:1l1;;pOson., distrihulcd bUlllogenc'ously
:Jn1l1ng gL'nl)lllic regions') Tht: ,Id/¡ 1 sludies, as w<.:1I as tllher
'ludiL" (H, ~'leyns, personal CllI11I11Unicaliun), suggt'SI lbal rt:L­
rotr<tnspo;;on disll'iblllion t11ay he wlIghly hOlllogt:nous alllong
r<.:gilllb 1)1' Ibe 111:liz<.: genulllt:. Ilowcvcr, olbt:r lines 01' t:videnct:
sllggL'sl Ihal sllch hOlllogeneily is unlikely, rOl' cxal1lple, e"olll­
liunar)' lheory pl'cdiclS lhal lransposablc elel11enls shollld gather
in rL'giun" 01' low reculllbinalion, sucb as cenlrol11eres (55, 56),
This prediclion ilolds in .1mhidoIJsis, \\'hnt: seqllence dala I'rtllll
c1HonHl'onlt:s ~ and 4 indiC:Ilt: an increasL' in lilc freqllent:y 01'
Iran,pn,ahle clcnl('l1ls near cell1rotl1CreS (57),

There are other reasuns lO sllggesl lhal relwlransposon
diSlriblllion l11"y nol bt: bllt110gcneulls lhrllllghlllll Ihe nJaize
>.:el1Olllt:. Dnc ol",ioll" rcaslln is lh:¡1 lhcrc :Jre hClew>.:eneities in
~'hrolllosol11:t1 ,Irllclllre, sllch as cllchrlllll:Jlin, hClen;chnllll<llin,
nllclcnllls org:Jnizing rcgions, Iclolllcres, eenlrOlllcrcs, ancl
knob" NOIlL'lht:lL:ss, rccenl I'eseart:h indicales lhal relrolrans­
p()Sons cunstitlllC a subslanlial fracliun ol'bolh hclcwchrol11alic
cenlrllllleres :1I1t1 helcrochrol11atic knobs (.'i~, )1)): f()[' I)n<.: chro­
11l0Sl1l11C l) knllh, relwL:lclllt:nts cOl11pl'isc wlIghly tlnc-Ihil'd of
\..nllb-speciric c10ncs (!JO), \-l:lny of lhe l'elrolr:IllSpOsons in \..nob
:lnd CL'nlrtln)('ric DN,\ belon!!, 1(' Ih<.: L'lc'l11cnl ralllilies found in
lhc . ld/¡I region, Despile Ih'és<.: col11l11tln:t1li<.:s, Ihne are <llsll
'lI bsl:1 ni i\'c d iffe renccs :Ullonl! knobs, cenl ronlnt:S, a 1lL1 lht:, 'Idlll
rcgjPll. Fnr L'X¡II11p1c. ccntr()Jl~crl'~ ctHllilill ~I cL·ntr()fl1cr~-:-"pL'Cifil·
relrolr:Jn;;poson (Ccnl/\: rd, SI)), Sitl1i1<1rly. chrolllO'tllll:J1 ~nohs

:Jssoei:llc \l'ilh I::-:U-bp ami 35U-hp repe:J1 clcnlCnls Ih:Jl art:
lllhen\ isc sparse in Iht: genul11e (So). AII(lgelhl'l', lh¡; elll¡;rging
piclllre is on<.: in which SOI11C rt:lwclclll<.:nl r"rnilies art: rairly
lIhiqllilolls, :Ind olilcr rept:lili"e DNAs :JrL' hell'l'ogt:neolls in
Iheir diSlriblllion (t:.g., rd, (1).

Th<.: work 01' 13L'rn:Jrdi :Jnd coworkns ((12, (3) is an inlriglling
addilion lO lili'> piCllll'L', Tht:y rraclion:Jlcd DN,\ by (j:C conlL'nl
:IIHJ hvlll'idil.cLi ¡;"ch C;:C rl'aclion lo 3::-: coding-rc'gilln IlI'llhes.
Tht: e;,ding genes hyhridizc allllmt cxclusi\'ely III a DNA rr:Jetion
01' v¡;rv narro\\' (j:C etlnlcnl (1% 01' lhe lolal range), and lhis
n:IlTO\;' fraclion currt:sponds 10 Ir·Í, al' lhc DN/\ con le ni 01' lhc
genUlllt'. To t:,\pl:Jin Ihis hybridiz:Jlion p:¡llern, l3ernardi <t11l1
cll\\'t}f'kl'l''' ((.2, (,3) rcasoned lhal maize codillg genes Illlls1 bt:
locatetl in "gL'llr-rich" n:gions ami Ih:Jt Ihese gent:-rich rt:giolls
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must bt: Ilankcd by DNA wilh highly hOlllogCIlCIlUS G:C eon­
tcnls. fhey propost:d Ih"l Ihis rlallkinl! DNA could cOIl,i" 01
retrolr:'lnsposons like Ihose rl:lllking lh-e ,ldltl "ene (-1~).

TIle: I'L'suIIS ¡'rOlll G:C rr¡¡clion:tlion ,'xpL'rimen~' ,uHI '1lIdies ur
Ihc ,.Idlll r<:gion :lre inconsi"tcnl. On Ih<.: 1111e 1l:I\)d, lhe "ud\-' \,1
Ihe /Id!t 1 region, coupkd wilh sludiL" 111 CCI1I ]'(ImerL'S ¡¡ nd ~ n;,hs,
suggt:st lh¡¡l r¡;lrolranspUSI)]l dislrihulion is "icksprt:ad, repre­
senling SlJ'/( 01' Ihe gt:nonle. 011 Ih(' olht:r hand, Bernardi <tnd
coworkns' \Vork irnplicitly suggesls Ihal rC11'olransposon distri­
blllions <tre helerogeneous, wilh a highcr concenlralion 01'
relmclt:rnenls in IhL' 17':( uf lile genl)])lt: lh"t rcprt:.,enIS coding
DNA. Ullimatcly, IIlt:re m:ll' bt: a resolulion itl dilrnt:ncL'S
implicd by dirf('renl sludics, í1Ul ,'ucil a ITsolulion will rL'qllire
mor(' scqu<.:ncing 01' Iarge cllrunlosom:tI c1ulles reprcsC:nling
di\'t'r~c gcllnlllic rL'gions.

Question 2. WIl:¡t conlribuks morc lo tlle e\'ollllion 01' DN,\
conlL'nl: multiplicatioll of repeliliVt: DNA 01' chrumosom¡¡1
dllplicatioll') Thc CVollllionary hislory 01 mai/e sllggesl~ lhal
rclrotransposon lllultiplicalion ancl chrOlllosomal dllpliealion
(by \\'ay 01' polyploidy) each ha"e gCller:lled a 2-fold int:rcase in
DNA cunlenl wilhin lhe lasl le) million )'t:ars, Hence, lhe nel
elTccl 01 thest: I\VO t:vulutiollary pruct:sses is similar inlTlaizc, In
conlra>!, il sccrns lhal lhe mulliplicllion 01' rcpt::lL sequences is
Iht: prilllary conlribulor lu dilTcrt:llces in DNA cunlenl bL'I\\eL'n
llliU1Y I:lxa (45), For exalllplt:, barky and rice h:l"e similar
comp!elllenls ur IUW-l'tlPy genes ((,4) bul a 12-lold dil'l'erL'ncc in
DNA contelll (Fig, 1), The dil'krt:nce in DNA contt:nl i, Ihus
probably :lllrihulahk lO dil'l'erenccs in lhc amounl 01' rqlclilive
DNA (()-1).

1I is premalurt: lo make lhe gener,¡J s\¡¡lelllt:nl lh:ll repe:ll
proliferationconlribult:s mlne lo lhc t:volulion 01' IJN/\ cllnlcnl
than chrOlllosOlllal duplications lor lwo rL':lsons, First, a" men­
liuncd previously, m:lpping sludies art: hiased ;¡gainsl lhe dis­
covcry 01' duplicalions. ano rOl' Ihis r('aSOIl, IhuL' is as YL'I no
:lceurate il1dicalion ur lhe exlL'I1L uf chrumOS(Hni¡1 duplicalion in
comp!ex gelH1meS, Set:ond, duplicaLion :111(1 repcal prolikrati(,n
:¡re IHlI illLkpcndcnt. Dupliealion plays ;¡ role in rt:ps'at prolif­
er:ltioll. hccausc duplic:ltion dOllhlcs rt:pL'lili\,t: DNA as \Vell as
low-copy DNA. ,

Question 3. Are chrDmosomal duplicaliull e"enls corn::llled
\\'ilh all increase in lhc rale 01 Iransposilion? This queslion
urigin¡¡ICS rrulll thc wurk 01 Malzkt:, M:¡tzkc, allllculleaguc (65.
(i(,), Thcy argllc th;¡l polyploiLi gcnumes cOlllain dllplicaliuns ur
:tll gen('s ane!lhus nrt: rt:lalively \Vcll bulfcrcd againsl 1ll111alions
caused by transposoll inserlioll. As a conseqllence, Irallspu~abk

elclllenls 1ll11ltiply alld are f1lainlaillt:d in polyploid gellomes, For
Illaize, Iht: racl thal I\VO major t:\'Cnls (polyploidy :llld rt:trolrans­
poslln mulliplicalion) are localed 011 lile S:lf1le pllylogent:lic
lincage gives cr('dence lO lhe icka Ihnl lhesc phellOlllcna are
hiologically currt:J:lted (Fig, 1), hui il is nol yt:l known wh~lher

this correlalion is wiclely ohscr"cd,

Genetic Variation in Genes Along Chromosomes

Genetic Diversity as a Function of Recombination. Natural Selection.
and Chromosomal Position, Gt:nolllt:s art: dynamit: cllIilic, Ihm can
be nlOdified eXl¡;nsi\,t:ly by polyploidy ¡¡nd lrallsposoll multipli­
cal ion, Ilowever, ongoillg t:vollltionary processt:s likc 1ll11t:ition,
rccoll1bin¿llioll, nalural SCICClioll, and migr:¡tioll ;t1so shape lhe
gt:nome. The cffccl 01' thesc extanl processes 011 Ihe g('1l01l1e can
he inft:rrcd rrLl1l1 cardul SluOY 01' gent:lic di"crsily,

Divt:rsily Ihroughol1L lhe gen(lIne is affcetcd slrongly by Ihe
inlt:rpl<ty of rccomllin;¡lion and natl1r,li selcclion. 111 Dro,w{J{ú/a,
for examplc, gcnctie div¡;rsity v:trics along lht: chrolllosulllc as;¡
rllnclion of rt:eo1l1binalion ralc (67, ()!)) , Loci ncar ccntromcres
lCllcllo havc lo\\' rcc01l1binalion rales alle! also lcnd lO llave lo\\'
It:vcls 01' gellelic diversily, bul both recLllllbinatiun ['¡¡te ami
gCllelit: diversily increast: loward lhe lip of chrolllosollles. Thi.,
relaliollship is Il(>l beeause reC(llllbinatioll is mUlagcllic: rather.
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Fig.4. Genealogies 01 four genes, based on the neighbor·joining method (82) with Kimura 2-parameter distances (83). Taxa are abbreviated as lollows: maize,
domesticated maize; parv, ancestor 01 domesticated maize (l. may' subsp. parviglumis); mex, l. mays subsp. mexicana; lux, lea luxurians; dip, lea diploper'ennis;
trip, Tripsacum dactyloides. Sequences from l. luxurians are shown in bold. The data are Irom rels. S2 and 76-78. Scale bars indicate level of divergence among
sequences; bootstrap values >80% are shown.

il rdkc:h :In intcrdcpc:ndel1ce bctwe:e:n 11:ltural >e:icuiDn :Ind
reCl11l1binaliDn «(¡7, (¡l)). In re:gion, 01' lo\V rcco1l1hinaliol1. rOl'
cX:11l1pk, linkagc belwcen nuckolidc silCS cn,ures lbal ,ekelion
rol' 01' ~g:linst a ~ingk l1ucleoliJe subSlilulion will aITe:C:1 a I:.rgc
n:gion 01' lbc ge:nome. 111 rcgions 01' higb recD1l1bin:lliDn, nucle­
olide: ,il" ale ne:arly il1lkpende:nl: lhw,. sclecliDn on:1 ,ingle sile:
:Irrc-els a Illucb 'lnalicr rcgion 01' lbc gcnollle:. -rbe rC'sult 01' lbc
inlc:rdepcndence bel\Vcen seleelion and rccombin<1lion is Ibal (i)
kvcls 01' gl'nclic divcrsily can be a runction 01' chrol1wsol1lal
pD,ililln anJ (ii) large: c:brornosorna! rcgillns can bc de:paupc:ratc
ur gc:ne:lic di, c:rSitl',

Tbc' corrc:I:lli')11 bcl\\'e:en cbronHlsum:d pu,iliun and gcnclic
dil'c:r,ily has hCl'n cunfirmcd in planl, (70, 71 l. bul it is not ye:l
clcar \\'he:lhcr rec01l1hination il1 maizc rollo\\'s a ~implc pattcrn
:dong chronlllsomcs. For cxampic, il has hee:n Jocul1lcntcd lhat
rnailL: single-copy regions acl as rccol1lbinalion hot spots, hut
n:cornhinalion ratcs also vary among single-copy regiuns (72­
74). l\ltogcthcr, thcse sludics suggest lhal Ihe rclationship
hctwee:11 chrul1111sornal position :lIlll n:cDl1lhil1ation rate may no!

hc as ,1r<lighlforward in1l1aizc as in /)mso!I!Ii!a. More lhorough
e:lucidalion 01' recol1lbination rates in mailc ro.:quires compari­
'<111' between genctie and physic<11 maps; sllch physicalmaps arc
heing prndllcccI bUI arc nol )'el complcted.

Nonclhc'lcss. \\'e havc a goal to quantiry palll;rns uf gcne:tic
dil'ersilv more accuratelv in lhe maizc ~cnllme. To make Ihis
qllantificatilln. we have bt'glln a Illng.le;'m sllldy 01' lOO maizc
genes along chrunlOsomes I ancl J. To measllre gcnelic dil'ersily
in cach genc, \\'e \\'ill sampJc DNA sequcIH.:es rmm '.~ 70 indi­
l'idll:t1, reprc,enling maize, its progenitor. :I1lJ 111'0 lllher "'ild
ZCII taxa. The pn1jeCl has Illany iong-le:rm goals. including (i) 10
inve:stigale lh, rclalion,hip bC'!wee:n chromlN\lllal posilion :lnJ
gc'nelic divcrsily. (ii) 10 examine lhe impactor dOlllcsticalion on
genelic dil'ersily in maize. (iii) 10 compare the cvollltionary
history among spccies across genes, ami (i1') lO create a pllblic
singlc-nllcleoliue-polymorphism dalabasc.

The firSI slage 01' Ihis ongoing projcct is lo mcasllre genelie
divcrsity in 25 chromosomc I genes rrom 16 maize inL!iviL!lIais
rcpre>enting Mcxican ami SOlllh Americ:ln land races and <)
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indiviJu¡d~ rcpre~L'nling U.S. inlll'ed lines. Tln: re,ulls uf lhi~ firsl
'!<lg<.: will bc reponed in del~lil L'hc\Vhnc, bul \Ve C<ln 1ll~lke a
prclilllin:lrv conlrasl ul di\ ersilv in cenlrulllL'l"ic \',. nonccnlr,)­
l11l'ric gCIll':-'. ,\\C'r<lgc di\'cr~jt) pcr b~l~c p:lir in fnlJr genes \\ i!.ilin
:' cL'nlin1()rg~ln' nI' Ihe CL'nlrLlIllL'l"C is (J - ().(]I~~. <1, ,klcrlllined
1" u,ing W~lller"'n\ e<,tilllator (75). This kwl 01' diversilv is
sli"hllv luwcr Ih:1Il a\'era1!C divcr~ilv in II nunc.:<.:nlrolllcric.: "c.:nes
(:I~<.:r:;ge WaIIL'r"lI1\ f) ~ O.OI7U). in'l lhe cenlrOllleric gen~s do
nol h:l\<': L'xlrelllely lo", 1e\'L'ls (JI' diwr~ily. Fnr cxample. all four
cL'nlrolll<.:ric gencs conlain nwn: diversily lhan 3 01' lhc 11
nl\llCenlrollleric gc.:ncs. Thu~, \\C rcport lhal lhcr<.: is <lS yel no
clcar e\ ilknce for a '!I'llng reduclion in genclic uivcr~ily near lhc
ccnlrulllcrc 01' chromo~ome l.

Discordant Evolutionary Histories Among Genes. Onc inlereSlin1!
k:lIul'l: uf gcnelic di\'ersil)' ~Iudies 01' Ill<li!c ¡111l1 il> wild relalive~
is lh:tl evolulion:lry hi~luri<.:s diller anlllng loci. As an c\al11pk.
consilkr Fig . .j, \\ hich sUlllnl:Hi/es scquence dala frOIll four
genL's. The genes.,/clhl ,Ind (¡II>I prnvide very simil;:¡r pielures uf
Ihe rL'I<llil)mhip uflhc \\ ilu spccics Z.III.\lIl'iiIIlS lu ulher l11elllbers
oj IhL' gcnu' ¿'ti (52. 7(,): in ~llllrt. 1'01' hl.\Ih uf lhcs<.: genes. Z
1lI\IIl'iill1\ ,cqucnec, c(\I11pri~e <1 sL'llar:lle, \VL'II dcfined clauc. In
L·lllllra'\. 7..III.\/IIilll/l indi\ iduals cllnlain sequcnces lhal are \cry
,illliJ:,r (01' L'\cn idelllical) \ll 'L'qucncc~ frolll olhcr 7.('11 laxa for
. Idl,] (77) :lIld el (7K). Thus. Ihe pielllre uf evolulillnary hi~lllry

fl'lllll ,Idhl ¡lIld Glbl i~ nlll cumislenl \\ ilh inforlllalion fwm el
:Ind /lclh2. (Fig. .j focuses on genL'alogieal or phylogenClic
iulúrlllalion 1'01' C<lSC 01' prescnl:t1ion. hUI sL'quCIll'e slalislics al,o
suggc~l lh:11 Ih<.:s<.: g<.:nL·s h~l\c difkrenl e\'lllUlinnary hisl<lries.)
Une' inll'rL·sting k:lllJrl: uf Fig. .j is Ihal /!tihj al1ll (jlhl are
IIIC:11L'U ",ilhin ~I 12-cenlilllorgan n.:gionufchrlllllosllme 1;:1dh2
:111L1 el :lrc fouJld llll chrolllosnmcs .:j anu lJ, rcspcclivcly.

\Vc h;tvC "llllplcd l'xlensivcly from Ihe \Vild rclalivcs 01' m;lize
1'01' only a handful ofgenes. bUl diseordalll pallerns. such as Ihosc
lklllllnslralcd in Fig. .j. conlinue lo he ilknlified. The challenge:
01' lhcsl: dat:J \\ ill he' to infer lhe evolulionary processes lhal
conlribute 10 diseordanl e\'olulionary histories among gcnes.
SL'\'l'r¡t1 pllS\ibililies e:\i<,t. including difrcrcnccs in nucleoliuc
'uh'>tilulilln r:lle~. inlrogrcssion (migralioJl) ratcs, amI nalural
~elcclion :llllllng gencs. OJle inlcrcsling po'sibilily is lhal gene­
:t1llgic:t1 r;lllcrns :llllong gencs Illay cllrrelatc \Vilh chnllllosomal
loc:llion.

In lhi, COJlle.\1. il i~ "'orlh nOling lhal ~ludil's 01' IJro.wphilil
speciL'~ h:I\'c :t1sn lklllonslraled diseordanl pall<:1'I1S uf gcnelic
di\·<.:r~ilyalllung loci. For L'xalll pie , W¡lng el al. (79) sludied lhree'
Inci in llilTe LJl'Ol'Ophilll spet·ies. T\\u of Ihe IDei (lIsp82 ami
pcrioti) yicldeJ Vl'r)' silllilar pielures ('1' genClic divergcnee among
1¡1.\;1. ,\ I I hese 1\\oloei, ~equenees \vc re I\C 11 di Ilerenti:ltL'd al1long
lax:1. Illlwcvcr. Ihe pallern 01' gcnelic di\ersilV in lhe Ihird
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IJrosopltilo Illc.:US (/ldh) \Vas illc.:ongruellt ",ilh dala frl'l1l IhL' fir'!
I\VO loci. In lhi~ liJsl locus. I)N,\ seqllences fmm dilrcrelll laxa
",crc 11111 highly divergecl. Wallg el 01. (7(J) u,cd popul;tlil11l
gcnctic lonl') lo COlllr¡tq gCllCH]ugica] inrnrlllilliol1 :1l1111ng I)rn·
SOj)hillllllei. and lhe)' cOlh.:luded lhal illlnlgrc"iull an)()llg specics
has l.lCcurred al a tnueh higher rale :Ilone 10cIIs (.,Idll) Ih:¡n ¡11111<.:
lllhcr 1\\0 loei (lIsp82 ami pcriod). In shorl. LJmsoplli/l/ 'llldies
<;lrongly sllggest lhallhe processcs afTecling genelic c1ivcrsil\' can
vary amung loci and also dClllonslralc lhe imj10rlancc 01' com­
paring gencalugieal inform:ltion aeross specics ane! across loci.

In c.:rops. artificial ~e'kc.:lion c.:an cause discordanl pallcrn~ 01'
uenetie dil'crsilv among loei. Thus far, levels 01' nuclcolick
~equence diver;ily have~ becn mcasured in maizc and its wild
progenilor (Z. )lltIys subsp. 1It)l'l'igllllllis) 1'01' si, genes ('Urllll1:l­
rizcd in reL SO). ;\11 six genes illllicale lhal maiLc ha~ redlleed
ge'nelic JiI'L'rsily rc1alivc lL1 ils ",ild progcnitor. probably rcl'!cel­
ing a genelic bOlllencck dllring d(HnesliC<llion (52. 76). Ilu\\'evL'r.
lhe level llf redUelion in genctic uiversily vari<.:s sub~t¡lllIially

anwng gencs. Fol' fOllr 01' lh<.: six gcnL's, Illaizc relains:1I !caSI hall'
uf lhe genelic divcrsily 01' ils \Vild progcnilor. For lhe remaining
111'0 gcncs (el antlthl). maizc conl:tins les, 1l1an 2W; 01' Ihe IC\'el
l)f diversily l)f ils ",ild prngcn ilor (78, 81 ). 1.0'" divcr,ily in el ami
tlt/likelv rdleels artifiei¡t! sL'!cetilln hl' Ihe earlv d(HnC~liealur~01'
maiLl:, ·-I'h<.: I/JI gcne \Vas probably ~elcclcJ ío ¡,['[Cel nlOrpho­
logic.:al ehanges in branehing pallcrn (X 1), :lIld el may have heen
,clcClcd 1'01' prodllction 01' pllrple pigl11enl in mail.e kernels (78).

jusI as dOrlleSlication has had :1 helerogencous dfeel acl'll"
loei, so has lhe proccss 01' maizc hre<.:ding. For ninc genes thal
\Ve: have sampleu ext<.:n~ivclv Il1us far, U.S. inbred lines avcrage
roughly 65';'0 lhe Ievel 01' genelic c1iver. ily 01' II1L' broader samplc
l)f maiLe. This Icvcl 01' rcduc.:tion from ll1aiLe lancl races 10, U.S.
maiz<.: is conlmcnSlll'ale with lhe original reullelion in g<;nelic
dil'er~ity from ",ild progenitor lo dnl11e:slicaled maize (52).
;\1togelher. o\Ving lo redllclions in uiversily callsed by inili:t1
domeslic:Jlion and subsequenl intcnsivc brccding. our inilial
e<,timates indicale lhal U.S. inbreds conlain only ~'4()':~ 01' thc
Ievel 01' 1!cnetic diversilv 01' lhe wild ances10r uf maizc.

Thlls [;11'. sllldies 01' gL.:netic diversity have shown lhat maize
genL's have difrerenl levels 01' genc;lic di\·crsity. allll divcrsilv in
some genes has hcen affcclcrl strongly by artificial sc1celion. In
addilion. studics 01' \Vild Ze{/ taxa inuieatc lhal 1!cncs dirfer in
lheir evolulionary hislorics anwng laxa. Olll' ongoing sllldy 01'
lOO genes \ViII help delermine whelh<.:r pallerns 01' Cvoiulionary
hi~lllry among gencs are, in f:IC1, correlaled Wilh chromosoma]
loealion and \Viii also eonlribule lo lhe nvcrallllnderSlandiJIl!. 01'
lhe eVollllionary !'LHces aeling on planl genmncs. I -

Thc aUlhtHs ~ICkllllwlcdgc N:lIiOllal Seicncc FOllnd:lli,)n (jrallls 1)131·
9S7U,Jl ami I)I::B-<JSI5~55 :llld U.S. I)cp;lrllllCnl nI' ;\gricllllurc Gralll
l~I'<;5:;t1I-()15J.
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Plant Transposable Elements. A Hard Act to Follow

Susan R. Wessler~

Dep,lrtmen t~ of 130til ny il nd Cenetics, NI iller rl,ln t Sci 'nces Bu ild ing, Un iversity of Ceorgia,
r\then~, et'orgi'l 30602

1'11(' disell\ er." .1nd genL'tic chMacteri7.ltiun of plant
Ir,ln~po~ablL'ell:'lllellts (TJ-:~) led to il revolution in our
L1ndL'r~till1\.iing of tlw eOlllp(l~ition ilnd dynamie po­
tential of the genL'lie m,lteri,ll in virtually illl orgiln­
isms. ¡vlost of these bre,lkthroughs occurred between
JO ,lnd 50 \"L'MS ,1gU. lt \\'<lS during this time thilt TEs
l\'l'IT disel)\"L'red in lll,lize (;(en IIIny:;) and several
,lspeds of lheir genetie bE'h,l\'ior \\'ere ehMelCteri7ed.
rhrllugh lhe ~tudy of spotted kernels and sl'etored
floll'ers, MeClintoek ilnd her eontemporaries discov­
L'red: (il) the existenee of multiple TE families with
dulllllllnH11lS illld non,lutonlllllOllS melllbers lhat ,1re
nl1rlll,11 residents of the genome, (b) lhilt elemenls can
1ll0\'e lI"ithin .1Ild bL't\\'een chrolllosomes where thev
c.ln ,lltn gene l'xprl's~iDn Dr serve ilS ~ites of ehrOIllL;­
<;llllle breilkilge nr rt:',lITilngelllent, (e) thM excision is
often illlprecise ilnd rl'insertion is often to il linked
locus, <lllli (d) that elements can exist in the genome
in a quiescent stilte thilt is slIbject to reaetivatíon by
bintie clnd abiotic means collecli\'ely termed "genom­
ie stress." This eril of diseoverv ilnd its rele\',lnce to
Illodern biolngy is reViel\Td b\: Fedoroff (lJ). In ilddi­
tion, the storv of hmv the genomie stress hypothesis
eame to fruitillll is summMi7ed in lVIeClintock's No­
bel Ieeture (10). This \'iel\' of the genomt' ilS re~plln­

si\'e ,1nd dynalllic, lhat is, something more th,ln <1

collection o'f genes, herillded the st.lrt of thl' current
genomic~ era.

The purpose of these historicill notes is to review
eoneeptuill bre,lkthn11lghs lh,ll h,we occurred over
lhe pilst qllilrter century. I would \'enture to gue::s
thilt for most uf us in\'o\ved in the stlldy of plilnt TEs
during this time, the hi~toric<l1 leg<lc}' h,lS been ,1 hard
ilet to follow. HOl\'ever, I \ViiI ilI'gue lhM reeent stud­
ie~, especially thllse in the last 5 ycar~, h,l\'C rilised tl1l:'
b,lr 0/1 whilt constitutcs the dynilll1ie gcnoll1l' ilnd
hil\'e placed pl,lI1tS l)/lee <lg,lin at the fordront of
tr,ln~poson qudies.

I'HA5E 1: THE DNA ELEMENTS­
CHARACTEHIZING OUR GENETIC LEGACY

..\Ilhough lhe hi:,toricill leg,lCY mil)' hil\'C bccn il
hclrd ilcl to follo\\', lhe Iclrge (ollcetíons of TE-induced
afieles gencrilted during lhilt eril providcd most of
lhe rill\' ll1iltcriills uscd by lhe fir~l gl'nerilliLln of pl,lIlt
moleculclr biologists. Whill I h,l\'c ,lrbilrarily cilllcd

I
philSC I in the molecular ,lllillysis of plant TEs focu~ed

on t\Vo areilS: (a) the isolation of genes ,llld tl~eir

TE-indllced alleles and lhe subsequent ehcll'ilcterizil­
tion of TE families, ami (b) understanding lhe msch­
a Ilisms under\ yi ng the di versi ty of u nstable pheno­
types. Milny of the first plilnt genes eloned in the
eMI y ¡980s \\'ere chosen beca use they had TE­
i /1d úecd illleles. These incl ude the S/I/, nri" J, il nd iU.Y

genes frolll maize ,1nd the lIiv('t7 gene from Alltirhill­
illl111 l'I111jI/S. From their mutilnt illleles eame the fir~t

Chari:lCterized Os, Ac, ilnd TI/III elell1cnts (3, 1'\, 2\).
The isol,ltion of membcrs of the other prominent
plJnt TE filmilit'S inclllding MII/ntar, Splll/ EII, and
other TIlIll elements oeeurred in numerous labs
ilI'llund the worId including those of the Burrs, Freel­
ing, Peterson/Saedler, Starlinger, Willbot, ilnd ~ar-

pcnter/Coell (for review, see 17) I
This first wave of plant elements \Vas distinguis~ed

by their high frequency of somatlc and germInal
instability. AII \Vere DNA or c1ilss 2 elt'ments, a group
thM is eharaeterizcd by short inverted terminal re­
peclts clnd transposition via a D lA interll1edinte.
Thil t is, the e1emen t usunll y excises from one si te ¿lIld
rcinserts clsewhere. Analyses of complex ilnd div0rse
mutant phenotypes ind~eed by insertion ilnd exci­
sion of elass 2 elements into p\ilnt gene~ rcvE'aJed el

ll1yriad of \\'ilYS that these elelllcnts can ll10dify gene
regulation, Thcse included: (il) the discovery that
tr<lnsposon footprints ilI'e l/sually Idt behind when
elements exicise (2'\), (b) that Os and dSpll1 e1ements
function ,1S introns ('15, 23), and (e) thilt prornoter
insertions can illter tissue-specifíc patterns of expres-
~ion (8). I

In retraspect, the múst impartilllt diseoverics that
Cilme out of this period were the analyses of what
NleClintock cillled ehilnges in phase, or the reversible
switch in element <lctivity. The eorreliltion between
element aetivity and methylation statc was first (\oe­
umented for the MI/talor element (6) and foreshfld­
owed similar correlations for other TEs and normal
plant genes,

With these elements in one hilnd and a large col­
lection of previously isolated TE-indueed alleles in
the other, trilnsposon tagging striltegies were dc"el­
oped (rOl' review, see 10) that permitted lhe rilfid
isoliltion of many strueturill and regulatory gene in
bolh milize and Alltirrhinllllllllnjl/s. The irnportance of
tr<lnsposon tagging protoeols for gene isolation was
reeognized by those working with plants that lpck
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\\'('II-chM,lderi/L'd L'lldogenlJU~ ,,\·skms. This recng­
nilion le,] tI) 11lL' inlrodl;etion lJf 'lhe l11<1i/e elcmen'ts
into ,1 \'Miel\' of ~ll,lIlt spt'cies, beginning \\'ith to­
b,lC(lJ (,\·i,.pli¡JíllI l/ll111C/II/1; 1), ,llld hils resulted in the
isol,ltion of 111,1IlY genes, the first being a f10rill color
gcne frol11 pdllniil (fJcI /ll/in Izyhrirln; 7) and the most
prominent being lhe N resist<lnce gene from tobélcco
(2-+). It is unfortunalc that the success nf fOrLVi1rd
gL'ndic ,'ppn1ilches likc tr"nsposon t,'ghing is "L'­
\ cl'l'll' lil11ilcd by the lilrge si7e of most plilnt ge­
nllllles ,lnd llw rL'quil'cmcnt for ,1 \'isible l11ut,lllt plw­
llL'type. -lo eircunl\'cnt these problems, silc-selt'ctt'd
tr,lIlsposon t,'gging prollJCols (aiso cellled re\'erse ge­
ndics) llsing the Mlllnlor element LVere de\'eloped (2).

PHASE 2: TEs OF HICH COPY NUMBER

!\Ithough the ChM,lcteriz,ltil)1l of Cl,lSS 2 c1ements
d'ln1il1,'IL'd 11lL' lirst ILl l'CMS of the l11uleculM er,l, it
,,(JOI1 bcc,lI11L' CIeM th,l't the lo\\' copy nUl11bers of
t!lC"L' elcmcnts preclu,kd t!leir h"\'ing ,1 significilnt
iI11P"Ct un gC11011lL' sizc, structurc, or e\'u!ution. One
exception to t!lis gener"liZiltion milY be miniilture
in\'erted repeilt TEs (MITEs) which appeilr to be high
copy numbcr class 2 elements that, in sorne cases, are
prdcrentially associated with gr;¡ss genes (-+).

TE studiE:'s in the 1990s ha\'e been dominated by
long termi 11,,1 repea t (LTR) retrotransposons, v,'h ieh
Me l11embcrs of the class 1 or rctro-elemcnt group.
LTI< retrotrans~losons are fbnkt'd by long termin,ll
rcpeilts al1d u5uillly encode ,111 of the proteins re­
quired for lhcir trilnsposition. Fur al! cl<lssl e1c­
nlt'nts, it is the elenlt'nt-encoded transcript, and not
tht' clement itself, thilt forllls the transposition inler­
mediélte. 11 is for this reason lhal they can iltl,lin l11uch
higher copy nUl11ber lhiln cbss 2 elenwnts. Transcrip­
tion 01' 11l0st uf lhe acli\'l: plilnt c!Cl1lenls ehclrilcter­
i7.ed lo d<lIC is Iclrgely quiescent during norl1lcll de­
\'elopl1lcllt but C,ln be indllced by biotic and/or
ilL)iotic slrcsses including cell cuIt-lIrt', wOllnding, ,1Ild
p"thogen ,111,lCk (12). [3eeause the clemcnt-encoJed
lr,lllscri pI is ,liso lhe lr,lIlsposi lion in lermcd iél te, LTR
relrotransposons may hil\'e the ilbility to rélpidly <llter
gCllome structure in respunse lo t'nvironmelll<ll cues
(see below).

Ci\'en their lilrge size (from -+-10 kb on ,werilge)
ilnd potenlial to <lmplify on a massi\'c SCille, it is nol
surprising thal L TR retrotrélnsposons comprise lhe
lorgt'st frilction of TE-derived genolllic DNI\ in ill­
Ill()st <111 pl<lnt genomes ex,'lllined lo dale (for re\'ieLV,
SCL' 16). i\n import<lIlt series of rccenl cxperiments,
leL! bv lhe I3cnnetzen lélb (20), helS Jemonstrilted lhal
diffe¡:entiéll "mplificiltion 01' LTR retrotrilnsposons
lorgely ilccuunls for lhe C-value por"dox ,'lllung lhe
<lgronomic<llly important members of the gr<lss cl<lde.
The C-\'alue poradox is lhe obselTed lilCk of corrcl,l­
tion bé,tween increilses in DNA content <lnd all or­
gilnisl1l's complexity. lt h<ls been doeumented for
both animéll ilnd plilnt spccies, but to d,lll' oniy ilp-
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pe<lrs to be "sol\'ed" f()r lhe nlL'mbcrs uf the grilss
lribe.

T!le foclls on high copy nUlllber L'iL'lllenls in planls
necessitelted the de\'elopment of Ilel\' prolocois lu
Clssay TE mo\'elllent on a v,hole-genollle basis. Unlike
the 10LV copy number class 2 e!cmenls discllssed
abo\'e, MITEs elnd retrlltransposons relrely trilnspose
ilnd Me nlll associated \\'ilh Illut<lllt genes. Thus their
<lcli\'itv could not bc \'isualizcd in the lr"ditionill
1ll"nl1~r of examining spotted kernel s (Fig. lA).
Illstc,ld, il modificiltion 01' lhe gel-based élmplificd
fr,'gment length polynlOphism tcchniqlle c"lled tr,lns­
poson displi1Y was de\'eloped losimult"ncously moni­
tor the movement of hllndreds of elelllents (Fig. 113;
22). Trélnsposon display of the stélble <lnd highly
polYlllorphic MITE filmilies 01' Illilize has lec! to tiwir
use ilS a nelV clelsS of molecular milrker théll is pref­
ercnli,llly ,lssoci<lled with genic regions (5).

THE FUTURE or PLANT TRANSPOSONS: POISEO
fOR NEW BREAKTHROUGHS

Ci\'en lhat a lorge fr,lCtion of the DNA sequence
output frOI1l plélnt genolllc projects \Viii be derived
from TEs, there \,vill be no shortage of ne\V elt'ments
to be discovered, categorized, and exploited as po­
tenti<llly valuable molecular tools. However, three
recent ~1apers exemplify for me the areas wherc n:a­
jor breélkthroughs ilre most likcly to arise. The first,
by Hirochiki and eoworkcrs, reports the ilmplifica­
lion of the tobilcco relrolrélnsposClIl Tlo/ in I\r"bidop­
sis plilnts thélt are l1ll'thylalion deficient (ddll/l; 13). In
the near future we should know how epigenetic

Figure'. f\s~:lying r~ .1Clivil)' Ihe "Id wal' lA) ,1nd Ihe new \\,;IY lB!.
..\ Malle kernel s oi~pl.lying pJllernS ch.lr.)L1erislic oí TE e.cisiol1
ímm .. gene in lhe anlhoc ),.lnin h¡",)'nlhetic p,llhwJ)'. 13, Compuler,
gl'llt'r,llpd image pí J Ir.1I1spO~(¡n eli~pl"I' where blue f1l1oreS(C'nl
",ll1elS ,HC' I'C:K prodllclS IhJI are .1nlhorcd in a rcslriclinn sile ,111d in
J Il1l'mi>er o( lhe Mil E (,1I11ily 11hZ (Lourtesy oí Zenaida MJgbdnu;l

IUl1iversil)' of Ccorgia, Atllt'nsIJ. Rl'd bal1c.Js arl' M, f))Jrkl'r~. S,llT1ples
\Vere r<'solved on .1<1 Alll'177 sequencer wllt're Ihe lo,lding was
sl;lggered.
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l11ech<1nisms rcgul,lte TEs, whetllL'r this control is
intluenccd bv cllVironnlL'nt,ll cues, hol\' TF llrg,lni7,1­
lion intlllences glob,¡J chrolllillin struclurL' (,lnd ill
lurn gelH,' expression), ,lnd whetlwr cpigelll'tic rL'gu­
I,ltillll L::\'ol\'cd to regul,llC TF:s.

Two pi1pers hi1\'l' ri1ised the bi1r 011 our concept of
the dynillllic genonw ,1Ild hJ\'e positioned the gr,lSS
cl,lde ,1S <l focéll poillt 1'01' future studics. 111 ,1

follolV-Up to their study uf illtergenic retrotrélns­
pl1sllns in m(lize, Si1nMiguel et ill. ('19) prO\'ide e\'i­
dcnce thM il burst in retrotrilnsposon ilcti\'ilv dou­
bled the siZt' 01' the I11diZt' gellome within the' pi.lst 3
Illillilln \'l'ilrs This result dt'lllonstrated for the first
time th,l'l TEs could r,lpidlv restructure i1 genollle. In
lllt' sccllnd p,lper K,llendc1r et ,11. ('1'+) present a dril­
Ill,llic t'X,llll~)1c of TE-mediilkd genomic restructuring
IV i th in pllpuléltions 01' the \Vi Id bill'ley HOl'dcllI17 SPOII­

11711<'11111 gro\\'ing in distinct regian::; of el canyon in
isr,wl. In this C,lse, genolllL' restructuring ti1kt's the
fllrm llr gcnOIlll' size \'i1riéltion due to retrotransposon
'llllpl i fic,l tion (the FiA I~ 1:--1 clelllen t) ,1Ild in tri1­
L'lemelll delt,tion. Corrclilti\)Jl bctwt'cn I3I\Rt:-l cop)'
1l1lll1ber, gcnollll' sizt', ilnd IllCi11 cn\'ironment,ll con­
dilions suggcst (llr lhe first time ,1 tcstJble moleculc1r
IllL'Ch,lnism linking hilbil,ll with TE inductiLJIl in nat'­
urJI POpuliltions.

Taken together these two studies suggest thJt the
gr,lSS Cl,ldc is in il dynillllic pcriod of gcnomic re­
structuring élnd, 1'01' this rC(lson, may be the systelll of
choice tor underst<lnding the extent ot TEs involve­
mcnt ill both Illclcr()e\'olutiolli1rY ellld Illicroc\'o!u­
ti(milr)' ~lroceSSt's. Civl'n the rcl~lid p(lce of recent
discO\'L'ries, it milV be reJsoll<lble to expt'ct th,lt in tllL'
not-loo-distilnt tuturc this line of reseJrch \ViII pro­
vicit' lllech,lIlisms to l'Xplilin how evolution lVorks i1t
the lllolecul<1r le\·el.
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RNA silcncing is a eukaryotic gcnome defcnce systcm
Ihal involns processing of double-stranded RNA
IdsRi'\A) inlo 21-26 nt, short intufering RNA
(siR:\'A). Thc siRNA mcdiatcs supp.-ession of genes
cOrreSIJonding to Ihe dsRNA through targetcd RNA
dcgl-adation. In some plant systems there al'e add­
itional silencing processes, involving systemic spread
of silencing and R 'A-dil-ccted methylation/transcrip­
tional suppression of homologolls genomic DNA. We
show here that siRNAs produced in plants from a
green f1uorescent protein (GFP) transgene are in shol,t
(21-22 nt) and long (24-26 nt) size c1asses, whercas
those from endogenous reh'oelements are only in the
long c1ass, Viral suppl'essol's of RNA silencing and
mutations in Arabidopsis indicate that these c1asses of
siRNA have different roles. The long siRNA is dispens­
able for sequcncc-specific mRNA degradation, but cor­
relatcs \l'ith systemic silencing and methylation of
homologous DNA. Conversely, the short siRNA c1ass
correlates with mRNA degradation but not with sys­
tcmic signalling or methylation. These findings I'cveal
an unexpectcd level of cOlllplexity in the RNA silencing
pathway in plants that Illay also apply in anilllals.
Kel'lI'ords: DNA l11elhylalion/double-slranded RNA/
retroelel11cnls/RNA silencing/si lencing suppressor/
syslel11ic signalling

Introductíon

In eukaryolic cells. gene silencing operaling al lhe R lA
level has roles in adaplive proteclion againsl viruscs
(Voinnel, 2001), in genome defcnse againsl l110bilc DNA
elcrnenls (Kelling el al., 1999; Wu-Scharf el al., 2000) and
in dcvelopmcnlal regulnlion 01' gene cxprcssion (Grishok
el al., 200 1; HUlvagncr el al., 200 1; Kelling el al., 200 1).
Many of lhcsc silcncing systerns involvc doublc-slranc\ed
RNA (dsRNA) lhal is gcneralcd by hosl- 01' virus-cncoded
RNA-dcpendenl RNA polYlllerases (Dalmay el l/l., 2000;
Mourrain el al., 2000; Sijen el al., 200 l a), by transcription
cilher through inverled rcpeats (Grishok el al., 2001;
HUlvagner el al., 200 1; Kelling el al., 200 1) or frorn
converging promolers (Aravin el al., 200 1). Various tcrrns
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including RNA inlerfcrencc, post-lranscriplional gcne
silencing and quelling have becn uscd to refer lO lhcse
examplcs of gene silcncing. Howcvcr. based on genclic
and rnolccular analyscs. il SCClllS lhal lhcir rncchanisllls
sharc sirnilarilics and herc \VC use lhc gcneric lerrn 'RNA
siJencing' .

A second componenl 01' RNA silencing, in addilion lo
dsRNA, is a 21-26 nt RNA known as shorl inlcrfering
RNA (siRNA) (Hamillon and Baulcolllbe, 1999; Elbashir
el al., 200Ia). In Drosophila, lhe siRNA is derived frorn
dsRNA (Zarnore el al., 2000) by lhe aclion 01' an RNaseIII­
like enzyrnc named Dicer (Bernstein el al .. 200 1). Thc
siRNA guides a rnulli-subunil ribonuclease. re fcrrecllO as
RNA-induccd siJencing cOlllplex (RISC) (Halllrnond el al.,
2000,200 la: Elbashir el al., 200 l a; ykancn el al .• 200 1).
and cnsures thal il specifically dcgrades RNAs lhat share
scquence similarily wilh lhe dsRNA. It is thoughl thal thc
specificily is medialed by base pairing of lhe siRNA and
the largel.

In addilion to mRNA degradalion, RNA silencing in
planls acls al scveral other levcls, including DNA
Illelhylalion and lranscriplional suppression (Wassenegger
and Pelissier, 1998; Melle el al., 2000; Jones el al., 200 1),
pre-rnRNA processing (Mishra and Handa, 1998) and
translalion (VanHoucll el al.. 1997). Aspects of RNA
siJcncing ha ve also been illlplicalcd in lranslationaJ control
in other cukaryotes (Grishok el al .. 2001; HUlvagner el al.,
200 1; Kelling el al., 200 1). In many 01' lhcse exal11ples lhe
target nucleic acids share nucleotidc scquence similarily
with lhe inilial c1sRNA lrigger, and it is likely lherefore lhal
siRNAs are lhe specificity c1eterlllinanls. However, it is nol
known whether RISC is involved and il relllains possibJc
Ihal difl'erenl siRNA-containing cOlllplexes acl al various
levels of genc expression.

As wcll as inlracellular RNA silcncing, there is abo
transmission of lhe silencing statc bel\Vccn cells (Palauqui
el l/l., 1997; Voinncl and Baulcolllbe. 1997; Voinnet el al..
1998). In planls, a signal of silcncing 1110VCS frolll cell lO
ccll lhrough plaslllodesmala and for grcatcr dislanccs
through lhe vascular syslelll. The signal is likely lo
incorporale a nucJeic acid becausc il mediates a nuclcolide
scqucncc-spccifk cffecl. A similar signaJ may exiSI in
Caellor!labdili.l' elegalls, wherc RNA silcncing is also non­
ccll autonomous (Fire el al., 1998; WinSlon el al., 2002).

One possibIc role ol' lhe eXlraecllular signal of silcncing
in planls is anti-viral. Thc signal would Illove togelher
with, or in advance of lhc virus, ano mcdiate silencing of
lhc viral RNA in thc nc\Vly infeeled cells. Consequcnlly
lhc inl'eclion would progress slowly or would bc arresled
(Voinncl el al., 2000). Many plant viruses producc
prolcins lhal supprcss RNA silencing in ordcr to countcr­
acl Ihis defencc mcehanism (Anandalakshmi el al., 1998;
Brigneli el al., 1998; Kasschau and Carrington, 1998).
Thesc proleins sharc no obvious comrnon Slructura\
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Fig. 1. Dlrll.:rt."llual aCL'llllwlatioll nI' long ami ~hort ~iR:\A in loc.d and
... , ~1t.:Il1IC G¡:P ,ikl1cil1~. (A) 1.0c:1I ~ilcllcillg (LS) of GFP (left) was in­
ltul"cd in ka\ C:~ uf ,\ ¡Id-l) pe: (\VT) N.bewJwlIl;ol/(l by agro-infiltration
nI' tht.: J5S-GFP L:\m~lrllCt. Local silt:ncing also OCClIrs in GFP lrans­

gt:nic N./;('III/wm;WI(l (rigIH) and precedes systemic :-:.ilencing (SS), in
which Iral1~gene cxprcssioll is slIpprcssed in I1CW. cmcrging. Ilon-infil­
lrateU lis",es. (S-Cl Low molecular wcighl R:'<A was hybridized wilh
GFP alllisense-spccifie (11) or sensc-specific (C) probes. Lanes 'SS'
wcrc from sy~tclllically silcllccd uppcr leavc:s 01' GfP transgcnic
N.beI/1Jwm;(l1/(1. '5X' indic.:ates (hat lhe JIllQlIllt of RNA loadecl in lancs
] .1I1l! 7 "as 5-fold highcr lhan Ihe amount loacled in l,mes'¡ ami 8. The
~:tlllpks in I;¡ne~ .LS' werc from Icaves 01' wild·type N.hl'lIlhwlli{/l/{l
L".\hibiling loral ~ilcncillg following inliltration wi(h Ihe 35S-GFP ~train

uf A.lIif1lCJ(f( ¡eliS. Control sal1lplcs (Iancs ":\5') wcrc from Ilon·inlil­

Ir"lel! [caves uf wild-type N.beJIf/¡"lIIi1/1lll. 130lh GI'P siRNA classes
acc.:lIIlWlalL" In similar. high Ic\'c1s in GFP lransgcnic ano wikl·(ype
pl:lIlb (data no! ~ho" n).

ResLilts

Agrobacterium-mediated silencing o( GFP in plants
When a liquid cullure 01' Agro/}aueril/lll /lllIIefaciells is
pressure-injected inlo leaves, lhe lransferred (T)-DNA of
the baelerial Ti plasmid is (ransferred inlo planl cells.
where lransient expression of lhe T-DNA-encoded genes
procedes. Thus, in Nicolialla /}ell/hl/llliw/{/, the 'agro­
infiltralion' 01' a GFP lransgene eoupled to a cauliflower
mosaic virus 35S promoler (35S) results in strong green
liuorescence in lhe infiltratecl zone lhal contras(s with (he
surrouncling red fluorescence from chlorophyll. GFP
f1uorescence and GFP mRNA n.:ach peak levcls afler
2-3 days in lhe infillraled palch (Yoinnel and Baulcombe,
1997) and lhen decline as a consequence of RNA silencing
ac(jvalion (1ohansen and Carringlon, 2001: O.Yoinnet.
S.Rivas, P.Mes(re and D.C.Baulcombe, manuscripl sub­
milled). We refer lO lhis phenomenon as 'local sileneing'
of GFP.

When a 35S-GFP lransgene is agro-inlillraled into
planls thal are already lransformed with a GFP lransgene,
the infillraled patch appears bright green due lo lhe
lransienl GFP expression superimposed on fainter green
fluorescence from the residenl (ransgene (Yoinnel el a/ ..
1998). As on the non-Iransformed planls, transienl
expression of GFP peaks afler 2-3 uays and lhen declines.
Al laler limes, lhe lissue becomes uniformly red fluores­
cenl (Yoinnet el al., 1998), inuicating lhal lhe newly
infillrated transgenes and lhe resident GFP transgene have
bOlh become locally silenced. This local silencing pre­
cedes 'systernie si lenci ng'. in whieh GFP expression is
suppressed in newly emerging, non-infillraled leaves of
the GFP lransgenic planls (Yoinnet el al., 1998).

larget RNAs corresponding lO lhc siRNA. Based on (hese
resulls. we propose lhal the short siRNA is incorporaleu
into RISC and is involvecl in c1egraualion of lhe targel
RNA. We fUrlher propose thal lhe long siRNA plays a
separale role thal is associalec\ Wilh syslelllic signalling of
RNA silencing and RNA-directeu DNA melhylalion.
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1ll01ifs anu appcar lO ael against difrcrenl stages of the
RNA silcncing lllechanislll (Yoinnel el (1/., 1999:
Anandalakshllli el a/.. 2000: Llave el (1/., 2000: Mallory
('/ a/ .. 2(01), ineluuing synlhesis or Illo\'elllenl of lhe
syslelllie signal (Yoinnet el a/ .• 2000: Guo and Ding.
2(02).

Here. we charaeterize siRNAs prouuceu frol1l a
lrallsgene ;1I1U frol1l several cndogenous rclroelel1lellts,
allu we inveSligale lhe etTeets of viral suppressors of
silellcing. We ;¡10W lhal lhere are two size classes of
siR As associalecl Wilh RNA sileneing of a green
fluorescent protein (GFP) lransgene anu lhal lhese
siRNAs are differenlially affeclecl by lhe viral suppressors
of RNA silencing. In conlrasl. siRNA from retroelelllents
is composecl of only lhe long class. 11' (hc abunuance of the
long siRNA was redueeu by viral suppressors or by
mUlalion 01' lhe SDE4 ArahidofJsis gene. systelllic silen­
cing anu methylation of genomic DNA werc pre\'enleu or
reduced, whereas uegraualion of the largel RNA \Vas
unaffeeleu. Conversely. if lhe shorl class was reuueed in
abundanee or was absenl, lhere was no degradation of

Two classes o( siRNA
Local and systemic silencing 01" GFP in N.belllholllial/a is
assoeialecl with t\Vo size classes of 21-25 nI GFP siRNA
(Figure 1). corresponcling lo bOlh sense and anlisense
slrands. In lhe exlracts nI' local silencing lissue, lhe longer
siRNAs (25 nt) are as abundanl as lhe shorler species
(Figure lB and C. lanes -l ancl 8, respectively) whereas in
lhe systemic silencing lissue the shorler siRNAs (21-22 nt)
are by far lhe more abundant species (Figure J B and C,
lanes 3 and 7, respec(ively). We can rule oul lhat lhe
ditTerent size c1asses of siRNA are arlefacts causeu by
conlaminanls in lhe RNA preparations because Iabellcu
marker RNA had lhe sallle eleclrophoretic mobility,
irrespeclive of whether it \Vas analysed alone or afler
mixing wilh the planl RNA (dala nol shown).

The effect o( viral suppressors on local silencing
The onsel of GFP silencing afler agro-infiltralion provides
a convenient syslelll for induction of siRNA. FUrlhermore,
by infillraling mixed A.lfllllefaciells cullures. lhe effect of
viral suppressors on GFP siRNA, mRNA and systernic
silencing can be assessed. In such an experimenl one of lhe
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Fig. 2. Tb~ clTecls of "iral suppressors on local RNA sileneing.
(A) Local siieneing \Vas indueed in Ieaves of GFP lransgenie
N.bl.'lIfllllmitll/n by infillralion af lhe 35S-Gf-P strain ofAxrubacteriul1l
logcthcr with a second strain designcd (O exprc~s a viral supprcssor of
silc:lH:ing. The onsct of local silencing was rilen monilored and samplcs
"'ere rollerl~d for GFP mRNA and siRNA analysis. R:"A \Vas ~x·

traelrd frlllll lb~ inñltral~d Ieaves afler 5 (13) and 1I days (e). GFP
mR;-;A \Vas deteeted by bybridil.alion \Vllb "~P·labelled GFP "O:"JA.
GFP siR:"A "'as deleelcd by bybridil.alion \Vilb labclled GFP sense
R~A. Tbe lengtb of lb~ siRNA is inc!iealed as 21-22 nI (sbor! elass)
and 25 nI (long e1ass). Lanes 2-6 "nd 9-12 are from planls in \Vbieh
(he GFP 1\.lumeftlcieIlS \Vas mixed 1: I \Vitll a secllnd cullllre expres~il1g

a viral suppre"or. The suppressors \Vere He·Pro (He. I:mes 2 and 9).
2b (I:mes 3 :md 10), PI (I:lI1es -\ "nd JI). Ae2 (lanes 5 and 12) :md PI9
(lancs 6 and 13). Lanes 7 ami 14 are from p'ants in ",hieb lbe
sL'cund A,lIIl1lej(lÓClls culture c;¡rricd lhe 35S-GUS transgcnc COllstruct.
Lanes I :Illd R corrt:spond to non·int-iltrated control ka ves.

The effect of viral suppressors on
systemic silencing
Syslcmic sileneing of GFP in the upper leaves of lhe
inliitraled plants (Figure 3) \Vas slrongly inhibiled \Vhen
lhe 35S-GFP triggcr of local sileneing was co-expressed
",ith PI, He-Pro 01' P 19. It was slriking Ihal lhe suppressors
\Vere those affecling produelion of lhe longer siRNA
(Figure 2B, lane 2, 4 and 6, and Figure 2C, lanes 9, ) I and

monilored al S and 11 days posl-infillration (e1.p.i.) in lhree
separale experimenls.

Figure 2B anel C illuslrales lhal bOlh GFP siRNA size
classes accllmulaleel in lissues infillraled wilh a GFP
Agrobauerilll/l slrain in lhe absence of a viral suppressor
(Ianes 7 anel 14, respeclively). In conIras!. in all GFP
combinalions wilh viral sllppressor eonstruelS, lhe accu­
mulalion of siRNA was redueed, although lO differenl
ex(enlS (Ianes 2-6 and 8-12). The strongesl cffeel, with
PI9, resulleel in suppressed aecumulalion ofbolh long anel
shorl siRNAs for al leasl 11 days (Ianes 6 anel 13). He-Pro
suppressed bolh siR lA classes al S e1.p.i., bUI by 11 e1.p.i.
lherc was accllmulalion of lhe smaller c1ass only (Ianes 2
anel 9). PI slIppressed accumlllalion of lhe longer class of
siRNA lhrollgholll lhe II-day duralion oflhe experiments.
bul callsed only a 1l10derale reduclion in lhe shorler class
(Ianes 4 anel 11). AC2 and 2b were lhe lVeakesl suppressors
and caused a similar, moderale reeluelion of bOlh siRNA
elasses (Ianes S and 12 and lanes 3 anel 10, respeelively).

The GFP mRNA levels were invcrsely relaleel to lhe
abunelanee of lhe shorl siRNAs. Thus, in lhe samples
wjlholll a viral suppressor. agro-infillralion of 3SS-GFP
induced a high level of short siRNAs, and lhe GFP mRNA
from lhe stable inlegraled lransgene and from lhe
lransienlly expresseel DNA was below lhe limit of
e1eleclion (Figure 2B anel C, lanes 7 and 14, respectively).
In samples wilh intermediale levels of (he short si RNA e1l1e
lo lhe 2b, PI and AC2 suppressors (Figure 2B, 1:1I1es 3-5),
lhe GFP mRNA al S d.p.i. was al approximalely lhe same
level 01' was less abundanl lhan in lhe non-sileneed
eonlrols (Figure 2B, lane 1). However, by 1) d.p.i., with
lhese inlermeeliale suppressors, the GFP mRNA silencing
was as slrong as in lhe absenee of viral suppressors
(Figure 2e. lanes 10-12). The 11 d.p.i. sample lVilh He­
Pro also represenleel lhe inlermeeliale silllalion in whieh
lhe short siRNA class was moderalely abunelalll and lhe
GFP mRNA was lllarkedly reduccel (Figure 2e. lane 9).
The extreme situalion, in which shorl siRNA was rcduceel :
lo levels lhat were al 01' close to lhe deleetion limit, was
with He-Pro al S e1.p.i. anel wilh pl9 al bOlh time points. In
lhese samples (Figure 2B, lanes 2 anel 6, anel Figure 2C,
lane 13), there was slrong suppression of silencing and lhe
GFP lllRNA was more abundanl lhan in the non-sileneeel I

planls (Figure 2B and C. lanes 1 and 8, respectively). I

In contrasl, lherc was no obvjous rclalionship between
lhe accumulalion of the long siRNA and GFP mRNA
levels. Thus, GFP mRNA was sllppressed ir lhe long
siRNAs were e1eteetable, as in the 2b and AC2 salllp!Cs
(Figure 2B, tanes 3 and S, and Figure 2e. lanes 10 and 12).
The GFP mRN A \Vas al so suppresscd if lhe longer siRN As
lVere not deleelcd, as in lhe He-Pro (11 d.p.i.) anel PI
s:lI11plcs (Figure 2B, lane 2, and Figure 2C, lanes 9 and 11).
Taken logelher, lhese RNA analyses indieale lhal lhe shorl
siRNA bul nol lhe long siRNA has a role in local sileneing.
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T-DNA conSlrucls carries lhe 3SS-GFP lransgene as an
inilialur uf silencing :¡nd lhe seeund encodes a viral
suppressor (Figure 2A). The cultures are infillraled inlo lhe
leaves ofGFP lransgenic N.bel/I!lwllial/a and the planls are
monilorcd for local and syslemic GFP silencing. This
approaeh has been used previously lO invcsligalc suppres­
sors of silencing encoded in several viruses (Voinncl el l/l.,
2000; Johansen and Carringlon, 2001; Dunoyer el l/l.,
2002; Guo and Ding, 2002).

The viral suppressors lested include lhe PI prolein of
rice yelluw motIle virus (RY MV). lhe P19 prolein of
lomalo bushy stunl virus (TBSV), the helpcr componenl
prulease (He-Pro) of polalO virus Y (PVY), lhe 2b prolein
of cucumber mosaie virus (CM V) and lhe AC2 prolcin of
African cassava masaje virus (ACM V) (Voinncl el l/l..
1999). We used an Agro!Jaclerilllll cultllre carrying a 35S­
P glucuronidase (GUS) lransgene as a non-sllpprcssor
conlrol. Bolh GFP mRNA and GfP siRNA Icvels were
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Fig. -t. lhe e1Tecls 01' PVX 1'25 on siR:'-JA "eeumlll"lioll "nd syslemic
R:"A sileneing. (A) PVX-GFP h"s beell described previously (Ruiz
,,{ ({l .. 1998: VDillnel e{ ({l., 20(0). EXI"e"ion 01' Ihe inserts in Ihe PVX
veelOr is eontrolled by a duplicaled coat prolein (CP) promoler. as indi­
e"lcd in blue. lhe replic",e ORlO is essellli,,1 ror viral replic"lion: Ihe
25. 12 "nd 8 kD" prolcins "re ,,11 slriclly required ror vir,,1 CCIl-lo-cell
11100'emenl "nd "re collcctiveJy rcferred lO "S lriple gene block erGS)
proleins. The CP is essellli,,1 ror eneapsidalion as \Vell as eell-lo-cell
alld syslemic 1110vemenl. PVX-GFP-óCP carries a delelioll sp"n­
ning lhe entire CP ORF. PVX-GFP-óTGS-óCP is based DIl
PVX-GFP-óCP "nd c"rries " delelion 'p"nning Ihe elllire TGS
(Voinnel 1'1 at.. 2000). These PVX-GFP lllul"IlIS \Vere insertecl belween
lhe 355 prollloler "nd le!"lnin"lor 01' lhe pSin6t T-DNA. "mi viral
inocula wcrc providco 10 planls by AMro!Juc/cr¡'U1¡'¡l1cdiatcd lransient
expression 01' ¡he abovc-mentioned T-DNAs. (S) Four-week-old seed­
lings 01' GFP lrallsgenic N.bellllrlll1J;({IIC1 were inoculaled \Vilh
PVX-GFP-based replieons. Arler 5 d"ys. RNA \Vas eXlracled rrom lhe
inocu1;llcd Icaf "nd anlisellse GFI' siRNA \Vas assayed as described in
Figure 2. The onsel alld progression 01' syslemie GFP sileneillg was
lllollilOred in 10 plants for eaeh inoculllm "nd lhe "'''!lber 01' planls
showing systcmic silencing is indiC'atcd. Thc aSlcrisk al lhe boltOIl1 of
talle 2 indicates partial syslemic silc!leing lhal was only reslrictcd lo a
few tcaf vcins in (his particular pliltll. Thc viral inocula wcrc either
PVX-GFP-óTGS-L'iCP (Janes 1. 3 and 4) or PVX-GFP-óCP (I"ne 2).
The 35S-P25-óATG (Jane 3) "nd .155-1'25 (Iane 4) eonslrUCls \Vere
transielllly co-expressed in lhe inoclllaled lisslle. as described in
Figure 2.

ITGB TGB \TGB \TGB

35S:P25· lATO +
35S:P25 +

A

The results with lhese constructs show that there was
syslemic silencing and long siRN¡\ ollly if lile PVX-GFP
had a delction lhal included lhe P25 genc (Figure 48. lancs
1 and 3). If lhe P25 gene was includcd as pan nf lile
PVX-GFP genome (Figurc 48. 1,IIlC 2) or was providecl
ill tralls. lilere \Vas suppression 01' syslcmic silencing and
lhe longer siRNA was absellt (Figure 48. lane .:\). These
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Fig. 3. lhe erkcl> 01' I iral Sllppresso" UIl sy'lelllie IC'\A ,ikneillg.
G¡:P tr;¡ll~gl:llic .Vh('Ilf!UIIII;WW plants wcrc illfillratco with l1li;~cu

A.ItIt1/(jilC/('lIs cultures ¡I~ ucscrih...·u in r¡~lIrc 2. ~md WCI"\.' Ilwniton.:u
ror lhe OI1~l'l or !)y~tcmic ~i1L'Ill'il1g al 5. 7. 1I anu 20 u.p.i. ror cach
cxpcrimclllal trcatlllcnt. a IOtal of .,0 individual ~ecdling~ (thrcc ~cp;lr·

ate cxpcrimcllls wilh 10 plants cach) wcrc tc~tl"d. Abbrl"viations for the
"ilal sllpprcss(lr~ :Irc as ~howl1 in the IegcllJ to Figure 2. V.O .. \cin~

only: Ihis indic;¡lcs t!lal ::.ystcmic silenclllg was 1I1complc(c ano limitcd
to lhe \'cins of a kw Icaves.

13). Conversely, lhe suppressors lhal had either a slighl
(AC2) ur 11l0deralc (2b) cffect on systel1lic sileneing
(Figure 3) in our experimcnlal eonditions were lhose wilil
only a sligill elleel on lile level 01" lilc long siRNA
(Figure 28. lanes 3 and 5. ano Figure 2e. lanes 10 ano 12).
Tilese resulls werc consistently reproduced in lhree
inoepcnoent experil1lenls involving 10 planls each. Tiley
suggesled a eorrelalion between lhe produelion of the long
GFP siRNA species in lhe infiltraled patch and lhe
subsequenl onsel of systemic silencing.

To invesligate tilis possible correlation belween lhe
longer siRNA and syslelllic silencing furtiler. \Ve exploited
mUlanl forms 01" PVX incorporating a GFP gene
(PVX-GFP) (r:igure 4A). Replication-eompelent fonns
01" PVX-GFP are able 10 iniliate local silencing 01" lile
GFP I1lR A and siR iA produclion in GFP lransgenic
N.bellllwlIli(//w. However, only mulanl forms of
PVX-GFP in whieh lile P25 movement protein gene had
been delcled are able lO iniliate syslemic silencing.
indiealing lhal P25 is a suppressor of lhe systelllic signal
hut nOlol" the local silencing lriggered by virus replicalion
(Voinnet er !ll .. 2000).

We have nu\V eXlcnded lhese analyses using eondilions
lhal. unlike lhose used pre\ iously (Voinnel et al., 2000),
allo\V resolUlion 01" long and. hon siRNAs. WC inoculaled
Gr:p lransgenic N.bel/th(//I/úl//{/ ",ith forllls of PVX-GFP
lhal eilher did 01' oid not eneode P25. and monitored
produclion of siRNAs and syslelllic silencing in lile
inl"ecled plants. The PVX constructs were incapable of
Illoving out of lhe inoculaled cells because lhey were
defeclil'e for coat prolein (Figure 4A) (Voinnet et al.,
2000). Conseq ueIllI y. any syslelll ic si lene ing would be due
lu spread uf lhe silencing signal ralher than lhe virus.
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dala lherefore reinforce lhe associalion of lhe long siRNA
wilh syslemic silencing. They fUrlher suggesl ~hal P25
blocks syslcmic silencing by inlcrfering wilh prouuclion of
lhis long siRNA.

Retrotransposon siRNA
We also invesligaled lhe size uiSlribulion of endogenous
planl siRNAs. Although lhere are no knownnalurallargels
of RNA silencing in planls. il was originally suggesleu
(FlavelJ. 1(94) Ihal lhe mechanism is a nalural uefence
againsl lransposable elemenls in planls. This idea is
supponeu by recenl molecular and genelic eviucnce frolll
animals ami lower pi<lI11s (Kclting {!I (//., 1999: Tabara
el (// .. 1999: Wu-Scharf (!I o/ .. 2000: Aravin el o/., 200 1).

To find oul whelher planls abo have transposon siRNA­
Jike species, we probed exlracts of Arabidopsis l/w/iWII/
and Nicoliolla species for siRNAs corresponding lo lhree
differenl relroe\ements. [n each inslance, as shown bclow,
we uelecled RNA of both sense ancl anlisense polaritics
anu of a size similar lO transgene siRNA (Figures S ancl 6).
However, unlike transgene siRNA, in each case lhe small
RNA corresponded only lO lhe longer size class.

The Tnt I e\ement in Nico/iollo l(/baCIIIII is an aClive
relrolransposon (Granclbastien el a/., \989). Sensc anu
antisense specifk probes from lhe long lerminal repeal
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Fi~. 6. Retroelcmcnl siRNA and DNA melhylation in ;lmbido,,";s.
(A) RNA \Vas ~xtracted from wild-type ami si!cncing-dcfectivc I1HltalltS

01" 6·v.'cek·old A./hali(ll/(l (Iandrace C24) sL'cdlings. The mUlations "'ere
al the sdel/S)is2. S)isJ. sdel ami sde4 10ci (D:i1may el 01.. 2000. 2001;
Mourrain <'1 o/., 2000). AlSN I siRNA was dctecleci by lJybridizalion
with sense RNA lranscribcd rmm lhe cl(lned AISN 1 sequence. Afler
probc stripping. [he filter was rcprobeu wilh illltisCIlSC RNA fmm lhe
doned AlSN l scquenee. (B) DNA was e,'lraclcd from the lines ur
A.lilo/iollo as in (A) ancl digesled wilh the methylalion-sen,ilive
enzymes F-/{/<'1I1 01' SOIl3A!. Similar e.xlelll 01' eligcslion was confinncd
by elcclrophoresis and clhidium slaining 01' digested DNA. Each sample
01' ciigested DNA was used as templale ror PCR wilh AlSN-spccitic
primers and primers lhal \\'ould ampliry an unrelaleel sequence (lo
conlrol ror varialions in efiieicncy 01' individual PCR). The AlSN
primcrs wOllld only al1lplify AtS:"J D:"J ..\ ir it h:ld rcmaincd llndig.c~tcd.
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Fig. S, Relroclcmclll siRNA in N/cuti{//", sI'. (A) Low molecular
wciglll RNA rrom N,benl/¡{//lIi{//1(/ (I:mes 'N.b.'); 5·weck·(lld
N,wb{/('/II/I var. Petile Havana (Iancs 'N.l. ') ami 6·wcek·old A.I!",!i{/II{/

landracc C24 (Ianes 'A.l.') were hybridizcd Wilh !'P·labcllcd Tnl I LTR
scn::.c nf :lntiscllsc R1'\A. Samples in 1:lIlcs 'S' and 'NS' were as dc­
scribed in Figure I ancl the siRNA was delecled by hybridizalion Wilh
a GFI' antisensc-specilic ¡)f(lbe. (13) R:\i\ was c.xlracled from lhc lea,'cs
of 1-, 5- ami 9-wcck-old N,{olwCIIIII varo rctite Havana. Low molecular
weighl RNA was hybridized \\'ith a .1'P-labcllcd sense or anlisensc
RNA eurresponding 10 a cloneel TS SINE. Thc l\\'O panels ,ho\\' hyhri­
dizalioll lo lhc s:lInc filler slripped 01' probe bClwcen hybridizalions.
(e) Lea\'cs of N,bclIf!zalllialla \Vcrc illoclllaled wilh TR V;OO or
TRV:TS and lolal Ri'\A was eXlracled rlOm lhe illoclllaled Icavcs afler
2,4 allll 7 days. RNA was hybridized wilh a ·1lP·labelled, 617·bp DNA
fragment 01' TRV Ri'\A2 gCllcraled by EcoRI digcslion 01' veClOr
pTVOO. This fragmenl corrcsponds lO lhc )' UTR 01' Ri'\A2 and lhus
cross-hybridizes wilh RNA l. The Illllltiple Ri'\A ,pecies hybridizillg lO
lhe probe are gCllol11ic and subgenol11ic RNAs lhal are lypically
associaled wilh TRV illfeclioll (R;l!cliff el a/ .. 20(1). The ,ize ,hifl
01' lhe TRV:TS RNA species (lalles 7-9) cOlllinns delection 01' lhe
rccol1lhinant virus.
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(l1'R) 01' this seqllenee delecled 24-26 nI RNA in
NlohoClI1I1 (var. Samsun) ancl Nhellllwllliullo (Figure 5A,
lanes 6. 7. 10 and 11) bUl nol in A.lhuliw/{/ (Figure SA,
lanes 8 and 12). which cloes nol harbour elemenls 01' lhe
1'nll r~lIllily. These longer siRNAs corresponded, in equal
,¡bllndance. ID bOlh sens<=: and anlisense strands (Figure SAl
and \\'CI'( also delecled using probes from lhe Gog gene 01'
1'nll (d,Il,¡ illll shown). We did nol detecl 1'nll siRN A 01'
lhe small class (21-22 m).

1'0 delermine whelher siRNA was prodllced rmm olher
relroelemenls. we used as a probe lhe 1'S SINE elemenl
01' 10b,1l:CO (Yoshioka el 01 .. 1993). 1'S siRNAs in
Nbelll!JUllliUlIll and NlilboClllI1 were delecled IVilh bOlh
sense and anlisense probes cDrresponding to Ihe enlire
lenglh 01' a cloned 1'S elemenl (Figlll'e SB). As wilh lhe
1'nll elemenl, lhese TS siRNAs corresponded only lO lhe
24-26 nI long class. We infer lhal lhe 1'S siRNAs are
abundanl beca use lhey IVere delected wilh lhe same shorl
Iluol'Ographic exposure limes used lo detecl GFP siRNA in
"yslcmically silenced lea\'es (Figure 58).

The siRNAs associaled IVilh lransgene silencing
medialc resislance againsl virus infeclion. 1'hus.
Nhelll!JlllI1iwllI planls exhibiling virus-incluced anc\ lrans­
gcne-inducccl syslcmic silencing 01' a GFP Iransgene are
reSiSI,lIll ~¡gainsl rccombinanl viruses carrying a GFP inserl
(VOinIlCI ancl Balllcombe, 1997; Ruiz el al., 1998).
110\\·evcr. Ihe 1'S siRNAs did nol conrer resislance lO
Nhelll!JIlJlliollu againsl recoll1binanl lobacco rallle virus
c~lrrying a 1'S insert (TRV:1'S), because lhis veclor was
~¡ble lU accul1l11lale as rapidly and as eXlensively as Ihe
recolllbinanl 1'RV WilhoUl an insert (Figure SC, lanes 4-6
compared wilh lanes 7-9).

1'0 leslwhelher abunclanl siRNA produclion is a general
fealure 01' SINEs, we usecl lhe AlSN 1 01' Al'llbidupsis as a
probe. As wilh lhe 1'S SINE. bOlh sense and anlisense
sil<NA (Figure 6A) were founcl bul deleclioll required
lIluch longer exposure lime lhall for lhe lobacco 1'S
elemen!. suggesling lhallhey are less abunc\an!. 1'he slrong
siRNA signal oblainecl wilh lhe TS probe is more likely a
reOeclion 01' lhe high copy number 01' lhe 1'S elemenl
ISO 000 copies per genoll1e (Yoshioka el al., 1993)
compared wilh 70 copies 01' Ihe AISN I (Myouga el 01.,
200 I)]. RNA bJol analysis inclicalecllhe presence 01' sense
ancl anlisense AtSN I siRNAs (Figure 6A) which, as wilh
lhe 1'nll ancl 1'S elemellls, were 01' Ihe longer class. These
AISN I siRNAs \Vere presenl in wild-lype planls alld in
sdellsgs2. sg.d and sde.! mulanls lhal are defeclive for
lrallsgene silencing (Elmayan el al .. 1998: Dalmay el 01,
2(00) (Figure 6A). I-Iowever, in an sde4 mutanl back­
ground. lhe AISNI siRNAs were absenl. (Figure 6A, lancs
4 ami 10). 8asecl on lhese resulls il seeI11ecl likely lhal
rclroelemenl siRNAs are procluced by mechanisms lhal are
similar bUl nol iclenlical lo lhose involvecl in lransgene
RNA sileneing.

RNA sileneing 01' lransgenes ancl retroelements in planls
is oflen associaled wilh sequence-specific melhylalion
(Ingelbrechl el 111 .. 1994: English el 111.,1906: Jones el 111 ..
1999; Melle el 111., 2000: Morel el 1/1 .. 2000: Miura el l/l.,
200 1). Because si RNAs are slrong cundidales fl1r lhe
moleculcs lhal c1irecl melhylalion, IVe lesled whClher
melhylalion 01' an A1SN 1 ele1l1enl was affeclccl in lhe .l'de4
mlllanl. The melhylalion analysis 01' AtSN I DNA was
carried oul by PCR 01' genomic DNA frolll IVild-lype and
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silencing-clefeclive mulanlS 01' A.llw!ill/w. 1'he primers
were based on lhe 11.¡f/(/lil/l/(/ (Ianc\race Columbia) DNA
lhal Ilanked an A1SN I insertion ancl lhe PCR was carriecl
OUl on DNA lhal had been c1igesled indepcndenlly wilh
lwo separalc melhylalion-sensilive enzymes. SII1I3A I and
HI/ell/. 1'hese enzymcs cut wilhin lhe AISN I sequcnce so
Ihal if lhe le1l1plale DNA was unmelhylalecl, lhe amounl 01'
PCR producl would be less lhan wilh lllelhylaled DNA. As
an inlernal conlrol, Ihe PCR also included a pair 01' primers
for a DNA fraglllenl lha! did nol conlain SI/1I3A I or HI/ell!
siles. Figure 6B shows lhe resulls 01' lhis analysis ami
eonhrms lhal in lhe sde4 genolype. lhe AISN I DNA was
less ll1elhylaled lhan in wild-lype planls or any 01' lhe olher
silencing-del'eclive mulanls lesled. Thus, based on lhis "
sde4 phenolype, lhere is a eorrelalion 01' long AlSN I
siRNA and melhylalion 01' lhe corresponcling DNA.

Discussion

Two classes of siRNA in plants
In lhis paper we demonslrale lha! lhe shorl RNAs
associalecl Wilh lransgene RNA silencing are heterogenous
in bolh size ami fUl1clion. Thus, lhese RNAs are nol a
single class 01' -25 nI, as reponed prcviously (I-Iamillon
and Baulcombe, 1999). bul insleacl are lwO c1islincl
species, co-migraling wilh 21-22 nI and 25 nI markers.
1'he cliserepancy belween lhe presenl and lhe previous
analysis is mosl likely due to improvecl eleclrophorelic
resolulion, shorler exposure limes and lhe nalurc 01' lhe
size markers. We previously usecl DNA oligonucleolide I

markers migraling -10% fasler lhan lhe RNA markers
used here (Salllbrook et l/l., 1989). We refer lo lhe two
classes as short and long siRNAs. I-Iowever, unlil we have
sequenced Ihese molecules and clelerminecl lheir lenglh,
we acknowledge lhal lhe apparenl size di fference may be
duc lO RNA Illoclifkalions alTecling eleclrophorelic
mobilily.

In lhe presence 01' viral suppressors, lhe shorl GFP
siRNAs correlaled wilh degradalion 01' lhe largel GFP
IllRNA (Figure 2). We propose, lherefore, lhal lhis
21-22 nI siR NA represenls lhe siRNA lhal guicles lhe
RISC ribonuclease lO Ihe largel 01' RNA silencing (Zamore
el l/l., 2000; E!bashir el al., 200 la). 1'he long class 01' !

siRNA is similar lo lhe shorl elass in lhal it corresponds to
bolh RNA slrands (Figure 1) ancl, Iherefore, is probably
derived from clsRNA. I-Iowevcr, il is unlikely lhallhe llVO
classes 01' siRNA have lhe same funclion because lhey
aCCU1l1u!;¡le dil'ferenlially in locally and syslemically
silcnced lissue or in lhe presence 01' viral suppressor '
proleins (Figures 1-3). In addilion, lhere are lwo lines 01'
evidence indicaling lhal Ihe long siRNA is nol lhe guide
I'or RISC. First. in our assay 01' lhe PI ancl Hc-Pro
suppressors, lhere was silencing 01' a GFP largel RNA in
lhe absence 01' long GFP siRNA (Figure 2B and C). 1'he
second line 01' evidenee is basecl upon experimenls Wilh
1'RV:1'S showing lhal largeled RNA clegradalion does nol
occur in lhe presellce 01' abundanl, long 1'S siRNA
(Figure SC). Consislenl with lhe iclea Ihal the long
siRNA is nol a guide 1'01' RISC, synthetic siRNAs are
inactive in an RISC assay if lhey are longer lhall 23 111

(Elbashir el al., 2001 b).
Our finding thal long siRNA is associaled wilh bolh

SDE4-medialed DNA melhylalion (Figure 68) ancl sys-



lemic sileneing (Figures 3 and 4) eould mean lhal lhis elass
01' siRNA is direetly involved in thesc proeesses. For
examplc. il eould be lhat long siRNA is lhe syslemie signal
01' silencing. This long siRNA molecule could also
medi~lle lhe nueleolidc scquence-specific melhylalion 01'
D1'A oflen associaled ",ilh systel11ie RNA silencing in
planls. Ho\\·e\·er. our uata coulu also acc0111modate {he
possibility lhat lhe long siRNA is either a c\erivative 01'
precursor 01' lhe R 'As speeies lhat are direetly involved in
syste111ic silencing and RNA-direeled DNA methylation.

To assess Ihe precise funetion 01' the differcnt classes 01'
siRNA in planls. it will be necessary lO establish the ways
in which lhese RNAs differ physically and "'helher Ihey
are produced by the same Dieer aClivity. The Ambidupsis
gcnome encocles at leasl four proteins Wilh Ihe helicase,
PAZ and c\sRNA binding domains lhat are characleristic 01'
lhe Drosopllila Diccr (Y.Klaue and D.Baulcombe, unpub­
lishecl dala). ancl one possibilily is lhat clifferenl members
01' this prolein family produce lhc short and long siRNAs.
Loss 1'01' each 01' lhese proleins will allo'" us to assess this
seenario. Loss ofthe truc Dicer funclion ",ould leacllo loss
of lhe primary RNA silcncing mechanism. Suppression 01'
Dieer paralogues woulcl leave the primary sileneing
mechanism inlact bUl may prevenl produclion 01' lhe
long siRNA. 11' syslemie signalling and DNA melhylation
are depcnc\enl upon long siRNA. lhe loss 01' Dicer
paralogue funclion would lead to suppression 01' lhese
aspeels 01' RNA silcneing. Olher RNA sileneing proeesses
sueh as ,lInplifiealion and transitivity (Sijen el a/., 200 I a;
Vaistij el al., 2002) may also be dependent on lhe long
siRNA.

RNA si/encing and the control of retroelements
Mutations in Ce/egalls', Drosophi/a and C/¡/alll.w/olI/ollas
lhat impair RNA sileneing 01' transgenes 01' host regulalory
genes also result in elevaled aelivity 01' transposable
elemenls (Kelling el a/ .. 1999; Wu-Seharr el al .. 2000:
Aravin el a/ .. 2001). Based on these obscrvalions, lhere is
now widespread agreemenl thal an importanl n:llural
runelion 01' RNA silcneing is lO reslriet transposons
(Plaslerk and Ketting. 2000; Sharp and Zamore, 2000;
Hammond e/ al .. 2001 b). 11 is somewhal ironie lhal
allhough RNA silencing "'as discovered in higher planls.
(Napoli e/ al., 1990), lhcre has been no direcl evidence 01'
such a funclion. The dala presenled here provide lhis
evidcnce by dcmonslrating lhe presenee uf siRNA corres­
ponding lO three differcnl relrotransposons in Nicotiw1(/
spp. and A.I/¡a!ialla (Figures 5 and 6). JI ",ill be il11eresling
to dctermine whelhcr lhe sde4 mutanl, which does nol
accumulale siRNA 01' al least one Iype 01' retroele111enl. has
a mutator phenolype like 1111117 anu olher sileneing­
derective lines 01' Ce/egwls.

In Celegalls. there is only partial overlap in the RNA
silcneing-relaled mechanisl11s thal control retroele111ent
aCli"ily and mediale dsRNA inlerrerence. Some 111Ul:llions
suppress both processes "'hereas others arfeel only one
(Kctting el a/.. 1999; Tabara el o/ .• 1999). Clearly there are
degrees 01' complexily in RNA silencing that are not
appan:nl 1'1'0111 lhc well sludied dsRNA/Dieer/RISC-b:lsed
process. In plants therc is probably a similar degree 01'
complexily beeause both classes 01' siRNA are associateo
wilh transgene silencing, whereas retrotransposon siRNA
belongs only to lhe long elass. Similarly, 01' the four Inci
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idcnti fied in a mutanl screcn as bcing required for
lransgenc-indueed RNA silcneing, only sde4 has any
effcel on AtSNI siRNA. Moreovcr, sg.l'2 and sde/, -3 ano
-4 inlerferco wilh lransgcnc mcthylation (Dalmay el (1/ ..
2000). but only sde4 intcrfcrcd wilh mClhylalion 01' AlSN 1
DNA (Figure 6). Presumably, the classcs 01' siR A 01'
RNA silcneing gcncs arc not involved equally in dirrerenl
branehcs 01' lhe silcneing palh"'ay. Some 01' lhe complex­
ity may simply bc a result 01' eompartmenlalizalion Wilh,
1'01' examplc, RNA turnover oegradalion in lhe eyloplasm
and DNA methylation in the nuclcus (Mellc el a/., 200 1).

Rctrotransposon DNA in planls is aften methylalcd and
transeriptionally silent (Hirochika el a/., 2000: Miura el a/ ..
200 1). To account for lhis situation it is likcly. from lhc
dala here and rrom prior analyses 01' RNA-111cdiated
lranscriplional silcneing (Melle el (1/ .• 2000; Sijcn el al ..
2001 b), lhat thc transeriptional inactivalion involves RNA
silencing. A double-slranded rorm 01' thc retroelcment
RNA would be proccssed into siRNA and lhere would be
RNA-mediated mcthylalion 01' lhc corresponding DNA.
Thcrc is liltle inform:llion about bOlh lhe lranscriptional
stalus and gcnomic organization 01' lhe three elements we
tcsted, and we cannot prcdict how thc putative dsRNA
prccursor ofthe siRNAs arose in each casc. One possibilily
is lhal an R A-dependenl RNA polymerase eonvertcd
rctrolransposon RNA into doublc-strandccl form. Thc
dsRNA derived in this way would inelude prollloter
scqucnces ofthe relroelemcnt and eould targel transeriplion.

A sccond lllodel to account rol' relroclement dsRNA
invokes transcription lhrough invcrled repeal retro­
c\cmcnts. In this second model, transcription would be
inilialcd from cither an adjacenl host promoter 01' within
lhe rClroelcmenl, and the dsRNA would be produccd
indcpendently 01' an RdRP. Howcver, irrespectivc al' (hc
mcchanislll rol' relroelement dsRNA production, our dala
show lhat RNA sileneing has the polenlial lO prolCe( plant
gcnomes againsl rorcign DNAs. Given lhc abundancc 01'
rctroelemcnts in many plant genomcs. the aetivity 01' RNA \
silencing is likcly lo havc played a major role in
dClermining plant genome size and struclure.

Materials and methods

Plant and Agrobacterium material, and grawth canditions
\Vild·typc N.Ullwcum (var. Samsun and Pelite Havillla), N.helll/l(lmiflll(l
ami lile GfP lrilllsgt:nic 16c line ol' N.!Jl'II1/U1JJlill//(/ wcrc gro"'fl as
ckscribcu previollsly (Marano and 13alllcolllbc. 1998; Voinnet el al..
199X). Arabid0l's;s II/{I/;alla landrace C24 amI lransgcnic anu mlllanl
Jines derived from 'his "'ere gro",n '" ucseribcd previollsly (Dalmay el al..
2(00). The previollsJy ueseribeu sde2 mlltalll is allelie ",ilh s[(s3
(i\1ourrain {" (11.. 20(0) (A.Herr. pcr~ol1¡¡1 cOI1lI1l11l1ic:ltion). GFP
nuorcsccncc was Illonitored visually untlcr llltra·violcl cpi-illul1lination
(Voinnc' el a/ .. 1998). Reeombinanl A./IIllleJ{lciells slrain C58CI ",as
grown lO S1alionary phase al 29°C in L-brolh wilh 50 ~g/l11l 'anamycin
ami 5 ~g/mllelracycline. eolleeled by celllrifllga,ion (5000 [( for 15 min al
20C C) and re-suspended in tO mM MgCI 2 and 150 ~g/ml aeelosyringone.
Cells were lefl in lhis l11eclium for 3 h anu lhen inóltraled into lhe
ab",,¡aJ airspaees of 2- lO 4-week-olu N.belllllfll//;wlfI plallls. AII lhe
A[(",baClerilllll slrains usetl harbollreu lhe pCH32 helper plasmid
(Halllilton el a/ .• 1996) and were used lIndilllled in lhe experimellls
deseribed here. exeepl for lhe 1'25 slrain whieh was l11ainl:lined al an
oplieal densilY (OD",,) of \.0 to avoiu IOxicily (Voinnel el al.. 20(0).

Canstructs far transient expressian, viral constructs and
viral inoculation procedures
35S-GFP. 35S-25K. 35S-25KilATG. PVX-GFP-ilCP anu PVX-GFP­
óTGB-ilCP eonSlruels were c1escribcd prcvioll,ly (Voinncl el ,,1.. 2000).
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Tlle othcr ~lIppre')sor cDi'\As \\'ere amplificd ''''¡lh primer scqucnccs
(:l\,;lilable 011 rcqllCM) I"rol11 IlrC\'iollsly dcscrib~d plasmids (Brigncti ('/ al..
IY98: Voinn~l el al.. 1999) and ins~ned into lhe Silla I site of pBin61
1I3cndahmane lJI o/ . 20(0). anu cnllfinnl:d by scqucncing. TlJc control
J5S-GCS ('Ofl~lntct was from JOIl:tlh:1I1 Jonc.:s (S:lillshury Laboratory).
TRV:TS is ba..cd 011 recombill:1111. hipaftitc lObacco ,.:lnle vírll~. (Ralcliff
1'1 (11.. '200 1). R:"A I CIlCOUCS ¡he ,'¡r;l! replicase.;1 mOVClllcnt pW{c.'in (.\1P)
'IIH.I ;¡ 16 J...Da prOlcin (lf un"nowl1 fllllctioll. Tlle replicol;"c OpCIl rcading
frame (ORF) conlain~ ;111 illlrnll (inl). R:'\IA2 encodes (he viral ('oal protcin
(CI') and IVas modilied lO carry lhe TS SINE insen as a 3' transeriplional
fusiono R:'\'A I and RNAl ~han..· 1111clcotidc ~cqllel1ce hOlllology in lheir 3'
L;Tlb. The eloned R:-;A 1 of TRV:TS "'15 in~ene<l bet",een lbe .'5S
promoler and the lerminatClr of tbe pUin61 T-D:"A. The cloned TRV:TS
R~A~ \\as in~~rt~d bClwecn the )5S prollloter and the Nos t.:rminalor of
lhe pGrcc:n hinary 'tXtor T-D~A (Hclh.:ns el lIl.. ~O{}U). Viral inocula
Wt,.'h': provideu lo pl:.II)I'\ by Agrobm:lerilll11-I1\t:.'dialcd trallsicnt ('0­

I:.'\prc:s:-ion of lhe aho\'t>IlH.'lltioned T-DNAs.

RNA iso/ation
Ll:.'avt..'~ w~rc h;¡rn~'itcd and frozen in liquid nilrogcn, ground to a fine
powda amI mi.xcd wilh R:--JA ~xtraction buffer (4 M guanidinc
isotbioev:lIlale. 25 mM ~a Citrate pH 7. 0.1 % Sarkosyl) (f'igures l. 5
:ll1d 6). Thc: n,,:sulting slllrrics "'c:re e.xtracted twice \Vith phenol/
chloroform/isoamylalcobot (equilibraled at pH 8: Sigma). Allernali'·ely
1Figurt:s 2 ~lIld 4). lhe frozen leal' powder was mixed with Tri-reagent
<Sigma). c:\traclc:d once \I,.ilh 1/5 volulllc of chloroform and Ihen once
\\ I(h .111 c:qual \'olumc: of phenollchloroform/isoalllylalcohol. RNA \...·a~
prccipitatecl wilh lhc addilion 01' all cqual valume of isopropanol and
ineub'''ed al -20°C for .10 min. mRNA ami rRNA (higb molecular "'eight
R~As) ,,"ere precipilalcd ",ith look polyelhylene glycol (mol. IVI 80(0).
0.5 \1 :-:"CI (~OC for 30 min) "nd reeli~sol"ed in 500/0 formamide. LolV
l1\okt.'ld~lr wt.'ighl R~r\~ including ,iR:'JA \\~rt:: prccipitated from lhe
I'EG/:-;aCI supernalanl (3 '01. elhanol al _20°C for 2 h) and redissolved in
:"O'H form:lInidc. RLI;ttivc qUi.lnlilic:ltioll nI' the 10w molecular wcight
fra(tion was by t.:lhidiulll bromidc: slaining.

RNA ana/ysis
High molecular IVeight RNA was analysed as deseribed previouslv
(Figures l. '2 :llld 4). For the: expcrilllcnls shown in Figure 5" higíl
lIlo!l..'cllbr weighl RNA in 50% fonn:l1nidc W~IS dcnalurccl w¡th 3.7%
formaldehyde in IX TAE and separaleel by eleclrophoresi~ in a 0.8%
agarll>ell X TAl': gel run al 500C. Analy~is of siRNA IVas as described
prc:\ iou~ly (Hamiltoll ;¡nd Baulcombe" 1999). Low molecular weight
R~.A m'''~e'' IVere produecd by R:-.iase TI dige~tion of \:P-Iabelled GFP
:-l'I1SC in "¡Iro (ran~Cripl~ ),iclding rraglllenl~ of 27 Ilt. ~...l nt (X 2)" 18 nt
:IIlÚ 15 nt. Slrand-spc:cillc hybridizatioll conlrols wcrc oligonllcleolidcs
... puttl:.'d Onto hyhric!izalion Inembrancs and hybrillizcd lInder the same
cOllditions as de.scribed for Ilorthcrn blolting. AII hyhridiLatioll signab
wc:rc dcte:Clcd by phosphorimaging.

Retroe/ements
Relroelemel\ls correspon<ling to Tnll LTR from N.1Il¡'''CIIIIl (var.
Samsun). lhe TS demenl (Yoshioka e( ",.• 1993) from N./fI¡'''C/lIII (var.
S:UllStlll) ami the AtSN 1 sequen ce of A.(/Itlliwltl were PCR-amplilied '1",1
tlonco ¡!lto plaslllid vcctors. Direct sequcncc f.ll1alysis ~howcd that the
Tnll sequenre corresponded to DDI3J/EMBUGenBank aCt"e>sion :'\0.
X 13777. lhal the TS el"ne corresponded lO lhe TSa subfamily of SI:-:Es
(Yo>hioka /.( 111 .. 199.1) and lhat lhe AIS:'\1 sequenee corresponded ",osI
clo:-.cly lo gC:lH.lI11ic ~Cqlll:I1CC on 13AC clone TISBJ.

ONA methy/ation analysis
Gc:numic DNA from 5·wcek·old planls (Dl"casy pl;¡nt O)!r\ t..'.\[r;U.:tiOll
~il: Qiagen) IVas digesled IVith //111'111 or Srw3AI (New Englan" l3i"lahs¡.
Thc ~c:qucncc Ilankillg Ihe clolled AlS~ I il1Sl."nion was amplilil.'J by PCR
00 cycles at 95°C for 3D s. at 55°C f", 15 s :lml al 72'C for .10 s)
IVilh primers (ACTrAA"rrAGCACTCAAAlTAAACAAAATAAGT:
TITAAACATAARAARAARn-cCTITnCATCTAC) fro", -~OO ng
lIf lhis DNA. Internal PCR cOlllrol prilllcrs b:l~cd UIl the ",.abit/o/túj­
(Iandrace Columhia) sequt:llce AI2~/C)()2n (A.Herr, pc:r:-'0u:t1 C~II1lI111lni·

l":ltion) ~p;¡n a n:gion l;u:lo..ing I!cwlll or Sau3AI ~itc:~.
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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 Beglliristain, Marie-Angele Grandbastien, Pere PlIigdomenech, and Josep M. Casacuberta*

Dq1 <1l"till1lenl c;l·ni.~tiC,l ivlo1eClll,lr, Institllt de f3il1logi,l MO!cClllilr de Rorcclollil (Consejo SuperiLlr de
IllIcstig,lCioncs Cien tíficlS), B,lrcelon,l, Spa in (T. n., P. P., J. M.C.); ,1 nd L.a bora toi re de Biologie Cell u 1,1 i re,
Institllt ~,ltioll,ll de 1,1 I\echerche Agronollliqlle, VerS,lilles, France (M.-A.G.)

Tlw bCnpl1ll:~ nt l1lost Ni,"O/i¡/I/¡J s~)('cies contilin thn'e different SlIbt,ll1lilies of the Tntl retrotransposon, \\'hich diffcr
cOl11pletely in their U3 scqllence, \\"here¡¡s lhe rcst of the scqllence i~ rcl,ltivL'iy const,lnt. The reslllts ~oresl'nted hcrl' sholV that
,111 thrl'e Tnll ,llbf¡1111ilies arc expre~sed in tobacco (Nico¡il1l1l1ll1llncIIIII) illld that the U3 seqlll'nce variability correlares \Vith
diffnl'ncl's in tlw p,lttern uf l'x~or,'s~iun of tlw Tntlclcl1lents. [¡lCh of the three Tnl1 slIbfal1lilil's is indllced by stress, bllt thl'ir
fOr'\l1lutt'r, h,l\"l' ,1 dificrent response to different stress-'lssociated signaling 11l0lecllles. The Tntl A slIbfill11ily is particularl)'
"tnln~l\' indllced by "Iicitore; and rlwthyl ¡,lSI1l0nate, whereas cxpression of the TntlC subfill1lily is more sensilin: to sillicylic
.llid Jnd .lll\in,. '11w dirt'ct rl'l,ltinIlShi~) bet\\"een U3 sequcnce v¡Hiability ,1Ild differences in the stress-,lssl1ciated e>.prcssion
nf th,' Tnt I ell'l11cnts ~Ol"l'sellt in a single host species gives sllpport to Ollr l1lodel that postulates th,lt retr0tr,lllsposons h,l\'('
,1li,1~0ll.'d 1<1 lheir h()~t gl'nOIlll'S through the l'\'Ollltion of highly regul,ltcd prollloters that milllic those 01 the stress-indllccd
FI'lI1t genl~s. i'v1orcon'r, l1('re we show that the andlysis of the Ir¡,nscription¡¡1 control of <l retrotrilnsposon poplllcltion such
,1' Tnt 1 pr(\\'ides llL'IV insights into the study III the COJllpkx and still poorly uIlderst()od nctwork of dcfl'nSl'- ,lnd
slree;s-induced pJ.lllt signal transduction pathw"ys.

I~etrotr(lnsposllns ,He mobile gene tic elements
ubiquitollsl:v present in ellkaryote genOllles, In some
CdSl'S, such ,1S lhe 13AI~E1 elelllent from bilrley, <:1
singit' retrotrilllsposon filmily un re,lCh il copy n'um­
ber ,1S high ,1S 50,OUO copies per hapiLlid genolllt'
(SlIonicllli et ,11., 19%), This high inv,lsivity is felCili­
tcltcd by tlwir replic,ltive meehailislll of transpositiun:
the transcription of the element genemtes ,ln RN/\
eopy thilt is reverse tr<:1nscribed into eDNA prior to
re-insertion into the genome (Boeke ilnd Corees,
19¡)L)), As retrutr,lnsposons do not exci"e, the copy
number nf retrotrdnsposons increi1ses expont'nti,llly
with tr,lnsposilion. On the other h<:1nd, retrotr,lnspo­
sition is plllentiJlly il highly mllti1genic event, which
Illakt's tht' inv,lsivity 01' these elelllents (1 hindrilnce
for their slIrvivill in t'volution. As rL'lrotransposons
.He n(lninfcctive ,lgents that Celnnot leilve the host
they inhabit, their survivi11 depcnds on él fine-tllning
uf ~eti\'ity-high enollgh to m,lint,lin the (lbility to
trelnspos<', bllt below il thrcshold thi1t wOllld compro­
mise the viilbility of the hllSt genome. How this equi­
librillll1 is r<'clched is iln interesting ami still open
ljuestion lhat \\'ill prob(lbly hilve differl'llt ilnS\\'L'rs
Illr difft'ITnt retrul'lenwnt-host genOllle couples. In
the l',lSl' l'i the Vl'ilSt Ty elenlL'nts, which Me prob<:1bly
the most lVell-eh<:lJ",lctcrized retrotri1nsposons, this
eljllilibrium is ilchie\'(:,d by a stricl spccificity of in­
scrtilln to regions devoid of genes (Boeke <:1nd De-

, Cnrn'sppnciing ,lUlhpr; c"mJiJ jcsgmp@cid.csic.cs; fJX 34-')1­
21J4 -:i') -1J4.

vine, 199R), combined with él frequent intra-elelllent
long terminill repeat (LTR) recolllbination that elilll­
inates newly inserted elernents (Jordan and 1\·1c­
Donilld, '1999). This high turnover of Ty elements
leélds to the maintenilnce within the yeast genome:of
el smilll populiltion of ilctive Ty elelllents with il high
level of sequence homogelwity (Jord<:1n and !\1c­
Donald, 1999), The case af plilnt genomes seellls to be
very differt:'nt, ilS they contain a high copy number,of
retrotrclnsposon sequences thilt can account for more
than 50% of their DNA contcnt (KlIrnar ami Bt'nnet­
zcn, 1999). In addition, these scqucnces displ<:1Y <:1
high dcgree of vilriability (for cxal1lple, sce CasclCu­
bcrta et al., '1995; Marillonnct and Wessler, '1998) and,
in most cases, they rcpresent elelllents that have IÓst
the é1bility to tri1nspose, This is probilbly a conse­
quence of the fact that illthough intril-t'lement LTR
recolllbination hilS been shown to occur for plilnt
rctrotrilnsposons (Vicien t el ill., 1999), it daes not
seem to be a generil! or important Illechanism for
reducing retrotransposon copy numbt:'r in most pl,int
genomt:'s (Bennt:'tzen amI Kellogg, 1997), ivlore(l\'er,
plant retrotransposons do not displ,lY targct site
spccificity ami Ciln insert within or close to genes,
creating lllutations. Thercfore, it SCCIllS thnt plant
retrotransposon populations are controlled by Illech­
(lnislllS unlike those (Jf the yeilst Ty elel1lents.

AII the ilctive plant retrotrilnsposons chilracterized
so far are only expressed under very precise stress
situations, being silent during most of the plant life
cyele (Wessler, 1996; Crandbasti<'n,1998), This sug-
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gt·~ts t"h.1t tr,mscripliollai reguldt"ion is .1 l11<1jor rnech­
,1I1isl11 of control for rC'trotr<1nsposition in pl,lI1ts
(\Vessler, 1<.)%; Crilndbast"ien, 1998). This is the case
for thc tOb,lCCO (, ¡((I/il1l1o /OIJl1CIIIII) rctrotransposons
TlltlA elnd Tto'l, \Vhose prol11oters h,l\'(:' bl'en ana­
Ivzed in dd,lil (Crilndbastien el ill., 1997; Tilkedil et
.;1., 199<.)). I-IOIV plilnt rctrotrilnsposons I a\'e c\'o"'ed
such stress-ilctivilted pronl()ters is iln open question,
vVe ha\ e pre\'iously shoIVn thelt TIlt'1 is expressed in
~'rotopl,lstS ,llld roots ,1S a heterog<:'ne\lus population
,)f 1~i\/\ l110leculcs lh,lt rese11lblcs retro\'ir,ll qUilsispc­
CiL'S (Casacu berta et ,11., 1995), This leild us to suggest
lh,lt as for rL'lrovirill qUilsispecies, this high sequence
V'lI'i.lbility could endolV Tnt'1 with il high scquence
plilSticity lhat could filCilit,lte the e\'olution of its
prl11lll1tcr rq;ions to il11pro\'c its Cllcxistcnce with the
host (Cas,lcuberta d ,11., 1997), To vellidate this hy­
puthesis, \\'e hil\'l' looked for ,1 possiblc correlati,;n
bd\\'L'cll scqUt'IlCl' \'clI'i,lbilitv ,1I1d difkrt'nces in the
c\~)J'ession p.llterns ofTntl elcl11ents. The results pre­
sCllted Ill're sho\V th,lt the three prel'iously defined
Tntl subfil11lilies (Casilcubertil ct al., 19<,)7; Vernhettes
l'l ,11., 1998) are exprcssed in tobacco with diffcrcnt
cxpression p,ltterns. These specific piltterns of ex­
pressillll clI'e probilbly ,1 consequence of the sequence
\'clI'iilbility of their U3 rcgions, IVhich in each caSe
cont,lin a diiierent stress-inducible promoter.

RESULTS

tOb,lCCO cells to 1110k for el possiblc expression ()f
Tnfll3 and TnflC e\cments bv RT-PCR ,1Ilcllvsis.

Thc rcsults presented in" Figure I sh-o\\' th,lt
whereils Tntl is not expressed in 1-week-old cultures
(Fig. 1, O'), there is él transient inductilln 01' Tntl
expression -l h after the clddition of fresh mediil to the
culture, PreliIllinMY results suggest that this induc­
tion could be associelted to the presellce of <luxin
hormones in the fresh medid (dilta not shown). To
determine the Tntl subf<llllilies expressed under
these conditions, 15 partiill Tnt1 RNf\ sequences
cOlllprising the U3 region (see Fig, 2A) were obtilined
by RT-rCR aIllplificatioll with RNA froIll tob,l(cO cell
cultures ilnd were cloned and sec¡uenced, A phylo­
genetic élnalysis 01' the sequences, incl ud ing con sen­
sus sequences 01' the Tnt1 A, Tntl13, <lnd Tnt1C
subfillllilics (Cilsilcuberta el ,11., 1997) by the
neighbor-joining Illethod, is shown in figure 28. This
,ln'llysis shows that only two of the sequencl's ob­
tilined Mt' closelv SilllilM to the Tntl A ClJIlSenSUS,
whereils !nost of -the sec¡uences ilre highly similar to
the Tnt 113 subfaIllily consensus, Gne of the sequences
was found to be more simililr to the consensus for
TntlC than to the consensus for tl1<:' two other Tnt 1
subfamilies, These results show that the three Tnrl
subfamilies Me exprcssed in freshly subcultured to­
bacco cells and that Tnt1 8 RNA is predominant in the
conditions. To our knowledge, this is the first report
of different subfc1Illilies of a retrotransposon being
expressed in el pilrticular host species.

Figure 1. Inclut'lion oi T,)! I ('XI)f'CS~I()Il in loh,lecn cullurcd cell~.

NnrllH'rn anJI}'is ni I~N;\, ohl~inerl (rol11 (oh,H(n cells cullurN! in
NKI nH:diul11 ,)fll'r l-\\'eck lulture i(J) 01' after Illl11in \10'). ,15 l11in

I·I~'), nr ,\ h oi ~UhLlJ!IU"C in ircsh nwdi.l, hybriclizc:rI \\'ilb J probc

llHrespondin¡.: lo ,\ consen'ed enclonu(leJ~e rl'gio" oi Tnl1. The
r,,2-kh h,lncl \.nrre~ponding lo lhe T,)!l gcnol11ic I~N,\ is inrfic.1led by
.111 ,11 rllw.

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

To get ,ln insight into the signill transduction path­
\\',lYS th,lt Icad to the induction of the different Tnt1
subfamilics, \Ve infiltr,lted tob,lCCO le,lf discs with
different eliciturs ,lnd stress-associClted signalipg
Illolecules, Pre\' ious resul ts showed thM cryptogein,
,1 pl'()tei n froIll l)f¡ylophlorn cryp/o,'<1!IJ th,lt el ici ts to­
bilCCO dcfense responses (Ricci et al., 1989), \Vas ,lble
to induce the Tnt1 A promoter, as 1-I',1S salicylic acid,
the signal trilnsduction interlllediate of the plant I;e-

The Three Tntl Subfal11ilies Are Expressed in Tobacco
Cell Cultures

TIlt1 is present in hundreds uf copies in the geno11le
of tobilCCO ilnd related Ni(o/il1l1o spp, (Cds,lCubert'l et
al., 1<,)97). The U3 region of Tnt"1 is highly I'ari,lblt',
elno three differt'nt subfarnilies of Tnt'l h,lVe bel'n
ocfined ilccord ing to thei l' U3 sequence (Cilsacu bert,l
t't ,11.,1997; Vernheltes ct ,11,,1998), AII thret' differL'nt
subfilrnilies, Tnt"1 A, Tnt16, ,lnd TnflC, Me presL'nt,
but tht'y difft'r in relati\'e clbundance in different
¡\fic(}lial7~J genomes, IVhich suggcsts that ,111 three sub­
faIllilies reIllain active (Vernhcttes et al., 1998), Ho\\'­
ever, until now only the Tnt1A subfarnily hilS becn
sh )\Vn to be expresscd. Tnt 1/\ is expressL'd in protl1­
plilstS and roots and, 'llthough \Ve ha\'e anall'zed
more than 100 partiill Tnt1 sec¡uences by re\'l'rSe tr,ln­
scriptase (RT)-PCR, IVe have failcd to detect expres­
sion of Tntl 8 ami Tnt1C elernents in tlll'se tissut's
(Casilcuberta et ill., 1995).

Tnt1 is transiently t'xpressed during protoplast iSll­
lation, and its RNA level decreclses rilpidly when
protoplclsts ilre cultured (Crandbasticn L't ill., 19(7),
Howel'er, it also hilS been reported thilt Tnt1 Cl1py
nUIllber increases slightly in cultured cells, suggest­
ing that Tnt'l could be expressed in those cells (I-li­
rochika, 1993), As different gene progrilms ilre .1Cti­
vilted during the differcnt cell culture stages, \\'e
decided to ilnalyze the expr~'ssion of Tntl in cullured
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h¡;ur~ 2. \11,11"" 1>1111<' 11111 1<,,-\ mull'( Ull" l'xprc:s,cd II1lllllurcd
\ (,11 ... '\. '-,t IH'r)h' .. 1'(1\\ IIlg IIH' ('gl()11 ni Tnll (lrllpllti('d by I~T-P( I~.

(·lldll.~ .... ('qUl"I1(.l·.... drc ~h()\\n 111 hl.H... k ,he U5 rC'gion l~ SIlO""l in

d,1I' Wd). ,'l1d 111(' lJ; r('g,ul1 IS ,hO\\'11 in lighl gr~y. ~,I hp ,'pprox­
Im,II(' po,ilion oi uligol1ut!eolicJ¡>, u,..d im Ihe I<T-l'eR JmpliiiL.11ioll.
11. , PI¡:hhol-jCJllllllg "(,1' Obl.lilH'd \Vi,h ,ln ~li¡:l1meI11 oi Ihe 1S Tllll

p,lrli,tI 'e<¡ul.'llet" Oh¡dill,-,d iml11 cullured (ells RNA 'tul:) 10gt'lher

''.Ilh 111(' tllll,I'Il"" <f.''!ut'I1CC', im Ihe Tnl I A (collAI, Tnll R (collRl.
,11,,1 111" e ¡l.onl··, ,uiJ¡,lmilic'. Ilull"lr,lp v,tlues mer (,O il)r II,,~ I11Jin

1",uu.I1(.''') .11(' ... hll\\ rlo

5.2 Kb

Fif:ure 3, Indutliol1 o( Tnll expression by in(illr,,'iol1 (J( loildCtO Il'.l!
di5CS \Vilh ,tre>s-,',soci~¡edsign~lil1g !11oll'cule,. orlhpl n "n"ly,i5 úi
R /\, oil'.lined (rnl11 lob,lCCO le~( discs iniillr"'t'r1 ",ilh "',,'er mceliu!11
(-) 01' I lJ.g mI. - 1 t'r)'ptúgt'in ICRYI, 2 111M s<1licylic ,Kid (S<1I), 1() 111"
melh) I j,lsmon.l1e (Mel,l), ,111e1 I 111." 2,4-1), h)'brirli7cd wilh ,1 prollt'
lonesponc.ling lo ~l conserved el1d(JI1Ulle¡l~e regioll of Tntl. Ihe
,r,,?-kil I>"nel LCllresponding lo Ihe Tnll g<'11011lic I~NI\ is ¡ndie ,11('(1 ily
LII1 .llr,,\\'.

The U3 Regions of the Three Tnl'l Subfamilies Contain
Promoler Elemenls Differentially lnduced by Differenl
Slress-Associated Signaling Molecules

Ollr reslllts cleMly show thilt the stress-associated
sign.:lling molecules, sillicylic c1cid, Illl'thyl jasmollZlte,
;lIld 2,4-D, ,1S \\'ell ilS the fung<ll ('Iicitor cryptogein,
differentially induce the expression of the lhree TI~t1

relrotrilnsposon subfillllilies. To ilnillyze whether the
UJ regiuns of each Tnll subfilmily contain different
stress-inducible prOllloters, we bombMticd leaf discs
wilh constructs of U3 regions representiltivc of eilch

\\'ith salicylic élcid, methyl jaslllonate, ,lnd 2,-l-D is )­
to -l-fold. 1\ 6.S-kb Icilf mRN/\ is ,liso detected, but it
has been sho",n th<1I this does not correspond to the
genol11ic transcript of the rl'lrotrilnsposon (I'oute<lu
el ill., 1991).

To ilnalyze \Vhich Tnt1 subfilll1ilies Me expressed
after eilch treatment, we ilmplified the 3' end of the
Tnfl RN/\, which comprises the U3 region, by RT­
I'CR. Two sets of HJ sequences obtained from t\\'o
independenl RT-PCR re,Klions \\'t're c10ned ilnd ¡;e­
quenced fr<1111 RNA oblclined fmm eilch treatml:'nt.
These sequences "'ere comp<1l'ed vvith the cansensus
Llf the three Tntl subf.lmilics lIsing a phylogenetic
il pproclch. The Ilt'ighbor-joj ni ng trees obhl ined ",i th
the sequt'nces from l:'ilch tre<ltml'nt ,1 re sho\\'1l in Fig­
u re -l. These reslIl ts show thil t ,11 though cryptogei n
infiltration induces the expression of the Tnfl A sub­
family only (Fig. 4A), the rest of the treatments in­
duct' il more complex POpuliltion of Tnt I R II\s. This
is pMticlllarly cleilr for the sillicylic acid (Fig. -lB) ilnd
2,4-D (Fig. 40) treiltments in wl1ich five and 11 out uf
20 seqllences, respectively, closely rcsemble the con­
senslls seqllence for the TntlC subfamily. A sequence
highly similar to the Tnt 1B conSt'nSlls was detected in
the methyl jilslllonate-treated Illat 'rial (Fig. -lC).

1\11 the sequences obtained frOIll the water­
infiltrZlted control leZlf discs wcre c10sely similar lo
the consensus for the TntlA subfalllily (data not
sholVn).

conS

97

conG

100

0.1

cul2 conA

cul12

cul13

B

A

"p<lnSL'S to \\'ounding .lnd p.lthogcn infcction (er.lnd­
b<1stienct ,11.,1997; VL'rnhettes et <11., 1997). NC\'L'rthc­
It'ss, it hilS rccently bCt'n proposed thilt ilnother
dL'lcnse-rL'I<ltt'd signilling 1110leculc, nlt'thyl jas1l10n­
,1tL', could be .lIso pcHt of the signclling cilscade trig­
gered by crnltogein (I~usterucci et al., 1999). On the
otller h,lnd, ~lrL'lill1in<1l'Y results suggest that ,1ddi­
li<ln uf frc~h ,1uxins to the culture 1l1~'diu1l1 could b,,'
I'esponsible for the trilnsient induction of Tntl \\'e
h,\ \'e (lbsen'ed in tobc1CCO su bcu I tu red cells. There­
rore, \\'c in\'cstigZlted the cffect on Tnt'1 expression
(lf infiltrilling leilf discs IVith cryptogcin, s<llicylic
,Kid, 1l1l'lhyl j,lSI1l0nilte, and 2,-l-dichlorophcnoxy­
clCl'lic ,Kid (2,-l-D) using discs infiltraled \\'ith W<lter
,1S a control.

¡:igurc 3 prcscnts a northern-blol anillysis of lhe
]{ lAs obtained after eilch treatment. lt Ciln be St'cn
IhZlt, as prt'viously reportl'd (Vernl1l'ltes t't ZlI., 1997),
lhe 5.2-kb R 'A of Tntl is expresscd lo lo\\' le\'c1s in
leaf discs infillrilled ",ilh \Vil ter, due lo lhe \\'ounding
stress Zlssuci,lted wilh lhe infiltralion procL'ss. I-!OIV­
e\Tr, infiltr,llion with chcmicals results in ZI visible
incrcase in induction (lf Tnll. A quantitati\'c <lnalysis
uf lhe hybridiz,ltion using .:l phosphoimZlger (l3io­
RZld, HerclIles, CA) sho"'s lhZlt infiltration \\'ith cryp­
logein leads lo ZI IO-fald induction of the stcady-st,lte
level of Tnt1 I{NA, whereas the incr,,'<lse in indllclion
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cryptogein salicylic acid
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methyl jasmonate 24-0,
Fi!-:ure 4. I\n,ll\ </< ní 11", 1nl1 I<r--..'\ Illol"t 111('< "'IHt''<c'ri "' inilllr,11l'ri Il'Ji r1isn. :'o!erghbor-jollling \1'''('' obl.lin"r1 \\ IIh ,1n
,dignlllenl oi 11ll' 20 1nl1 P,"11,,1 seqllenLl'< ol>l,¡ineri b\' l\\'o independenl I<l-I'CI{ ,1I1lpliiilalions irolll rníd",lIed 1l',Ji dl>l

I<N,\ logl'lher \Vllh 1111' lOI1>('I"US se<jllcnce> jO' 11", TI111 ¡\ {LonA!. TI11111 (cr.lIll1), ,¡nel Tnll e '.conU suhi;lIllilib. A. S('lJlIl'll< l'S
()hl~lin('d Iruln (l\'ptogein-inidlf.ltt:d lecJf disl.s ¡lrl: .lne! Lrll= lelr Ihe ~l'qllence<; ()bt¡linpd írom the (irsl nr Ihe setCJnd ~ I·PCR'

expcrllllt'nl. re>pr-,di"l'ly); 11. seqllenccs obla"lt'r1 (mlll ",licylic ,llid-iniiltra1l'e1 le,lÍ e1iscs (sal: ,1Ild SJII=); C. se'l"encc>
ob1,1II1ed irolll melh)'1 ¡,'SI1l0n,1Ie-iniillr,1I"r1 Il'Ji r1isn (mll= ,1nd mjll=!: 1), se'l"enccs nhlJilll'ri (mm 2.'I-I)-inidlraled it'J(
disL::' tel).l!: .1I1cl .1>..11:), HOOblf,lP v.1Iucs. 0\ er (lO íu,. Ihe m,lIn hr.H1Llles ¡lr(.' 5-ho\\'l1.

subfa111ily upstrea111 of ,1 13-glueuronidase (CU5) rt'­
porter gene, .1Ild then .1Il<llyzed CUS expression ,lÍler
incub,ltion with eryptogein, sillieylic ¡¡cid, methyl j<lS­
1110nate, 01' 2,-l-D. As Sl'condary cffccts eould be gcn­
erated by single nucleotide Ji(ferences within the
conserved T AT/\ box 01' tr<lnscri ption start rl'gion, lVe
c10ned Tntl I3 <lnd TntlC U3 sequences upstrea111 of
the TATA box in (ront of the T/\TA-box region of the
sequencl' ehosen .15 rl'prl'sent<ltive for the Tntl /\ sub­
f.lmily (sel' "M<ltl'ri,lls ,lnd Mdhods"). Le<lf elises

b0111b<lrded with a CU5 reporter gl'ne devoid of pro­
motel' <lnd a CU5 reporter gene driven by the 355
cOllstituti\'(.' pro111otl'r were uSl'd, respective/y, as
Ill'g,ltive .1Ild positi\'l' controls.

Rl'sults presented in figure 5 show that the U3
region of the Tntl B subfamily is not ¡¡ble to efficiently
pronlote CU5 expressioll in the conditions tested. On
the contrary, the Tntl/\ and TntlC U3 rcgions are
able to dri\'(.' a high level of CUS expression in to­
bacco Il'¡¡ves. It is interesting th;]t wherens the U3
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",ithin t1lL'm (not sho\\'n). Thl' populJtions of Tnfl/\
seq uencl'S expressed il (ter lhe di ((eren t trei\ tillen ls
here ,1n,lh'í'ed Me thus indistinguish,lblc. In ¡¡dditinn
to th is, tht' 1311 elemen ts, \V hich \Vere shown lo be
import,ll1t for cryplogein induction (VernhL'tte~el al.,
1997), Me conserved in ,111 lhe sequences alllplified,
67% of lhelll h'l\'ing four ti\ndelll repelitions uf this
clClllcnt and only one sequcnce out of 61 h¡¡ving Icss
than three c1ements (data not shown). These results
suggest th¡¡t Illethyl jasmonilte ilnd cryptogein ind\lcl'
TndA thrullgh the SJme cis-,lCting ckments.

On lhe other h,lnd, our results show thi1t the pro­
moter of TntlC is particul¡¡rly sensiti\'C to 2,-+-D and
sal icyl ic ,l(id. Al though the ~)opuliltions of Tnt1 C
R I¡\ induced bv 2,-+-0 i\nd sillicylic Jcid are Illuch
more VilI'i,lble th~n those of Tnfl A R lA, lhey Cilnn()t
be di fferentiJ tcd from one .1nother by phyl'ogenetic
ilnillysis. figure 6A presents il neighbor-joining trt'e
of al! the TnflC sequences obt¡¡incd, ilnd it Ciln be
seen thilt different groups slIpported by high b()ot­
strilf"1 villlles C,ln be defined. Nevertheless, sequences
belonging to L',1(h uf IIlC'se groups werc found Jftel'
salicylic ,lcid ilnd 2,4-0 lre¡¡tments, and we have not
been' able to defi ne any ind uction-speci fic grou p.

1t h,lS been shown that salicylic ¡¡cid and auxins CJn
induce plant genes through the interaction of induc­
¡ble trilnscription factors with the ils-1-related cis­
elements (Chen and Singh, 1999; Niggeweg et ,al.,
2000). The Tnt1C sequt'nce analyz 'd here contains a
neJr1y p,llindrolllic sequence within the U3 regioll
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B as-l ele~ent TGACGTCAnnnnTGACGTCA
TntlCl TGAAGTGAatatTGATGTCA
Tnt 1c2 TGAGP.TCAttqaTGACI\TCA

Figure 6. 1\11.1Iysi~ (Jf ¡11l' Tnll e I~Nf\ Illolc(ules l'xprc~~cd in iniil­
ir,'tec! I('oi ci", ,. 1\. Nl'ighhor-joining I...!('~ ohl,lincc! \\'lIh al1 olign­
men! (Jf "I! the Tnl t e p,lrtiol SC'Qll('l1leS "bloincd. SeqU('nu's nb·
1,1in('d fmm solieylie ,)Cid-iníillroled ¡('Jf rli~cs are ~he)\\ 11 ,l' in Figure

-1. Boot~tr,'1' v;lIues over (JO for !hp 111,1in br.. nehes ,!Ce sho\\'11 11,
CompJri,on nf tlll' eOl1senSlJS ~s-l molií wilh Ihose íoul1c1 in Tnl1 el
.",eI TntlC¿ ~('qul'nle~. Consprved nuclpolidc's Me ~IHl\\'n il1 bold.

Figure J. I r.Jl1sipnt e\pn·~::-.ion ~lnJ" ~i<; {Ji fnt I preH'llCJIl'r ..... 1~l'I,lli\ t'

(,L'~, I '1( ,1lli\ 11\ "hl.lil1,·d ,1iICI inlub,1I111g tlw k'df c!i'l <, heJlllh,lI c1cc!
\\llh Ih.. cllil('rl'nl eL: CI1l1<irlllt'o. \\ilh diiiprl·nllh('I11Il.J1,.

¡'cgion llf Tntl/\ ~L'CI1lS to induce il pMticl.Il<1rly high
le\'(;'1 of expression ,1fter incllDilting lhe bOl1lbill"ded
1C'J\'cs \\'ith cryplL1gcin or l1lL'thyl jasl1lon<ltc, the UJ
rcgiun of the Tntl C 511bf'1lllily is pilrlicul,lrly induced
in b1f discs incuDall'd with s,llicylic ,Kid ilnd 2,-+-0.
Un lhe plher hJnd, no CUS Jcti\'ilv is dL'tectcd in leaf
disc bOlllb<1l'ded \\'ilh lhc n~'g<1ti\'e conlrol, WIlL'reilS,
,1~ CXf)cctcd, ,1 slrong nonindllcible GUS ,lCtivily is
dL'tcctcd in 1c,1f discs bL11llbilrded wilh thc 35S-CUS
cllnslrucL TIlL'sC re~ulb Me in JgrecnlCnl \\'ilh lhe
l<l-I'CR rcsults obl,lined ,lnd <1re con~istcnl wilh J
l1l'ljllr role of lhe UJ region in conferring ,1 spccific
piltlcrn of expression on each Tnl1 sub(Jlllily.

We h,l\'e pre\'iously shown thilt the Tntl/\ pro­
l1lokr is acliv<lled by cryptogein (Vernhettt,s et ,11.,
I ()<)7), Jnd Figures 3 Jnd -+ shmv lhilt it is ill~o highly
,lCti\',llL'd by Illl'lhyl jilslllOnJte. To anillY7.e if jilS­
Illlln,lte inducL's Tnt 1,\ through the salllc prollloter
L'lel1lL'nts ,1S crypt(lgL'in, \\'e cOlllpilred the Tntl 1< /\
~L't]lIl'nCt'S obt,lÍned ilfter inJlIction by these differenl
chL'lllic,ll~. /\ nl:'ighbor-joining tree of lhe 61 Tnl1 A
sequcnccs oblilined fililed to form groups supported
by ,1 bootstr¡¡p villue uf Illore than 10%, indicating
IhM it is not possible to differentíiltt' poplllnlions

2I(, 1'I,1I1t l'hy,i"!. Vo!. 127, 2001



thM cln~ely rl'~emble~ the tJ~-1 elelllent (TC,\CCT­
C!\nnnnTCI\CCTCI\), ,lnd this eould be importilnt
(nI' the inductilln llf lhi~ Tnl I subfilmilv bv ¡luxins
,1l1d SI\. 11 i~ intL't·e~ting thar ,¡Jthough th~' t\~ll TntlC
group~ of 'icquence~ differ within the U3 region, buth
cllnt,lin <1n ,1In1(\st idL'nticdl ,ls-l-Iikt' elemcnt locJted
20 to JO nuclclltides upstre,lm of the corrcsponding
T,\ T¡\ boxe~ (~ee Fig. 613), ~ugge~ting th¡lt this ele­
ment i~ illlport'lnt for the expression of these retro­
lr,lnsposon elellwnts.

D'SCUSSIO\J

Differenl SlIbfamilies of lhe Relrotransposon Tnll
I-f.ln~ l'v1ainlained Their Tr,lnscriplional
Aclivily in Tob,lCCO

,\Ithough three differcnt subfalllilit's of thL' tob,leeo
rL'trutr.lnsposon Tnfl h,l\·e been found tll be present
at ,1 hi<;h CtlPY Ilumber in the genOllle of different
.'J;(P/;IIIIII ~pt'cies, until now e\'idence for exprcssion
,¡di\il\, h,lS llnly bcen obt<lined for the Tnl1¡\ sub­
('lmil)' (Cr<lndbastit'n et <11., 1<)97). The re~ults pre­
sellted in lhis "·llrk shnw thilt ,111 three Tntl subf,llll­
ilies are exprcs~ed in tOb,lCCO ilnd that they h;1\·e
different piltterns of expression. \tVe hil\'e previouslv
sho",n th,lt the iung,1I ('Iicitor cryptogcin induces th~
t'XpITs~illn of the Tnfl A promoter (Pouteilu el ill.,
199-l; Vernhettes et <11.,1997). We show here tha t this
lre,ltment induces fin important accLllllulation of
R1\:i\ th,lt corresponds to Tntl elelllents that belong
to the 1\ sllbiillllilv. Thi~ result is SilllihH tl1 wh;¡t we
h,ln' ~)reviously ¡:eportt'd frolll the ilnaly~is of Tntl
R r\ present in root tips ,1Ild prLltOplclsts in which
llnly Tntl/\ elelllents ;¡re l'xpressed (CasacubertJ ct
<11., ·llJ95). In contras!, the infiltr;¡tion oi Icilf dises with
mcthyl jilsmon,lte, ;¡nd p;¡rticulilr1y with sillicylic ,1cid
llr 2,-l-0, induces ,1 Illore ClllllpleX population of Tnt I
elL'ments lh,lt belong to ,111 lhree subf;¡milies. To our
knO\\·ledge lhis is lhe first report of different subf(1m­
ilies oi ,1 rdrntrilnsposon being expressed in ,1 ~lM­

ticlll<lr host genollle, I'vhich m;¡kes Tnfl <l pilrlicul'lrly
interesting modt'l for iln.lly¿íng the e\'o!ution oi rd­
rlltr,1I1sposons \Vithin plant genollles.

The Three Different Tnll SlIbfamilies Are
Differenlially Indllced by Stress-Associaled Sigllaling
Molecllles lhrough Specific Promoler Elemenls

The n:'sll1ts presented here not only shll\v thilt the
three Tnt1 Sllbfilmilies are expressed in tob;¡cco, but
lhe\' <liso show th(1 t these sllbf;¡ mil ies Me di ffL-ren­
tialí y regulilted. The RT-PCR ;¡nillysis shlJ\\·s lhilt
infiltratinn trl'atmenls with different sign,lling 11101c­

cules are ilble to induce pilrticlIlM subsds ui Tntl
elcments. We fllund expression of Tnl1 A RN¡\ in
le,1\'es infiltr,lll'd \Vith ,111 lhe chemiC<lls ilnellyzed.
Tnt·' f\ RNf\ W¡lS alsll (ollnd in lhe w<1ter-infiltr,lted
le,lf discs (not sh(1\\·n), prob,lbly beCilllSl' lli lhe
wOllnding stress <lssociatl'd wilh the infiltration pro-
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cedure (Vernhettes et (11., 1997). ¡"Iso, il is likt'lv IhM
the bOlllb,lrdll1ent pmcedllre induces ,1 \\·ourid re­
sponse on its o\",n ,1nd, thus, we C<lnnol rule out lhe
possibility the1l the we<lk indllctionufTntlr\ detected
with 2,4-l) in these experilllt'nts is the result of ,1
\Hllllld ing-(1SSClCi(1 ted stress response. In Iinc wi th
this hypnthesis, it has been previously reported thc1t
the prollloter ni Tntl A is not indllcible by 2,4-1) in
trelnsgenic tobacco ealli (Pilllls et ;¡I., 19lJ-l). On llw
con trilrY, the cica r ind uction of the Tn t1 f\ promoter
observed ,lfter cryptogein ,1I1d methyl jilsmon,lte in­
ellbiltion in the tr(1nsient expression an,llvsis rt'\·eills
<ln Cle\·ilted sensitivity of the Tnt1A prClIll~)ter to both
chemicals, and is in ,1greel1lent ,,·ilh the RT-rCR
results obt(1ined.

Thc presence of sever,ll sequl'nces belonging to tllL'
TntlC subfcll1lilv ;¡mong those obtilined frolll s<llic\'lic
.lcid- ¡lnd 2,4-D~treated It'a f d iscs suggests tha t Tnt1 C
expression is probilbly induced in stress situ;¡tions
regulelled by these signill l1lolecules. The trilnsient
t'xpression ilncllysis presented ht're shows th,1I the
iirst 150 nuclelltides (lf the U3 region oi TnflC Me
sufficicnt to produce high le\'els o(expITSsi(ln fmm ,1

minill1ill prOllloter in bomb(1rdl'd leil\TS incllbated
\Vith salicylic ,lCid and 2,-l-D ,lnd suggests th(1t this
region contains the promoter elelllents of TntlC thc1t
respond to these signa Iing moleclIles.

We have not been able to detect any prol1loter
activity of the U3 region oi the Tntll3 seqllence ilnil­
IY7.ed. This is not completely unexpectcd considcring
thM most of the Tnt1 B R f\ sequences obt;¡ined ",ere
'llllpliiit'd from subcullurt'd cells ilnd illmost no
Tnfl13 R f\ sequencl' WilS obt,lined from infiltratcd
le(1f discs in which lhe trilnsient expression experi­
Illt'nts \Vere perforl1led. These results could sllggest
thclt the Tntl B promoll'r is not cX~lressed in Ic;¡(
tissues. We Me, ,lt present, trilnsforll1ing tobilCCO
plants with constructs símililr to those used in this
report to an,1ly7e in more detilil lhe expression pat­
tern oi lhe different Tnll subf,llllilies.

The strong correl<ltion of the RT-I'CR results ami
lhe transient cxprcssion experilllents suggest thc1l the
promoter regions that control lhe transcription of the
Tnt1 elelllents in respon~e to wOllnding, cryptogein,
or ll1elhyl j(1Sllllln,l!e Me ,111 contilined within the U3
region of lhe different Tntl elelllents.

In conclllsion, the rL'sll!ts presented here show th,lt
the different Tntl slIbf;¡milies Me expresscd in to­
belCCO with different p,ltterns, dri"en by different
indllcible proll1oter elt'Il1l'llts located within their U3
regions. It is intcrcsting to note thilt the expression of
elll three Tntl sllbfillllilies is strongly regulated, wilh
the different Tnt1 t'lell1ents only being expressed un­
der stress situiltions or ilfter inllculMion with strcss­
ilssociMed sign,lling Illolecules. This elllph(1sizcs the
importilnce of transcriptionill regll!(1tion in the con­
lrol of pl,lnt rclrotr;¡nSposon ilctivity ilnd the tight
releltionship th;¡t exists bet\\'eL'n retrolrilnsposilion
,1I1d stress sitllcltions in plants.
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Retrolransposons .1S Models lo f\n.1Iyze Stress­
,\ssociated Expression in Planls

Ddt'llse-relilted responSt's of plilnt cells depend on
i1 complcx nctwork of signill trilnsduction path\VilYS.
Salicylic acid is ~)robi1b[y the most well-characterized
sign,lling n1lJlecule in plant defense reactions (Klessig
et .:JI., 2000), but sign,ll trclnsduction pathw;¡ys im'olv­
ing metlwl jasmonate ,lnd ethylene ha\'e also bcen
Chil rdcterizt'd (I<eymond .1ncl Fa rmer, '1990). On the
otlH.'r h,lnd, .lLixin hils bet'n shown to cKtivate some
defl'nsc-reléllL'd genes lhrough the ,ls-l element,
which ,liso confers inducibility by Séllicylic acid
(Strompt'n t't al., 1985; Xiiln,li; et ill., 1996). In some
C<lSt.'S, these different Pélthw<lYS seem to be indepen­
dcnt (Pcnninckx l't él l., 1996), but genes concomi­
t.111th· .lCti\·.lted bv t\Vo of these path\Vays helVe also
bl'l'n' rcplll·tcd (Strnm pen et ,11.,1988; Xia ng el al.,
19%; r\s,li t't ,11., 2000). 1\ recent miCnJilrr,l\'-bilsed
,1Il.11\·si~ hi1s ShlJ\Vn th.lt i1 high number (Jf defense­
rei.lted "enes .lre coordini1tclv induced bv differentt") ..

sign.ll tr.lnsduction ~)ath\\';¡Ys, '1IthllU,Ii;h genes con-
twllcd bv oniv onE' of thesc si~nals, and eXélmples of
sign,)1 illitilgo;lism, \Vert' a Iso" found (Schenk t't al.,
20()()). This illustr.ltes the cOlllplexity of the network
of regulatory inter.lctions IhM controis plant dcfense
re.Ktions, ilnd the risk of dravving general conclu­
sions fmm lhe analysis of el single gene promoter.
The presence of retrotransposon promoter sequences
wilhin lhe RNA molecule, as well as the high se­
qucnce \·Mi.Jbility found for these elements in plants,
.dlll\\·S flJr tlw cOlllbin,llion of clilssical prolllolL'r ,lila 1­
ysis lVilh plJpul.llion-b,lsed c1pprOelChes to sludy tran­
scriplion.ll reguléllion. VVe hil\'e applied this strategy
to .lnalvze the prollloter of Tnt1 A (Casélcuberta clnd
e rélndl~,lstien, '1 <)93; Casdcubertél et al., 1995; Ver­
nlll'ltes t't ,11., 1997), and here we used iJ SilllilM
élpproach to illlprove our iJnalysis of this promoter,
as \Vell as to begin to iln'1ly7e the promoters of the
Tntll3 and TntlC subf,lmilies.

Our results shu\V th,lt the Tnt'l ¡\ RNA POPUI,lliuns
inuuced by Illethyl jasllllln,lle and cryptogein Me

indistinguishc1ble, suggesting that both sign.1ling
Illolecules induce Tnt lA through the sa1l1e cis-acting
elenwnts. Our results thus reinforce the recent hy­
polhesis that jasmonic acid could be part of the sig­
nilling cascilde triggered by cryptogein (Rusterucci el
,11., J999).

On the other hand, the Tnt1C populéltions induccd
by salicylic acid and 2,4-0 are also indistinguish<lblt"
suggcsting th,lt iJlSll in this Célse, both cht'mlcals in­
duce Tnt1C lhrnugh the san1L' Cis-cKting Cle1l1Cnls. It
h,l~ bL'Cn ,1 1rt',lll\' shown th,11 sc)licvlic .Kid ,lnd 2,-i-l)
C,ln inducl' F,l,int "ene cxprcssiun through 115-J-

u ,.
rclated elements (Chen and Singh, 1SlSl9; i\:lgge\\"eg et
al., 2(00). It is interesting th.ll <1lthough sequence
variiJbilitv il1l10ng Ihe Tnt1C sequences ,1mplified is
high allLÚwo different subfamilies can be ddined, all
(JI' them mélint.lin ,1 consensus Ils-J-relatcd e\elllent
within the UJ region. VVe are currently ilnalyzing the

21H

l:Jossible implication of this l'lelllent in the induction
01' the Tn t1 C promoter by ,1 Uxi ns and s,ll ic)' Iic acid,
,lnd \Ve \Viii examine the prOllloters 01' lhe two TntlC
groups here defined for differences in induction by
pel thogen-associ a ted s tresses.

Seqllence Plasticity and Evollltion of Stress-Associated
Promoters: A Stralegy for Retrotransposon
Maintenance in Plant Genomes

VVe sho\\' in this paper that the sequt'nce v<1riabilitv
found wilhin the UJ regions uf Tntl elelllents corre­
IMes with differences in their pattern 01' expression.
The three Tntl sllbfallliJies contélin different pw­
moter elelllents that induce their activitv in different
stress situéltions. Such expression variability should
have consequences for the cvolution 01' these ele­
ments, <lS repec1ted exposure of the hlJSt to ,1 p,lrtic­
ul;¡r stress situation should fel\'or alllplifiCcltion of el
particul<1r subfi1mily and ,1 series of diffcrcnt induc­
tinn events \,vill thus leéld to the alllplification of
different papuléltions of elements in different host
genomes. VVe have previously shown th,lt the three
Tntl subfamilies <He differently represented in differ­
ent Nicotilll7ll genames (Vernhettes et al., 1998).

It is interesting to note that the U3 region displays
a high degree 01' sequence variability even within, a
single Tnt1 subfélmily. Far eXélmple, t"va different
groups 01' Tnt1C seqllences can be dcfinccl based on
their U3 sl'quence, so E:'H'n though both groups 01
e1elllents Me induced by the Sc1me chelllicals, slight
differences in the pClttern 01' expression might exist
between them. The silllultaneous expression 01' het­
erogeneous popu la tions 01' Tn ti elements wi th such
differences in t:xpression should allow the selection
of different sllbsels 01' elements in different genomes,
allowing them to evolve and to adapt to their hos~s.

The existence 01' Tntl-related retrolrilnsposon, Re­
trol )'cl, in toma to ilnd rela ted wi Id species showing
t'xtensive sequence similc1rities to Tnt1 cx(t'pt for its
U3 regioll, which also contains the prollloter sc­
t¡uenCt'S, seellls to confirm thilt <1liaptation to the host
gcnomc correla tes wi th U3 sequencc di \'ergcllce
(Costa et al., 1999; Araujo et al., 2(01).

Thus, we propose thal the high sequence vilriabil­
ity 01' Tntl and other plant retrotransposons, which is
a consequence of the infidelity of the retrotranspos,i­
tion process (Cabriel et <11.,1996) and the high coPy
number 01' these elelllents in plant genomes (Casacú­
b 'rta et al., 1995), could have allowed their prollloter
sequences to evolve the optil11ulll patlern 01' expres­
si~ln to be Illaintained in each hosl genolllc. This
stratcgy ob\'iously ",ould be very differcnt frol11 lhat
01' Ty elements in yeast and could be a consequence
01' the important differences 01' the organization lif
these different host genomes. The high proportion 01'
intragenic regions and repetitive DNI\ in plant ge­
nomes compared with the compact gcnome of Snc­
c/lIlrolllyce5 cerevisine, as well as Ihe high freLluency <!f
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~'(llyploidy in p!,lllt gCl1nnlL' ,,'voluliol1, (ould ha\'(;'
lllinillli7cd thc IlCg,l ti I (' il1lp,lct ()f rL'trotr,lnspnsllllS
bl'il1~ il1"l'rted r,lIld(llllil. 111 ,1ddiliull, this could h,1\'('
,¡JIO'~'l'd Ihesc l'!l'IllL'nh' tu re,lch thL' high co~'y Ilum­
lwr th,l( is csscntiai to dCI'cit'p such ,1 qUilsispl'cies­
lik", slr,ltcgy nf ,ld,lptiltion.

I'vlATERIALS ANO METHüOS

Cell Cullure

T"b~l'C() ('\'i"'!I,llIil /,,1'/10/111 lT \Vi~cnll~ill '1') (l'lb cul­
IUITd in ~K I I11l'diul11 (Xi~l1¡.\ l'l ,11., J(96) "'cre subculturcd
<lIlCl' ,\ \\('l,1-- bl' IJ1(' ,1ddilioll ,,1' one-h"lf-\,nlulllc nI' fresh
nll'di,l In olle-h:lll-1 l)lullle 111' cl'lIs. I\flcr subculluring, celb
In're h.lrl·e~ll'd ,1 t di Heren 1 li mcs, pelll'lcd b}' celll ri fuga­
ti"ll, ,1Ild fWlen ill liquid nilroSl'n.

Infillr,llion of Leaf Oiscs

Tnb,lCl'n (l'l' X,lnlhi, \\ild-lype line XHI'IJR, [3nurgin ,1I1d
\Ii~~llllil'l', 1973) 1",11' di,,:-s \\'erl' i<lfiltr,lIl'd \\'ith \\'all'r, 1 ~Lg

1111 1 111,ryplllgl'in, 2 1ll~1 ",llicylic ,1cid, ,lnd 10 /üt nll'lh\'1
i,l~l11()n,lle 1'1' 1 111 11 2,-1-0 ,1~ ~'rl"'iou~'" de,cribl'd (Ver­
nlh'll,'~ el ~ l., 1')<.)7)

RNA Exlraclions, Norlhern-Blol Hybridiz;¡tions,
RT-PCR Amplificalions, C1oning, and Sequencing

RN,.\ fWI11 cultured c('lls ,1nd infillraled k~al'es \\',h ob­
l"illl'd b\' ~1,lI1d,lrd rnel!H1lb (Cils,lcubert,l l'l ,11., 199::;).
R'\!/\ bllllling ,1I1d h)'bridi7,1Iilll1 \\'ith ,1 COI1~l'l'\'l'd TI111
('Illlnnuc"'''~l' f'rol'e \\'ilS fwrlorlllec! ,1~ 1"'el'illu~l\' de­
snil'ed (Mhiri et ,11., IlJ'.I7). RT-I'CR ,11111'Iific,ltinn, \\'ilh tl1<'
AI'i ilnd dT prinll'rs \\'l're pcrforl11l'd ".; prel'illu"ly de­
.;cribed (Cb,lcubertd l'l ,11., 1995), ill1d Ihe I'CR fragl11cllts
\\l~re clol1ed in" pCE¡\'I-T \'eclor (Strilt<lgl'Ill', Ll .I0!J,1, C/\)
,1nd \\'ere ~l'queneed on bolh str,llllis.

Phylogenelie Analysis

Sequenn's were ,lligned using Ihe CLU5T/\1. W
lllultip"'-,1IignllH'llll)rt1gr"m (l'l'rsiol1 J.:>; Thol"f1sonl'l ,11.,
IlJ<)4) wilh ,,,me mirl,'r rcfil1l'IllC'nlS. I)~,\IJIST il1 Fels­
l'~lein'" 1'111'1.11' f',lck,l¡.\e (rl'bell"kil1, 1'!lN) 11',],; used lo
gelwrail' ,1 di~lal1cc 1ll,1lrix b,l~l'd llll lile JUkl'~-C,lntor ,llgp­
rithm (Juke~ ,1I1d Cmlllr, 1<)(,'1). Thi~ \\',1~ u~l'd In gelll'r"il'
ncighbor-joining Irees (S,litl1U ,111l1 Nci, J')¡-;7). l3uolslr,lp
(1I1a!yse~ \Ven' perforl11,'d usillg Ihe Sl'qbout ,lnd Consel1se
progr,11l1s fnll11 Febeskin'" I'IIYI.IP p,lck,l¡;l' (relscn~tcin,

191>9).

Prol11oter-C US Conslructs

1\ pn'l'i"lI~iI' dl'~Lril'ed I,lb; (lo!1l' (Vernhl'ttl'~ l't .11.,
Jl)l)¡-;) \\',b chU"~11 ,1~ rq1rl'''l'nl<ltil'e uf lhe U3 region of lhe
Tnll"\ ~ubf,ll11ily. To l'on~lruct lhe ,\-CUS clone, lhe t,lb7
clone \\',lS digested by 511/1, filkd in \Vilh Kleno\\', and
re-dige~lcd \Vilh Hnll/HI. TI1t' fr,lgllll'nl conl'lil1ing lhe U3 uf
t"b7 \Vas elol1ed il1 <1 pre\'iously described CP plilSlllid

(CilS¡lCUberla el ill., 1(93) containing ,1 CUS n'por"'r gene
de\'oid üf promotl'r ,lne! \Vas dige~t('d \Vilh Hilldlll (blunl­
endcd with Kknll\I') ,lnd HIIII/HI. To obtaill Ihe I3-CUS <1nd
C-CUS pl,lsmid,.;, the regiol1 up~trl'"m 111' 11ll' T1\T/\ bo:>, llf
thl' clone~ chosen ,1S repre~"1l1,1Iil'l'S 01' 111<' Tl1t Il~ ~ubf,lmily

(clll-l) ,111d Tnt 1C (eu 112) IV,'" ,1Inpli fied b\' I'CR b\' <;1,1I1d,lrd
proccelllres, llsing lhe llni\'l'rsal primer loc,lled wilhin the
polylinkcr region of the pCEM f,lasmid and <1n oligol111cle­
otidL' complementary to 25 tu JO nuelcolides of cilch clone
10 nllcleolieles llpslreilm uf IIll'ir respecti\'e T/\TA QllX,
folloll'ed by ill1 Hilldlll sile (5'-CCe A,\/\ CCT CTA CCA
¡\CC TTC I\CC-3' for Tntll3, S'-CCC .A.Ai\ CCT TCC ACA
TI\T TC/\ CTT ¡-\T(; C¡\A TeA C"\T C-Y fllr Tnt1C). TJ",
,1lllplificd fr,lgl11l'nts \\'l'J'C dige~ted lI'ilh Sil/l ,1I1c1 Ililldlll
ill1d Ihis frilgment was used lo subslitule lhe Silll-I {illdlll
fr,lgment of the tilb7 clone. The cOITe';f,ondil1g fragments
were eloncd within lhe GP pl,],;mid to generatl' Ihe B-CU5
ilnd lhe C-CUS constrllcts ilS fllr the I\-CUS construct.

Microprojectile Bombardmenl and Enzyme Assays

Tob,lCl'll Ie'af di"cs \\'ere Ir,ln~fl1rml'd b\' ptHticle Dom­
llardn1l'nl, with -t 11g 01' lhe difkrent Tnll-CUS cOI1~trllcl~

alld 1 J-lg of ,1 pCAMVJ:iSLUC lIsl'd as an interna! ~t,lndard

(MiHzab,ll el aL, 1<)lJK). EnzYllle ass,,}'s \\'cre pcrformed ,15

d('scrilwd (Marzab,ll el .11., JlJ9f».
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Genome evolution of wild barley (Hordeum
spontaneum) by BARE-1 retrotransposon
dynamics in response to sharp
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The replicative spread 01 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 01 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
barle\', Hordeum spontaneum, in Evolution (anyon, Lower Nahal
Oren, Mount (armel, Israel, along a transect presenting sharply
differing microclimates, BARE-1 has been sufficiently active for its
insertional pattern to resol ve individuals in a way consonant with
their ecogeographical distribution in the canyon and to distinguish
them Irom provenances outside the canyon, On both slopes, but
especially on the drier south-Iacing 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 01 solo
long terminal repeats, appear to have driven the BARE-1 share 01
the genome upward with the height and dryness of the slope, The
lower recornbinational loss would favor maintenance of more
lull-Iength copies, enhancing the ability 01 the BARE-1 lamily to
contribute to genome size growth, These local data are consistent
with regional trends 101' BARE-1 in H, spontaneum across Israel and
therelore may rellect adaptive selection 101' increasing genome size
through retrotransposon activity,

R,',r(l,ri'l1,pUSOI1S rcsclllhlc relruviruscs il1lhcir qrucluré' ¡¡mi
lik c)'clc (1,2), They ,Ire uhiLjlliluus (3-5) and COllll'ihule:1

Iilrgl: pr<lpunil1n 01 lhe lul¡d rl:pclilivl: DN,\ uf SOI11é' plill1l
gl'I1(ll11l'~ (1»), Rl'lrolrilnSIX)sul1S arl: lllohili/Cd hY,1 rqJlicali\'C:
Inech:l\1i'l11 Ihal h,l, lhe clpacity 11) gencratc ami il1sert rnany
Ile\\ ll:tughler cupics il110 lhl' gCl10llle, thcrelJy il1l:rcil,ing ge­
nonlL' ,il.c (7). Thl' crror-prul1c l1alurc 01' Ihc:ir replicilliol1 tl\'
rc\,er,e Irilll,nipla'l' (1\), lIJe Illulilgcnic pOll'ltlial 01' Iheir lram­
po,ililll1i11 il1legraliun (9), ¡¡l1d lhe dkcl, 01' lheir acculllul:tlion
ilml rl:comhil1illiOII (10) lugclhL'l', uggc'l lhal ilcti\e relrulr¡¡I1S­
p(l")ll~ l11il) be l11ajor conlrihulors lo gCl1011le di"er~irieitliol1 in
lhe plants, Gl:l1ul11ic eh¡¡l1gcs il1dllced lJy n:lr<ll riI\1SPtNHI' l'al1 he
lrillkce! h, Ihl' juint' hel\\Cl'l1 lhe flilnkil1g DN.'\ il\ld lhe
cOI1,cr"ed' n:lrol'r¡¡n",p<l>on lL'rmil1i cn.:¡¡ted lIpon inlcgriltiol1,
MarkL'r lechniqlll:'" bast'd un peR ¡¡mplificaliol1 hd\\'ccn retro­
IramplN111' i1l1d rlankil1g. D ,\ rc'cl'lnly ltil\'C hCl'11 tk"cloPl'd
(11- 13),

,\ecllllllllalcd dalil il1dicille Ihal n:lrolran'ptl>oI1S in plallts
(14-111), illlil11als, ¡¡nd rlll1gi rcspontl 10 \'ariuus IÚrl11S uf stress,
Wlten ,Irc" faCI(lI', il1 Ihc el1"irttlHllcnl \'ary ccogcographic:t1ly,
relrolran,pOsol1 prl'\'itlencc ami il1sertion palterns l11ay vilry
accordingly, Thc immediale wild allcc... lor 01' cultivaled barley
(I/'II'</C((I/I I'II/,I:(/rc:). l/on/C:III/1 SfiOll/al/('/III/, i... ideal for al1alyzil1g
relrOlrill1,pOSOn insertiol1s i1ml thcir role il1 Ihc gcnollle bccallse
nI' lite prc ...cl1ce of:l Iilrgc al1ll aclive rclrolranspOSOI1 family :lile!
lltc ilvililability nI' \\'cll-,llltiictl \\'ild poplllalion ... t1i,lrihllled in

ctiver,e Itabi Ia IS ( 17-21), The nA RL- I ral11ily 01' rel rol ranspllsoll,
ellmprises on average 14 x 10' copies in Ihe gcnol11es ur
l/urdC:III/1 specics (10), Mcmbcrs 01' litis family are lranscriplion­
aJly (}2) and trill1slalionaJly (23) i1clivl:, el1coding botlt a polypro­
Il'il1 (24. 2:') ami proccssil1g sigl1als (2(,), which are flll1cliol1all\
ctlll,cr"cd. The I/,I/?L-I copy nllmhcr i... positi"ely correlilll'll
\\'ilh holh gcnome sil.c ;)mlltilbilal aridil" (10). rJctms thal are
Ihl'I11"'"'l:''' cOITelatetl (27) n:gionaJly in 1/, SI'0/l/I/llt'//I/I.

\Ve hil"l' c~al11il1ed Iltc rnlc 01' lhe 13/1/?I:'-1 relrotran,pOSlln in
genlllllc JiVL'rsiricalilln in intiividllals al thl' [VOllllitln ('<ln)OI1
microsill:, I.nwer ahal Orel1. [V[Ull 11 1 C:1rIllel. bral'j (2~-JIl).

Thi, 4()()-m-wiue cro... itlll gurge (sl:e Fig, 4, \\'ltich is pllblishéJ ¡¡,
sllpplcl11l'nlilry e1ala on Ihe PI AS \\'eh sile, \\-IVIV,pl1as.org),
daling frttm lhe Plio-Pleistocel1e l:ra. present, nllrlh- allll sOUllt­
facing slope, ( FS ami SFS. respeclivdy) wilh COl1l1110n gelllo­
gil" ami milcroclimatcs but micrtlclill1aleS ,harply dil'l'ering in
solar irradialiol1 anu arictil)', l3iolicaJlv. tite I FS is Eurasial1 al1t1
lhe SFS is ,\1 ro-l\sian wilhil1 the Medilerr~lncanconll:X1(2'i. JO).
\Ve ha"e exal11il1ed /1. SpO/l/II/1C:III/1 along a nortlt-soulh lransecl
acm" thl' canyon ,Iopes to Il'sI whelher regioll,i1 palkrns (10)
c¡¡n hc detecteu Illcall)', The 13/1/?1:'-1 copy 1111mhcr and p¡tllern,
tlr inscrtillnal polYll1orphisll1. ilS well a... tolal genoll1<;; ,ize. were
ddermil1ed 1'01' accessions from thc canvon,

Materials and Methods
Plant Materials. Spikl:s frol11 il1dividual/1. SfJO/lll/llClII1'I plal1ls \\'crc
eollccled al ,ix sl¡¡lions loc¡¡ted ¡¡long a 30()-111 north-soullt
Irill1Scct ¡¡cros> lhe NFS ami SFS ur Evolllliol1 Clll)'OI1 (2X), Thc
sI al iOl1s prcvioll,ly described (29.31) ,IS N I-'S (SI ¡¡Iiom 5-7) ¡¡ntl
SFS (s¡¡¡lioll ... 1-3) are rdcrred tu hel'l' ¡¡s: NII (l1onh highJ. N\'l
(Ilortil Illitldle). NL (Ilorth 10\\'). SL (,ollth low), SM (Slllllh
Illiddlc). ¡¡l1d Sil (sollth higlt), Frolll cach ,latiul1, secds 01' lO
il1di"idll¡¡1 planb, scp¡¡rated by al 1c~ISI I In frolll each otiler, WC!'l:
t"cti as Ihe samplcs, Tité sceJs \Vere grtl\\'11 10 ...cedlil1gs 1'01'
pn:paratit11l 01' DN/\ al1ll 1111clci,

Retrotransposen·Microsatellite Amplified Polymorphism (REMAP)
Amplilication. ONAs \\'ere prepared by tite cetyltrimelhylallll11o­
l1illl11 brlll11idc mcllll'c1 (32), 1701' R[MAP PCR ilmplil'icaliol1,
primcr, facing ollt\\'ard 1'1'0111 lhe IUI1!! lerl11inal rqléilt, (LTR,)

Thi .. ~Mpe' \Vd" \llbrnlttE'd (hr~{tly (Trac.k 11) to tht.., PNAS of1ic(.'

AbbrC'vlatlon\ In. integrase, l TR. long tcrtnlnalrcpcttt; NfS, no. th-faclng slope. NH. north

hlgh; NM, north middlc. Nl. north low, REMAP. {ctratrampasen rnlCfosdlcllnc ampllfJ(.'d

polyrnorphlsm; SfS. soulh.facing slopt'; SH, south hiqh; Sl...outh low; SM. south middl(';
SSR, simple scqucnc(' repeal
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\\cn; cOlllbinctl wilh ;lI1cIHlI"l:lJ "'llnple ,c'qucllCe rcpeal (SSR)
primer,. Thc' I'CR contlilions amllhc SSR prilllcr, ;lnJ :Inneal­
in~ lemper'llure~;Irc ;1' 'pe:cifiecl (,ec Table l. which i~ published
.IS '1Ippkmc'nl¡lr\ tI;¡I;¡). Thc cydin~ prngr;lm \\a': ')""'C. ~ Illin;
.,0 cycle', of 1)-1'C fnr -'O 'ce. 5.. -5WC. depcntling Iln Ihc' primer
p'llr. fllr .,0 'ec, '1 r'llllp ni -1l.S"C (SlT) 1 t" 7~'C. ami T~vC túr
~ Illin . .1 sce al 72°C bc'iIl~ ¡ltI,kd \\'ilh c'lch c\'ele: 72"(: tur I(J min:
In'linlen;IIlec ;11 ..'c. I'ri~llcrs In Ihe I?AR¡'::I I.TR \\ere: I.1'R-Z.
S'-cte "el CL:C C(';I CTA CA1' c.--\;-\ CCCi CCiT TTA 1'1'-3'. a
fnr\\ ;lr:1 pri~ller 1ll;¡lehiIl~ base, 1993-~()12 01' IJ/I/?L-I a (CieIl­
l3ank an·e-...inIl nn. Z 17_'~7)_ lhe lowercasc bases imlical ing a
dllIlim: 1;lil. 'IIltl I.TR-,\. Y-l:l:a all Gil :IGC .-\TG (jAT A,\1'
f\,\,\ (--(i.-\ TT,\ TC-.\'. ;¡ re~'~rse primer malehing 369-393 of
n." /?¡':-!;l. The protlucls \\'ere resolved on '2' f NuSieve: :1:1
'I~;¡rn'c (1:\ICI 'IIlcl tiekeletil1\' c'lhitliull1 bl'Oll1ide slaining.

REMAP Data Analysis. (jel b;¡Iltlillg pallc'rns were ,coretl. ami
1¡lble:~ of h~IlJ pn;senec ami absenee \Vcre crealed. Principal
eLlll1pOneIlI aIlal\'scs \\'ere run \\'ilh (;I:'SrAr 5. relcase 4.1 (NAG.
Oxfurd. U.K.I. ami Ihe plOIS \\'ere generaled wilh Ihe gl"llup
i.t\Tr¿lge tlgglnnlL'ralivl' dustl'ring rllllCliol1 a:-. llsed ~)("C\ iOll~Jy

(_\.'). Sl:lli'lic;,J le,ls\\'ne carril'd oUI wilh SI(;\\.-\1'1.0r:i1I (SPSS,
Chicago j. 1 pnr;1 r'lmc'l rie cnrrc'I'11 iOIl a nalyscs \\ l'n: matle In'
SPC,p'lll;ln R'lI1k Onkr (~cner;llin~ Ihe correlalion coet'i'ieienl
1\) '1S 1nlplcll1c'Il IL'<I iIl ,1(;\1,\,'1 XI': 111 (SPSS). Vallle, for /' in lhe
le\1 I'c'prc"c'nl Ihc' likelihuutl (\1' fal,el\ rc.ic'Clin~ lhc Illlll hyp'llh­
esi, Ih;11 Ihe \ ariahle', ;¡r'c' 11"1 Cllrrc'lalétl. D;¡la \';¡llIes in lhe kXI
;llc' c'\pre"ecl ;1' Illc"1I1' aIltl SI'.

BARE-1 Copy Number Estimation. Cop\' number \\'as delermined by
reUlIl,lruel iOIl frolll dol blol h\ bridiz;ll ion,. Tl.l eonlrol for
difkrcnce' in Ill;,ding. 1-'9 ... ng of lambda DNA \Vas added lo
c¡¡ch ¡.(g of pl;¡nl DN.'\, giving 1.2 X 10.\ copit:s uf lamhda per
b¡lrlc\' gCIHlm~ c'qlliv¡ri~nl. J)UI blulS \Vere prepared \Vilh mulli­
pie replic;IIC' by lIsing 1 ng or lO ng 01' genomic DNf\ per S<lmplc
'Ind er,,,s-linkcd under UV liglll. lsolated plaslllids (t1.l-IO ng)
elllll¡¡ining Ihe Ir;¡~mCnIS for hybridizalion probes served as
Cllnlrob on e;,ch lilter. I.TR (Nhc:l-Bs{cll. 74-' hp) and integrase
(11/. 1//J11 1-n.\I11 1. S:)I) bp) prtlbes \Vcre subcloned from BARE-I¡¡.
I'r..h", \\L'I't: r;,ndom-primed (Rediprime or Megaprime. Amer­
,h;¡m I'h¡lrm;¡ei¡¡) ;¡1ll1;:P-labeled. Filters were hybridized in
SW, fllrrn;'lnide. I.~S x ,Iandard s;¡Jine phosphale/EDT,\ (0.1 X
\1 N"CI,t 11) 111:"1 phu,ph;¡tt:, pll 7.4/ I mM EDTi\). ) X Dcn­
h'lrdl', rc·;¡gcnl. O.y:; SOS, ¡Ind 20 ¡.tg(ml) 1herring 'perm DNA
ll\crI1ic:hl ;11 ..2"('.

1" b~idizctl fillers \Vcrc \\,;Ished sucec'ssi\'ely \\ ilh 2 X SSc.
1l.1'; SDS (10 n1ln, ~S'C), l\\ice in 2" SSc. 0.1'1', SOS (lO min.
I)S Cl. ;lnd once in O.~ S( SSC (20 mino (,5"C). Hound radialillll
\"" '!u;¡nlified by expusure Llf a Phosphorlmager serl'C'n for 45
min fllliLl\\'cd b\' 'GlIlning on a fuji Phosplwrllllager. 1'he: S<lme
filter \\';¡S prohed in series \Vilh iJl, LTR, al1ll I;ll11bda probc".
Ilybridiz;lIilln rc,punse lo Iht: ill ;lIld LTR pl'llbe, \V¡IS eOITc'cled
11) Ihe ¡¡ver¡¡ge v,¡lue for lhc lambda hybridizalion rc'pol"e ¡¡nd
rl'I;lli\'e copy nunlber calcul;¡led. f\bsolule copy nllmbc'r \Vas
c;Jleul;,led fromlhe h)'hridi/aliun rc,plln,e of Ihe genomie: ONf\
comp¡¡red \\ ilh the conlrol p1¡lslllilb: eopies(ng) 1 -- (genol11ie
cpm)(ng) 1 X (plaslllid eopies)(plasmid cpm) l. Cl'pie,(ng) 1

\\'erc eon\'erted 10 copies(genome)-¡ by using lhe //,m/cllIIl
genome size dala determined hcre.

Preparation of Nuclei and Flow Cytometry. /\11 k¡¡f samples (=:'0 mg
c¡¡ch) \\'de colkeled fmm Ihe lhrce-kaf 'lagl'. Pl'llloplash \\'ere
i,ol,lIed a\ hcforc (34), lhen resu,pended in 1 mi 01' nudear
bulfer {30 m:\-l soJium Cilr¡¡le. pll 7.0/45 mM MgClj20 111M
\lops I3(N-ll1orpholino)propanesulfon ic ¡¡cid 1/1 % (\\ 1/\ (1) Tri­
IOn A-IOO/) /1I(ml) 1 !3-l11erGlplOelh,lnol} (J:" 31»), 10 \\'hich
~O ¡.L1l1(ml) 1 pl'llpidiul11 iodide then \\'as added for slaining. Thc
salllpk, \Vere ,I;¡ined for 15 min ;IIHI lhen cenlrifllged for lO ,ce

6604 1 www.pn...o.g

al 14,IlIlO rplll. The sUpCrI1al¡IIl1 \Va, disGmletl 'Ind Ihc pellel \\"1'
suspendcd in 200 Id 01' nuckar huffer 'tlpplel1lCnled \Vilh
2... J.l1(ml) 1 R ase ami 1 ¡.tI(I11I) 1 01' Jn inlern;ri 'Iand;,rd
'Iriulion (:'7) conlaining chicken red hlond eclls (2C - 2.33 rg:
reL 3(¡). The lubes \\ere ineubaled al 3TC fl1r 15 min anu Ihen
chilkd l'n iet: hefore 'In¡rivsis. ,\n aver;lgt: nI' Ihree separ¡¡te
lklL'l'min;¡lions per indivitlll¡JI were 11l;lde 011 ;¡ 1.(I:n-Cllallnt:1
flo\\' eyllll11eler (F/\CSor!. l3eelon Dickinson) ha\'ing '¡11 argon­
ion laser nf "S:S-nlll e.\eilalinn w;t\'clcnglh. 1'he lIutpUI t1¡ila \\'erc
processed \\ ilh lhc C1·.I.I.()LEST program supplied wilh Ihe c)­
lllIllcler. 1'he eslimalcs for Ihe nuclear DNA aIllounl for Iht:
samplc, \\ e re ealullaled hy using Ihe median PO,il illn 01' Ihc planl
nuclear peak.

Results

Gc'noll1e ,ize was Illc'¡I,ured hy flo\V c) tomc'try (see ¡:ig. 5. whieh
is published as supplemenlary material) for aeeessions eollecled
al each nf six slalions alnng a nllrlh-sOlllh Iransecl aeros>
E\'ollllion Canyon (Fig. "). 1'aking all ,Ialions IOgelher, a diploid
genome ,ize 01' 9.037 :!: n.027 (SE) pg \Vas observed and is wilhin
1.1 ~.( 01' lhe average 01' previolls observalions for a sel of !sr¡leli
/1. S/}()II{(/IICIIIII aecession, (:\S). 1'hc lran,ecl lhrollgh Ihe ean)l)n
prcsenls l\\n posilion variables. relalivc heighl (Io\\'cr. middle, m
lIppcr) ami oricnlalion (NFS lH SfS). Wilh Ihe limilcd prceisitln
01' flow eylllmelry. lhe ohsL'l'\'ed gelHlIllc' sizes I\ere nol distinl:1
by sampling silc' \\'ilhin Ihc Glny"n (Krllskal-\V;¡lIis /\NO\'/\ nn
Rank\l. Ilo\\'t:\'cr, line:lr regrcssiun ;lI1alyse ... indie¡¡le 111;11 t:c'­
nomc si~e is \\'t:akly associ;l1cd wilh \Iope orienl;)1 ion (I? ~ 0.1 (¡ 7.
( = I.()~". /J - O.(N)). lhc' SfS having larger genomcs lhan
lhe NF5.

T",o regions 01' /J/tRL-1. Iht: l'nz)'me-eneoding i/l 01' Ihc
inlerna1 t10main amI Ihe terminal LTRs, se:rved as prt1hes fOl'
eopy nllmher delerminalions. The ill and LTR regions bolh are
cOllserved (25, 26) ;1I1c1 wert: uscd in earlicr 13AI?E-1 cap)'
number delerminalions fllr l/o,.di'lll1l (10). The in probe is used
lO c'slimalc lhe nllmber llf fllil-Ienglh /J.11?1:'-1 elcmellls. Copy
nllmber ami genome ,ize \\'ere eslimaled on Ihe: same acce...... ions.
and logc'lher gave an average tlf 1.40 ,- n.o.. x 10_1 (range. O.iU
lO 2.21 x 1().\) RARE-I copies. equi\'alenl lo 2.9::1 :!: O.OS~';.

(range. 1. 77';{:· lO -l.70':'''), uf lhe haploid genome, This \Vas in
lhe range seen earlier for Illore broadly dislrihllled /l. SPO/l­

{({IICIIII1 (10).
Ike¡llIse 13."I?/:·-1 ;Imllllhe:r I.TR-relrolranspllsons eonlain ,In

I.TR al each encl. I\VO ¡¡re expecled for c'aeh inlernal c1omain.
Ilo\\c'ver. lhe L1'R eopy numbcr gre¡llly execeds lhal 01' Ihe
inlL'rnal domain in barle)'. /1. .1f!O/l/{IIIC1I1I1, ami lhmughotll lhe
//O,.d<'1I111 genlls (lO). heGtuse 01' lhe presence 01' large numbers
ofslllo L.TR" hypolhesized ll\ re'lIlt prilllarily from inlr'll'lemenl
rccombinalion belwe n lhe I.TRs al1Cl consequent loss 01' Ihe
inlernal dom;lin. Ilere. we deleeled an a\'erage of 7.S :'.: 0.2 X 10.\
I.TI~, per genomt'. 5.4 :'.: O.I-fuIJ morc LTRs lh;¡n inlern¡¡J
d"Illains. This finding indica les Ihal lhe ¡Iwragc genllllle 'mt:a­
'lll'eti cOlllains ... 7 X IlI.\ LTRs nol atlriblllabk 10 fllll-Ienglh
/I/IN!:'-I elemenls. Thesc solo I.TRs conlribulc an adclilional
:-:.-1 x 1(J? hp or 2.03 :!: O.OY; lo Ihe gcnome.

Each ,(\10 LTR represcnl, a minimum 01' onc inlL'L~ralillnevcnl
t'ollo\Ved by rl'Clllnhinalional lo" uf lhe inlL'rnal d(~main ai1d an
LTR. AS'l;ming no olher r1wnges in lhe repelilive DNA com­
plemcnl, RAI?E-I lherdore woulJ comprise al leasl 11.7 :!: 'O.Y;".
of lhe genomc if none wcre: losl lhrollgh recombinalion. Taking
;¡JI ael'e ...... illlls lllgelher. lhe number 01' full-Ienglh LI/IRL-I elt:­
mcnls (measured by i/l response) is POSilivcly ¡tnd highly ,ignif­
icanlly correlaled (Fig. Ik /'1' = 0.4:\2,1) = IUJOI) \\'ilh lhe
nllmber 01' bolh lolal LTRs and solo I.1'Rs (Pcarson Prodllcl
Mamen!. "1' = 0.714, P = 1.35 '< 10 "). The slope for lhe
regressioll plolling lhe grmvlh in LTR Illlmbers (Fig. l.") is :'.7 :!:

0.5 (1' < 0.0(1), when;as as a ,Jope 01' 2 \Vould be expeetccl if lhe
illcrease ill L1'R nllmher "'ere lo come ollly fromlllllse relll<iill-
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Fig.1. BARE· 1 copy number in H, spontaneum aeeessions al transeel stations
in Evolulion (anyon. (Al LTR number as a lunetion 01 in number lar all
aceessions. (8) The in number as a lunetion 01 transeet station. (C) LTR number
as a lunetion 01 transeet station. (O) Ratio 01 LTR number to in number as a
funelion 01 station. For all plots, 1\ are samples Irom the NH station; el NM;
'/, NL; T, SL;., SM; "'-, SH. For plots 8-0, mea m and SE are shown.

40

ing ill full-lenglh elemcnls. TllCo,e eaiculaliom impl)" Ihat 1110se
gcnomes lh;'¡l h;.¡ve mure f]/I/?/C.-I elelllenlo, al prcsenl genL'r~lly

have <lIso IOSl murc lhrough recoll1bill<llion.
Gil'Cll Ihal lhc nLJmber (jf I.TRs. in particLJI:lr lhe o,nlo LTRs.

rises Illore rapidlv lhan Ihe nUlnber of LI/I/?L-I cklllenls. unc
\\·uuld ex peCl a poo,i l ive corre la l iml bell\'een lhe IJ/I/U,'- 1gelHll!le
share and Ihe ralin of LTRs lO fLJII-icn>:lh elclllenls, IlowevCl". in
lhc eallyull. lhe LTR/ill raliu is neg;lli\'ely and highly signifi­
call1lv correlated (1"1' - -O.:» 1.1' 'O.()O,)) \\ ilh Ihe cUIlII'ibuliull
uf /J.·1I?C-1 In genomL' siLe, as imlt'l;J I\';\S earlier sccn fuI' Ihe
gellus f-!Ol"dlélllll as ,1 IIhule (10). Thercfurc, Ihe highel' lhe
abllndance (Jf LTRs rel~live lu fuJl-lell~lh n/I/?/,'-I ekmenls. Ihe
smaJler lhe fr,\Clion üf lhe genollle occ~q)icd by 1J./l/U':-I. 1Jcncc.
V:I ria IiOIl in rccolllhi nal iOlla 1loss of n/11?1':-1 m,IV be li n~cd'lo Ihe
gcnollle sharc of lhe family bUlh lhrollgholll l';L' gen liS ami i"or
olle species al a single geographical Illicrosile.

111 view uf Ihese currelatiuns and Ihe cupy nUlllber anJ gClllllllC
share varialions <lmong lhe /1. Spillllr/llléllfll accessions. \Ve eX­
am incd whe Iher Illc¡¡sures of IJ..I/? E-I prcvale IlCC m igh 1v;lry 1\' iIh
lhc heighl al1ll uricnlaliunuf Ihe: IranSL'cl ptlSiliuns (Fig. 111'). '1hc
LI.'l/?L"-1 llulllbcr i, POsili\·ely ami ,ignificanlly cnrrcLtled (1"1' ,­

(U¡':(l. P ~ 0.0(4) wilh Ihe hcight of lhe acces,illll ,ile. FurthCl'­
more.lhc acccssiuns from lhe lop oflhe canyon (NII, 511). whL'n
considered logelhcr, have a distinclly ami sigllificanlly grcalCr
(SllIdenl"s I lcst. 1= 2.h)7, P ~ 0.(1) nUlllber of IJ/1RL'- ¡ copies
lh,ln fUlIlld in lhe bOllOIll- anJ mid-,Iope acceSsillllS. Th(; Sil
stalion, IhL' nmsl strcsscJ ,ile in lhe C<1I1yon. ,tlone is dislim:l froll1
aJl olher, (1 = J.I07. P = IJ.tJU:». The num\)(;r uf LTRs ill lhe
g(;nOn1e is posilively bUI nol significal1lly assoei<tled wilh heighl
in lhe C<\llyun, p,lrticul<ll'iy on Ihe SFS (Fig. le). If only lh(; SFS
is considered, lhe currel:lliun helwcen LTR number ¡¡nd hl'.ighl
on lhc slope hecomcs \'ery Slrong anJ nl'¡¡rly sigllificanl (1'1' ~

0<)<)1, P = (J.0~4). .
Varialiun in recombil1ational loss 01' n/l/u':-I wilh respecl lo

ins(;rlional aelivity. rcfleeted in lhe LTR/ill I'alio. is significanlly
and negalively corre/;lleJ (1'\' = -0.351, P = 0.(09) wilh height
01' lhe accessioll Ull the canyon slopes (Fig. 10). Furtherl11ore,
lhe aeee"ions frulll NIl amI SIl. lak(;n logelhcr, have a distincllv
smaller proporlion of solo LTRs lhan ají olher acccssions (1 ~
-2.985, P = 0.0(4). These dala sllggesl lhal Ihe higher in Ihe
eanyon. Ihe mure full-Iellglh !J/I/~C-I elclllents are lllaintaint'J
relative lo lhe nUIllI1l:r lost lhruugh recolllbin¡¡lion. Consislenl
wilh this, /3/I/?!:'-1 cOlllprises a significanlly increasing pl"Opor­
lion 01' lhe gelH.1lllc (1"1' = 0.402. P = ll.O(25) wilh incrcasillg
height in lhe cal1yon. The Sil individllals display ;1 dislincllv
grL'all:r proportion 01' lhe genollle Ihan all of lhe resl 01' licce,­
,ions (1 = :>.OH2. P = 0.00]), lhe dislinclion by heighl ~Iso heing
maintaincJ whcn Sil ami NII ,¡rc considercJ togethcr (1 = 2.7(19,
f' ~ O.OOS) and when lhe top- <tml mid-slope <tecessinns are
cOlllpared wilh lhe lwu 10weSl slaliüns (1 = 2.5'.!4, f' - 0.01.2). f1y
Illulliple regression :lIlalyses, height in lhe canyon un bolh ~lopL"s

is ,1 goml prediclOI' DI' Ihe /3/I/U,'-1 sh<tr(; orlhe gentlllle whelhcr
(/' = 0.(1) or nOI (/' = O.OOS) Ih(; Sil slalion is included in lhc
linta SL'I.

Using Ihe R F:Vf i\ P mel hod (12), illl(;gral ion juinl' bel ween
/J/I/?L-I copics and rIanking g(;IHlmie seqllcnC(;S \\'(;re dekclcd
by PCR ,\mplificalion in reaetitlns conlaining L.TR primers in
cOJl1binatioll wilh primers lo SSRs anchored al th(;ir 3' cm!.
13cC<lllSe nA!?!:'-1 elclllents have a lenclcncy lo insert inlo r¿gions
conlnining SSRs (12. 26, J<)), mnny of the /3/1!?E-1 ins(;rtion,
lherd)y can he delccled. Marker hands gen(;rated by Ihis systelll
are, ill principal, inscnsitivc lo intraekmcnl LTR reeolllbination:
lh(; remaining, recolllbinant LTR would slill serve as a priming
sile lúr PCR orienlec\ il1 cither c\ireclion.

Ten indiviuunls from cach 01' Ihe six Iransect ,talions were
Iyped wilh REMAP. Earlier results (12) showeJ Ih<tl Ihe
R EMi\ P pmducts gcnerally do not derive: frulll ampliricaliun
hetwL'en pairs (11' SSI{ dmnains, hul r;¡lh(;r frum L'klllent inser-
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Fig, 3, Principie component analysis 01 Evolution Canyon H. spontaneum
derived from variation in REMAP banding pallerns. Numerals re(er to the
corresponding genotypes; those from the same slope have been cirded.
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as a whole (10). inuicales lh:.tl lhi~ rclrnlran,po~on family h,IS
!leen highly and rec('nlly insertinn:dly ;¡ctive,

/\n e.\CCSS nf LTRs, likc'll' :,010. \\crc dctt'cte" in :¡JI acce"ions.
These :Ire abundanl aews~ Ihe gClIllS I/ordcllnl (10) allll appear
10 rcsuli 1'1'\1111 inlraehronHlsomal reeomhin:i1iun het\\'cen thc
I.TR pairo, wilhill rllll·lenglli eleml'nts, The (',ces<, in ITR,
inc.:reases wilb the number 01' II/INC-I elemenls. consiqcnt ",ilh
earlier c\ idenee thal rccol11hinaliun is additi\'e bcl\\L'en ele·
menls inlhe genol11e (-10). The rcslIli., here rUrlhnmore conrirl11
\ hal was earl ilT showlI ( IIJ) 1'01' lhe gellus as a whok: the grealer
Ihe nUl11bn of ,010 LTRs relalive lo flll/-knglh /Vl1?E-1 e.:/c­
I11cnls. Ihe ,l11a l/el' Ihe part 01' Lhe genul11c c,)l11prisc.:d b)' 13,.1I?L' .. 1.
This indicatcs lhat varialiolls in lhe relati\'c rates ur reClllllbin,l'
tion and inlegr:ltion al'l'cel lhe ~ucec;;s 01' :.t n:lrotranSpl)SOn
f,lmily in spreading within the genlJme. ami thallhL'se varialions
mal' aeL wilhin a single species al a single loc:.tle,

Thc dala, moreover. suggest a linkage hetwc'en IJ/I/?I:'-I
nllmber;; :tnu Ihe ecogeographl' 01' lhc E\'olulion Can)'on l11icro­
sile, More {JAIU~-I copies i1nd proportionally rC\\t:r solo LTRs
are rOllnu in Lhe IIpper, drier siles within lhe can)'on. paniclllarly
al lhe top 01' lhe SFS, Ihan :.tl!mver silCS, Earlicr ,tuuies inuieated
a dencasc in :tngiospcrlll species diversily (29, JI) ,1I1d an
incrcase in nllozymie (:lO) allll r:II1(lomly nmpliricd p(ll) morphic
J) 1\ (2~) di\'ersil)' IIpward in lhc c<ln)'lIn. :dl correl:l1nl \\'ilh
incrcasing qrcS'o IIpw<lrd on bolh slllpcs. wilh Ihc mos! stressrlll
,Jope being Ihe SFS, The uppcr "¡:tlion, on each slope are,
rllrtherm(lre. gencrally drier e\'en dllring Ihe wd scason beeau,c
01' the Illo\'cment 01' rllnoff down-slope, The local data al Ihis
single microsilc minor region,Ji ob,crvalions aeross /o,r:lcl (In)
Ih:11 IJ/II?/,'-J eopy Illllllbl'l' W<lS emrclaled \\'ilh aridily anoss lhe
r:lngc 1'1' Ihl' 11. .\pul/(al/c/IIIl, hl.llh 'leLs of d;¡t<l bcing consistenl
\\'ilh thl' prescnee wilhin Ihe /1/I/U:-1 PI'OIllLllcr 01' <lhscisic
¡".:id·re:spon,c elcmenls lypic<ll 1'01' W¡ller slre<,s-indllccd gcnl's
(2-1). Thc d:lla thl'l'dore sugge<;\ Ihal expn.:<,<;ion :.tnu pn1pagalion
01' II/II?/,'-I m:IY he slress inuucl'd anu also Ih<l1. lhe highl'l' in Ihe
l':ln)pn. lile lo\\'cr lhc rale 01' los<; 01' integraled ('(lpil'S lhrough
recomhin:llion. ,

Pol)'morphi,m dclcclable wiLh R EMAP Illarkcrs yiclds a
complelc dislinClion hClwe.:cn inuividuals growing on Ihe NFS
and srs 01' r:vOlulion C<ln)'on, whieh ,Ire sepamted rmm cach
othcr by ;¡ m:txinlllm 01' :lOO n1. Because lhe REMAP paLtcrn
dcri\TS from slH1rt-range amplifieations (hllnureu, of bases). the
dirkrcnú" oh,cr\'eu by I~EM,\P are likcl)' lo h,I\'c been gcn­
cralcd by relrolransposon /l/I/?/:'-I insertion, indepcndcnt 01'
olhl'l' gcneLic ch;¡ngcs anH1ng Lhc individllals, Given lhe smnl/
pcrn:nlagl' 01' lhe lolal /i/1NL-1 eopie~ visualizcu by Ihe seven
primer cOlllbinalions, Ihe.: uala imply lhat lI/1I?C-1 inlcgralional
aClivil)' in lhe c<lnyon h<ls bl'en grl',llcr lhan gcnomic IHlIllOgc'-

Fig. 2. Banding patterns generated by REMAP amplífication. The reaction
was carried out with primers LTR·A and (CAC),T. Lanes are labeled by the
genotype al the sample (Table 2); two different accessions are shown for
genotypes 2, S, and 17. The products have been stained with ethidium
bromide dfter "lgarose gel electrophoresis; the gel is shown as a negative
HnagC' 51/(' lHar kers in bp derive from el b e eriophage ,\ PsrJ digest

1 1 ) j S 1 S 6 1 • , • 1011 12 tl U n 1617 1119 11 2'0 11 2124 2S X

litln ... The: inll'r·SSR prmluc!\ \\'erl' gencr:dly longcl' litan Ihe
Rr,\!1!\P PI'llc!UCI', indic;lling Ihal lhc SSRs p:lirs ¡lI'e more

11 idely iltter,per,cd titan LTR¡SSR pairs, In Cl>lllroll'xpcrimenls
ctlnl:tinin¡! Ihe SSR primer but nol lltc' LTR primer. none 01' Iltc
h:lnd, produce:d hy :trllplificalion hel\\'een SSR loci in Ihe
gl·It<lmc 1t¡ld mohililies idcltlic;d lo Ihe R E\!1AP banc!, (see Fig,
(1. IIhi(h i, puilli,hed as suppft:l11cnlary Illalerial). In Ihe gcl 01'
Fig. 2. the generall)' high lft:gree 01' polynwrphi,m deleeleu
he:llle:e:n imli\ idual, frum Ihe canyon is evidc'nl. Sevcn Sc'ls uf
I~ 1:\1.'\ l' prilltl'r (Oll1hinalil1ns \\'en: used lo gencl·:.tlc :l I(, h:lnds
11'<>111 lhe: accc'sion, (T:thlt: 1), 01' lhese, 277 llI' XXt':;. \\'ere
ptlh nHlrphil',

:\ lot:d of ~Il di,linct h:.tnding gcnolypes "'ere dctectcd alllong
Ihe aCCc'"iun, ('ú' T"hle 2. \\ hieh i, publishec1 a, supplemenlary
m:lil'ri:Ii), Tile panicular primer cOlllbinaLion (/_TR-A,
(C,\C)oT) used in Fig, ~ does not dislinguish genotypes 22 ane/
2.'. :dlllOugh olher combin;¡lions e/o, The genoLypes diqin­
gui,hce/ :llll':J"e, hut one (genolype 6) wilhin eol/ecling slalions
:Ind n:pre:'l'llll'e/ Ihree 01' kller 01' Ihe individuah per genol\p.:.
l'.\ccpling NFS gl'lHllype 17 \\-ilh four inuividuab :Ind SFS
genllt\pe (, \\'ith 111 indiviuuals, Gcnotype (, abo conlaincd hotlt
SL :Iml S:'> I indi\ iduab, The ,llIpes were clcadv distinel in Ihc
lIumher 01' gCllolypes represenleu. Ihc SFS h:lving only Itine
gl'nolypl', \\'herl'a, Ihe FS had 17. A me:ln 01' 114 _, I b:lIlds
\\'ere lkleclnl in ll>lal 1'01' caeh 01' Ihe slalion, e,ecpl S1\,1 , rol'
11 hich onlv 1,) band, \\'l're SCDrl'd (sc'e Table 3. wliicli ¡s pllhlishL'd
:1'0 ~lIpplr.:nlClll'lry l11alerial), 'rliis yieltkd :I\'erage freqllencics
fl'lllll 0.111) 1J.7 fuI' a givcn t:cnulypc ami an inln"laliull silllil;lrily
imle.~ uf 0.-17 :; tU):;, a v:¡JlIl' ur I indic,lling ¡di bands are: sh:II'Cl1.
rhe: banding p:lllerns gem:ralcd 1'01' cach indi\ idll;¡J \\'crc uscd lO
e:'limalc genclic dislance, bel\\'een lhcm. The R EM,\ l' b:l11ding
data \\l're ex,lI11ined by principal componcnt analy,is (Fig. J).
\\'hich allo\\'s eumparison 111' overall genolypie similaritie, in the
abscllcc ur phylugcnelic eonsidcr;¡tions, The analyses completely
separated lhe: individllals rrom the NFS from Ihose nI' the srs.
Discussion

The nllmbc'r ,,1' ful/-knglli f3A/?I~-1 copic, in indi\'idll:¡J, uf 1/.
"lilll1(t/l/CW/l in E\'ollltion CanyolI, al Lhe Lower Nalwl Oren
microsilc, was fOllnd lO r;¡ngc rrom R,J lo 22.1 '( j()' per haploid
genome eqllivalen!. This almosl J-fold variatiun in lhc nllmber
01' rllll·/cn~lh IJ/lIU:'-1 e/cmenls amollg il1lli\'idllals :It a single
l11icnl'oile, ~vithin thc rallgl' Sl'L'n earlicr rol' Ihe gCI1l" I/OI'tI<'wll
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niLaliun driven by gene: no\\' tbwugb pollen dispen.al anHlng lbe
¡argely selfing (average l)H.4"'i;, rcf. 41) /-1. SI)(JIlI(/1/1l1l1l1 or by secd
disl'ers,t!. Thl.' R EM/\ P Illarker data shol\' more genolypes in lhe
NFS Ih,1I1 in Ihe srs illlli\ icluals, \\'hich we intcrprel as being
c'lused bv lhe palchiness uf Ihe NFS. having open 'liTas suilahle
fur Ir. .1/1011/(/1/<'11111 inlerrul'led hy skltled. trec-growing ;Ireas. in
cllntr;,,1 lo Ihe srs. lJnder sullicienlly high ratcs uf n/If?!,'-I
Inlcgr'tlion,t! aCli, ily. Ihe patches appc'ar lo ha\'c becolllc geno­
I)pie;dl) distlnc"l \lilh reg;mllll the IiAR!:-! insertion paltcrn.

U;",icalh' "'c'¡fish" 'elf-replicaling unils such as retwlrans­
ptlS11n' Illight hc expeelc'd, indcpendcnt of lhe genollle as a
\\hllll". tu undngo seleclion for incrcasingly cfficienl propaga­
IIIIn. Ilo\lelc·1". Ihe ub,crl'eJ cOlllbinalion of deereasc'd rt'cnlll­
blll,tllonal In,s lo~elher wilh increases in lhe nlllllher 01' full­
knglh copies 'uggesls lhal planl-kvel se1eclion is opcraling lo
inLTease Ii.If?L-1 copy Ilulllber. Increasing numhers (lf 1r<lnspo­
'IJl1 copies havc heen Ihoughl 1(1 be associ,llcd wilh deereased
filncs, Ihrouf!h int:reasing Icth,dily (42. 43). rlowever. Ihe len­
dC'nc\' tlf relrOlranSposons lO inserl inln repetilivc DNA in barky
and (llher cl're,t!s (!l. 1.2. 2¡,. 39) Illiligales Iheir dell"lcrious
ptllenll<ll.
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\'olul11c in a \Vidc rangc 01' organisl11s (-16. 47). Relrolranspo,on
illtegraliuJla! acli\ it~, by incrt:(I~illg g<:nolllc ~izc. nl(l~ 11L'
adapli\'e.
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Short RNAs Can Identify New Candidate Transposable
Element Families in Arabidopsis

M. Flori,ln Mette, ]ohannes van der Winden, Milrjori 1atzke*, ilnd Antonills ].M. Matzke

1nqi lllll' oi rvloleclIlM l:3iolog\', r\ lIStl"iil n ACildt'rny oi Scit'nccs, Bi lIrt)thstl"a~"e I 1, A-5020 Salzbll rg, A lI~triu

Mining 1'!lL' !\I",lbidop~is genome fOI" tl",lnspO",lble
ekl11enls (Tb) by DN,\ scqucnce similul"ity seMclws
M\d ,1n,1Iysis protocols is revt'aling prt'viollsly lIn­
identificd filmilics oi TEs and providing insights into
1"1-: strllclllre, nll)bility, distriblltion, and diversity (L.e
el ,d., 2L1()()). We sllggest here that neIV plItati\'c TE
f,lmilics ,1Ild pcll'tiillly diverged TE-like seqllenct'S CCln
be identified by ,1Il alternate appro,lch involving
clonin¡.; ,1nd ,1Il,1Iyzing shl)rt RNAs, which Me <1 hall­
111M" pf !{¡'ú\ sikncing mech<lnisJll~.

Ri'\:\ sikncing is triggercd by dsR '/~ that is
clc,ll'ed to slwrt RNAs 21 to 2-l nllc!eot!des (nts) in
kn~th b\ dn RNilSC 1I1-likc cnzvmc tl'rmcd Dicer
(1\1,;tzke ~,t ,11., 2()O,\; Hutdgllt'r el ;11.,2002). The short
R ',\s ,1re lhought to guide enzyme complexes that
eitllL'r degr,llk complementar)' RNAs in th!:' cytoplilsm
(<1 proce~s tcrmed posttr,1I1scriptional gene silencing in
pl,lnls ilnd R .¡-\ interfel"ence [RNAi] in <lnimals), or
nlt'dify homo!ogous DNA sequences in the nuclcus
(Ri'\A-directcd O lA methyliltion [RdD [J). In pl'lnts,
RdDM c<ln leild to IT<lnscriplional gene silencing if
dsRN¡.\s cont<lin promoter sequences (tVlatzke et al.,
20m). 1\ major illnction oi posttranscriptional gt'ne
silencing/RI'\Ai "nd DNA methyl"tion, which may
reslllt fmm RdlJM in Ill<lny cuses, is to limit the
prolifer,ltion uf TEs (Matzkc et al., 2(00). Thc host
detense role oi RI\iA silencing is evidenct'd by the
mobiiiz,ltion of some TEs in CI7¡'l1orlio/lditis 1'/l'g01l5
ll1ut<lnts defective in RNAi (Ketting et <11., '1999;
T,lbar" el' ,11.,1999) <lnd in Arabidopsis Illut<lnts
ddicient in somt' <lspect oi DNA mcthylation llr
chromalin struclurl' ( liura L't al., 2001; Okamolo
and Hirochikcl, 2001; Singer t't al., 2001; Tomba L't <11.,
2(02), t\ role for R A silencing in TE control is ,,\su
slIpportcd b~' findings of sequences homologolls
ID l'<II'ious Tb in collections of short RNAs clom'd
irom diffL'rent sources (Djikeng et al., 2001; Llg0S­
Quintan<l el al., 20m). The enrichmenl of kno,,"n TE
sequences in poplll<ltions of short R lAs, which Me
presumably cle¿lI'age products of <1 Dicer-like en­
7yme, suggc5tS th,lt lInidcntified TEs might be dc­
lL'cted lhrollgh their prest'nct' in s!lort RNA librMies.
In an ongoing prnjecl to clone ,1Ild sequence shorl
R ¡As ilpproxim<llely 17 lo 27 nts in Ienglh fmm
Ar,lbidopsis \cal'es, \Ve hi1\'e isol,11ed "hort R 'As

~ C()(responding Juth(lr; e-nli.1i1 1l1nl;ltzkL'@inlll.lll'tlW ..)( ..lt; til\:

4,1- M2- 6:1%1-2'),
IV"'\\', plal1tphysioJ.ors/ cgi / doi / IL), l Ill·¡ /pp,OlJí'lH7.

lhat ,1~)pt',lI' lo be deri\'ed fmm prel'iollslv unknown
Tr. f,lmilit's ,lnd from TE-like seqlll'nccs.

"40" FAMILY

One short RNA sequence hclS been isol<lted repedt­
ed Iy <1 nd represen ts the Illost freq uen t nonstructu ra I
short RNf\ recovered in our study (11 independent
clom's comprising approximately 8'\\, oi total non­
slructural R lAs). This group of short RNAs, desig­
n<1ted the "-lO" f<lmily, ranges in size fmm 17 tu 21
nts, lI'ith a fixed 5' end and ragged 3' ends. BLA5T 1

searches revealed DNA sequence hOlllology in three,
unannotated intergenic regions of the Ar"bidopsis
genome (Fig. 1). The only other highly similar se­
qllenc 's (identity in 20/21 nt) in the datab<lse are
present in the Oryzo si//il'l1 genome. !3ecéluse the "40"
short R0jA family was exception<llly well reprcsented
in lhe population of cloned short RNAs, we inl'csti­
gated it further. An RNA folding program W,lS used
to examine whether the IJNA sequences surroul1Liing
the short RNA "genes" ((luid give rise to <In RNA
\\'ith <1 st,lbk secondMY structure. In all three cases,
"n ,lpproxim,ltely 200-bp imperfect RNA duplex, in
II'hich the short RNA is locclled in a semiconserved
TlR, was generilted (Fig. 1), Alignmcnts of the tl)rel'
corrcspond ing DN A seq uences demonstra ted tha t
spacers intern<ll to the TIRs oi copies A and 13 display
79',~, DNA seqllence identity, whereas the internal
spacer of copy C, which is somt'what longer, sholl's
no significant homology to A ,1I1d 13. .

I\lthough the potential RNA duplexes are quite
long, onl)' short RNAs derived fmm the TIR 1~'L're

cioned, indic<lling lhM lhis regiun is preferential!y
c\eal'ed by <1 lJicer-like enzyme. Moreover, all 11
short RI\:As originaled exclusively fmm one side of
the dsRNA (the 3' t'nd), II'hich is the most conser~'ed

h,llf of lhe TIR Llmong lhe lhree copies. The prcsence
of these short R lAs ,1nd tl1t'ir polMity lI'ere con­
firmed on norlhern blols: Onl\' lhe anlisensc R A
probe pmdllcl'd a signal (rig. 1). The "40" short RNA
i,lmily appeMs to be relatil'cly lIniformly sized on the
northern blot, displclying lhe S,ln1(:' mobilily as a 23-nl
1) 1\ oligonucleotide. The rangc oi sizes that were
cloned (17-21 nts) may indicate differences in the
migriltion of short RNAs compMed with DNA oligo­
nucleotides or some degréldation from the 3' end
during c10ning procedures.

1'/')111 J'/1.'Io'¡tl/"XY' SeplL'll1ber 20li2. V,,1. 1:;0, PI', (,-'1, WWl\'.pl~nlphysi(ll.(lrg iD 2002 I\merican S,'ci,·ty of 1'1,)1)1 Biologish
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Figure 1, "·10" fJI11t1v oi ,1,,)1'1 I~:-':J\~. U<,il1g 1111'
"4n" <-!leHt I{ ....... r\ '{'qucnl P'i .1S qUl3r¡f'~ 111 d

BtAsr~ "t(',ll( h. hit..; in 1111c:rgP!li( fC'ginl1s in
Ihr('" 11/\('< ,,('re lIhl.1I1Wd, 11", n,ll11e, "i 111('<"
l3AC~. Ih,-' r<'gl(ln ... u"'ed lo gl'Il(·r.lfe lhe prl..~dl( lf:d
R,'\,i\ "P( nn<!,1r\ (,,11 Ul lun'~ .11 lh<.> lllp, .lnd 1i1('

l!lr(JmO">OI11(' .1~~igllll1elll ,Hl': A, 1-2')1)22. b.. I~f..:'''''
,11, \(,1 IhrUlIgh ·11.170, (hrol11osonl(' l' 8,

l1UI'20 Illl'erl.1pping wilh Il0{J.!l), h;l>e,
ll;,: 2·1 Ihl'flugh 26, ~ I '1, LhrUI11050l11e 1; .lnci C.
nFI~, h."l'~ 2H,'l2B Ihl'flugh 21l,71~, <hrql11o,

~"n1L' .'. Midrlk', 111l' DN/\ WC¡lIt'nl ", come, \ "d
,l1110llg copi,o<, 1\ lhrough t: .11'(' ulld"rlil1l'd in

bldLk .1I1d Ihe lenglh oi 1111.' ,Pdter inditdled. Ihe
10llg ,1rrows helo\\' e"p)' t: denote Ihe Sel11iCOIl·
~en'l'd H:'rmin .. t1 in\t'rlf:\cJ rt'pl3.1ts iTlI\.~i. Ihp right
hdli uf \\'hilh gi\'l" ri'l' III 1/)(' "·10" ,1""'1 R,.... '"
I¿lnlil), ¡ree! .IITo\\', red lint' in se<.ond.H)' s,lruc·

lur(', al Il'PI. Ilollom I ighl, r1w '(''1u''nu'~ 01111<.'
longe~1 ~hort I~N/\ clones 12 1 nll derivpd I'rom

copies /1 "mi H, which dirfrr in Ih(· linal ni .•Ire
sho",n. Ilnllol11 leil. lhe nnrthern blo\ confirms

Ihe p"_'senL':' of "~Il" shorl R, As Ihal hybri<lize
lO .1n .lnlisl'n'<' 'AS) I~NA probe in Ihe I\rahidop·
si~ '111.111 RN!\ POPlIl.tlion; no hrilridizalion 'ig·

11,,1 ""lS oil~p,,'('d "ilh .1 s,'n<f' IS) R i\ prohe
1110\ ,ho" nI. <;hort RNAs IVIo"e clol1ed aculrding
lo" publi,hr'd prol.etiurc· (11I),,,h,, 1'1 .11 .. 2UO l •.

---------.,.

S AS A. th.
DNA DNA small
oliyo oligo RNA

¡-----"lr---1r--1

1.. '

A S TTTGGATTGAAGG<...~..GCTC':'A

8 5 T1'1'C'..GATTGlv.-GGG1"GCTCTT:3

cloned 21nl RNAs

23 n\ ~

antlsense RNA probe

1'(\ .1~L'l1er,ltl' the dsRNi\ slruclures lhilt c(luld be
pr(\cL's~('d by il Dicer-like enzyme to yield lhe "40"
f<llllily oi short I~ lAs, the entire ilpproxilllat~'ly

200-bp unit Illuq be transcribed 5' to 3' frolll il pm­
motel' that hilS not ret been identified. At least copies
A ,1Ild 13 are lrclnscribed, as exemplified by the se­
quences of t\\'o 21-lllers, \,vhich differed in the 3'­
most I1t eXclClly ilccording to the A and B DNA se­
ljuenct·s (hg. 1). Tr,lIlscription of A and 13 musl
initii1te eilher fmm i1djL1cent int rgenic promotl'rs 01'

by rei1d-thmugh transcription from the lIpstreilm
hosl genes. Judging fmm the hybridization inlensity
on lhe nürthern blot, which approxim,ltes thal ob­
served with short RNAs derived from 355 promott'l'-

dri\'(~n Iri1nscripts (Melle el ,11., 2(00), the precursor
RNA for the "40" family of short RNAs is strongly
tr'lnscribed.

The presence of multiple, dispersL'd copies of cln
ilpproximately 135- to 155-bp IJNA sequencc fli1nkcd
by reli1ti\'ely "'ell conserH,d 20- lo 30-bp TlRs in the
Arabidopsis genome suggests thi1t this small repei1t
i,lmily is possibly derived from a TE. Althollgh se­
qucnce similarity generally falls off beyund the re­
gions we hi1\'e designated as TII{s, sllggesting Ihi1t
they delimit i1 putative TE, we did not detect target
sitc duplici1tions, which would be l'xpected from a
cli1sS 2 (DNA) elcment. It is not yel clcar vvhcther and
hol\' members uf the "40" family transpos~', but tl~eir

7
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~eLJuel1ce ht'l"cnlgel1t'ity suggests they Me degenerate
relics of ,) prc\'iuusly <lCtiVC TI~ filmily, Whethcr the
~hort Ri\:,\s dcri\ cd from this putilli\'c TE family
~ll,lY ,1 role il1 nlntrollil1~ Irill1~po~itiun is not (ICM,

but lhe '>trikil1~ con'>L'rvatioll uf b(lth the "-H)" short
I~"1\ St'qucn«.'~ <lIld the PI¡ten ti,ll SCCOl1d,l ry ~truc­

tmcs fmm which tlwv Me presumilbly derived sug­
gL'sb ,111 important functiul1.

When compilred ",ith knolVn types uf TEs, thc "40"
Llmily ilppeilrs silllil<lr to "neisseriil minialure inser­
tillll ~equences" (nelllis). These ,lre i'lbundill1t, ~Illall

Dt\i\ il1scrtion scquences in lhe chromosome of the
~)<1 lhogel1 ic b,lcteri u m ¡\j('is~('rine SOIJDrrJ/()cnc ( la z­
wnc el ,11., 2(01). Unit lenglh nt'mis (approxilllakly
160 b~)) fe,Hure TII\~ (26-27 bp) ami can potenti,llly
fole! il110 a robust slem-Ioop struclure. lore thiln 66%
uf I1cmis Me found close lo cellulM genes. [n L1n
intriguing PMallel to the "40" fillllily, Ihe nellli R lAs
<lppeilr to be cotr,lnscribed with cellular genes <lnd
subsequcntly processed, at either one or both T[Rs,
by RNilse ¡I[ (14).

""175" FAMIL Y

011l:' shorl RN/\ clone 2-+ nt il1 length was found to
be hllmologous to regions uf fi ve BACs in the
I3LASTN seareh. [n each bacteriil ilrtificiéll chromo­
some (13i\C), there ilre two hits in inverted orienta­
tion thM Me separated by vMyil1g lengths of spacer
DNi\. For the longest copy (Fig. 2, BAC F10C21),
there is one misllliltch to the short RNA sequence
(identity in 23/24 nts); for lhe other four copies,
scqUl'IlCC ie!entity is perfcet (24/24 nts). The 10llgest
sl'qucllec is illlllotatcd ilS il putilti"e Mudrl\ trans­
pOSilSE', sugge'>ting il MULE fillllily. Alignlllents uf illl
fi\'l' sequences delllonstrated that they ilre relilted by
eOllllllon T[Rs approxillliltely 330 bp in length thilt
f1ank interIlJI dclctions of vilryillg sizes (Fig. 2). Each
elelllent copy is f1clnked by d 6- to 9-bp tMget site
dupliciltion.

The "175" f,'lllily is distinct frolll MULE fillllilies
described so far in Arabidopsis (Yu ct al., 2000),
supporting the claim lh,lt short RNi\ sequences Cdn
dril\\! <lltenlioll to prL'viously unidcntiticd TE f,lllli­
lies. The !ong<:'st copy, which contains the coding
rcgion of MudrA tr,lnsposdsl', is po~sibly <ln ,1utono­
1ll0US elelllent thill h<lS dcgcnerilted r<lpidly lo pro­
duce ,1 hcterogL'nCOlls group of interllillly deletcd,
nonilu tonolllOus dl'l'i \'il ti \'es (Fig. 2). The short RNA
could originate from <:'ithl'l' the left (F14FH, T41321) or
right (F14J22, F25024) hJlf of (he Tm of ,1Il internally
deleted capy (Fig. 2). The eú,lence of short RNAs
deri\'ed frOlll the T[R regian suggests transcription
through the <:'ntire elcment ilnd intrill1lo1eculilr pilir­
ing to forlll il dsRNA, which would probilbly be
produc<:'d l1losl rCildily \Vith transcripts issuing from
une of the more cxtensi\'t'ly deleted copies (Fig. 2).

The "175" short RNi\s Me less ilbundant than the
"40" fillllily of short RNi\s, ilS indicilted by the recov-

23 nI ~

antiscnso RNA probo

Figure 2. "17';" íamily of ~hort R ,\~. ¡\liddle, Sequence oí Ihe 2-1-nl
shorl R A oí 111l' "175" ¡"mil}' IrNI) ,1Ild lis po~ili(jn in Ihe slC'm oí J
predilled R, ,\ duplex gr'lll'rJled by íolding ,) Ir.)n~cripl hom()l"gou~

lo Ihe shorle'i pulJli\'e \Iu(.I/o(-like '11: I!,\ULI:J d,'ri\'uli'e ¡13AC
F2'02-1). lhe em.111,C'rl ,1rr(l\Ve indiColle p",cibl(' rlligins nf Ihe ch'on
R, A in lhe JIRe oí Ihe "17';" ,\\ULl' í,lI11il,.. 1he f.1milv melllbers Jre

in Ihe Il.lllo"'ing I'l:giom oi ,\rJbidll!.l,is genomc: r IOC2 1, [l"ses
()(,,')()'J Ihrough (,2.(,1 'J. ,hroll1osoll1e 1; l' 14Fil, Ihlses 2(,,')(,)

lhrough 3U,372, (hre.Il1105ll111'· 5; l41121, bJSC5 11:i,il:!2 lhrough
44,41>'), (hroll1llSnll1e ·1; l' 1..IJ2 2, bJses SO,44(, lhrough 4'J,:IC,H, (hro­
m050me 1; <lnci 1'25024, ba~es 3,075 lhrlJugh '1, 118, ,hrlJll1osumq.1.
lhe northefll blol confirms Ihe presence nf "17';" shorl RN¡\~ Ih,ll

hybridize lo Jn anlisense (,\51 R ¡\ probe in Ihe l\r,lhidllpsis sm:lIl
RN/\ populaliol1. Nn signJI lVJS \'isibll' using J St'nse (5) R A prohe
(nol shown).

ery of fe""er indcpcne!cnt clones ,1nd <, f,linter signill
on nOl'lhern blots (Fig. 2). In ilddition, the" 175" short
RNAs Me longer thiln those in the "40" filmily. The
"'175" short RNAs migrilte ilS il doublet slightly aboye
the 23-nt DNi\ oligonucleotide stclnd,lrd, which is
consistent with the 2-t-nt length of the c!oncd I~NA.

Whether the sizL' diff<:'r<:'nce betw<:'en the two short
RNA fillllilies reflects the ilctivity of different dicer­
like enzYllles, and/or lhe subccllulM locillization of
dsR /\ procC'ssing (nucleus or CytOplilSIll), is not yct
known.

Our diltil suggest thilt invcstigilting ~hort RNA
populations Ciln help to identify new candidate TE
filmilies and partially diverged TE-like sequences
thilt might be missed in conventionill DNi\ sequence
anillyses. In contrast to DNA sequence similé1r~ty

1'1,1111 I'hysiol. Vol. 1.10, 20112



seill"c!les, t!lis .lp~'roach focuses on put,ltive TEs that
Me lr.lIlscribed lo ~lrodllcc dsRNA ,1lld l!lillmighl be
lMgelS 01' trClnscriplionill ilnd posllranscriplional RNA
sil~'ncing Illechilnisms. Cerlilin shorl RNAs, sllch ilS
th l15C fr(1m lhe "-tu" fclmil\', MC cxlraordinill"i1v well
r~'pITsenlL'd in lhe shorl RJ\!i\ poplllation, wher~:as the
degreL' 01' reprcscnli1lion PI' slilnd,lrd celllllM RNA
genes ilpp~'ilrs considerilbly less (A. Miltzke ilnd M.F.
Mette, unpublished results). It is striking that th~' short
RN/\s \Ve h'll·C described in this report al\VélYs origi­
nilte in regions of the genome thilt Ciln potentially give
rise to dsRNA, indicilting thilt they me not randolll
products 01' single stranded RNA degradiltion. As wc
fOllnd vvith the "175" short RNA, which revealed a
puliltive MULE fillllily, tiny RNAs can pinpoint a
\Videl)' sp,lCcd invertcd repei:1t comprising t\Vo hillves
th,1I show high UNA sequence sirnililrity. Moreover,
ilS shown by the "40" fillllily, il short RNA can also
rcvca! impcrfect invcrted repeats that Illight be lIn­
detectable froIll the UNA seqllence alone. Becilllse
G-U p,liring is allowcd in RNA secondary structllres,
however, iln RNA duplex Ciln form frOIll a transcript
of the region.

Much rem3ins to be learned about arcas 01' the
genome that Me transcribed to produce dsRNA pre­
Cl!rsors (lf short RNAs, (Ind the identity 01' the RNA
polymcrilsc(s) in~'olvcd. In addition to their possible
rol~ in controlling transposition, it will be interesting
to determine whether short RNAs derived from TEs
ilnd TE-like scqllences Jre involved in host gene reg­
uliltion. TEs f1anked by TIRs, inclllding MITEs, Mu­
tator eleml:'nts, and nelllis, frequent1y integrate next
to host genes, thus potentiéllly furnishing these genes
with target sites for complementilry short RNAs ans­
ing from members of the TE filllldy thi1l producc
ds\~.NA. Conceivilblv, such TEs or their dcrivatin's
Illight be sources o(Illicro-RNAs (llliRNAs), at least
some 01' which MC involvcd in dC\'cloplllcntal t11lllng
of gene expression in C. c/CgI1I1S clnd ~lossibly other
ilnilll'lls (Llgos-Quint.lnil et <11., 20m; L<lU el ¿11., 2001;

1'1.1111 I'hys¡lll. V"I. I~(). 20tl2
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Lee and Ambros, 2001; Lai, 20(2). The miRNAs ,lre
derivcd via Dicer cleavclge of cln approximately 70-l1t
precursor that «111 form ,1n impcrfect RNA dllplex.
Similar to the " ..lO" family described herc, miRNAs
usucllly clCcumulate from ol1ly one Mm uf the fnld­
back precursor. The re,lSOI1 ror thl:' ilsyml1letry in
short RNA ilCcumulcllion is unc!cclr, but it n{ight
indicate preferential stabilization 01' the capy thal can
base pair with the target RNA. It is also not known
why short RNAs origina te only from the TIR regi~)Jl

of the putative "40" TE family, even thollgh the
predicted RNA duplexes camprisc spacer sequcncE's.
Further studies on short RNAs <lnd the intergerlic
regions that encode them should help answer lhese
questions.
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Commentary

Retrotransposon-mediated genome evolution on a
local ecological scale
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T
IJ~ dYI1¡¡l1lic g~nolllc is a conccpl ass,)­
ci~¡lc'd \\'illJ IlJc di,cu"cry ur lran,po,­

alJle clcl1lellls hl' 8,Hh<lra McCJil110ck.
I kr Nuhcllcclur~ cUllcludeJ \\'ilh a clJal­
kl1~e lo hiolugi,l<; comidcring llJis is,u~

( I l. SIJ,' \\ role.

\Ve kllu\\' ah"lll lIJe componcl1l, ul
e:,'IlUllle, Ih<ll cOllld be m¡¡de ,1\~libbJe

¡úr 'lIeh re'lruclllrine:. \Ve kl10w nulh­
il1t.:. hll\\'evn, :¡bOul I;~)w lhe cell senscs
d;;ngn ami il1'lig~lle, re,pun,e, lo il
lhal are urlel1 lrllly rcm'Hbhle. (rd. 1,
pp. ~(Il)-RlIl)

FirlCell \'Cal', 1,ller \\'e ,Iill k nu\\' l101hin,¡
abulII lIJe lIIechal1i,lIIs 1I11clcrlying ge':
Iwrne-re,lruclltrillg e"enls in response lu
envin.1nlllenlal cues. This is despilc nu­
Illerou, ,ludies. e,pecially in plants, ,ug­
ge,ling a cllnllecliun helween growlh
cnndil ions and onc rorm 01' genome rc­
'trucluring. a change in genume ,ize. In
l1lany planls Iherc is impressivc varialion
in lolal e:enomic DN¡\ eonlent amone:
intlividual.~ alld l)l)pulalions (2) inclllcling
//c!ial/l/llIs al/I/III1.\' I,unflower. 50% wilh­
in-planl redllcliun (J, 4)]. l'i.\·1I171 SlIlivlIl7I

Ipe'a, 1.29-rold v,lrialion (:')1. Lilllllllllsiw·
fls.\'illlllll/ [f1ax. 1.I(dold (6)1, ami G/)'cil/c
II/I/X l,o"he:lII. 1.IS·roIJ \'ariation (7)1. 1\1·

Ilwugh lhis "ari:¡liun i, correl<lled \\'ilh
e 11\ irnnlllenl:d gradicnls or gro\\'lh condi­
liun, in a nllml>cr ur ,pecies (2-4). in nu
ca'l" h:¡\'e lhe ... peciric genomic cumpll­
l1enl, 01' D ¡\ conlenl ch:lIlge been iden­
lirieu.

Inlhis issue ur PI AS, h::Ilenclar el II/. (~)

docllnlcl11 ,tll eX<lmple 01' gClllllne ... ire vari­
<lliun il1 nalur:d populalilll1'i nI' lhc \\ ild
barky /ltm!<'1I11/ S/}(IIII<1IWIIIII. Thi, p:qlcr
,hOlI'S lhal al1 abulldal11 al1u aClive COI11­
poncnl 01' lhe barley genollle, nal11ely lhe
n,I/?!:··/ long terminal repeal (LTR)­
n:lrtllransplNH1. displ:¡ys l1earl)' a Ihrcc-rold
inlraspecific CtlPY nUlllber varialion. Fur­
Ihcrlllor,'. corrclalions belwecn /VIRF:-/
copy nUlllber, genome size. :lI1d local e¡~vi.

ronmcnlal condilions suggesl. lor lhe Ilr... l
liml' a le'1ablc l110lecular l11eehanisl11 lil1k­
ing hahilal \\ ilh relrulr,lI1,plbon induclion
in nalural populalillns.

LTR relrolr,ln,po,ons :¡re I11cmber, 01'
lhe rel ru,'Jemel1l ur' C1a'is I ramily, \\'hich

~i1so illclude, relrovirllses. long intl'r­
,pcr,cd llucJear elcl11cnls (UNEs. also
kml\\ n as nUIl-LTR relrulran,pllSons),
allCl shmi inlerspersed nuclear elemcl1ls
(SINE ... ). LTR relrlllranspo ... uns ¡¡re
flankl'c! b) long lerminal rcpcills ~lI1d u<;u­
:111)' elKOtk all 01' Ihe prolein, reqllireu lúr
lhcir lralhposilion. illcluding a capsid
(Gag), prulcasc. iI11egra,e. r,'verse 11':111­
,criplasc. ami RNase 11. For all Cla" I
elemenls. il is lhe elcment-cncodcu lral1­
scripl (IllRN,\), ami nollhe elcl1lenl il,elL
thal rorm, Ihe Ir'¡I1 ...posilion interllledialc.
Tr<ll1,eriplil1n 01' mosl uf lh¡; acli"e planl
elclllellls characlerized lo dale is largely
4uiescenl Juril1g ntlr Illa I developmenl but
can be indueed bv biolie ancl/or abiolic
slresses, including'eell cullure, woulluing,
ancl palhogel1 allack (9. lO). rol' 1\\'0
elelllenls, lhe 1obacco TI/l/ami Ihe rice
Tos 17, inercased lranscriplion is corre­
laled wilh relrulransposiliun (11, 12).

ITR rclrotransposol1s are ¡hc mosl
abundant lransposahle elelllenl c1a,s in
grass llenOIllCS. 01' which barlcv is a mcm­
Ilcr (r'éviewed in ref. IJ). In í'acl, uirrcr­
l'nli:i1 al11pliricalioll 01' LTR rctrolral1s­
poson, largcly aCCOul11S 1'01' Ihe C·value
par~ld(lx in Ihis grlHlp 01' organisms. Thc
Cvalue paradox is lhe observed Iad 01'
correl:ttion bel\\'een DNA conlenl ami
tlrganisnwl cumplexily (14). 1I has been
u'lCumenled 1'01' I>olh animal ami planl
... pecil· ... bUI, lO dale, only appears lu be
",oh ed" rol' lhe Illelllbcrs 01' lhe gras,
tribe. 1"hal is. lhe fractinn 01' lhe gel1oll1e
conlrihuled by LTR relrtliran,posol1s ill­
crea,e, \Vilh gcnome ,ize rrllm rice, lhc
,malle,1 c1lar,lclerized graS'i gel1ume 14:ln
7\lbp, ..", 1-1"; L1"R retrolral1sposons (15)1,
lhrough maize 1'''''3,200 Mbp, :'iC)-t'W-í,' rel­
rolransposons (16) I to barlcy [=4.800
\1bp. >7W·(. relrolransposons (17)1. For
Illaizc, SanMigucl el al. (I~) made Ihe
remarkablc discovcry lh,¡l lhe majmily 01'
Ihe relrotransposon insertiol1 cvenl<; oe­
curred very reeently. withill lbe last lWO lo
six mili ion ycars.

A, uisCllsseu ahove. \\'e are bcginning lo
unUerSl:lnU thc rcl:llivc eontribulion ami
limc ,cale 01' retrolransposilion amung
dillerenl grass spccics. Ilowcvcr. lillle is
knllwn :I!)oullhe uYI1:u11ics 01' Iranspo,ablc

elclllenl copy-number evolUlioll wilhin
anu all1ung nalural pOpul;¡lions. 01' il>
signiriC<lI1cc \Vilh rcspccl lo l1atural selcc­
lion. In a similar veil1. il i, \\'ell known thal
Iransposilillll eVl'nls Illay Ieau lo Illodified
p,dlerns 01' g('ne expression, bUl lhis pro­
cc's has rarely hccn dell1onstr:lled lo he
scJeclivcly rc'ie al1l wilhin l1alural popu­
latioBS. Thus. lhe possibk cunnecli\lnS
bCI\\'ccn g,'nomc sizc I'<HiJlion and ad:¡p­
live genie e\'olulion (as illustraled in Fig.
1) have rell1ained e lusi\ e.

Kakndar e/I//. (R) may have laken a rir,l
slep loward illlcrtwining Ihcse once di,­
par,¡le lhr,·,¡tis. In a ,ludy ur nalur,lI pop­
ulaliuns ur wild barky (/ /Urc/CII1/'I SPOIl(({­

llCl/m) I'roll1 a single ean)'on in IsrJcl, lhey
cleseribc pallerns 01' rctrolransposol1 ac­
cumulaliun un a 10c,1I ,patial scale. 1"hcir
Jala tlelllonslrale a slrikil1g uegree 01'
populalion-Jcvcl gcnome d)'l1amics ami sug­
gest what well mal' he an exall1pk 01' retro­
transposon-medialcd adaplive evolution.

The barky plants studieJ Jerived from
six nalural populations c!i,lribul('cI across
a ]OO-m lran,ect 01' a single c<¡nyol1. Ten
individuab \\'<:I'e sampJed rWIll each pop­
ul:\I ion, \\'hich \Vere ,eleclcd lO span Ihe
speclrum 01' local cJ~lphic ami Illicrocli­
matic conuiliom prcsent in lhc canyon,
il1cluding potenlially ill1p0riant ecological
variables such as Ievel 01' solar irradiation
ami ariclity. Each individual was gcncli­
c<llly I'ingcrprinled. and Cl1Py nUllllJer 11',1'

eslill1al,'d rol' lhe barley relrolransposon
IJAR/:-I, a rclativcly high copy-nurtlllCr
(average 01' 1-1.000 copies/ //ordl'lIm 'pe­
cics) ramill' ur l'Jemel1ls Ihal earlicr \\:IS
Shll\\n \0 he Iranscriplionally (19) ami
traml,¡lillnally aclive and asscl1lbled inlo
\'irus·like partiele, (20). In Ihe pn.;,enl
sluuy, full-Ienglh I3ARF:-1 relruelemcnts
w<:rc shown lo comprise an averagc uf
nearly :l':r ul' ¡he approximalely 4.5-pg
haploid wiId lJarley genol1le, accumulating
lo a mcal1 01' 14.000 copies pcr gcnol1le.
Although Ihis o!Jservatiun is nol in ilself
espeei,dly no!cworthy, lhe variancc in

See (UrTlpanlOn dltldl' on pagt' 6603
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Fig. 1. Genome evolution on a local ecological sea le. Wild barley plants are distributed along ecological
gradients both regionally and locally, and vary nearly three·fold in copy number for the retrotransposon
BARE-¡ (il1 situ hybridization to barley chromosomes, bottom). IIlustrated here are the intriguing
interconnections between local adaptation to a moisture gradient (upper left) in a single canyon in Israel
and the correlated dlStribution of BARE-' copy-number (8). Local adaptation conceivably may be facili­
tated by direet selection on genome size (genome-Ievel selection) or from functionally relevant physio·
logical effects 01 individual BARE- 1 i",ertions (gene-Ievel selection). (redits: M Kemppinen (barley, upper
right), K. Anamthawat-Jónsson (BARE-¡ il1 situ hybridization); A. Schulman (canyon); A Gardner (assis­
tclncC' with illustration).
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;]ccul11ulation anclont' 01' more eeolocical
var-iahle relalt'd lo lhe ~arnpled popula­
lioll'. TlJc moSl ob"illUS v;1riable is Illois­
lure <t\',¡ilahilily: higher 'iles ;lI1d Lhose
from Ihe soulh-faeing ,!t,pc are Lhe driesL
¡Ind lhus pOlenliallv Ihe mllsl waler­
slressL"1. By far Ihe h;ghe~l 13,I/<L-1 aceu­
mulalion is in lhc highest sile fwm lhe
souLh-f;¡l'ing slope. K,;lendar el {l1. l](lle ;1

remarkablc eonneclion belwc.:n lhe prcs­
eneL'. ",ilhin the 1J.·'fI?/:·-1 promolcr, 01'
ABA (absci"ic acid)-resflunse elemt'¡)[s.
found in waler ~lr.:ss-inC!uced gel1e~ (19).
amllJ,IRE·/ copy nlll11ber v;¡ri¡Jlion. 'uc­
gcsling tlJat n,-IRí:-1 prolircralion in \\ ild
harley populalions may be strcss-induced.
Wilh lhe il11portanl caVl:;lt lhal lhe dala
are currelalive ralhcr llJall eau,a!. it is
templing lo speclllak lhal olher cxample~
01' inlerpopulaLional D A eonlent varia­
lion (2) will sil11il,¡rlv he found lo resull
from Slress-illlluccc!' retrnlr,\nsposiliLlI',t!
'Ietivill'.

,\n illlriguing aspel'l uf Lhe !I,'!R/:'-!
dala 01' Kalenc!ar e/ (l1. e()neern~ Lhe rela­
live abundance 01' full-Ienglh elerncnls allll
solo L.TRs. The lallcr, which ;¡rc relalih'lv
rare in lhc maize genlll11c 01) bUI ;¡r~

C0l11111011 in ye;l~t and Ilurrlel/m spccies
(17, 21, ~3). are Il1llUght lO arise fml11
inlraelel11t:nl ur perhaps inlraehrul11o­
soI11;11 recombinalion b.:lween lral1~ienL1v

p;¡ired LTRs. Kalenc!ar e/ (/1. u~cd dOl-hl,;1
reeonstrueliOI1 lO e~limale eopy nu·mb.:r
1'01' bOlh LTRs :Jnd 13"1RI:'-1 integrase
gent:s <lnd found <In average uf S,4-fuld
mor.: LTRs thal1 internal dornain~. The~e

dala show Ihat rt:eol11hinalional loss 01'
11.4/?í:-1 elernents is an impor!;1nl l'aclOr
limiling elel11enl ¡¡eeumulation in ",ild
barley populalions. Significanlll'. the
geograplJieal siles wilh lhc highesl
ll--1/<L:-1 copy number. i.e., lho~e from
the l11os1 slre~sec1 SiICS, llave thc high,:sl
r<lliu 01' full·1cngth lo slllo LTlh.l sug­
gesling unce again a eOl1neetion bel\\eCn
envirol1l11cl1tal sen~ing and eilhel' ralcs
01' reeomuil1alional los5 (favored e.\pla­
n;11 ion 01' K,tlendar e/ (/1.) 01' recenl bur~ts

of retroln¡l1~pusilionalaClivily,
A ccntral queslion Lhalt'l11erges fromlhis

~llldy eonc<:rtIs tlle role, if anl', 01' /J.'IUL-!
elemelll flroliferalion in lhe strt'ss re~p()nse.

One mighl POSllll,¡lc, for nal11pk'. lhal wa­
ler slress-indlleed epigenclie moclifieaLions
llave let! to relcas.: from sllppression uf
/JAI?r:-1 relrOlr<Jll.sposilion in lhe highcr.
dricr siles, hul lhal lhis burst 01' elcmenl
aetivily has been indepcndent uf lhe aelual
adafllivcly significant phy~iulogieal re­
sponses, Unt!er Ihis seenario, local ;¡dapla­
lion l11ay he laking place in wild barley
Pl'plllalions, bul lhis adapt;ttion is pmlll­
l:lted lo arise frol11 genelie and/or épigc­
nctie changes unrclaled lo /J/I/U:'-) aetivily.
¡.\Ilt'malivell', perhafls lhe relalionships be­
lwcen /J/I/<I:'-I aetivily, walcr-stress, ami

Selection

BARE-l aetivation
and
relrotransposition

eral ion l11ay contribule to gcnoll1e size
e\'olulioll \Vil hin and al110ng loc;d popula­
Lions (fig. 1). EXlrapol<ll.:d to a more
glllb,d Ie\'e!. Ihis study may pmvlde a
snapshul uf lIJe dyn;¡mies tllal underlie
pallerns uf C,,·,tlue evulutiun,

,\ more provocalive implicalioll 01' Ihc
K<llend;lr e/ l/l. study emerges from con­
sitier;¡lilln 01' tlJe spalial di~lribution 01'
IJ.'!U/:·-! copy-nurnher amollg wild barley
pl;1lllS. Whelllhe REMAP g.:nelie finger­
prinling C!ala \Vere subjeeled lo mullivar­
i<lle ;1I1<1lysis, populations from the nor!h­
<lm\ soulh-faeing slopes 01' lhe gurge
ckarlywere dislinguished. On holh SII)peS,
but p<lr!ieularly on lhe dri.:r, ~olJlh-faeing

slllpe, lhere \Vas a significanl positive eor­
rel;Jlion bClween hcight in lhe eanl'on ami
13/II?/:'-lcofly-numoer, Thcse data parallel
regional lrends ohserv.:d in a broac1er
sampling 01' 11. SpO/llillleWII populations
eollecled frorn aeross I~racl (17) amI sug­
gesl a relalion~hifl bel\V.:en n:lroelcment

Smal1er

Genomic responses
Larger ~-........

"

LTR
reeombinalion

Environmental gradient

Cl'py llull1ba all10llg clll~ely ~paced natu­
ral pl;lI1t~ is ullprecedellted amI rel11ark­
;d)1c: a nearly three-fnlcl r:lI1ge in copl'
11l1l11ht'r (8.:illO-~~.J()()) \Vas obst'rved
;¡1110n~ iIlJividll;¡b 01' lhe six popul;¡tiollS,
clHTe;ponding 10 1.77-4.711?r 01' lile IlU­
c1ear DNt\.

Such c\lr;¡ordillary varialioll in reLro­
eklllt'nL copy llul11hcr al110ng spati;¡lIy ;¡d­
j;¡Ct'IlL pl;¡nl populatioll~ il11pliC:¡leS ;¡ his­
lml' 01' recent trallsposilioll, ;¡ ~ugge~tioll

supportecl by "REMAP" DNA finger­
prillting, This lechnique, which coupk~

I'CR pril11ing siles in lJ!t/U:··1 LTRs \\ ilh
Lhosc designed frol11 sill1ple sL'quelKe re­
pt'als. was uscd by Kakndar ('/ {l1. 10 ~how

lhal wild h;¡rkl' pl;¡nl~ 1'1'0111 1l1is ~illglc

erosion ~m~e have hid! levels 01' interin­
dividual110lymorpl1isn; 1'01' REMA P frag­
ll1ent~. An importanl illlplicalion 01' tl1cse
ohserv;¡tions. when eon~idered in lighl 01'
Ihe striking local v;¡riation in 1J/1RL-l
cOfly-nulllher, is Lhat retrm'!elllenl prolif-
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¡HI;¡I-'t~lion are nol onl1' corrclalive bUI
C¡llI~<11. To lhe cxlenl lhal lhis is lrue, lhe
I}]()(k of acliun of n¡llu[·¡t1 ,eleelion in lhe
pnlL'c" rClllilins mv,lL'rious, as dlles lhe
or~;ll\iZillional Ic\'el on whieh <'cleCliun
[Ili'ghl hl.' lIl~nikl.[cd, I1 l11ay he, for C\amplc.
Ih;11 'I.'lccliun i, openlling Oll UIlC 01' 1Il0re
i1'pee¡, Ilfgl.·ntllm: ,iLe ¡hill we presenlly do
nol pcrcá,e uf ¡" i1dapli\L'ly relevan!. In
e, \1 11 ral.[ lO \\'huk-gcnol11c sclcclion, per-

l . .\kCJ¡nlc1i,:l.;. H. (1 1),'\-1) Sth'l1c/' 226, 7\)2-;-';1l1.
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haps relroclcmenl aelivalion has Icd lO
adaplively relevanl insertions lhal affee!
droughl-loleranl palhway~ 01' olher eeolog­
ieally ['elevanl phy~illlogies. GivenlhallhllU­
sands (JI' inserlions appcar lo cii,lingui<,h
wild barky populalion~ frol11 acijaCL'nl sites,
il Illa\, be ~ daunling ehalkngc lO f.:rrcl OUl
lhe adaplively ,ignifieanl inserlions.

NotwilhslandilH! the nUl11ber llf 1'(;­

maining isslles, lhe sluuy nf Kalcndar e(
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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 playa 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 ITaylor, 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 express ion in a wide range of organisms
such as yeast IBradshaw and McEntee, 1989; Rofte eral.,

1986!. drosophila (Strand and McDonald, 1985!. mammals
(Liu et al., 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 LId

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 et al., 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 veas!, direct evidence of retrotransposition in

159



160 Delphine Melayah et al.

response to stress is scarce and often controversial. This
situation partly results Iram the difficulty in establishing

experimental systems to demonstrate mobility in multi­
cellular organisms (Arnault and Dulournel, 1994).
Additionally, post·transcriptional inhibition mechanisms
are often used by hosts to control potentially deleterious
retrotranspositions (Curcio and Garlinkel, 1999; Menees
and Sandmeyer, 1996). In particulór, there is little evidence

lar retrotransposon mobilization by stress in plants, where

experimental tests lar retrotransposition are particularly
difficult due to the high copy number 01 most plant

retrotransposons. Examples 01 transposon insertions were
reported in progenies 01 virus-inlected maize plants

(Dellaporta etal., 1984; Johns etal., 1985). However, a

causal relationship between virus inlection and transpos­

ition still remains to be established in these cases. So lar, a

link between transcription and retrotransposition has been

demonstrated lor a lew low copy number elements, in

response to in vitro tissue culture (Hirochika etal., 1996;
Hirochika, 1993).

The Tnt1 element 01 tobacco (Nicotiana tabacum) is one

01 the best characterized plant retrotransposons

(Grandbastien et al., 1989b). Tnt1 is not expressed in

healthy tobacco tissues, except in roots (Pouteau et al.,

1991). Tnt1 expression is strongly induced by stresses

such as pathogen attacks and lactors 01 microbial origin,

and a tight correlation has been shown between Tnt1

transcription and plant delense 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 et al., 1997;

Hirochika, 1993; Pauls etal., 1994). However, Tnt1 is highly

expressed in Ireshly isolated tobacco protoplasts (Pouteau

et al., 1991 l. A detailed study 01 the dillerent lactors

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 01 the three

components 01 the cocktail 01 lungal extracts used to
digest cell walls (Pouteau etal., 1991). Onozuka is a crude
extract prepared Iram the lungus Trichoderma viride and
contains proteinaceaous elicitors that activate delense
responses in tobacco, leading to necrotic hypersensitive
cell death (Bailey etal., 1990; Lotan and Fluhr, 1990; Yano

et al., 1998). Tnt1 expression is detected soon alter appli­

cation (Grandbastien etal., 1997), and Onozuka also acti­

vates Tnt1 expression when applied to intact tobacco
tissues (Pouteau etal., 1994). indicating that Tnt1 is

activated in direct response to elicitors contained in the

Onozuka solution. The effect 01 the lungal extracts is
transient, as Tnt1 transcript levels rapidly decrease alter

their removal, in the early stages 01 subsequent cell culture

(Grandbastien et al., 19971.

Tnt1 is mobile and was originally isolated alter transo
position into a target gene. However, in spite 01 a good
know/edge 01 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 01 Tnt1 expression in response to
tissue culture stimuli or plasmolysis has allowed us to
develop an experimental strategy aimed at testing lor the
ellect 01 lungal extracts on Tnt1 mobility. We have

monitored Tnt1 transposition in tobacco plants regener­
ated Irom mesophyll leal cells, either via protoplast

isolation, or as controls, via leal explant culture. In both
procedures, regenerated plants originate lram cells that

have been submitted to stress stimuli linked to successive
steps 01 wOl'nding, cell dedillerentiation, callus lormation

and shoot regeneration. The major difference between the

two procedL:res consists 01 an early step 01 plasmo/ysis
that does not induce detectable Tnt1 expression, associ­

ated with overnight exposure to lungal extracts, including
the Onozuka solution known to induce very high levels 01
Tnt1 expression. The comparison 01 Tnt1 transposition

between each 01 these two procedures is thus expected to
provide an accurate estimate 01 the effect 01 the lungal
extracts on Tnt1 mobility.

Since Tnt1 copy number has been estimated at several

hundred copies (Grandbastien et al., 1989b). we used a

high resolution retrotransposon-anchored PCR strategy

allowing the simultaneous detection 01 multiple insertion

sites 01 high copy number elements, described as the
Sequence-Specific Amplilication 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 01 regenerated plants.
We have also characterized these new SSAP polymorphic

bands, in order to analyze the sequences 01 the population
of newly transposed Tnt1 elements and to compare them

with the sequences of the population 01 elements known

to b3 transcribed in the same stress conditions
(Casa :uberta et al., 1995).

Results

Tnt7 insertion polymorphisms in regenerated plants

The SSAP procedure outlined in Figure 1 was developed to
analyze Tnt1 insertion polymorphism in regenerated

tobacco plants. Since most Tnt1 elements do not contain
Eco.,1 restriction sites (Grandbastien et al., 1991), EcoRI

digestions were performed to avoid internal amplifications

Irom the 3'LTR. A primer pair consisting 01 an EcoRI primer

(EOO) and a Tnt1-specific primer (LTR13) was used for

SSAP,amplilications. The Tnt1-specilic primer, LTR 13, was

© Blackwell Science Ltd, The Plant Journal, (2001), 28,159-168
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Figure 1. Schema:lc representation of the SSAP straiegy used to analyze
Tnll inserlion polymorphism.

Top: Tnll general structure; bottom: enlargement of lhe region

containlng lhe SSAP-amplified sequence. Boxes represent Tnll sequence

and lhick dolted lines represent flanking genomic DNA. The three

funetional domains IU3·R·U51 01 the LTR are indieated. The 81 and 811
regulalory motlfs presenl In the U3 domaln of TntlA elements are

lfldlcated by strrped and shaded boxes. respectively. The seQuences of

lhe EcoRI adaptalOrs (Iower case letters) and of the EOO primer (capital

ltalics) are lndrcated. togelher wilh the remaining nuc/eotldes resulting

from the EcaRI dlgestion (capital bolds). The positions and orientations

of lhe SSAP prrmers EOO and LTR 13 are IOdicated by arrows.

designed in the highly conserved U5 region, 250 pb

downstream 01 the 5' end 01 the element, and oriented

towards the 5' end. The EOO/LTR13 primer combination
thus allows amplilication 01 variable amounts 01 5' Ilanking

genomic ONA, together with a 5'LTR portion that includes

the U3 region, previously shown to be highly variable in

Tnt1 populations (Casacuberta eta/., 1995; Vernhettes

et al, 1995). Control SSAP experiments were performed

on six tobacco genotypes (Figure 2a). In our experimental

conditions, about SO bands per SSAP prolile were

observed. These proliles are similar lor all genotypes,

except lor the PB06 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

OS, ti and PB06 lines and in different leaves of OS 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. Tnt1

insertion polymorphism was examined in all the regener­

ated plants using the SSAP procedure. After protoplast

isolation, new SSAP bands were detected in 11.S% to

42.9% of the regenerated plants, depending on the

genotype (Table 1). SSAP proliles obtained for a lew

representative plants are illustrated in Figure 2b. X2 tests

of homogeneity show that intergenotype differences are

not statistically significant (/df5 = 6.37, P = 0.27). The

presence of the ti somatic instability, known to increase
the level of spontaneous mutations (Grandbastien et al.,

1989a), does not lead to a signilicant increase in new SSAP

bands. Altogether, an average of 24.4% 01 all plants
regenerated via protoplast isolation contain new SSAP

bands. In contrast, after direct explant culture, new SSAP

© Blackwell Science Ltd, The Plant Journaf, (2001), 28,159-168
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Figure 2. SSAP proliles obtained with the EOO/LTR13 primer eombiflatlon
for the six lobacco genotypes analyzed in lhis study (al. and for

independent regenerants obtained af1er protoplast isolation (bl.

g8 and g9p are regeneranls obtained from the Gat genotype and x14,
x17 and x30 are regenerants obtained from the D8xtl 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 1l. The

Fisher's exact test demonstrales that intergenotype differ­

ences are not statistically significant either (P = 0.41). An

average 01 2.7% of all plants regenerated via explant

culture contain new SSAP bands. Altogether, a signilicant
difference (/dll =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 fram leaf explants
- - --_. - ---- _. -- _.-
Number of Plants with New bancls Transposed Number of Plants with New bands Transposed
tested plants new bands per profile copies 1 tested plants new bands per profile copies 1

-------
number % number mean number % number mean

Gat 21 9 42.9% 1-7 2.55 11/12 20 O 0% O O 010
08 33 7 21.2% 1-4 2.43 3/5 30 O 0% O O O/O
ti 29 6 20.7% 1-5 3.5 3/3 27 1 3.7% 3 3 1/1
08 x ti 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 O 0% O O O/O
PB06 17 2 11.8% 1 1 1/1 30 2 6.6% 1 1 2/2

Total 156 38 24.4% 2.45 35/38 147 4 2.7% 1.5 3/3

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

procedure. The number of new SSAP bands revealed on

EOO/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 c10ning 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 Tntl copies.

Sequence variability of the populations of transposed

Tntl elements

The tobacco Tntl family is composed of an heterogeneous

population of elements that can be grouped in subfamilies

characterized by different U3 regions (Vernhettes et al.,

1998). We have previously shown that only the Tnt1A

subfamily, characterized by the BI and BII regulatory

sequences involved in Tnt1 stress-activation (Casacuberta

and Grandbastien, 1993; Vernhettes et al., 1997), is

expressed in protoplasts (Casacuberta et al" 1995).

Furthermore, protoplast-specific transcripts are not a

unique sequence, but a population of different, albeit

very c10sely related, RNAs (Casacuberta et al., 1995). Since

the first half part of the 5'LTR is amplified by the EOO/LTR 13

primer pair (Figure 1), it is possible to compare the U3

regions of the Tnt1 copies that have transposed in

protoplast-derived plants with the U3 regions of previously

characterized Tntl 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.

AII 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 BII regulatory repeats (Casacuberta

et al., 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 BII repeat, that may be considered as a single

mutational event generated during the reverse transcrip­

tion process (Casacuberta et al., 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

Tntl copies are identical to the P23 sequence. A third

subpopulation of newly transposed copies is closely

© Blackwell Science LId, The Plant Journal, (2001), 28, 159-168
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Figure 3. Sequence variability of the panlal LlA sequences of newly transposed Tnt 1 copies characterized in protoplast·derived plants (al and of

preexisting Tnt 1 InsenlOns (bl-
Sequenees have been aligned on the d161tr transposed eopy. ehosen as a referenee beeause of its identity to the major P23 Tntl RNA speeies. Sequenees
of the P23 and Pl Tntl RNA speeies as well as 01 the Tn11-94 mobile eopy are included Ithe P23 and Pl RNA sequenees terminate at the end of the R
regionl. Dashes and blanks indieate sequence identity and deletions. respeetively. Nueleotides that differ 'rom lhe referenee sequence are shown in capital
leners. Lower case let1ers and stars indieate that the 5' end of the LTR eould not be determined, sinee no homology to previously eharaeterized Tntl LTRs
eould be deteeted upstream from the sequenees shown by dashes. 81anks have been inlrodueed in the referenee sequence to allow for nueleotide
insertlons. 81ack boxes indica te important fealures of the TnllA LTR 181 and 811 boxes, TATA box. R region!. The subfamily and group of eaeh sequenee,
as deflned in Vernhenes el al. 119981 are indieated in braekets.

related to the Tnt1-94 element originally isolated after
insertion into the nitrate reductase encoding gene and

characterized by an atypical third 811 repeat (Grandbastien

el al., 1989b) (Figure 3a, six lower lines). Interestingly,

transcripls of this type were never characlerized in
protoplasls. Finally, il is nOliceable lhal Tnt1 copies

@ Blackwell Science Ltd. The Plarle Joumal, (2001), 28.159-168
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newly transposed in the same regenerant belong usual/y,
but nol exclusively (e.g. s81tr and s82tr). to the same
subpopulation type.

These dala indicale that there is a good correlation, at
the level of the regulatory U3 region, between the Tnt1
lranscripts 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

lhe number of 811 repeats. We have previously shown that

90 percent 01 transcribed elements contain 4 8/1 repeats,

indicating that 811 sequences were essential for Tnt1
activalion in protoplasts (Casacuberta et al., 1995).

Surprisingly, a significantly lower proportion 01 newly
transposed copies containing lour 811 repeats (64%) has

been observed in this work (X 2
dfl = 8.48, P < 0.001). In

addition, one 01 the newly transposed copies, t42tr,

contains only two 811 repeats, although transcripts con­
taining lewer lhan three 811 repeals have never been
characterized (Casacuberla et al., 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 01 them

(75%1 belong to the Tnt1A 1 group, only four of them

belong to the P23-type and one of them to the P1-type. AII

the remaining pre-existing Tnt1A 1 copies contain more

than four bp changes. Only six (33%) 01 them contain four

811 repeats, and several others display larger-scale modi­

lications such as insertions or apparent 5' truncations

(dp162a, g72c, s82c and gp94b). The remaining ancient

Tnt1 insertions belong either to the Tnt18 (17%) or to the

Tnt1C (8%) subfamilies.

Discussion

Microbial factors activa te retrotransposon amplification

Using the SSAP stralegy, we have monilored lhe ampli­

fication of one 01 lhe few plant retrotransposons known to
be active, the tobacco Tnt1 element. Here we report that
the proloplast isolation procedure activates Tnt1 transpos­
ition efficiently in tobacco, since a nine-fold increase in

Tnt1 mobility is observed in plants regeneraled via

protoplasl isolation, compared wilh the Tnt1 mobility
observed in control planls regenerated via explant culture.

Since transcription is a prerequisite for the transposition of

relroelemenls, 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 lactor activating Tntl expres­
sion during the protoplast isolation procedure is the initial
overnight applicalion 01 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
slrongly in the few hours following removal of the funga/
extracts (Grandbastien etal., 19971, and no Tnt1 transcripl
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

lactors involved in the production 01 the regenerated

plants were also involved in the generation 01 the control
plants from leal explants, it can therefore be assumed that

the nine-fold increase in Tnt1 mobility observed in plants

regenerated Irom leal protoplasts is specifically attribut­
able to the effect 01 the cell wall hydrolyzing fungal
extracts, most essentially the Onozuka solution. Our

results therefore show that Tnt1 mobility correlates to its
transcriptional activation by lactors 01 microbial origino

New insertions were detected in nearly 3% of the control
plants regenerated Irom leal explants. This demonstrates

that stimuli other that microbial lactors 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 et al., 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 et al., 1997). Alternatively, background trans­

positions could result from a low level of activation during

tissue culture. Although no Tnt1 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 perlormed with DNA isolated from

duplicate cuttings 01 the regenerated plantlets (data nol
shown). This suggests that the regenerated plants are

probably not chimaeric for the new insertions, and that the
transpositions lhat we detected have occured very early in

the regeneration process. They might therefore originate

from the original wounding step rather than from the

successi"e rounds 01 transposition expected from a
response to tissue-culture stimuli. Finally, we cannol

exclude the possibility that background transpositions
could have a somatic origin in the leaves used lor explanl
and protoplast isolation, due to a possible low background

of Tnt1 expression in mature leaves. No interplant or

intrapla.lt polymorphisms were detected in our control

analyzes, but somatic transpositions occuring in a few leaf

cells wl'uld not be detectable by the SSAP procedure.
Intere,;tingly, microbial-induced transposition levels

measured in this work are strikingly high, since transpos­
itions specilically induced in protoplasts have occured in
over one r:rotoplast out of live. Due to competitive PCR
amplilicati01, the EOO primer, which contains no addilional

selective .~ucleotide in 3', reveals only a Iraction (80) of all
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tobacco Tnt1 insertions. The total number 01 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 therelore likely that the total number 01 newly trans­

posed Tnt1 copies that we observed in each plant on EOO/
LTR13 proliles is also underestimated. The high level 01

Tnt1 transposition observed in o<.Jr in virro experimental

strategy opens the perspective to assess efficiently the

genetic impact 01 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 lunctional consequences 01 the new Tnt1

insertions remain to be established, insertions 01 transpo­
sable elements are thought to be a major source 01 genetic

diversity, by generating direct gene mutation or genome

structural rearrangements (Kidwell and Lisch, 2000). Our

work represents the lirst direct demonstration that lactors

01 microbial origin, known to activate plant delense

responses, are also able to generate plant genomic

diversity through retrotransposition amplification. Our

results therelore strengthen the hypothesis that stress

modulation 01 transposable elements might playa 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 delense responses and hypersensitive cell death.

A successlul pathogen inlection is thus not a prerequisite
lor Tnt1 amplilication, and mobilization might also result

Irom incompatible or non-host plant-microbe interactions,

provided that tobacco delense responses are activated.

Since such 'unsuccesslul' microbial challenges are quite

Irequent in natural conditions, and since resistant or non­

host plants are much more likely to produce progenies

than heavily inlected plants, the evolutionary impact 01

retrotransposon activation by microbial challenges might

be quite signilicant.

Transcriprion is a key srep controlling Tnr1 amplification
in response ro parhogen factors

Previous studies have shown that the population 01
tobacco Tnt1 transcripts displays a structure similar to
the populations 01 closely related but different viral
genomes relerred to as 'quasi-species', and that the LTR

U3 region is important lor expression in protoplasts

(Casacuberta er al., 1995). We show here a striking simi­
larity between the U3 sequences 01 Tnt1 elements tran­
scribed in protoplasts and the U3 sequences 01 Tnt1 copies

that have subsequently completed their retrotransposition
cycle and inserted into the tobacco genome. Interestingly,

the sharp contrast between the populations 01 newly
transposed copies and the more variable pre-existing

© Blackwell Science Ltd, The Plant Journal, (200ll, 28,159-168
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insertions allows us to determine with little error, by
visual analysis 01 U3 regions, whether a given Tnt1

element has been recently active or is an ancient insertion.
The effect 01 lungal extracts on Tnt1 expression is transi­
ent, since their removal alter the overnight treatment is

rapidly lollowed by a sharp decrease in Tnt1 transcript
levels (Grandbastien eral., 1997). This indicates that
induced transpositions have mostly occured during, or

shortly alter, the application 01 the lungal extracts, at the

single cellleve!. 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 cel!.

Since the population 01 transposed copies is expected to

reflect template RNAs that succeed in completing the

downstream steps 01 the retrotransposition process, the

tight correlation between transcribed and transposed

pools suggests that there is very little or no template

selection lor Tnt1 reverse transcription. Transcription

appears therefore to be a key step controlling Tntl

retrotransposition, and no specilic post-transcriptional

control. lor instance at the reverse transcription or the

integration steps, seems to lurther select lor particular

Tnt1 types, at least in pathogen-related activating condi­
tions. It is, however, interesting to note that newly

transposed copies contain a signilicantly lower number

of 811 repeats, compared with RNA templates. Deletion 01
repeated sequences Irequently occur during retroviral

replication and retrotransposition (Pathak and Temin,
1990; Xu and 80eke, 1987). We have previously suggested

that 811 deletions during reverse-transcription could be

involved in the control 01 active Tnt1 populations

(Casacuberta etal., 1995). The signilicant decrease in the

proportion 01 4-811 elements that we observe alter com­

pletion 01 the reverse transcription cycle strengthens this

hypothesis. Interestingly, an unexpected 2-811 transposed

copy appears as a possible single direct deletion derivative

01 tVl o adjacent 811. However, since we also observed in

this work the Irequent transposition 01 Tnt1-94-type
copies, poorly represented at the transcriptional level
(Casacuberta et al., 1995), we cannot exclude the possi­
bilit'l that 3-811 elements are in lact more efficiently reverse
transcribed than 4-811 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 inlormation on their activity

is mostly available through transcript analyzes

(Grandbastien, 1998). To date, direct retrotransposition

has qnly been manito red by characterization 01 insertional
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mutants (Grandbastien et al., 1989b; Varagona et al., 1992;

White etal., 1994). or lor low copy number elements

(Hirochika et al., 1996; Hirochika, 1993). We show here that

the SSAP strategy is an efficient tool to detect and quantily

the mobility 01 high copy number elements. SSAP pro­

vides an interesting alternative to reverse transcription

tests based on intron splicing Irom indicator genes

IHeidmann and Heidmann, 1991). since complete retro­

transposition events, up to the insertion step, are directly

detected. Conseqllently, results can be directly interpreted

in terms 01 genomic impact. In addition, SSAP provides a

tool lor isolation 01 new mobile retrotransposon copies

when only partial LTR data are available, since it allows the

detection 01 transposed copies without any need lor

insertional mlltants lor a known target gene. Finally,

SSAP performed with carelully designed primers allows

a direct and easy access to LTR sequences, the most

variable region 01 retroviruses and retrotransposons. In

addition to polymorphism studies and retrotransposition

assays, SSAP can therelore be used to correlate the

activity and the population evollltion 01 retrotransposons

and endogenolls retrovirllses, and to study more elti­

ciently their behavior and impact on host genomes.

Experimental procedures

Plant material

Six tobaeeo genotypes were used: (11 N. tabaeum ev Xanthi: the
XHFD8 line 1'08'), a homozygous diploid line obtained Irom an
anther eulture-derived haploid line (Bourgin and Missonier, 1973);
the tl-l086 line I'tl'), earrying the somatically instable ti mutation
(Deshayes, 1979). The ti mutation, originally obtained on N.
tabacum ev Samsun IDulieu, unpublished), was translered to N.
tabaeum ev Xanthi by suecessive baekcrosses (Deshayes, 1976).
The Fl hybrid between the XHFD8 and tI-l 086 lines was also used
I'D8xtl'). (2) N. tabacum ev Gatersleben ('Gat'). (3) N. tabacum ev
Samsun ('Sam') and (41 N. tabacum ev P8D6 ('PDB6'), both
provided by the Institut du Tabac, AlTADIS, Bergerac, Franee.

Plants were eultured in a shaded greenhouse and lully
expanded young leaves 01 the six genotypes were sampled to
obtain leal explants and mesophyll protoplasts. leal tissues were
simultaneously sampled from similar plants for both proeedures.

Protoplast-derived regenerants

leaves were sterilized, wounded and placed in medium TO
(Bourgin et al., 1979) eontaining cell wall hydrolases (Onozuka
Rl0, Yakult Biochemicals Co. LId, Tokyo, Japan, 0.1%;
Maeerozyme Rl0, same origin, 0.02%; Driselase, Sigma, St
Ouentin Fallavier, Franee, 0.05%) for a standard overnight (16 h)
enzymatie digestion. Protoplasts were rinsed from the digestion
medium, eultured in medium TO as deseribed (Bourgin et al.,
1979) and subeultured in medium C as previously described
(Muller et al., 1983). Derived colonies were plaled onlo solidilied
medium R4MO medium (Bourgin etal., 1979), allowing eallus
lormalion and eallus-derived shool regeneralion. Regenerated
shoots were rooled on 8 medium IBourgin et al., 1979). Eaeh

regenerated planl was produeed lrom a different eallus, lhat is
from a differenl proloplasl.

Explant-derived regenerants

leaves were slerilized, and wounded leaf pieces were plaeed onto
solidilied medium R4MO medium IBourgin etal., 1979), allowing
eallus lormalion and eallus-derived shoot regeneralion al wound
sites. Regeneraled shools were rooted on B medium IBourgin
etal., 1979). Calli produced al diflerenl posilions 01 lhe same leaf
explanl were separaled at early stages. Eaeh regenerated plant
was obtained Irom a differenl callus.

SSAP procedure

Plant DNA was exlraeted Irom leal material 01 5-6 leaves in vitra
plants, aeeording to the Doyle and Doyle CTA8 method (Doyle
and Doyle, 1990). Alter an RNAse lrealmenl, RNA-Iree genomic
DNA was extraeted wilh phenol:ehloroform, salt-precipitated and
re-suspended in TE (10 mM Tris, 0.1 mM EDTA). Genomie DNA
(0.5 pg) was digesled with 5 U EeoRI (Gibeo BRl, Cergy-Pontoise,
Franee) in a 25-¡J1 volume of Rl buffer (10 mM Tris-acelate pH 7.5,
10 mM magnesium acelate, 50 mM polassium acetale, 5 mM DTT)
at 37°C overnight. The restricted DNA was diluled wilh one
volume 01 ligation mix eomprising 50 pmoles 01 EeoRI adaplors
(Figure 1),0.4 mM ATP, 1 U 01 EcoRI and 1 U 01 T4 DNA ligase
(Pharmacia, Orsay, Franee) in Rl buller. Ligation was perlormed
at 37"C lor 3 h. Ligaled DNA was linally diluled wilh 10 mM Tris­
HCI, 0.1 mM EDTA pH 7.5 to lhe linal coneenlralion 01 2.5 ng pl-'.
A 5-I.JI aliquol 01 the diluted Iigation mix was amplilied in a 25-¡J1
reaelion eontaining 35 ng 01 33P·labeled lTR13 primer (5'­
CTTATACCTTGTCTGTGAAACC-3', + 286 lO +265 01 Tnl1-94
(Grandbastien et al., 1989b), 50 ng 01 EcoRI primers (Figure 11,
0.24 mM 01 eaeh dNTP, 1.5 mM MgCl z and 1.5 U 01 Taq DNA
polymerase IPerkin Elmer, Courlaboeul, France) in its reaclion
buffer. PCR was earried oul using the lollowing condilions: 5 min
al 94°C, 13 eycles 01 30 see al 94°C, 30 see at 65°C (- 0.7°C per
cycle), 2 min at noc, 25 cycles 01 30 sec al 94°C, 30 see al 56°C
and 2 min al noc, lollowed by a linal exlension slep al noc lor
10 min

Alter PCR, samples were diluled wilh one volume 01 loading
dye 195% lormamide, 0.05% xylene eyanol FF and 0.05% bromo­
phenol blue), heal denalured at 94°C lor 5 min and direetly eooled
on ice. For eaeh sample, a 6-8 ¡JI aliquol was loaded on a 6%
denaluring polyaerylamide gel (20 x 40 x 0.04 cm) and pre-run
al 35 W lor 45 mino Samples were lhen run al 35 W lor 4 h in
lxTBE. Gels were translerred lO Whatman 3 MM paper and
vaeuum dried al 65°C for 1 h. Dried gels were exposed to X-ray
lilms overnighl or for 48 h, depending on lhe signal inlensily.

Isolation and characterization of new SSAP bands

New SSAP bands lhat were c1early separated Irom non-poly­
morphie bands were selecled, exeised Irom lhe dried gel s using a
razor blade and re-suspended in 100 ¡JI 01 waler. DNA was eluted
Irom the bands by boiling lor 15 min, salt-preeipitated and re­
suspended in 10 ¡JI 01 sterile waler. A 5-¡JI-sample was lhen used
as DNA lemplale in PCR amplilieation using lhe SSAP eondilions
and primers deseribed above. Amplitiealion products were sep­
araled on 2% agarose gels. Bands with the expeeled molecular
weighl were excised trom lhe agarose gels and eloned in pGEMT
vector aeeording to the manulaclurer's recommendalions
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IPromega, Charbonnieres, France). Sequencing was performed
using the Abi prism automated sequencer. The nucleotide
sequence data of these clones have been submitted to the
DDBJ/EMBlIGenebank databases under the accession numbers:
AF401683 to AF401739.

Five to six clones per SSAP band were usually analyzed. In
some cases, minar 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
and/or 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.

AII sequenced copies were named as follow: the first letter(s)
indicate(s) the genotype (g and gp = Gat; d and dp = D8; t = ti;
x = D8xtl; s = sam; pb = PBD6); the following numbers (ranging
from 1 to 23) identifie(s) the regenerant and the final number
identilies the SSAP bando In the case 01 transposed copies, 'tr'
was added to the name. In the case 01 pre·existing insertions
(minar clones!. a lower·case letter corresponding to each clone
(ranging from 'a' to 'i') was added. For instance, the s2311r, 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 s2311r new bando

Acknowledgements

We are very grateful to Josep M. Casacuberta and to Peter Hunt
for critical reading of the manuscript, and to Dominique Higuet for
helpful advice on statistical analyzes. This work was supported by
the EEC BIOTECH program BI04·CT96-0508 ITEBIODIVI as well as
by the CNRS Genome ('Plasticite et Integrite des Genomes')
programo

References

Andrews, J.M., Oglesbee, M. and Lairmore, M.D. (1998). The
effect 01 the cellular stress response on human T·lymphotropic
virus type I envelope protein expression. J. Gen. Viral. 79,

2905-2908.
Arnault, C. and Dufournel, 1. 119941. Genome and stresses:

reactions against aggressions, behavior of transposable
elements. Generica, 93, 149-160.

Bailey, B.A., Dean, J.F.D. and Anderson, J.D. 119901. An ethylene
biosynthesis·inducing endoxylanase elicits electrolyte leakage
and necrosis in Nicotiana tabacum cv. Xanthi ¡eaves. Plant
Physiol. 94, 1849-1854.

Bourgin, J.·P., Chupeau, Y. and Missonier, C. (19791. Plant

© Blackwell Science Ltd, The Plant Joumal, (2001), 28,159-168

Tnt1 mobility is activated by fungal factors 167

regeneration from mesophyll protoplasts of several Nicotiana
species. Physiol. Plant. 45, 288-292.

Bourgin, J.·P. and Missonier, C. 11973). Vegetative propagation
and cold preservation of haploid plants 01 Nicotiana tabacum
and Nicotiana paniculata. Haploid Inf. Servo 8, 7.

Bradshaw, VA and McEntee, K. (1989) DNA damage activates
transcription and transposition of yeast Ty retrotransposons.
Mol. Gen. Gener. 218, 465-474.

Casa, A.M., Brouwer, C., Nagel, A., Wang, L., Zhang, O.,
Kresovich, S. and Wessler, S.R. (20001. The MITE lamily
Heartbreaker (Hbr): molecular markers in maize. Prac. Natl
Acad. Sci. USA, 97, 10083-10089.

Casacuberta, J.M. and Grandbastien, M.·A. 11993).
Characterisation 01 LTR sequences involved in the protoplast
specilic expression of the tobacco Tnt1 retrotransposon. Nucl
Acids Res. 21, :1087-2093.

Casacuberta, J.M., Vernhettes, S. and Grandbastien, M.·A. (19951.
Sequence variability within the tobacco retrotransposon Tnt1
population. EM80 J. 14, 2670-2678.

Curcio, M.J. and Garfinkel, D.J. (19991. New lines of host defense:
inhibition 01 Tyl retrotransposition by Fus3p and NER!TFIIH.
Trends Gener, 15, 43-45.

Dellaporta, S.L., Chomet, P.S., Mottinger, J.P., Wood, J.A., Yu,
S.M. and Hicb, J.B. (1984). Endogenous transposable element
associated with virus inlection in maize. Cold Spring Harbar
Symp Quanr. 8iol. 49, 321-328.

Deshayes, A. 11979). Cell Irequencies 01 green somatic variations
in the ti chlorophyll mutant 01 Nicotiana tabacum varo Samsun.
Theor. Appl. Genet. 55,145-152.

Deshayes, A. (1976). Effets de cycles successils de neoformation
de bourgeons in vitra sur I'aptitude a la variation somatique
chez un m'Jtant chlorophyllien de Nicotiana tabacum varo
Samsun. M'Jtation Res. 35, 221-246.

Doyle, J.J. anj Doyle, J.L. 119901. Isolation 01 plant DNA from
Iresh tissues. Focus, 12, 13-15.

Ellis, T.H.N., Poyser, S.J., Knox, M.R., Vershinin, A.V. and
Ambrose, M.,'. 11998). Polymorphism of insertion sites 01 Ty/·
copia class rdtrotransposons and its use lor linkage and
diversity analy~is in pea. Mol. Gen. Genet. 260, 9-19.

Grandbastien, M.·A. (1998). Activation 01 plant retrotransposons
under stress conditions. Trends Plant Sci. 3, 181-187.

Grandbastien, M.·A., Lucas, H., Mhiri, C., Morel, J.·B., Vernhettes,
S. and C~sacub(rta, J.M. (1997). The expression 01 the tobacco
Tnt1 retrotransposon is linked to the plant delense responses.
Genetica, 100,241-252.

Grandbastien, M.-A., Missonier, C., Goujaud, J., Bourgin, J.-P.,
Deshayes, A. and Caboche, M. (1989a!. Cellular genetic study 01
a somatic instability in a tobacco mutant: in vitro isolation 01
valine·resistant spontaneous mutations. Theor. Appl. Genet. 77.

Grandbastien, M.-A., Spielmann, A. and Caboche, M. (1989b).
Tnt1, a mollile retroviral-like transposable element 01 tobacco
isolated by plant cell genetics. Nature, 337, 376-380.

Grandbastien, M.-A., Spielmann, A., Pouteau, S., Huttner, E.,
Longuet, M., I<unert, K., Meyer, C., Rouzé, P, and Caboche, M.
(1991). Characterization 01 mobile endogenous copia·like
transposable e!erlents in the genome 01 Solanaceae. In Plant
Molecular 8iolo[,y 2, IHerrmann, R.G. and Larkins, B., eds.) New
York, USA: PlelOum Press, pp. 333-343.

Gribbon, B.M.. Pearce, S.R., Kalendar, R., Schulman, A.H., Paulin,
L., Jack, P., ;<umar, A. and Flavell, A.J. (1999). Phylogeny and
transpositiJnal activity 01 Ty/-copia group retrotransposons in
cereal genomes. Mol. Gen. Genet. 261, 883-891.

Heidmann, O. and Heidmann, T, (1991). Retrotransposition 01 a
mousr IAP tagged with an indicator gene. Cell, 64, 159-170.

\



© 1996 Ox/ord University Press NI/cleie Acids Researeh, 1996, Vol. 24, No. 23 4825-4831

The Saccharomyces retrotransposon Ty5 influences
the organization of chromosome ends
Sige Zou, Jin M. Kim and Daniel F. Voytas*

Department of Zoology and Genetics, 2208 Molecular Biology Building, lowa State University, Ames, lA 50011,
USA

Received Juno 11 1996. Revised and Accepted Oclober 15. 1996

ABSTRACT

Retrotransposons are ubiquitous components of
eukaryotic genomes suggesting that they have played
a significant role 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 c10se 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

Te/omeres are specific protein-O A structures found at lhe
ICllllini 01' eukaryolic chromosomes (1). Telomere sequences
lypical/y consisl 01' lanclem aITays 01' simple repeals synlhesizeel by
lelolllerase, a cel/ular reverse transcriplase V). Mosl organisl1ls
have short anel precise lelollleric repeat seqllences thal are
e\'ollllionalily conserved. The SaceharOI/l)'ces eerevisiae lelollleric
seqllences, however, are atypical/y helerogeneolls and consisl 01'
amlYs 01' TG 1-3 C'). A variety 01' middle repetilive seqllenccs,
cal/eel sublelomeric repeal sequences, are found associaled wilh
lelomeres. 111ese repeats are highly polymorphic and nol wel/­
conserved alllong ellkaryoles.

In S.cerevisiae, sllbtelomeric repeal seqllences have been sllldieel
in greal delail ( 1- '). They are comprised 01' lwo major groups,
cal/ed Y' elemenls and X repeals. Y' elemenls are illlmedialely
inlemal to lhe telomeres. There are two major e/asses lhat differ by

DDBJ/EMBLlGenBank accession nos U19263. U19264

size, called Y'-Iong (6.7 kb) and y'-shorl (5.2 kb). The size
differences are due lo a series 01' small inseliions andlor delelions.
Y' elements in lhe same class are highly conserved and typically
share -99% nlle/eolide identity. Y' elemenls are fOllnd on most
chromosomes and are highly polYl1lorphic among different strains.
At the end 01' any particular chromosome, Y' elements are present
in zero to four tandemly an'anged copies.

X repeats are centrol1lere-proximal when present in conjllnetion
with Y' elemenls ('). JlInction sequences belween X repeats and
Y' elements are nOllllally short strelches 01' lelomere seqllences
TG 1-3' On some ehromosomes, such as ehromosollle 111 (chr 111),
no Y' elements are present and X repeals are found immedialely
intelllal lo the telomere. X repeats consisl 01' a 473 bp core X
seqllence as well as varying nUlllbers ofshort.Sllblelomeric repeats
(STR-A, STR-B, STR-C and STR-O) that range in size from 45 to
140 bp (',' .). Boundaries 01' X repeals vary dramalically lIue to the
presenee 01' STRs. The STRs are not present al all chrolllosollle
ends, while eore X seqllences are fOllnd in all but one sllbtelorneric
region and share -80% nucleotide idenlity.

The widespread anc! polymorphie dislribulion 01' X repeats and
Y' elements suggesls thal these sublelomeric sequences are in
conslant flux. Some Y' elemenls have a large open reading f~ame

(ORF) with weak homology to viral helicases, suggesling thal Y'
elelllents Illay be related lo lransposable elelllents (1). However,
transposilion 01' Y' elelllents has never been docul1lented. On lhe
olher hand, Y' recombinalion oecurs freqllenlly ancl depends on
the RA D52 gene, which is reqllired for hOlllologous recol1lbina­
lion (-1,». Y' elelllents preferentially rceombine with l1lembers 01'
lhe same size c1ass, which reslllls in a preponderance 01' one size
c1ass in any given slrain. Recombinalion 01' Y' elelllents can also
resllll in exchange 01' seqllences belween enels 01' chromosollles.
For example, gene conversion can replaee seqllenees al one end
01' a chrol1losollle wilh lhose from another end. Thereforc, Y'
recolllbinalion can clearly reshape the organization 01' the
chromosome ends. The presence of X repeals al lhe ends 01'
almost all chromosomes sllggests thal lhey may also participale
in homologous rccol1lbinalion. However, movement 01' X repeats
by recombinalion has no! been doclllllented.

Ty5 is a relrolransposon idenlified from S.cerevisiae and ils
close relati"e Sparadoxl/s «J,! 11). The eopy nllmber and distribll­
tion 01' Ty5 insertions are polYl1lorphic in difTerent Saeclzaro­
II/)'ces spccies ane! strains. Charaelerization 01' eight endogenolls
Ty5 insertions in S.cerevisiae showed lhat two are associated wilh
lhe silenll1lating locus HMR and six are located in subtelomcric
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rcgions. None 01' these elemenls are lransposition competen!. In
Sparadoxus, lwO oflhree characterizcd Ty5 insel1ions are líkely
subtelomeric, basee! on their association with a subtelomeric X
rcpcat ( l. A Ty5 transposílion assay was e!eveloped in
Scerel'isiae using an SparadoxIIs element ( ). 01' 19 newly
transposed Ty5 elemenls on ehr 111, four \Vere inserted near lhe left
telomere and 14 were insertee! near transcriptional síleneers at lhe
H!vIR ane! HML loci. These regions are bound in a unique type 01'
chromatín, callee! silenl chromatin, which represses the transcription
01' adjacenl genes ( ). The larget bias for Ty5 suggests lhat this
clelllenl recognizes silenl chromatin dllring integralíon.

Transposable elelllents have been fOllnd assoeiatee! with
tclomeres in other organisms. In Drosophi/a lIIe/allogaster, for
cxample, I\VO familics of non-LTR retrolransposons have been
identifiee! lhal serve as lelomeres (: .,. 1). The telomeric loealion
of Ty5 sllggests lhal it may playa role in genome organization,
and in paI1ieular, contribule to lhe dynamic nature 01' chromosome
ends through transposilion andJor recombination. To lest this, we
characlerized the genolllie location 01' additional Ty5 lransposition
events. We also used the complete nllcleotide seqllence of the
Scerel'isiae genome to compare the organizatíon 01' endogenolls
clemcnts bel\Veen Scerel'isiae and Sparadoxlls.

MATERIALS AND METHüOS

Strains

The following yeast strains were usee! in this Stlle!y: Sparadoxus
NRRL Y-InI7 (Northern Regional Research Laboralory); wíld­
type Scerevisiae SlTains SK 1 and S288C for the charaeterizalion of
endogenolls Ty5 insel1ions (1.D. Boeke, Johns Hopkins University);
Scerevisiae W303-1 A (MATa ade2-/ ccm/-/OO lIis3-11 le1l2-3
trpl-/ ura3-/) 1'01' the Ty5 transposilion assay (A. Myers, lowa
State Universily). The E.coli strain XL I-BIlle (Stratagene) was
llsed 1'01' recombinant DNA maníplllations. Transformation of
E.coli and yeast slrains \Vas performed by eleelroporalion as
described (' ' ).

\lappillg ncwly trallspusee! 1'y5 inscrtiulIs

Sequences flanking newly transposed Ty5 elements were amplifiee!
by ínverse PCR melhod as described (11 ). Briefly, -100 ng 01'
genomic DNA \Vas digestecl \Vith Mspl ane! self-ligated in a 50 ¡.tI
ligalíon mixture. Sequences flanking Ty5 insertions were amplified
from 2 ¡.tI 01' the ligation mixture wilh Ty5-6p LTR-specific
oligonucleoticles DV0219 (5'-TACTGTCGGATCGGAGGT­
TT-3') and DV0220 (5'-CTGTGTACAAGAGTAGTACC-3').
PCR prodllcts were scquenced \Vilh oligo- nucleulides DV0214
(5'-CCCTCGAGCATTTACATAAC!\TATAGAAAG-3') or
DV0243 (S'-CCTTGTCTAAAACf\TTACTG-3') Ty5 inlegration
sites "'ere dctcnnined by comparíng these sequences lo the
Scer(!l'isiae genome database.

n'\'\ Illallipulations and analysis

Yeast genomic DNA and chromosomes ",ere prcparcd as dcscribed
( -). The genomic DNA was digested \Vith restriction enzymes ami
scparatecl by agarose gel c1ectrophorcsis. Yeast chromosomes were
separated by pulsed-fielcl gel elet:lrophorcsis, ancl chromosomc
identity detennined by their mobility (.'). Gels conlaining genomic
DNA or chromosomes were transferred to nylon membranes by
alkaline transfer. Fillers were hybridized \Vith DNA fraglllenls lhat
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had been radio-Iabeled by random-primíng (Promega). Hybridiza­
lion probes inclucled Ty5 interna! sequences (probe A and B in
Fig. 3A), the long temlinal repeat (LTR) (Fig. 3A), as well as
seqllences flanking Ty5 insertíons. The LTR was all1plified from
Ty5-5p \Vilh oligonllcleotides DVOl82 (S'-GGGTAATGTTrC­
AGT-3') and DVO 116 (5'-TAGTAAGTTTATTGGACC-3').
Seqllence flanking lhe S'-end 01' Ty5-12p element was amplified
with DV0200 (S'-CATIACCCATATCATGCT-3] and lhe re\'erse
primer, which is complementary lo the vector. DNA sequences lVere
cletennined with the fin 01 seqllencing kit (Promega), or by the
Nucleie Acid Facility of lowa Slate University. Sequence analysis
was perfonlled using the GCG eomputer programs (, ). LTR
seqllences were identified fi'om lhe complete nllcleotide sequence 01'
Scerevisiae llsing the program BLAST (1'). Seqllences \oyere
considered thal had >65% nllcleotide íclentity to lhe Ty5-1 lefl LTR.

RESULTS

T~'5 preferentially t"ansposes to sllbtelol1leric regions in
S.cere¡·isiae

We have previously characterized 19 newly transposed Ty5
elements on ehr Ill. 01' these, 18 oceurred in regions 01' silenl
chromatin, inclllcling 14 at lhe HMR and HML mating loci and
four at the left telomere (1:). We hypothesízed that this
integration pattem is dlle to a meehanísll1that targets Ty5 to siJent
chroll1atin. For ehromosomes other lhan chr Ill, the only known
regions 01' silent chroll1atin are at the lelomeres. We wanted to
investigate whether Ty5 insel1ions on other chromosomes are
near the telomeres, whieh wOllld support a general role for Ty5 in
the genomic organizalion 01' ehromosome ends.

Fifteen strains were randomly chosen from a co\lectíon 01'
strains with newly transposed Ty5 elements (':). Seqllences
flanking these elements were amplified by inverse PCR and lIsed
directly for DNA seqlleneing. These insertions were found to
reside on ten difIerent chromosomes (Fig. J). One insertion, W3,
is on chr XI 152 kb from the end 01' the ehromosome. The
remaining 14 insertions are a\l sllbtelomeric and are within: 15 kb
01' ehromosome encls. The insertions show no orientation
speeificity with respect to lhe ends of the ehromosomes; eight
insertions are in lhe same 5' to 3' orientation as the chromosome
seqllenee, and scven are in opposite orientatíon.

Ty5 preferentially illserts lIear lile X '"epeat

We have previously llsed the alltonomously replicating consenSllS
seqllences (ACS) in the X repeat as a reference point for Ty5
insertions. In this stlldy, nine 01' the 15 Ty5 insertions are )Nithin
0.8 kb on eilher side ofthe ACS inthe X repeat; lhree aclditional
insertíons are within 1.5 kb. Eíght 01' the 1\ lelol1leres that have
Ty5 insertions also have Y' elements. These Y' elements separate
lhe X repeal from lhe lelomere by >5 kb. In a\l eight cases, Ty5
insertions are clllstered withín 1.5 kb ofthe ACS in the X repeal
and are conseqllently several kílobases from the TGI_3 telomeric
repeats. Thís sllggests that the X repeat serves as a nllcleation site
for factors important for Ty5 largeting.

Fealures 01' srlJlIelll'es Ilanking endogrnous Ty5
illsertions in the slIhtl'iomerie regions ofS.cerc'l'isiae

The clcar preference for Ty5 to integrate near the telqmeres
indicates an aelive role for Ty5 in shaping the organization 01'
chromosome encls. We took advantage 01' the complete genome
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scqucnec 01' Scerelúiae to cvaluate whether enc\ogcnous Ty5
inscl1ions have played a passive role in genome organization
through rceombination. We identificd all Ty5 inscrtions in
S2SSC, the strainuscd for the ycast genolllc projcet (Fig. 2A). Ten
Ty5 inscrtions ",cre found, including cight prcviously idcntificd
un ehr 111. VII, V111 ami XI (,' ). Thc ehr VII insel1ion (dcsignated
Ty5-15) had prcviously been charaetcrized only by Southcm
hybridization analysis (1' ). Two new inscl1ions were identified
on chr V, dcsignated Ty5-16 and Ty5-17. Thc chr V inscrtions are
near the right telornerc but are in oppositc orientation. Ty5-17 is
",ithin 600 bp 01' a X ACS, amI Ty5-16 is within 2.7 kb.

Target sitc sequcnccs wcrc ehcu,lctcrizcd 1'01' eight Ty5 inscrtions
",ith full-sized LTRs. None 01' thcse insertions have the perfeet 5
bp targct site duplieations eharaetcristie 01' newly transposed Ty5
clements (11), although Ty5-16 has flanking target sequenees
with four identical nuelcoticles out offive (Table 1). The 5' target

site ol'Ty5- I7 is the same as the 3' larget site ofTy5-16. However,
the 3' target site ol'Ty5-17 is diffcrent l'romlhe 5' target sites 01'

thcse two insel1ions, suggesting that a gene eonversion event, 01'

two sequential reciprocal reeolllbination evenls, oecurred be­
tween these elemcnts.

Somc Ty5 clelJ1ents mark boundaries ol' duplicatccl scqucnccs
in the S.cerevisiae gcnome. Gcnomc scqueneing cfTorts have
identified extensive cluplieations bctwecn lhe telolJ1cric regions
ol'chr 111 and XI (1 ')-:21). FourTy5 inscrtions are pr.:sent in these
duplieated rcgions (Fig. 28). Thc chromosome cnds, including
the X repeat, are similar between lhe chr 1IIleft tclomcre and both
telomcres ol' ehr XI (rcgion a), Thc similarity ends at the Ty5-1
insertion on chr 111. Downstream ofregion a, the ehr Xlleft-cnd
has a uniqlle 50 bases uncl both ehr XI cnds share a se,eoncl
duplieutcd sequenee (region b). For the ehr XI lefi-end, the b
region terminates in sequcnees that havc bcen dllplicatcd frol11lhc



Nucleic Acids Research, /996, Vol. 24, No. 23 4849

A.

-.¡ 1< R~I IPA ~I~ @
E H E S E

Probes: A

Enzymas: H X

¡:-:·:·:":AF·:;.:I !RHJ~

E

LTA
H X

B

H X

BALTA

B.

A. JII V VII VIII XI

¡¡ti ]
Ty5-1 S

~~1
m:~

Ty5-1S'
'ry5-17

TV!H'
TV5-7

B.
b-Chr XI L ~f----o-e:e::::::t=t==::=lCffih!Jr1i[IIBR=_jlt=

e
--'---4"~ -----ir--

Chr 11I L ~f---<---lLI1~ y' S tI---
TYS-1 Ty5-4

b e
----4..~_ -----i~2SObp

Chr XI A «!) ~ V'S t}-- 1----4
TV5-7 Ty!H

c. Probas: A LTR
Fi~lIre 2. Saccharulllya, cere,'i,¡ac Ty5 demenls. (A) Chromosom~ localion
()f~ndogenolls Ty5 demenls. Chrom()somes ar~ dra\Vn lO seale \Vilh lhe lefl end
on 101'. The aSlerisk rcllecls elemenls on lhe Crick slrand 01' Ihe chromosome
s~qllenc~s. Base posilions for insenions are: Ty5-1. 1172-4314; Ty5-2.
290646-290891: Ty5-3. 2910 15-291252; Ty5-4 on ehr 11 l. 4471-45n; Ty5-4
00 ehr XI. 664909-664808: Ty5-7. 665062-665300; Ty5-8. 7993-8224:
'1'1'5-15. 363- 1079: Ty5-16. 562209-562459: Ty5-17, 564300-564533. (8)
Seqllcnee rearrangemenls bCI\Veeo ehr 111 ami ehr XI ofScerelúitle. Symbols
are as 111 Figure l. Dupliealed sequence domains are indiealed by arrows and
designaled as a, b or e. The Y' element sequenee in region e is labeled. The open
bo, Iabeled ehr 111 R represents an addilional seqllenee dupliealion belween ehr
XI L and ehr 111 R.
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right-ene! 01' chr 111. The right-ene! 01' chr XI, however, has a Ty5
insertion at the ene! 01' the b region (Ty5-7). This insertion has
ditTerent target sites from Ty5-1 and is in the opposite orientation,
clearly indicating that they are e!ifferent insertions. Centromere
proximal to Ty5-! and Ty5-7 are several kb 01' duplicatecl
sequences (region c), inclllcling a Ty5 insertion (Ty5-4). It has
previollsly been notecl that the beginning ofthec region contains
140 bp 01' a Y' elelllent (' :). The location 01' Ty5-1 and Ty5-7 at
lhe bOllndaries 01' rearrangements sllggests thal these elelllents
have played a role in these events.

Fi~lJrc 3. Copy numberofTy5 e1cmcnls in slrain RRL Y-InI7. (A) Genomie
organizalion 01' Ty5-6p. Open boxes ",ith arrows indicate Ihe LTRs. Boxes
within the internal domain dcpict conserve<.l iJmino acid sequence domains: RB.
RNA binding domain; PR. protease; IN. inlegrase; RT. reverse lranscriplase;
RII, RNase H, The arrow over the element indicales lhe open reading frame.
E. H and S denote restriclion endonllcleasc siles for EcoRI, Hilldlll and Sn/al.
The lines under lhe elemenl depiet probes used for hybridizalion analyses.
(B) Southern hybridizalion analyses 01' slrain NRRL Y-lnI7. DNA \Vas
digested wilh Hilldlll (/1) or Xhol (X). Molecular Icnglh markers are indiealed.
and arro\Vs denote X/lO 1 restriction fragmenls lhal hybridize lO probe 1\.
Arrowheads indicate bands lhal hybridize lo both inlernal and LTR probes.
1C) Chromosome distribulion ofTy5 in NRRL Y-17217. Filters were prepared
from pulsed-field gels "nd hyhridized \Vilh probe /1 ami Ihe LTR probe.
Chromosome deSlgnations for hybridizing chromosomes are indicaled.

Oistribution 01' Ty5 inSl'rtions in S.pllra{/ox/ls

Characlerization 01' Ty5 elements showed thal transposition­
competent insertions are not presmt inScerel'isiue, but are present
in ils close relative Spurado.\'lIs. The close relationship between
these speeies suggests that they may be a gooe! model further
understanding the role ofTy5 in genome organization. We foeusecl
uur charaeterization eflorts on the Spurado.\'lIs slrain NRRL
Y-lnI7, which harbors lhe most Ty5 insertions. al least one 01'

which is transpositionaIly active (1 (1, 11). We first estimated copy
nUlllber in this strain by Soulhern hybridization analysis using
reslriclion enzymes that do not eut within the elelllent 01' cut only
once. Filters were hybrie!ized wilh probes specitic to eilher Ty5
intemal sequences 01' Ty5 LTRs (Fig. 3), An example 01' this
analysis is presenlecl in Figure 3S, using Hindlll (one internal sile)

and X7101 (no cut sites). Based on this analysis, al least six restriction
fragmenls hybridized to both internal and LTR sequences in NRRL
Y-ln!7. In the f-1ine!1II lanes, there are al least seven more
restriclion fragments thal hybridized lo lhe LTR, Some 01' these
exlra LTRs Illay be solo LTRs, whieh are derived fTom recombina·
tion belween LTRs 01' full-Icnglh Ty5 elemenls,

Thc ehromosomes 01' NRRL Y-lnl7 wcre separaled by
pulsed-field gel electrophoresis and transferred lo nylon filters.
The chromosome localion of Ty5 insertions was analyzed by
hybridizing lhe filter ",ith cither Ty5 internal 01' LTR sequences
(Fig, 3C). Ty5 elements with inlernal sequences were localed on
alleast five chromosomes, namely ehr VI or 1,111, XI, XVI 01' XIII
and XIV 01' VII. Ty5 LTRs were located on lhese same
chromosomcs as \Vell as ehr XIV 01' IX.
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Table 1. Scquel1ces orTy5 largel siles

Srecies

S CL'I"I!\'isiae

S.parado.\ liS

II1SerllOI1 (cbr) Len targcI sequcnce Rigb! largel sequel1cc Targct lluclcOlidc LTR nucleolide
idcl1lily I<.h:ntity (l}';¡):l

T)5-1 (111) TTTCA TATCC 3/5 86.89

Ty5-2 (111) TTCCT TAAAA 1/5 73

Ty5-3 (111) ATCGC TTTGC 3/5 55

Ty5-7 (XI) CGTGG TACCG 1/5 82

Ty5-8 (VIII) GTATA ATATG 3/5 77

Ty5-15 (VII) TTTCA CCCAA 1.'5 81

Ty5-16 IV) CiTTAT GTTCT ~'5 91

Ty5-17 (V) GTTCT TTACA 215 73

Ty5-6p (XI) TCGTA TCGTA 5/5 100

Ty5-5p (I11/XI) TGTCA CTATC 0/5 100,98

Ty5-IOp (III/XI) AGTAT TATA A 2/5 98

Ty5-12p (III/XI) AGTAT TTTTC 1/5 97

Ty5-14p (NO) TGTeA 98

"\',t1l1CS ,tic deri\'Cd frulll cUlllparisol1s" ilb Ibe Ty5-6p rigbl LTR. MlIlliplc valllcs rerer 10 eUlllparisol1s wilb Ibe len ami rigbl LTRs. rcspcclively.

I

Figure 4. Proposed modcl rur Ihe reciproca! translocaliol1 lbal generalcd
Ty5-5p and Ty5-14p. T\\'o parenlal elel1lCl1lS are shown \\'ilb LTRs lb al dirfer
by black or spcckled arro\\'bcads. Nuc!cOlidc dirferences belween Ihese LTRs
are shown, wilh l1ull1bers inclicating base positions. Sequcnccs oftnrge( sitcs on
eilber side of lhe elemcnts are provided.

sequcnce is clllpliealecl belwcen lhese chromosomes (Fig. 58).
Sincc Ty5-5p is associalcd wilh a sublelomeric X rcpeal. lhe
duplicalionmay have occurred belwecnlhe ends ofchr 1[1 and XI.
Seqllence analysis ofTy5-14p inclicated that il has a 5' delelion,
which inc1udes the 5' LTR. Thc 3' tlanking sequence has no
significanl similarity lo any Scerevisiae seqllences.

F1anking sequences of somc clcmcnls suggesl lhal Ty5
inserlions mark siles lhat have bccn rearranged belwccn Spara­
do.ms and Scerevisiae. For examplc, lhe 5' sequence ofTy5-12p
hybridizcd to Scere\'isiae chr V (Fig. 5C). This sequcnce,
however, hybridized 10Sparadoxu.l'chr 1[1 anel XI, indicaling tha!
il has bccn dllplicaled amI rearranged belween lhese specics.
Consislcnl wilh lhe hybridizalion analysis, thc 5' flanking
sequcnce sharcs 90% nuclcotide idenlily wilh a slIblelomeric

x

Duplkalion and rl'arrangcllIl'nt of Sl'qucnccs flanking
T~5 inscrlions in S.pllradliXI/S

\Ve previously isolated tive of lhe approximately 13 Ty5 insertions
presenl in Sparadoxl/s strain NRRL Y-InI7 (1 il). To invesligate
lhe relationship between Ty5 ancl genollle organization, sequences
flanking these insertions were cletel111inecl. The target sites of
several insel1ions were analyzed, ancl only the Ty5-6p insel1ion
\Vas founcl lo havc target site cluplications (Table ;). [t is
inleresting lo point out lhat the 5 bp target sequence at the 3'-end
ofTy5-14p is lhe sallle as lhe 5' largel sequence ofTy5-5p. This
suggests thal Ty5-5p ancl Ty5-14p recolllbinecl ane! exchangecl
largels, ancl Ty5-14p subsequently sufferecl a deletion of ils 5'
region (Fig. <1). Evidence for such a reciprocal translocation is
also sUPPol1ed by sequence differences alllong lhe LTRs oflhese
elemenls. The 3' LTR of Ty5-5p has four bp thal clifTcr from the
5' LTR. The Ty5-5p 3' LTR, however, is idenlical al lhese four
nuclcolicle positions lo lhe 5' LTR of Ty5-14p, arguing strongly
thal a recombinalion event had oecurred belween these elemenls.

Flanking sequenccs of several SparadoxlIs insel1ions were
eompared to lhe Scerevisiae genome clalabase 01' used in
Southern hybridizalion analysis. As prcviously reported, 5' ancl3'
sequences f1anking Ty5-6p share -90% nucleoticle identity lo
sequences on Scerevisiae chr XI (\1 J). The 5' tlanking sequence
hybriclizcd lo chr XI ofSparadoxus as well as S.cerevisiae (Fig.
5A), indicaling lhal Ty5-6p is localed on S.paradoxl/s chr XI ancl
ils flanking sequences are conserved belween lhe lwo species. No
eviclence for a Ty5 insel1ion, however, was foune! at lhc
eOlTCsponding region on Scerevisiae chr XI, suggesting Ty5-6p
lransposed lo lhis site after species divergence.

Analysis of llanki ng sequenccs of some S.parado_\lIs inscl1ions
suppol1 a role for Ty5 in genomc rearrangcments. Scveral Ty5
elements were tlanked by sequcnces unique to Sparwlo_Hls. For
c:xample, lhe 5' flanking sequence ofTy5-Sp shows no significanl
hOl1lology lo any SCl!revisiae sequences, while lhc 3' flanking
sequcnce sharcs high hOlllology wilh lhe sublelomcric X repeat.
Southem analysis indicaled thal lhe unique 5' flanking seqllcnce
hybridizcs lo SparadoxlIs chr [1I ancl XI, suggesting lhal lhis
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transposeel TyS inserlions on 10 chromosoll1cs olher than chr 111,
which are not known lo have silent ehromalin except at the
lelomeres. Fourteen of fifteen are localeel within 15 kb from the
enels of lhese chromosomes. These results indicale that Ty5 is a
subtelomeric repetitive element bascd on its location and
polymorphic nature.

At the sllbtelomeric regions ofScerevisiae, the X repeals and Y'
elements are lhe t\Vo mosl abundant rcpetitive sequences ( ). Y'
elements are immeeliately aeljacent to the telomcre sequences and
are found at the sllbtelomeric regions of most but not all
chromosomes (1). Internal to Y' elements are X repeats, which are
found at the enels of all but one chromosome. Chromosome ends,
lherefore, have a relatively rigiel organization; internal t9 the
telomere sequences are Y' elements, followeel by X repeats. In
contrast, the location of Ty5 is very flexible. Insel1ions can be
fOllnd within the telomere sequences, between X repeats and lhe
telomere sequences 01' centromere-proximal to X repeats 01' Y'
eJements. Unlike Y' elements, Ty5 insertions can oecllr in either
orientation with respect to the chromosome enel. Ty5 transposilion,
lherefore, has a regional spccificity as opposed to a site spcciticity.

A. B. C.

Ty5-6p Ty 5 - 5 P Ty5-12p

~
~ :::u u u.. CD ~ CD

.. CD
a. CD a. CD a. CD

'" N '" N '" N
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S. cerevlslae Ch, V (56 9 k b)
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Figure 5. Orgalllzallul1 uf sequl'llCCS llanklllg S.pnradoxus Ty5 illscrtiolls in
S parlldu,\l/!l ~md S cl'n..'I';s;U(', S. para dcsigllalcs S poradoxus and SK I and
S~SSC are \1 IId-l)'pe slrains ofS.cerel·isiac. FIIlers prepared from pulsed-rield
cds \1 ere 11\ hridizcd \\'ilh S' flanking sequcnees ofTyS-6p (1\ l, TyS-Sp (B) amJ
l'YS-12p (él. (O) Rearrangemenls uf sequenees Ilanking TyS·12p. The S'
1l,lllking sequenee 01' TyS- I 2p is localed on ehr III and ehr XI ofS.paradox/ls,
huI is luealcd on ehr V of S.cercvisiae. The number denotes lhe hase posilion
eorresponding lO Ihe s.cel"e\·isiae ehr V nucleotide sequence. The 3' flanking
sequence shows homology lO lhe middle afS.cel"evisiac chr 1, wilh lhe number
indicaling lhe base posilion wilhin lhe ehromosome.

rcgion of Scerel'isiae ehr V (Fig. 50). The 3' sequence of
Ty5-12p shares 90% idcntity to the middlc of the left ann of
Scerevisiae chr L providing evidence lar addilional realTange­
menls. Pal1 of lhe flanking seqllcnces of insel1ion Ty5-11 p were
also detennineel. The 5' sequence shares 84% ielenlity lo the
subtelomeric region ofScerevisiae chr XVI, but lhe 3' sequence
shares 84% identily to lhe subtelorneric region ofScerevisiae chr
XIII. Althollgh lhe chromosome local ion oflhis element was not
delcrrnineel by hybrielization analysis, these rcsults indicate a
scquence rcarrangement bctween Sparadoxus and Scerel'isiae
anel irnplicalc a role tal' Ty5 elements in genome rcarrangements.

A potential role for the X rcpcat in <Iirecting Ty5
transposition

In our previous stllely of Ty5 insertions on chr 111, 14 of 19
elements were clllstered near the E anell transcriptional sileneers
that flank HML and HMR. We have recently shown that the
assembly of silent ehromatin mediated by these silencers is
critical for Ty5 targeting (S. Zou and O. F. Voytas, lInpublished).
Ofthe 14 lelomeric insertions ielenti fied in this study, anel the four
telomeric insertions on ehr 111,12 are located within 0.8 kb ofthe
X repeats. Particularly notable are insertions on chromosome
ends wilh Y' elements, which are all >5 kb from lhe chromosome
ends. Thc TG I_3 telomerie sequences can assemble silent chromatin
in the absence of X repeats ( , .). l-Iowever, the clllstering of Ty5
inseliions ncar X sequences sllggesls that some unique featüre of
the X repeat direcls Ty5 integralion. The X rcpeats have binding
sites tal' lhe origin recognition complex anel the transcriplion
factor ABF 1. FlIture experimenls will test the role of these
bineling sites in directing Ty5 transposilion.

Transposahlc c1cnll'nts and lhe origin 01' subtclolllcric repcats

DISCUSSION

Ty5 is a subtl'1omcric rcpcat

From lhe available S.cerevisiae genomie sequcnce, \Ve have
idcnlificd 10 cndogcnous Ty5 inscrtions. Of these, seven are
localcd wilhin 10 kb of lhc cnels of chrol11osomes, and one is
wilhin 15 kb. TlVo inscl1ions are ncar lhe HMR locus. If HMR
(-20 kb from lhe end 01' chr 111) is consielereel a subtelomeric
region, lhcn all lhc elH.logenous Ty5 insertions arc in the vicinity
01' chrol11osome ends. In addition, characterizalion of Ty5 in
difTerenl SaCcllOl'UlIl)'ces spccies and slrains ineliealed lhal Ty5
dislribulion is polymorphic amI varies in copy numbcr and
chromosome location (~I). \Ve have previollsly mappcd lhe
localions of 19 newly lransposed Ty5 insertions on chr 11I (1 :).
One inserlion was in thc ll1iddle ofthe right ann ofchr 111; 14 were
at lhe silcnlll1aling loci, H/vIL and IIMR; four were wilhin 2 kb
of lhe len tclomere. Here we mapped lhc locations of 15 newly

Telomere repeat seqllences are generated by reverse transcription,
which is canied out by tclomerase (2). Telomerase is the only known
reverse transcriptase that is not associated with retroelements, and
may have originated from a rctrolransposon 01' a rctrovinls. The
Y' elements have some features oftransposable elements; however,
transposition of Y' elements has never been demonstrated (¡).
Allhough X repeats are conserved among SaccharOlÍl)'ces
specics, their origin is largely lInknown c-). In contrast to the
olher rcpcat seqllences, lhe Ty5 elemenls arc typical LTR
n:trolransposons and actively transpose lo slIbtclomcric rcgions.
This provieles direct evidcnce lhat sllbtelomeric repeals can
originale from transposable elements. The link belween transposable
elements and telomeres is further subslantiated by the observation
lhat lhe HcT and TART lransposable elements of Dmsophila
lile/aHogaster ser\'e as lelomeres ( I .',1·\). Transposable elements,
therefore, may genemlly conlribute lo lhe structure of chromosome
ends.
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T~:; ano lhe organizalion 01' slIbtclomerk rt'gions

The TyS elelllcnls are lIniqlle among yeast slIbtelomcric repeats
in thal lhey can shape chrOl1losome ends actively lhrough
transposition ancl passively lhrough recombination. The copy
nlllllber 01' TyS varies exlensively in strains 01' both Scerel'isiae
and Sparadoxu.\· ( ''). Although functional TyS elements do not
exisl in Scerevisiae, lhey slill intluence genol1le organizalion
through recombinalion, similar to lhe Y' elemenls. In Sparadox­
us, hOlVever, lhere are transposilion-competenl elemenls thal can
aClively participate in reslrucluring chromosomes. The close
relalionship bet\\'een the 111'0 yeasl species makes thcm ideal
models lo more precisely evaluale lhe extenl lo which TyS has
influenced genome organization, espeeially in lighl 01' lhe
complete genome sequence ofScerevisiae.

Analysis 01' de 1101'0 transposilion evenls clearly demonslraled
lhal TyS generates S bp largel sile c1uplicalions (; i). Characleriz­
alion 01' endogenous insertions, however, showed lhal only one is
flanked by sllch dupliealions. There are lwo possibililies lo explain
lhis phenomenon. first, lhe absence oflargel sile duplicalions may
be due t0 rane!olll mulation. We reason thal if lhis is the case, lhe
LTR sequences 3mong different TyS inseliions should be degener­
ate to a similar exlenl as the targel siles. The LTRs ofTyS-5p and
Ty5-12p share >98% nucleolide identily wilh the transposilionally
fllnctional Ty5-6p LTR, suggesting lhal lhese inseliions are nol
ancient and lheir largel siles shoule!nol have mulaled dramalieally.
Nonetheless, lhe largel siles 01' Ty5-Sp share no similarity and lhe
largel siles 01' Ty5-12p have only one nucleolide in common. 11 is
e!itlicult lo argue Ihal mulalion alone could be responsible for lhe
exlreme e!ifferences in largel sile sequences.

A second possibilily is lhal recombinalion between elemenls
resulled in the lack 01' largel sile duplicalions. There are several
examples thal directly SllppOrt lhis mode!. The 5 bp al lhe 5' largel
sile ofTy5-5p are lhe same as lhose at lhe 3' largel sile ofTy5-14p,
slIggesling these llVO insertions recombined, resulling in lhe
exchange 01' largel siles. We can not leH whelher lhe 3' largel sile
01' Ty5-5p is lhe same as lhe 5' larget sile 01' Ty5-14p, because
1'y5-14p has sulleree! a c1elelion ofils 5' LTR. Ae!dilional SllppOli,
hOlVever, is provie!ee! by four nucleotide differences betlVeen lhe
L1'Rs ofTy5-5p. These four nucleolides in lhe Ty5-5p 5' LTR are
shared with lhe 3' LTR 01' Ty5-14p, suggesling lhal lhese LTRs
originalee! from lhe same element. Evidence for recombinalion is
also found among lhc Scerevisiae elemenls. The 5' largel sequencc
of1'y5-17 shares only tlVO nucleotides with its 3' target sequence,
bul is lhe sallle as lhe 3' largel scquence ofTy5-16; the target sites
ofTy5-16 difler by only one nucleolide. A possible explanalion for
Ihis observation is lhat gene conversion occurred belween Ty5-16
ane! Ty5-17. In Ihis process, lhe 5' largel site 01' Ty5-17 was
replaced by lhe targe! sequence 01' TyS-16, but lhe olher sile 01'
Ty5-17 and bolh targel siles 01' Ty5-16 remained unchanged. The
5' largel sile 01' Ty5-16 subsequenlly mutaled, resulting in one
nucleotidc ditlCrcncc. Expcrimcnls nccu lo be condllclcd lo lest
whelher Sllblelol1leric Ty5 elcments can rccombine alllong Ihem­
sclves and exchange lheir newly acqllired larget siles.

Rccombinalion between repetilive seqllences has likely played
an importanl role in restructuring chrol1losol1les. We have
oblained eviclence Ihat Ty5 has been involvecl in recombination
evenls, and these evcnts have rcorganized chromosornes in

Scerevisiae and Sparadoxus. For example, Ihe 5' tlanking
sequence of TyS-12p is localed on chr V 01' Scerel·isiae but is
e!uplicaled on chr 111 and chr XI in Sparadoxus. The 5' tlanking
seqllence ofTy5-5p is e!uplicalee! bellVeen chr 111 and chr XI in
Sparado.Hls, but is cOlllplelely abscnt from S.cerevisiae. Simi lar­
Iy, dllplicated sequenees bctwecn ehr 111 ane! XI in S.cerevisiae
have bounclaries Ihat are marked by TyS insertions. Recombina­
lion between some sublelomeric repeals, such as Y' elemenls, has
been well characterized ('). Taken logelher, (hese observations
clearly supporl lhe role 01' repelilive sequences, inclllding
lransposable elements, in influencing the organization ofchromo­
some ends. Further eharaclerization 01' lhe genol1les 01' c10sely
relaled species such as SparadoxlIs and Scerel·isiae will li.kely
offer ade!itional perspeclive on lhe exlenl lo which lransposable
elemenls have shaped chromosome archileeture.
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EXPRESSION PATIERN OF SUGARCANE TRANSPOSABLE ELEMENTS

Pabl.!.iLBraujQl, Magdalena Rossi 1
, Erika Jesus 1, Viviane Oias l , Juliana Felix2, Rodrigo Orummond 2, Marcelo

Menossi 2, Marie-Anne Van Sluysl
1-0epartamento de Botanica, lB-USP, Rua do Matao 277, Sao Paulo, CEP 055080-090, SP, Brasil
2-Centro de Biologia Molecular e Engenheria Genética,Universidade Estadual de Campinas, C.P.6010, CEP
13083-970, Campinas, SP, Brasil.

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 express/on analysis. After full
length cONA sequencing, TE clones were assigned a family according to the best sequence alignment
against a fully characterized element using BLASTX programo

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 cONA 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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ASSESSMENT OF SUGARCANE GENETIC DIVERSITY USING RETROTRANSPOSONS
Ana Paula Pimentel Costa, Magdalena Rossi, Paula Araujo, Marie-Anne Van Sluys
Departamento de Botanica, IB-USP, Rua do Matao 277, Sao Paulo, CEP 055080-090, SP, Brasil

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 orjand variety establishment process. The band patterns also
indicate eaeh progenitor contribution on sugarcane hybrid genome. Furthermore this polymorphism can be
potentially use as a source of new molecular markers.
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DISTRIBUTION OF THE TNTl RETROTRANSPOSON IN TOBACCO VARIES WITH AGE OF INSERTION
Q.!&.ng_Hien.he, Marie-Angele Grandbastien
Biologie Cellulaire. INRA Centre de Versailles, 78026 Versailles France

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 trdnsposed 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 AS EFFICIENT MOLECULAR MARKERS FOR GERMPLASM CHARACTERIZATION

Fiona Leigh 1, Ruslan Kalendar2, Vincent Lea 1, David Lee 1 , Paolo Donini 1, Alan Schulman2
l-Molecular Research Group, NIAB, Cambridge, UK
2-MTT/BI Plant Genomics Laboratory, Institute of Biotechnology, Viikki Biocenter, University of Helsinki,
Helsinki, Finland

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 am pi ified polymorph ism) and REMAP (retrotra nsposon-microsatellite am pi ified
polymorphism) techniques 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-l, 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 1 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-SAPo
The uniqueness of each transposition event élnd differences in the historie activity of eaeh 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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GENOMIC ORGANISATION, EVOLUTION ANO IMPACT OF NON-AUTONOMOUS TRIM ELEMENTS IN THE
PLANT GENOMES

l\mar kUlDª-!:l, Ruslan Kalander2, Peter Witte 1, Frank Wright 1, Arnis Druka 1, Molly Dunn3, Alan Schulman2,
Stephen Goff3, Hirohiko Hirochika 4

1-Scottish Crop Research Institute, Invergowrie, Dundee, 002 5DA, Scotland, UK
2-Plant Genomics Laboratory, Viikki Biocenter, University of Helsinki, P.O. Box 56, FIN-00014 Helsinki
FINLAND '
3-Structural Genomics Group, Syngenta, USU, San Diego, CA 92121, USA
4-Department of Molecular Genetics, NIAR, Tsukuba, JAPAN

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 dornain 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 ncw 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 Ty1-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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REGULATION AND PROMOTER CHOICE IN RETROTRANSPOSON BARE-l TRANSCRIPTION IN BARLEY
wei chan ,aJan H. schulman
BI-MTT Joint Genomics Laboratory, Viikki Science Park, P.O. Box 56, Helsinki, Finland and Plant Breeding
Biotechnology, MTT Agrifood Research FinJand, MyJJytie 10, FIN-31600 Jokioionen, Finland

The BARE-l retrotransposon occurs in more than 104 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-l 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-l within different barley tissues
and examined the promoter function of the BARE-l LTR. Our results showed that BARE-l like elements
are actively transcribed in the various tissues. Transcripts beginning within the BARE-l 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-Iuc 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-l in the
genome, suggests that BARE-l may retain the potential for propagation in the barley genome.
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GENETIC FLUX IN PLANTS - FROM MOLECULAR BIOLOGY TO ENVIRONMENTAL INFLUENCES
f?arbara Hohn
Friedrich Miescher Institute for Biomedical Research, Basel, Switzerland

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.
Concomltantly, 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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HORMONE SIGNALING IN STRESS & PATHOGENESIS
John Mund'i
Molecular Biology Institute, Copenhagen University, Copenhagen, Denmark

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 NPRl.
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-death 11 mutant (acd 11) 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 peD 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 EDSl. Furthermore, acd11 PRl gene expression, but not cell death, depends on the
SA signal tranducer NPR1, suggesting that the npr1-1 mutation uncouples resistance responses and cell

death in acd11.
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SIRNAS IN PLANTS
David Baulcombe
The Sainsbury Laboratory, Norwich, UK

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 50 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 ha ve 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 presento 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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A SYSTEM TO STUDY THE BIOLOGICAL ACTIVITY OF miRNAs
J, j;nrigue Cortés-Valle, David Baulcombe
The Sainsbury Laboratory, John Innes Centre, Norwich, UK

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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