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Abstract. A number of T-DNA insertions in the ge- 
nome of Nicotiana tabacum were characterized. One 
class of integrations was found to have occurred in a new 
family of highly repetitive sequences. Three genomic 
regions (ecoA, ecoB, and ecoC) were isolated, all of 
which contain basic units of 180 bp, organized in direct 
tandem repeats. Several of the 180-bp elements contain 
an EcoRI recognition site within the repeating unit and 
are therefore named "eco repeats." All members of this 
family are weakly homologous in sequence to a previ- 
ously described class of repeat elements which contained 
a BamH1 site (HRS60 repeat family), which suggests that 
both groups of sequences are of common evolutionary 
origin. The allotetraploid genome of N. tabacum is pre- 
sumed to originate from the hybridization of two diploid 
genomes. The HRS60 elements previously described 
have been found exclusively in the genome of one of the 
ancestors, N. sylvestris, and in N. tabacum itself. Our 
DNA hybridization data suggest that the eco elements 
originate from the genome of the other ancestor, N. 
tomentosiformis. Whereas the HRS60 elements are tran- 
scriptionally silent, at least some eco elements appear to 
be transcribed. 
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Introduction 

Genomes of higher organisms generally contain different 
types of repetitive sequence elements. These elements 
may be present in several millions of copies per genome 
and can constitute a major portion of the total DNA of a 
species. Repetitive DNA is either found dispersed 
throughout the genome or arranged in tandem arrays. 
The latter type is higher repetitive and consists of clus- 
ters of relatively simple, short sequence units. Highly 
repetitive DNA or satellite DNA is frequently found in 
telomeric and centromeric heterochromatin and is usu- 
ally transcriptionally inactive. However, exceptions have 
been reported (reviewed by Jelinek and Schmid 1982). 

The presence of repetitive sequences in all eukaryotic 
organisms, similarities in repeat unit size, and chromo- 
somal localization in different species suggest that these 
sequences serve a function (reviewed by Lapitan 1992). 
The association of highly repetitive DNA with hetero- 
chromatin is consistent with a role as a structural com- 
ponent of chromosomes. The length of the repeat units of 
satellites from different species coincides with the size of 
DNA occupied by a nucleosome. Based on this observa- 
tion, Martinez-Zapater et al. (1986) suggested that these 
repeats might help to organize nucleosomes. Since re- 
peats are often found at telomeric positions, a role in 
recombination between satellite arrays of nonhomolo- 
gous chromosomes (Flavell 1986) or in stabilization of 
telomeres (reviewed by Blackburn 1991) has been pro- 
posed. In contrast, repetitive elements have also been 
regarded as having no functional relevance and to accu- 
mulate simply as selfish DNA (Von Sternberg et al. 
1992). 
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In plants, different copies of the repeating unit of 
satellite DNAs are highly conserved within one species 
(at least 90% identity). In contrast, these DNAs are often 
highly diverged across species within the same family. 
Although a number of these repeats have been well an- 
alyzed at the DNA sequence level, their overall organi- 
zation is less well understood. The tomato TGR1 repeat 
was shown to be organized in 27 clusters, distributed 
over different chromosomes. The size of the clusters 
ranges from 150 copies to 6,000 copies (reviewed by 
Lapitan 1992). 

The genome of tobacco, Nicotiana tabacum, also con- 
tains a number of repetitive sequences. One of them, the 
HRS60 family, has recently been identified and charac- 
terized (Koukalova et al. 1989). This repeat was isolated 
by BamHI restriction endonuclease digestion and con- 
sists of a basic unit of 180 bp, organized in direct tandem 
repeats. The diploid genomes of N. tomentosiformis and 
N. sylvestris are assumed to have hybridized relatively 
recently in evolutionary terms to form the allotetraploid 
tobacco genome (Okamuro and Goldberg 1985). The 
HRS60 family, originally identified in N. tabacum, is 
present in N. sylvestris but absent from N. tomentosi- 
formis (Koukalova et al. 1990). This indicates that this 
repetitive sequence was contributed to the tobacco ge- 
nome by only one of the progenitors of tobacco. In this 
contribution, we describe a new repetitive sequence in 
tobacco, the "eco repeat." These elements are related in 
sequence to the HRS60 family and are present in N. 
tabacum and N. tomentosiformis but absent from N. 
sylvestris. 

Materials and Methods 

Plant transformation experiments and the vectors used for Agrobacte- 
rium-mediated transformation were essentially as described by Koncz 
et al. (1989). The experimental setup which gave rise to the series of 
T-DNA insertions was described in Schell et al. (1993). 

Enzymes were purchased from Gibco BRL, Boehringer Mannheim, 
USB, and AGS and were used according to the manufacturers' guide- 
lines. Chemicals were purchased from Merck, Roth, and Sigma. Nu- 
cleotides were obtained from Pharmacia. 

Genomic DNA was isolated from transformants of N. tabacum cv 
SRI, N. sylvestris, and N. tomentosiformis according to Murray and 
Thompson (1980). Total RNA was isolated by the method of Loge- 
mann et al. (1987). PolyA ÷ RNA was purified by one passage through 
an oligo(dT)-cellulose column. All DNA and RNA handling was car- 
ried out according to Sambrook et al. (1989). 

For the isolation of genomic sequences flanking T-DNA integra- 
tions by plasmid rescue (plasmid pEcoC), total genomic DNA was 
digested with EcoRI, religated in a large volume (Koncz et al. 1989), 
and transformed into E. coli MC1061. 

The plasmid pEcoA insert was obtained by direct PCR (Saiki 
1990). Oligonncleotides " a "  (5' CGG GAT CCA TAT TGA CCA 
TCA TAC TCA TI'G) and " b "  (5' GCA GGG TAC CCG GGG ATC 
AGA TTG TCG) are complementary to sequences within the T-DNA 
close to the left and fight borders and were thus suitable to amplify 
sequences between tandem integrations (Fig. 1). These oligonucleo- 
tides contain additional recognition sites for either KpnI or BamHI (for 
" b "  and " a " )  at their 5' ends, which were used for cloning. 
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Fig. I. Diagrammatic summary of eco elements and sites of T-DNA 
integration. Large triangles represent T-DNA inserts. The position of 
the right (BR) and left (BL) T-DNA borders is given. Solid horizontal 
arrows denote position and orientation of repetitive elements. Vertical 
lines mark the EcoRI restriction sites in ecoA2 and ecoA4. All other 
elements contain no intact EcoRI site. Unknown genomic DNA se- 
quences are shown as dashed lines. T-DNA insertions were isolated by 
PCR with the help of primers (oligonucleotides a, b, and c) and plasmid 
rescue taking advantage of a pBR322 replicon (small circle) present 
close to the left border. 

The plasmid pEcoB insert was obtained by inverse PCR (Triglia et 
al. 1988). Genomic DNA was digested with HaeIII, religated in a large 
reaction volume, and digested with EcoRV. EcoRV cuts at the right 
border of the T-DNA between primer pair " b "  and " c "  (5' CGG AAT 
TCG GCG AGT TCT GTT AGG TCC TCT A) (Fig. 1). Oligonucle- 
otide " c "  contains an EcoRI site at its 5' end and the corresponding 
sequence is located 500 bp upstream of oligonucleotide "b ,"  which 
anneals to the opposite strand. The DNA was concentrated by ethanol 
precipitation and amplified using primer pair b and c. After purifica- 
tion, the PCR products were digested with KpnI and EcoRI. 

For all PCR reactions, the equivalent of 100 ng genomic DNA in a 
20-btl reaction volume was used. The reactions were carried out in 2.5 
mM MgCI2, 0.01% Triton X-100, 10 mM Tris-HC1, pH = 8.3, 50 btM of 
each dNTP, and 2 ~tM of each oligonucleotide. The reaction conditions 
were: 30 cycles; 1 min at 93°C, 1 rain at 65°C, and 2 rain at 72°C. 
Purified PCR products were digested with the restriction enzymes in- 
dicated above and ligated to appropriately cut pUC19 (Yanisch-Perron 
et al. 1985). Ligation mixtures were transformed in MC1061, plasrnid 
DNA was purified, and DNA sequences were determined by the chain 
termination method as described (Sambrook et al. 1989). Sequences 
were analyzed with the GCG programs (Devereux et al. 1984). 

For Southern analysis, DNA was separated by agarose gel electro- 
phoresis, transferred to Zetaprobe membranes (Biorad), and hybridized 
for 16 h to the radioactively labeled probe in 50% formamide, 0.12 M 
Na2HPO4 pH 7.2, 0.25 M NaC1, and 7% SDS at 42°C. To prepare 
radioactive probes, the inserts of  pEcoA, pEcoB, pEcoC, and 
pHRS60.1 were purified and labeled by random priming (Feinberg and 
Vogelstein 1983). These probes had specific activities of 109 cpm/p~g 
DNA. After hybridization, the filters were washed for 30 min at 55°C 
in 0.5 x SSPE and 1% SDS and exposed to Kodak X-AR film. The 
exposure time was 16 h unless otherwise indicated. Radioactive probes 
were removed from the filters by washing in 0.01 x SSPE and 1% SDS 
at 90°C for 2 h. The filters were reexposed for 1 week to X-ray film to 
ensure that no residual signal was left. 

For Southern blots with genomic DNA, 10 btg of DNA was digested 
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Fig. 2. Sequence comparison of different members of the hrs family. 
Sequences were aligned to the HRS60 sequences (Koukalova et al. 
1989; Mataysak et al. 1989). The BamHI site is located at position 1 
and the EcoRI site around position 64 (underlined). These sites are 
cryptic in most elements. A consensus sequence of all repeats is shown 
in the first lines. Residues which are conserved in all sequences are 
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indicated by gray boxes and capital characters in the consensus se- 
quence. Lowercase characters in the consensus sequence denote resi- 
dues with the largest frequency. Residues conserved within groups are 
shown in bold characters. Hyphens indicate deletions. Due to the pro- 
cedure used to isolate the repeats, only partial sequences for some 
elements were obtained (as indicated in Fig. 1). 

with EcoRI, BamHI, and HindIII, respectively, and the fragments were 
separated by 0.8% agarose gel electrophoresis. For the Southern blots 
with plasmid DNA, pEcoA, pEcoB, pEcoC, and pHRS60.1 were di- 
gested with EcoRI, Kpnl/BamHI, EcoRI/Sau3AI, and BamHI, respec- 
tively, to release fragments of approximately the size of the monomeric 
unit. The fragments were separated by 2.5% agarose gel electrophoresis 
and blotted to Zetaprobe. Hybridization and washing conditions were 
identical for genomic and plasmid blots. 

For Northern analysis, polyA + RNA (10 gg per lane) was separated 
by 0.8% agarose-formaldehyde gel electrophoresis according to Sam- 
brook et al. (1989) and transferred to Hybond filter (Amersham) ac- 
cording to the manufacturer's guidelines. Hybridization, washing, ex- 
posure, and removal of residual radioactive probe were as described for 
Southern hybridizations. 

Results 

Identification of the Eco Repeat Family of N. tabacum 

As part of an ongoing project, we systematically char- 
acterized T-DNA integration sites in the genome of N. 
tabacum, transformed by cocultivation of protoplasts 
with Agrobacterium tumefaciens. Tagged genomic se- 
quences were isolated by three different methods. Direct 
PCR (Saiki 1990) using primers specific for the right and 
left borders of the T-DNA were used to amplify a geno- 
mic region localized between two T-DNA inserts inte- 
grated in the same relative orientation (ecoA, Fig. 1). A 

genomic sequence flanking the right border of another 

T-DNA integration site was obtained by inverse PCR 
(Triglia et al. 1988) using two primers specific for se- 
quences at the right border of the T-DNA (ecoB, Fig. 1). 
The third integration site was obtained by plasmid rescue 

(Koncz et al. 1989) taking advantage of an E. coli repli- 
con located close to the left border of the T-DNA (eeoC, 

Fig. 1). 
Characterization of the T-DNA integration sites by 

nucleotide sequence analysis and Southern blotting hy- 

bridization revealed that in several instances the T-DNA 
had inserted into repetitive sequences. In particular, the 
Southern analysis demonstrated the repetitive character 
of this DNA and showed that several of these repeats 

contain a recognition site for EcoRI within the repeating 
unit. The tagged genomic regions were therefore named 
ecoA, ecoB, and ecoC. 

Sequence Analysis 

Inspection of the DNA sequences showed the tandem 
arrangement of basic elements 180 bp long (Figs. 1 and 
2). For ecoA, the isolated genomic region consists of a 
stretch of five such repeated elements (ecoA1 to ecoA5). 
As shown in Fig. 1, two copies of the T-DNA are inte- 
grated into this genomic region in close proximity. The 
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Fig. 3. Sequence similarity of the repetitive elements. Sequences 
were aligned with the GCG Pileup program. Sequences shorter than 50 
bp (ecoAl, ecoA5, and ecoB5) were not considered in this alignment 
and only partial sequences of ecoB 1, ecoC 1, and ecoC2 were available 
for this analysis. The degree to which one family member is similar to 
others is indicated by the number of branch points between them. 
Members more closely related are separated by fewer branches. 

fragment carrying the ecoB genomic region consists of a 
cluster of five repetitive elements which were named 
ecoB 1 to ecoB5. Only two adjacent elements, ecoC1 and 
ecoC2, were isolated from the ecoC repeat. The T-DNAs 
are integrated into the ecoB repeat cluster in the opposite 
relative orientation compared to ecoA and ecoC. Only 
two of the repeat elements, ecoA2 and ecoA4, actu- 
ally contain an EcoRI recognition site. The other units 
presumably lost the recognition site by sequence 
drift. 

By comparing the sequences of these elements with 
each other and with the previously described HRS60 
elements (Fig. 2), strict conservation of 54 out of 180 
residues in all repeats was observed. These residues are 
separated by less-conserved or nonhomologous regions. 
The least-conserved region is found around the position 
of the BamHI site present in the HRS60 element. The 
majority of base changes between repeats can be ex- 
plained by transitions indicating that these repeats may 
have originated from a single progenitor by simple mu- 
tations. Cytosines appear to be underrepresented in this 
family, whereas AT residues are relatively frequent (49- 
59%). 

Individual elements within one cluster are only 76- 
80% homologous to one another. Elements of the ecoA 
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cluster are also moderately homologous to members of 
the ecoB and ecoC cluster (between 70% and 81%). Ho- 
mology between different members of ecoB and ecoC is 
in the same range. In contrast, HRS60 elements are more 
than 90% homologous to one another and all eco ele- 
ments are clearly less homologous to the HRS60 repeats 
(about 65%) than to one another. A graphic display of 
these relationships is shown in Fig. 3. 

Genomic Organization of the Repeats 

Sequence analysis of the ecoA genomic region revealed 
the presence of two EcoRI sites (Fig. 2) while no recog- 
nition sequence for HindIII or BamHl was found. In 
order to analyze the genomic organization of the eco 
repeats in more detail, genomic tobacco DNA was di- 
gested with either BamHI orEcoRI or HindlII. The frag- 
ments generated were separated and hybridized to the 
radioactively labeled ecoA, ecoB, or ecoC probe by 
Southern blotting (Fig. 1). Results are shown in Fig. 4A 
(panels a, b, c). In all lanes containing EcoRI-digested 
tobacco DNA, the ladderlike pattern characteristic for 
tandem repeats was obtained. The weakest hybridization 
signal was obtained with the ecoB probe. These results 
indicate that these classes of repeats are present in clus- 
ters in the genome and indeed contain an EcoRI restric- 
tion site within some of the repeat units. However, the 
monomeric unit of 180 bp is strongly underrepresented 
in all three cases and the most abundant species appears 
to be a trimer. Most of the genomic DNA hybridizing to 
the probes is found in the form of repeat structures. Only 
rather weak hybridization is found to the bulk of frag- 
ments produced in the digest. In contrast, most of the 
signal is found in this fraction when the DNA is digested 
with BamHI or HindIII. Therefore, the majority of the 
repeat units contain no restriction sites for either enzyme. 
However, a minor fraction of BamHI-digested DNA 
yields a ladderlike pattern, similar to that seen in the 
EcoRI digest. This pattern is shifted to higher multimer 
forms. For comparison, the same filter was probed with 
the HRS60.1 element (Koukalova et al. 1989). With this 
probe, the ladderlike pattern is most clearly visible in 
BamHI-digested genomic DNA (Fig. 4A, panel d). How- 
ever, it is also weakly present in the EcoRI digest (not 
clearly visible in Fig. 4A, panel d, due to overexposure). 

In order to determine the degree of cross-hybrid- 
ization between the individual repetitive elements in 
these Southern blots, plasmids carrying the ecoA, ecoB, 
ecoC, and HRS60.1 elements were digested with restric- 
tion enzymes to obtain fragments of approximately the 
size of a monomeric unit. A Southern filter prepared with 
these digests was hybridized with the ecoA probe under 
the same conditions as the genomic Southern blots (Fig. 
4B). No cross-hybridization with the HSR60.1 repeat 
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Fig. 4. Southern analysis. A Genomic RNA was isolated from to- 
bacco SR1 and digested with either BamHI (B), EcoRI (E), or HindlII 
(H). Fragments were separated by gel electrophoresis and blotted to a 
Nylon membrane. This filter was hybridized to the following radioac- 
tively labeled probes: panel a: ecoA, b: ecoB, c: ecoC, and d: HRS60.1. 
Positions of size markers are indicated on the right. "m" marks the 
position of the monomer. B Plasmids pHRS60.1 (panel 1), pEcoA 

(panel 2), pEcoB (panel 3), and pEcoC (panel 4) were digested with 
restriction enzymes to release fragments of approximately the size of 
the monomeric unit of each family. These fragments were serially 
diluted, separated by gel electrophoresis, and blotted to a Nylon mem- 
brane. The filter was hybridized with the radioactively labeled ecoA 
probe. The amount of fragment loaded per lane is indicated (200, 20, 2, 
0.2 pg). 

was detected under these conditions. The ecoB and ecoC 
repeats gave a 100- and 1,000-times-weaker signal than 
the ecoA repeat, respectively.  No cross-hybridizat ion 
was observed with the ecoA, ecoB, or ecoC elements if  
the HRS60.1 e lement  was used as probe (data not 
shown). 

bridization signal was observed with N. sylvestris DNA. 
This indicates that the eco elements are present in the 
genomes of  N. tomentosiformis and N. tabacum, but ab- 
sent from the genome of  N. sylvestris. A similar result 
was obtained when ecoB was used as a probe (data not 

shown). 

Origin of  the eco Repetitive Elements 

To determine the evolutionary origin of  the eco repeat 
family, genomic DNA of  N. sylvestris and N. tomentosi- 
formis was digested with either BamHI or EcoRI and 
hybridized after blotting with the ecoA probe (Fig. 5). A 
strong hybridization signal, s imi la r  to the one observed 
with the same probe in tobacco, was obtained with N. 
tomentosiformis DNA. In contrast, only a very weak hy- 

Eco Repeats Are Transcribed in the Tobacco Genome 

In order to determine whether eco repeats are represented 
in transcribed RNA, Northern blotting experiments with 
po lyA + RNA from tobacco leaves were performed. Us- 
ing a labeled probe consisting of  the entire ecoA repeat, 
two prominent bands corresponding to RNA sizes of  
approximately 5,000 and 1,500 bases and some minor 
bands were detected on this blot (Fig. 6, panel 1). In 
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Fig. 5. Southern blot to analyze the evolutionary origin of the eco 
repeat. Genomic DNA of N. sylvestris and N. tomentosiformis was 
digested either with BamHI (B) or EcoRI (E). Fragments were sepa- 
rated by gel electrophoresis and blotted to a Nylon membrane. The 
filter was hybridized with the ecoA probe. Positions of a DNA size 
marker are indicated on the right; "m" denotes the position of the 
monomer. 

contrast, only background signals were observed when 

the same filter was probed with the HRS60.1 element 
(Fig. 6, panel 2). The latter signals correspond to the 
position of  rRNAs, as was confirmed in an independent 
hybridization (not shown). To estimate the relative abun- 
dance of the transcripts hybridizing with the ecoA repeat, 
the same filter was hybridized with additional probes. 
Genes for actin, the proteasome-subunit  C3, and glycer- 
aldehyde-3-phosphate dehydrogenase (GaPDH) are tran- 
scribed at comparable levels in most tissues of many 
organisms.  Tobacco cDNA clones (unpublished) for 
these genes were used as probes and detected the ex- 
pected transcripts (Fig. 6, panels 3-5).  Based on these 
hybridizations, the transcripts detected with the ecoA re- 
peat probe appear to be quite abundant, but less so than 
actin and GaPDH mRNAs.  

5 
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Fig. 6. Northern blot hybridizations to analyze transcriptional activ- 
ity of the eco repeats. Tobacco-leaf polyA ÷ RNA was separated by gel 
electrophoresis and transferred to a Nylon filter. This filter was hybrid- 
ized to the following probes and exposed for the time indicated in 
parentheses: panel 1: ecoA (4 days); 2:HRS60.1 (3 days); 3: tobacco 
actin cDNA (2 days); 4: tobacco proteasome subunit C3 (3 days); and 
5: tobacco GaPDH (6 days). Positions of a RNA size marker are shown 
on the left side of the blot. 

Discuss ion 

A new family of  repetitive elements of N. tabacum has 
been identified in the course of an analysis of  T-DNA 
integrations. Three genomic regions containing eco re- 
peats, ecoA, ecoB, and ecoC, with 12 different members 
in total, were characterized. The repeats are organized in 
tandem arrays of  180-bp monomeric units. These ele- 
ments are highly repet i t ive,  as sugges ted  by signal 
strengths obtained in Southern blotting experiments. The 
eco repeats are moderately conserved in sequence to 
each other, irrespective of  which cluster they were de- 
rived from. In addition, only a few E c o R I  restriction sites 
were actually found in the sequence of individual re- 
peats, and in Southern blots, the most prominent species 
in the E c o R l  digest was the trimer. Therefore, these re- 
peats appear to be rather degenerate. Based on DNA 
sequence analysis, the family of eco repeats is related to, 
but  c lear ly  d is t inct  from, the p rev ious ly  ident i f ied  
HRS60 family. Although according to DNA sequence 
homology comparison the eco repeats fall in one group, 
this family appears to consist of at least three distinct 
classes which can be discriminated on Southern blots. 

The relatedness of  the eco and HRS60 repeats sug- 
gests that both families evolved from an archetypal re- 
peat which originated in an ancestor of  the Nicotian- 
aceae. The presence of  B a m H I  sites in a minority of eco 
elements and E c o R I  sites in some HRS60 repeats indi- 
cates that this ancestor may have had both sites. Since 
eco and HRS60 repeats are found in different progenitors 
of  tobacco, both families of repeats evolved indepen- 
dently in N. sylvestris and in N. tomentosiformis.  The 
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hybr idizat ion of  these two species which led to the for- 
marion of  tobacco presumably  combined  these repeats in 

the same genome.  

Tandemly  repeated sequences are usual ly  transcrip- 
t iona l ly  s i lent  (Lapi tan  1992). However ,  two ecoA-  
repeat-specific RNAs  were found in tobacco- leaf  RNA. 
These RNAs  were larger in size than the corresponding,  

isolated, genomic  region. In addition, this region did not  

conta in  any s ignif icant  open reading frames. Therefore 
these RNAs  might  not  be derived directly f rom ecoA, but  

instead might  be  detected due to cross-hybridizat ion with 
a rather abundan t  mRNA.  Also, ecoA sequences might  

be present  in active genes and could be cotranscr ibed 
accidentally.  At  present,  the exact origin of  these tran- 

scripts and their funct ion remain  to be determined for 

example,  by  isolat ion and sequencing of  corresponding 

cDNAs.  
Whereas  repeti t ive e lements  are usual ly  detected via a 

diagnost ic  res t r ic t ion-enzyme recogni t ion  site, the eco 

repeats were found by  T - D N A  tagging. T - D N A  in gen- 
eral integrates preferential ly into transcribed regions of  
the genome (Koncz  et al. 1989). Therefore,  transcrip- 

t ional  activity of  the eco repeats ma y  have contr ibuted to 

T - D N A  integrat ion at these sites. It should be noted that 
only  a fraction of  the integrat ion sites analyzed were 

insert ions in eco repeats, the other integrations be ing  in  

s ingle-copy DNA.  The ecoB and ecoC sequences most  

l ikely arise f rom the same T - D N A  integrat ion event  (data 

not  shown). 
Whi le  this work was ongoing,  six members  of  another  

fami ly  of  repeti t ive e lements  in tobacco, GRS,  were 

identif ied by  res t r ic t ion-enzyme digest ion (Gazdova et 
al. 1995). The sequence identit ies of  members  of  GRS 
with members  of  the eco repeats are in the same range 
( 7 4 7 9 % )  as the identit ies be tween  elements  of  the eco 

family  (70-81%).  Therefore,  it is l ikely that e lements  of  
eco and GRS both represent  the same family  of  repeats. 
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