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Abstract In Nicotiana debneyi, resistance to a wide
range of black root rot (Chalara elegans) isolates is
conferred by a single dominant gene. This gene has
been transferred to cultivated tobacco (Nicotiana
tabacum) and was recently discovered to be linked
in coupling to a 1050-bp random amplified polymor-
phic DNA (RAPD) marker generated with the UBC
418 primer. We have cloned and sequenced the
UBC418; 50 marker and found it to be part of a retro-
transposon. This retrotransposon is a remnant of the
N. debneyi genome and is the first to be isolated from
this species. Transposon N. debneyi (Tnd)-1 is present
in the tobacco genome as two directly repeated copies,
and in multiple copies in the donor species N. debneyi
and in a number of related Nicotiana species. The
retrotransposon appears to have been introduced into
the Nicotiana genome after the development of the
Suavolentes progenitors. The gene associated with
black root rot resistance co-segregates with the retrot-
ransposon in tobacco and is thought to be contained
within the introgressed fragment marked by Tnd-1.
The retrotransposon will therefore be a useful species-
specific landmark that can be used for future cloning of
the resistance gene.
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Introduction

Complete resistance to a wide range of black root rot
Chalara elegans isolates has been transferred from Nico-
tiana debneyi Domin to cultivated tobacco, N. tabacum,
by interspecific hybridization and backcrossing (Hof-
fbeck et al. 1965; Clayton 1969). This resistance is not
widely used, however, due to associated negative ag-
ronomic and chemical traits such as later maturity and
reduced yield (Legg et al. 1981). These negative traits
may be due to linked deleterious genes carried over
with the resistance gene during introgression. Isolation
of the resistance gene and re-introduction via trans-
formation would reduce linkage drag and permit trans-
fer of the resistance to non-related plant species that are
also affected by C. elegans.

Random amplified polymorphic DNA (RAPD)
screening has identified two markers associated with
the N. debneyi resistance gene (Bai et al. 1995). Of
particular interest is a 1050-bp polymerase chain reac-
tion (PCR) product generated with the UBC 418
primer from lines carrying the N. debneyi resistance
gene and found to be linked in coupling to the resis-
tance gene. UBC4181¢50 is a primary PCR product in
N. debneyi and appears to be a repetitive element with-
in this genome, whereas only a single copy of the
marker co-segregates with black root rot resistance in
cultivated tobacco. Such species-specific markers asso-
ciated with introgressed DNA segments were essential
for the cloning of a gene associated with cyst nematode
resistance in sugar beet (Beta vulgaris) (Cai et al. 1997)
and warrant further investigation.

We have cloned the UBC4181050 marker and found
that it represents the 5’ end of a retrotransposon. As
mobile genetic elements, retrotransposons are thought
to be important forces in genome evolution (Kidwell
and Lisch 1997). Insertion events have been associated
with changes in gene regulation (Kloeckener-Gruissem
and Freeling 1995; Marillonnet and Wessler 1997),
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gene duplication (White et al. 1994), introduction of
introns (Giroux et al. 1994), and DNA repair (Moor
and Haber 1996). Their utility as molecular markers
has been demonstrated in the development of genetic
maps (Kumar et al. 1997) and transposon tagging ex-
periments for the identification and isolation of func-
tional genes (Osborne and Baker, 1995). The full-length
retrotransposon present in a N. tabacum cultivar resis-
tant to black root rot was isolated using long range
PCR, and its organization in the plant genome was
characterized. No open reading frame was found within
the retrotransposon which would indicate a direct role
in disease resistance. The isolated retrotransposon does
not appear to be mobile, although related forms were
found in a number of Nicotiana species suggesting
previous activity. The implications for finding the
resistance gene in the flanking genomic DNA are
discussed.

Materials and methods

Plant materials

The black root rot resistance phenotype was originally introgressed
from Nicotiana debneyi to tobacco cv ‘Burley 49’ (Clayton 1969;
Hoffbeck et al. 1965). The trait was transferred to tobacco cv ‘Del-
gold’ via the breeding line ‘PB19’ using five backcrosses to cv
‘Delgold’, followed by eight generations of selfing. The resulting
near-isogenic line was designated RM12-3. Sequences associated
with the UBC418;¢50 marker were cloned from RM12-3 genomic
DNA.

Preparation and Southern blot analysis of genomic DNA

Genomic DNA was prepared according to the method of Palmiter
(1974) . For Southern blotting, DNA (25 pg) was digested with 20
units of restriction enzyme for 3-6 h, supplemented with the same
amount of enzyme, digested overnight, precipitated, and subjected
to agarose gel electrophoresis. DNA was transferred to Hybond-
N + (Amersham) nylon membrane by capillary transfer and fixed to
the membrane by UV cross-linking. Blots were pre-hybridized for
3 hin 5 x Denhardt’s/5 x SSC/0.5% SDS with herring DNA at 65°C
and then hybridized with the probe overnight at the same temper-
ature. Probes were generated by PCR amplification of RM12-3
genomic DNA with Tag DNA Polymerase (Gibco/BRL) and label-
led with [3?P]-dCTP using a random primer labelling kit
(Gibco/BRL).

Generation and cloning of PCR products

For inverse PCR, genomic DNA (3 pg) was digested as described
above for Southern blotting. Reactions were incubated at 95°C for
10 min to heat inactivate the remaining enzyme, their volumes
increased to 800 pl at 1 x ligase buffer concentration, and the DNA
ligated overnight at 16°C with 5 units of T4 DNA ligase
(Gibco/BRL). Each reaction was divided into 4 aliquots, precipi-
tated, and stored as a dried pellet at —20°C.

PCR amplifications were performed with 0.75-1 pg genomic
DNA template. The UBC418,450 PCR product was generated with
Tag DNA polymerase as previously described (Bai et al. 1995),

gel-purified, and cloned into pGEM-T (Promega). The Pful.8 PCR
product was amplified with Pfu DNA polymerase (Stratagene) using
0.5mM dNTP and 0.4 uM of each primer over 30 cycles of 95°C
denaturation for 1 min, 60°C annealing for 1 min, and 72°C exten-
sion for 4 min, followed by a 20-min incubation at 72°C. When long
PCR products were anticipated, amplifications were done with the
Expand™ Long Template PCR system (Boehringer Mannheim)
according to the manufacturer’s instructions and using a 15-min
extension time. For nested PCR, initial amplification products were
subjected to QIAquick PCR purification (Qiagen) for nucleotide and
primer removal prior to a second round of amplification as de-
scribed above but with a different primer set. Reactions using Pfu
DNA polymerase and the Expand™ system were relatively specific
and resulted in only 1-2 major PCR products. DNA fragments
generated with these polymerases were purified (Qiagen), cloned into
pCR-Script™ SK + (Stratagene) or pPGEM-T.,, (Promega), and the
desired clones selected by size and restriction mapping.

DNA sequencing and analysis

Clones were sequenced with the ABI Prism Sequencer 377. The
full-length RT clone was sequenced completely in both directions: all
other isolates were sequenced in one direction. Assembled sequences
were analyzed using the National Center for Biotechnology In-
formation (NCBI) Gapped Blast Search, DNAstar Genequest,
Baylor College of Medicine (BCM) Gene Finder, and Genie pro-
grams to identify potential open reading frames, promoter elements,
transcription/translation signals and introns, as well as to search for
homology with known nucleotide sequences, proteins, and ex-
pressed sequence tags.

Results

Cloning of the transposon N. debneyi
(Tnd)-1 retrotransposon

The UBC4181050 marker was amplified from RM12-3,
then cloned and sequenced (Fig. 1). The sequence was
1067 bp long, flanked by inverted repeats of the UBC
418 primer. A 193-amino acid open reading frame
(ORF) was present that started at nucleotide 491.
A search of the non-redundant protein database at
NCBI using the Gapped BlastX algorithm, showed
that the ORF was homologous (score =62, E =
4 x 107°) to the gag polyprotein of the SIRE-1 retrot-
ransposon from soybean (Glycine max) (Laten and
Morris 1993; Bi and Laten 1996) (Genbank accession
number U22103). Weaker homology was also exhibited
with the gag genes of the Opie-2 (San Miguel
et al. 1996) (Genbank accession number U68408)
(score = 57, E = 1 x 10~ 7) and PREM-2 (Turcich et al.
1996) (Genbank accession number U41000) (score =
46, E = 4 x 10~ %) retrotransposons from maize (Zea
mays). Upstream of the gag-homologous region,
a 327 bp sequence was defined by a 6-bp invert repeat
sequence at either end. Within these borders, two areas
of homology to the SV40 core enhancer sequence and
a TATA box were identified. Immediately following the
3’ border was a 12-bp sequence, of which 11 nucleotides
were an exact complement of the 3" end of the wheat



Fig. 1 Sequence of the
UBC418,950 RAPD marker
clone. The putative LTR region
and defining invert repeat
borders are indicated in light and
dark grey, respectively. Amino
acid sequences demonstrating
homology to gag protein genes
are outlined by the striped box.
The sequence homologous to the
SV40 core enhancer sequence, the
TATA box, and primer binding
site (PBS) are identified within
elipses. UBC 418 primer
sequences are indicated within
rectangles, and the H11 and H12
primers used for generation of the
Pful.8 clone are marked by
arrows
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Fig. 2A,B Primer strategy for A
amplification of the full-length Kpn | Kpn | EcoR1 Bal | Sac | Kpn |
retrotransposon and associated
sequences. A Relative position of | .
primers within the full-length N——g 2 .
Tnd-1 retrotransposon. LTR, SEEE— — - -
gag-, and pol-homologous B H12C G H K B
regions are indicated by black, *x TF D T r
striped, and dotted boxes,
respectively. The position and B ) - ] Position in
copy number of the 38_bp repeat Primer Orientation Sequence (5"3’) retrotransposon
sequence (X) are indicated. A Sense AAGTTGTCTGAGGCTTATGTGACTT 56-80, 69126936
B Identity and sequence of B Antisense  TTCCTCACCTCAAAGACTTCTCTG 46-23, 6902-6879
indicated primers, and their c Antisense  TGCAAAGATTCACACGATAAACAAGTAAGACA  1018-987
actual position within the D Sense AAGGACAGTACAAGTTCAAGAATCGCAAATG ~ 5687-5717

E Sense GATCGTTCCCTACTTTACTTCACTGCT 4225-4251
full-length retrotransposon F Sense AACGTGTTAATGTCGCTTTGTC 4510-4531

G Antisense  TCAAGTGACACAATACAGATAGGAA 3663-3639

H Antisense  TCCTTAAAGAAAATTCCCCCTCAA 3800-3777

H12 Antisense ACATCGGACATTAGGTTCATCACAC 755-731

J Sense TTGAGAAGTCTTAGGGATAGGTT 6676-6698

K Antisense  AGAAACTTACTGCCTCGTGACA 5980-5959

methionine initiator tRNA (Ghosh et al. 1982). These
structural elements and the proximity of the 327-bp
sequence to the gag-homologous region are character-
istic of the long terminal repeats (LTR) which define the
ends of retrotransposons (Boeke et al. 1989), indicating
that the UBC4181050 marker was part of the 5 end
of an LTR-type retrotransposon present within the
N. debneyi genome.

Repeated attempts to build a RM12-3 genomic
library failed to generate clones carrying the
UBC4181050 sequence, although other low-copy-num-
ber genes were present. Instead, the sequence flanking
the UBC41810s50 marker was obtained by inverse PCR
conducted on Kpnl-digested and ligated RM12-3 DNA
using divergent primers, H11 and H12, in the gag-
homologous region of the UBC4181050 sequence
(Fig. 1). A single Kpnl restriction site at the 5" end of
the putative LTR had been identified within the
UBC4181050 clone, and it was anticipated that the
product of this inverse PCR would include sequences at
the 3" end of the UBC4181050 clone from the interior of
the retrotransposon. A 1.65-kb amplification product
was obtained and cloned (Pful.8). Sequencing of
the Pful.8 clone confirmed much of the existing
UBC4181050 sequence and yielded an additional
800 bp of downstream sequence to a second Kpnl site
approximately 1.7 kb from the site present in the LTR
(Fig. 2A). Gag-homology was present as initially ob-
served in the UBC41810s0 clone and for an additional
42 amino acids later in the same ORF just upstream of
the second Kpnl restriction site.

Assuming that a full-length retrotransposon did
exist, the LTR sequence represented in the UBC
4181050 clone was predicted to be repeated in the same
orientation at the 3’ end of the retrotransposon. If
a second LTR copy was located downstream of the
cloned sequence, divergent primers homologous to the

LTR sequences would amplify a product encompassing
the complete interior of the retrotransposon. Based on
this strategy, long-range PCR amplification was per-
formed using RM12-3 genomic DNA and primers
A and B (Fig. 2), resulting in the amplification of
a 6.8 kb fragment designated RT. Sequencing con-
firmed the presence of sequences matching the
UBC4181050 LTR at either end of the cloned RT frag-
ment. Amalgamation of the sequences for the
UBC4181050, Pful.8, and RT clones generated the
full-length 7.182 kb Tnd-1 retrotransposon sequence
(Fig. 2A). Analysis of this sequence showed that the
Xhol and Pstl restriction sites previously identified in
the LTR were not present in the remainder of the
retrotransposon and that they were unique to the LTR.
Kpnl restriction sites were present at the 5" ends of both
LTRs, and at one interior site 1.75 kb from the 5" LTR
Kpnl site, which was consistent with the position pre-
dicted from the Pful.8 clone. Unique EcoRI, Bcell, and
Sacl sites were found in the complete retrotransposon
sequence. Immediately upstream of the Sacl site
were two direct repeats of the 38-bp sequence
“GTTGAGTCGTCTTTATTTTGTAATCTTGACTC-
AACGACT”.

A number of potential ORFs were found throughout
the retrotransposon, but these were interrupted by nu-
merous stop codons in all reading frames. The longest
ORF was the gag-homologous region, which termin-
ated immediately downstream of the internal Kpnl
site. A second area of interest started at nucleotide
3929 and terminated at nucleotide 4850, just prior to
the Bell site. This 300-amino acid sequence was divided
over three reading frames and interrupted by six
termination codons, and had significant homology to
the pol regions of the Opie-2 (San Miguel et al. 1996)
(Genbank accession number U68408 (Score = 121,
E =1x10"%%) and Hopscotch (White et al. 1994)
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Fig. 3 A Structure of the nested A Kpn |

inverse PCR clones carrying « Bglll *

sequences flanking the 5" and 3’ Bcll Sacl Sac! Kpnl Kpn | EcoR1
ends of Tnd-1. LTR, gag-, and P |

pol-homologous regions are —F’I <W x T IMank :]
indicated by black, striped, and 1 NET2 Ke)
dotted boxes, respectively. The GGAAGT GGAAGT

position and copy number of the
38-bp repeat sequence (X) are
indicated. Primers used to

4 kb 5' RT flank clone

1.7kb 3' RT flank clone

generate each clone are B UBC 418,45, UBC 418,55

represented by arrows and — ' Pfu 1.8

identified by letter as described in Pfu1.8 —o

Fig. 2. Restriction/ligation sites N RT X R RT

used to generate DNA template v 2 "o X *

for inverse PCR are marked (x). 5'RT flank RT Junction 2 3'RT flank
B Structure of the Tnd-1 insert in . X o ‘ °
the introgressed N. debneyi DNA 1 2

segment present in RM12-3. Kpn |

Isolated clones and their relative Bglll

position within the genome insert Bell Sacl  Sacl Kpnl Kpn| EcoR1 Bell Sacl Kpn | Kpnl EcoR1 Bcll Sac| Kpnl EcoR1
are indicated. Each line (¢—#) | | | | | | |
represents a full length clone W K X \; X W
except the 5" RT and 3’ RT flank < 1 2 N\ 2

clones (—#) where only = —

retrotransposon sequences
directly linked to the flanking
sequence are shown

GGAAGT

(Genbank accession number U12626) (Score = 66,
E = 5x 10~ %) retrotransposons from maize and ret-
rotransposons from Volvox carteri (Genbank accession
number AF015276) (Score = 57, E =3 x 107 '3), Ara-
bidopsis thaliana (Konieczny et al. 1991) (Genbank ac-
cession number X53973) (Score = 61, E=6x 107 13),
and Nicotiana tabacum (Grandbastien et al. 1989)
(Genbank accession number X13777) (Score =50,
E = 6 x 10~ °°). Homology was also found with several
Drosophila copia-type retrotransposons.

Isolation of retrotransposon flanking regions

Sequences flanking Tnd-1 were isolated using inverse
PCR and BamH]1- or Smal-digested and ligated DNA
from RM12-3. Neither restriction enzyme cut within
the retrotransposon. Two divergent primers were
designed that were specific to opposite ends of the
retrotransposon: primer D would hybridize in sense
orientation near the 38-bp repeat sequence 1.17 kb
upstream from the 3' LTR, and primer C would hybrid-
ize in antisense orientation 0.7 kb downstream from the
5" LTR copy (Fig. 2). Surprisingly, inverse PCR from
either template preparation produced identical 2.2-kb
fragments. The same fragment was also amplified
from uncut RM12-3 DNA. Sequencing of these puta-
tive junction clones showed that they included 1.17 kb
of sequence identical to the 3’ end of the retrotrans-
poson, 0.32 kb of LTR sequence, and 0.7 kb of sequence
identical to the 5 end of the retrotransposon. This
result indicated that at least one additional copy

of the Tnd-1 retrotransposon, either partial or com-
plete, was present within the plant genome and directly
linked to the full-length sequence previously isolated.

Based on the possibility of multiple-linked copies of
the retrotransposon within the plant genome, an alter-
native PCR strategy was used to specifically amplify
sequences associated with either the 5" or 3’ end of the
retrotransposon. Template DNA was prepared for in-
verse PCR by digesting RM12-3 genomic DNA with
either EcoRI or Bcll restriction enzymes and ligating.
To amplify sequences associated with the 5’ end of the
retrotransposon, we carried out inverse PCR using
Bcell-treated DNA template and divergent primers
C and E (Fig. 2). The products of this PCR were then
subjected to a second, nested PCR using primers F and
H12, which resulted in amplification of two fragments
of approximately 2.8 and 4 kb. The sequence associated
with the 3’ end of the retrotransposon was amplified
from EcoRI-treated DNA template using the divergent
primers D and H, followed by primers G and J. Two
DNA fragments, of approximately 1.7 and 3.5 kb, were
generated.

Sequencing of the nested PCR clones showed that
both the 2.8-kb fragment generated from Bcll-treated-
DNA and the 3.5 kb fragment generated from EcoRI-
treated DNA included only retrotransposon sequences.
The 4-kb Bcll-nested PCR clone contained 364 bp of
retrotransposon sequence from primer F to the Bcll
ligation site, 2246 bp of 5’ flanking sequence, 1231 bp of
sequence corresponding to the 3’ end of the retrotran-
sposon, one copy of the LTR, and 428 bp of sequence
identical to the 5’ end of the retrotransposon to primer
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N.debneyi

Fig. 4A—C Structural analysis of the genomic Tnd-1 retrotran-
sposon insert. A PCR analysis of RM12-3. Retrotransposon frag-
ments were amplified using (a) primers to the 5 and 3’ flanking
regions, (b) a primer to the 5’ flanking region and primer K to the 3’
end of the retrotransposon, (c) a primer to the 5’ flanking region and
primer C to the 5" end of the retrotransposon, (d) primers D and K to
either side of the 38-bp repeat sequence, (¢) primers C and D to either
end of the retrotransposon, and (f) primer D to the 3’ end of the
retrotransposon and a primer to the 3’ flanking region. Primers to
the retrotransposon are described in Fig. 2. The 4-kb fragment in
lane a does not consistently amplify: due to the length and repetitive
nature of the insert complex, this fragment is believed to be a recom-
binant artifact of the PCR. B Southern blot analysis of N. debneyi.
C Southern blot analysis of RM12-3. Blots were probed with the 5’
end of the Tnd-1 retrotransposon

H12 (Fig. 3A). This clone was similar to the RT
junction clone isolated previously but was distin-
guished by the presence of only one copy of the 38-bp
repeat sequence in the region equivalent to the 3’ end of
the retrotransposon. The 1.7-kb clone amplified from
EcoRI-treated DNA contained primer J, 180 bp of se-
quence identical to the 3’ end of the retrotransposon,
one copy of the LTR, 1068 bp of 3’ flanking sequence to
the EcoRI ligation site, and 472 bp of internal retro-
transposon sequence up to primer G (Fig. 3A). Align-
ment of the various cloned sequences suggests
a genomic organization that corresponds to one partial
copy of the 3’ end of the retrotransposon linked to
two directly repeated copies of the retrotransposon
(Fig. 3B). This organization provides for two potential
amplification sites within the insert for each of the
UBC4181050, Pfu 1.8, and RT sequences. Due to the
strong sequence identity between these sites, however,
the actual site from which the clones were generated
cannot be determined. A 6-bp sequence “GGAAGT” is
present at either end of the retrotransposon insert and
is consistent with a target site duplication formed on
insertion of the retrotransposon element into the plant
genome.

- <18
RM 12-3

Mapping the Tnd-1 genomic insert

PCR analysis of uncut RM12-3 genomic DNA was
conducted to confirm the structure of the retrotrans-
poson insert. Amplification reactions using a sense
primer specific to the 5" flanking region and an anti-
sense primer specific to the 3’ flanking region yielded
a product of approximately 18.5 kb (Fig. 4A, lane a).
This size is comparable, within an acceptable margin of
error, to the 17.7-kb size predicted for an insert com-
plex consisting of one partial and two complete copies
of the retrotransposon. A primer to the 5 flanking
region in combination with primer K (Fig. 2) to the 3’
end of the retrotransposon yielded a PCR product of
2.16 kb (Fig. 4A, lane b); the same 5’ flanking primer in
combination with primer C (Fig. 2) to the 5" end of the
retrotransposon generated a 4-kb fragment (Fig. 4A,
lane c). The sizes of these products confirmed the pres-
ence of a partial copy of the 3’ end of the retrotrans-
poson at the 5 end of the insertion complex. PCR
products of 7.5 and 0.3kb (Fig.4A, lane d) were
generated using primers D and K (Fig. 2). The larger
fragment is equivalent to an internal copy of the retro-
transposon, while the smaller fragment represents the
region containing the 38-bp repeat sequence. Amplifi-
cation of the 7.5-kb product indicates the duplication of
sequences homologous to primer D and is further evid-
ence of more than one copy of the retrotransposon.
Multiple retrotransposon copies were further con-
firmed by the amplification of a 2.16-kb fragment
(Fig. 4A, lane e) using primers C and D (Fig. 2). This
size is comparable to the predicted 2.18 kb fragment
that represents the junction between two copies of the
retrotransposon. Continuity between the 3’ end of the
retrotransposon and the 3’ flanking region was con-
firmed using primer D (Fig. 2) and an antisense primer
specific to the 3’ flanking region. This amplification
produced a 2.4-kb fragment (Fig.4A, lane f) which
approximated a predicted size of 2.55 kb.



Distribution of Tnd-1 in the genomes of ‘N. debneyi, A

‘Delgold’, and RM12-3 was assessed by Southern blot
analysis. A probe consisting of 90 bp of the LTR and
650 bp of the gag-homologous region did not hybridize
to the ‘Delgold’ DNA (data not shown). It did, how-
ever, hybridize strongly to multiple restriction frag-
ments in the N. debneyi DNA (Fig. 4B), indicating that
a large number of retrotransposon copies were present
in the N. debneyi genome. Three low-molecular-weight
fragments could be clearly resolved from the N. de-
bneyi blot: two Bcll restriction fragments of 1.5 and
1.25kb and a 1.8-kb Kpnl restriction fragment. Hy-
bridization of the probe to RM12-3 DNA (Fig. 4C)
gave results consistent with the retrotransposon
insertion structure shown in Fig. 3. BamHI and BglIl
digests each yielded a single fragment of 20 kb or larger.
Since neither restriction enzyme cuts within the retrot-
ransposon, these fragments were consistent with the
expectation that each enzyme would generate restric-
tion fragments in excess of 18.6 kb and encompassing
the entire retrotransposon insertion complex. Bell di-
gestion resulted in two restriction fragments of 8.4 and
6.75 kb, and EcoRI digestion gave two fragments of 7.6
and 6.75kb. The 6.75 kb fragment common to both
these digests is consistent with the expectation of
a 6.85-kb internal copy of the retrotransposon. The
8.4-kb Bcll restriction fragment is consistent with the
predicted 8.35-kb fragment present between the 5
flanking region and the closest internal Bcll site. The
7.6 kb EcoRI restriction fragment suggests that an
EcoR1 site is located approximately 1 kb upstream of
the Bcll site. Kpnl digestion generated a single
1.8-kb fragment which correlates with the 1.75-kb frag-
ment encompassing the UBC41810s0 and Pful.8
clones. The greater intensity of probe hybridization to
this restriction fragment relative to the BamHI, Bcll,
Bglll, and EcoRI fragments is also consistent with
the expectation that this fragment is present at a two-
fold higher copy number within the retrotransposon
insertion.

Distribution of the Tnd-1 retrotransposon
in Nicotiana species

The presence of the Tnd-1 retrotransposon within
a species genome may serve as an indication of the
relatedness of Nicotiana species. To test this hypothesis
we subjected Kpnl-digested genomic DNA from a se-
lection of Nicotiana species, varying in chromosome
number and degree of relatedness, to Southern blot
analysis using the retrotransposon LTR as a probe.
The retrotransposon, or related homologues, was
present in all representatives of the Sauveolentes
(N. sauveolens, N. exigua, N. maritima, N. velutina, N.
benthaminana, N. goodspeedii, N. ingulba, N. rotund-
ifolia, N. occidentalis, N. rotundifolia, and N. debneyi)
but was not present in representatives of the Alatae
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Fig. SA,B Tnd-1 in Nicotiana species. A Southern blot analysis of
Kpnl-digested genomic DNA probed with the Tnd-1 LTR sequence.
B Phylogenetic relationship of Nicotiana species (Goodspeed 1954).
Subgenus and section of each species are indicated in open elipses,
while unknown progenitors presumed to have sequences homolog-
ous to Tnd-1 are represented by the shaded elipses. Unconfirmed
relationships between species are indicated by a dotted line, whereas
established relationships are indicated by a solid line. The somatic
chromosome number (n) of each species is indicated

(N. sylvestris and N. alata) or Accuminatae (N. at-
tenuata), the progenitor families of the Suaveolentes
(Fig. 5).

Discussion

RM12-3 is a near isogenic line derived from the N.
tabacum cultivar ‘Delgold’, it carries an introgressed
DNA segment from N. debneyi which confers resistance
to the fungal disease black root rot. The resistance
phenotype is closely linked to the UBC4181050 RAPD
marker: no recombination event was observed in
48spF2s that separates the resistance gene from this
genetic marker (Bai et al. 1995). However, the exact size
of the alien transfer DNA is difficult to estimate be-
cause recombination frequency is often lower between
interspecific DNA segments (Chunvongse et al. 1994).
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We have determined that the UBC4181050 marker is
part of a retrotransposon, designated Tnd-1. Both
UBC4181050 (Bai et al. 1995) and the retrotransposon
(Fig. 5A) are absent in black root rot susceptible N.
tabacum and are therefore part of the N. debneyi
genomic component of RM12-3. Tnd-1 is the first ret-
rotransposon to be isolated from N. debneyi.

Tnd-1 is 7183 bp long and has features typical of an
LTR-type retrotransposon (Boeke and Corces 1989).
The 327-bp LTR sequence is perfectly repeated at
either end of the retrotransposon, contains areas of
homology with the SV40 core enhancer sequence and
a TATA box, and its borders are defined by the palin-
dromic “TGTTAG ... CTAACA” sequence. Immedi-
ately downstream of the 5 LTR is a 12-bp primer
binding site of which 11 nucleotides are complementary
to the 3’ end of the wheat initiator tRNA™. A
polypurine tract, “AAACGGAAAGG”, is located
just upstream of the 3’ LTR. Within the retrotran-
sposon, a large 457-amino acid ORF occurs that has
homology to the gag protein, and another 300-amino
acid sequence has homology to the pol genes of several
copia-type retrotransposons. A concatomer of one
partial copy and two complete Tnd-1 copies make
up the retrotransposon insert in the black-root resis-
tant RM12-3 genome. The insert itself is flanked
by a 6-bp target site duplication of the sequence
“GGAAGT”.

Two types of LTR retrotransposons are defined by
the arrangement of the functional domains within the
pol region: in copia-type retrotransposons these
domains are in the order protease-integrase-reverse
transcriptase-RNase H, whereas in gypsy-type retrot-
ransposons the integrase follows RNase H. Copia-type
retrotransposons are considered to be relatively com-
mon among plants (Voytas et al. 1992). Database
searches have revealed that the Tnd-1 sequences have
homology to copia-type retrotransposons. The first 13
amino acids of the pol region were similar to conserved
amino acids at the C-terminal end of the reverse tran-
scriptases of the Drosophila copia, tobacco Tnt-1, and
maize Hopscotch (White et al. 1994) and Opie-2 (San
Miguel et al. 1996) retrotransposons. The remaining
pol region homology was to RNase H, and there were
no sequences homologous to protease or integrase. The
absence of these homologies leaves domain ordering in
Tnd-1 ambiguous, and Tnd-1 cannot be absolutely
defined as either a copia- or gypsy-type retrotran-
sposon. Stop codons appear frequently throughout the
Tnd-1 pol region in all reading frames. A minimum of
three frame shifts and suppression of five stop codons
would be required to translate the RNase H domain.
The two regions of gag-protein homology are present
within a single ORF and might produce a functional
protein, but reverse transcription PCR experiments
(data not shown) using primers against the gag se-
quence were unable to find a Tnd-1 transcript. This
failure, together with the apparent lack of pol-region

functional domains, makes it unlikely that the retro-
transposon isolated from RM12-3 would be mobile
within the plant genome.

A mobile form of the Tnd-1 might persist in one of
the related Nicotiana plants. In our survey of Nicotiana
species, all representatives of the Suaveolentes hybrid-
ized to the Tnd-1 LTR probe, suggesting the existence
of sequences homologous to Tnd-1. The Suaveolentes
originate from Accuminataec and Alatae progenitors
(Fig. 5B). The presence of Tnd-1 in all of the
N. suaveolens and N. debneyi derivatives, and its ab-
sence from the members of the Alatae (N. sylvestris and
N. alata), which is the purported source of the progeni-
tor to both N. debneyi and N. suaveolans, suggests that
Tnd-1 became part of the Suaveolentes genome after
the development of the common Alatae progenitor.
Polymorphisms were observed in the restriction map of
the Tnd-1-homologous sequences resident in these
plants: the distinctive 1.8-kb Kpnl restriction fragment
was present only in N. debneyi and RM12-3 (Figs. 3
and 4), and two small Bcll restriction fragments were
detected in N. debneyi (Fig. 3) that are not present in
the RM12-3 retrotransposon insert. Some polymor-
phisms are anticipated because of flanking restriction
sites, but the Kpnl sites are associated with the LTR
and gag-homologous region, and would be expected
to be well conserved. Tnd-1 may therefore be one of
a family of retrotransposons present within the
Sauveolentes.

In RM12-3, resistance to black root rot has been
linked to the single insertion complex of Tnd-1 retro-
transposon described here. No ORF was found within
the retrotransposon that could be related to the resis-
tance. Similarly, the Tgmr retrotransposon which is
linked to the Rpsi-k allele for soybean resistance to
Phytophthora sojae was found to be inactive and not to
contain any apparent resistance gene (Bhattacharyya
et al. 1997). Other such degenerate retrotransposon
insertions have been found in close proximity to func-
tional plant genes and have been suggested to be
involved in gene duplication and regulation of
gene expression (White et al. 1991; Marillonnet and
Wessler 1997). Analysis of the immediate sequence
flanking Tnd-1 has identified several potential in-
tron/exon boundaries, but numerous stop codons
present in all of the reading frames have precluded
assembly of a recognizable ORF. Database searches
have also failed to find any significant homology to
known gene sequences. It therefore seems unlikely that
insertion of the Tnd-1 retrotransposon into the genome
has disrupted a protein function. The promoter ele-
ments present in the Tnd-1 LTRs might be able to
activate or enhance expression of neighboring gene
sequences, however we have not identified any poten-
tial gene(s) adjacent to the retrotransposon. Although
Tnd-1 may not be a direct participant in the resistance
phenotype, it is a significant species-specific marker for
the resistance gene.
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