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Abstract

Analysis of the ribosomal DNA (rDNA) intergenic spacers (IGS) (i.e., the IGS of 18S, 5.8S and 24S rDNA, and the
NTS or non-transcribed spacer of 5S rDNA) of lentil cultivars and landraces (L. culinaris spp. culinaris) showed to have
very low intraspecific length variability. PCR products of approximately 3200 bp were obtained from all cultivated
materials; no significant electrophoretic differences were found between them. However, observable intraspecific
polymorphism increased with the digestion of PCR-amplified IGSs by the restriction endonucleases BspHI, Stul and
BstBI. This was also the case when specific PCR primers designed to amplify a particularly variable segment of the IGS
were used. This segment includes two families of short, tandemly arranged, repeated sequences. Both methods revealed
differences between some of the cultivated materials, yielding genetic markers that might be useful in further genetic
mapping and breeding studies. Several NTS amplification products were observed in each plant, ranging from
approximately 300 to 900 bp in the cultivated lentil. Differences between L. culinaris spp. culinaris and its related wild
species (including the wild ancestor of the cultigen, L. culinaris spp. orientalis) were observed in the total length of their
IGSs, the restriction patterns of the latter, and in their NTS variants.
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Resumen

Polimorfismos de tamafio de los espaciadores intergénicos del DNA ribosomal de Lens

Los espaciadores intergénicos del DNA ribosomal (el IGS o espaciador intergénico del rDNA 18S, 5.8S, y 24S, y el
NTS o espaciador no transcrito del rDNA 5S) de lenteja (L. culinaris spp. culinaris) mostraron muy poca variabilidad
intraespecifica, tanto en cultivares como en variedades locales. De todos los materiales de esta especie se obtuvieron
productos de amplificacion por PCR con una longitud de unas 3200 pb, no observandose diferencias significativas
mediante separacion por electroforesis. Sin embargo, el polimorfismo intraespecifico aumentd mediante la digestion con
endonucleasas de restriccion (BspHI, Stul, y BsfBI) de los IGS amplificados por PCR o por el uso de cebadores
especificos que amplificaban segmentos particularmente variables del IGS. Estos segmentos incluyen dos familias de
secuencias cortas agrupadas. Con ambos métodos se observaron diferencias entre materiales de lenteja, utilizables como
posibles marcadores genéticos en posteriores trabajos de mejora o genética, como la confeccion de mapas genéticos. Se
observaron varios productos de amplificacion NTS en cada planta, cuyo tamafio oscil6 entre unas 300 y 900 pb en la
lenteja cultivada, no observandose diferencias entre estos materiales. Si se observaron diferencias entre L. culinaris spp.
culinaris y las especies silvestres del género Lens (incluido el ancestro silvestre del cultigen, L. culinaris spp. orientalis),
tanto en la longitud del IGS, como en su patrén de restriccion, y en los conjuntos de NTS.
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Introduction

The lentil (L. culinaris spp. culinaris) is an
important pulse grown in many semi-arid areas with
temperate climates. As in many other crop species,
genetic maps are becoming a useful tool in its breeding
and in the study of its genetics (Rubeena et al., 2003;
Duran et al, 2004; Hamwieh et al., 2005). The
development of genetic markers that can identify lentil
chromosomes helps in assigning the latter to linkage
groups. Ribosomal DNA (rDNA) /loci, i.e., nucleolar
organiser (Nor) and 5S loci, are examples of such
markers. The Nor is a complex genetic /ocus (found at
one or more chromosomal locations) consisting of
numerous tandemly arranged copies of ribosomal RNA
(rRNA) genes (Rogers and Bendich, 1987). The basic
organisation of rDNA has been maintained in most
eukaryotic systems. One repeating unit consists of the
18S, 5.8S and 25S rDNA-coding regions, the
corresponding internal transcribed spacers (ITS), and
an intergenic spacer (IGS). In contrast to the conserved
coding regions, internal spacers and IGSs are variable
portions of rDNA cistrons. Indeed, IGSs frequently
show sufficient variation to allow the analysis of the
genetic relationships between closely related species,
populations or cultivated varieties (Polanco and Pérez
de la Vega, 1995, 1997; Penteado et al., 1996; Nickrent
and Patrick, 1998). They can vary widely in length
between plant species groups (ranging from
approximately 1 kb to over 12 kb; see Rogers and
Bendich, 1987) and within species (Polanco and Pérez
de la Vega, 1995; 1997; Penteado et al., 1996), mainly
due to the presence of one or more tandem or dispersed
subrepeat sequences. As in most eukaryotic species, the
5S rDNA of plant species is organised in tandem
repetitive units located at one or more /loci. Each
repetitive unit includes 120 bp coding for the 5S rRNA,
and a non-transcribed spacer (NTS) which typically
ranges between 100 and 900 bp in length (Sastri et al.,
1992).

The IGS of Lens culinaris Medik. cv. Verdina is
2939 bp long (EMBL GenBank accession number
AJ245998) and is composed of non-repeated sequences
and four tandems of repeated sequences named A to D
(Fernandez et al, 2000). Each subrepeat of the A
family is 85-86 bp long, the length of B subrepeats is
170-173 bp, C subrepeats are 66-68 bp long (each
formed by a set of 11 bp short repeats; consensus motif
TGGGCATTTCG), and finally D subrepeats are

formed by the repetition of short consensus sequences
21 bp long. In addition to complete subrepeats there are
also some that are truncated.

IGS sequence similarities exist between lentil and
other legume species, in particular those of the Vicieae
tribe (Fernandez et al., 2000). In the genus Lens, a
single Nor locus for 18S-5.8S-25S rRNA on a pair of
homologous chromosomes has been described for each
species (Balyan et al., 2002). Having a single Nor locus
means that any genetic marker linked to an IGS
polymorphism is associated with this chromosome.
Polymorphism of the ITSs in Lens culinaris is very low
or nil according to Sonnante et al. (2003). The
polymorphism of Lens 5S NTS has previously been
studied by PCR amplification (Ford et al., 1997) and
hybridisation with heterologous probes (Patil et al.,
1995). Two gene loci for 5S rRNA on different pairs of
homologous chromosomes have been mapped in Lens
species (Balyan et al., 2002), although it is possible to
distinguish between them on the basis of their different
NTS size variants (Fernandez et al., 2005).

The aims of the present work were to analyse the
polymorphism of the IGS and NTS rDNA spacers as
potential markers for localizing other genetic markers
on chromosomes 3, 2 and 6 of L. culinaris, according
to the nomenclature of Balyan et al. (2002). These
markers may be useful for constructing genetic maps of
Lens culinaris, and for studying spacer variability
among Lens species.

Material and Methods

The materials used in this study included 12 varieties
of the cultivated species Lens culinaris ssp. culinaris
(Medik.), two accessions of L. culinaris ssp. orientalis
(Boiss.) Ponert, four accessions of L. odemensis Godr.,
and one accession each of L. ervoides (Bring.) Grande,
L. nigricans (Bieb.) Godr., L. lamottei Czefranova, and
L. tomentosus Ladizinsky (the two last samples kindly
provided by Dr. Ladizinsky). Of the cultivated
materials, eight varieties came from mainland Spain
(five of the microsperma and three of the macrosperma
type), two from the Canary Islands (microsperma)
and two from Lithuania (microsperma) (Table 1).
Genomic DNA was isolated from individual dry
seeds of Lens species by the method of Dellaporta et
al. (1983) with minor modifications. IGSs were
amplified using the «touchdown» PCR method,
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Table 1. Lens materials used
Species Variety/Accession Status Origin
L. c. ssp. culinaris ‘Alpo’ (m) Cultivar Ledn (Spain)
‘Armuia’ (M) Land race Salamanca (Spain)
‘Castellana’ (M) Land race Ledn (Spain)
‘Diskiai’ (m) Cultivar Lithuania
‘Lupa’ (m) Cultivar Ledn (Spain)
‘Mala’ (m) Land race Lanzarote (Canary Islands, Spain)
‘Mosa’ (M) Cultivar Ledn (Spain)
‘Pardina’ (m) Land race Leon (Spain)
‘Paula’ (m) Cultivar Ledn (Spain)
‘Tetir’ (m) ! Land race Fuerteventura (Canary Islands, Spain)
‘Smelinuliai’ (m) Cultivar Lithuania
‘Verdina’ (m) Land race Leon (Spain)
L. c. ssp. orientalis ILWL-72 Wild ICARDA (Syria)
BG-168803 Wild Israel
L. odemensis ILWL-392 Wild ICARDA (Syria)
ILWL-2352 Wild ICARDA (Syria)
ILWL-2382 Wild ICARDA (Syria)
ILWL-2522 Wild ICARDA (Syria)
L. nigricans BG 168733 Wild Yugoslavia
L. ervoides BG 16877° Wild Israel
L. lamottei 2444 Wild Morocco
L. tomentosus 1334 Wild Turkey

M: Macrosperma. m: microsperma. Samples: ! The Tetir land-race is also known as Rosario. 2 From the Germplasm Bank of the International
Centre for Agricultural Research in Dry Areas (ICARDA), Aleppo, Syria. 3 From the Spanish Germplasm Bank, Alcala de Henares, Madrid,

Spain. 4 Kindly provided by Prof. G. Ladizinsky.

employing the primers SPA-F and SPA-R described
by Polanco and Pérez de la Vega (1994) and Fernandez
et al. (2000). For the amplification of the fragment
including the C and D subrepeats, the primers
IGS-CD-F (TTCCTAGGCCTTTATGCT) and IGS-CD-R
(TTTTAGCCCAATTTTAGG) were used. The NTSs
of the 5S rDNA were PCR amplified using the 20-mer
RRNS5-A and RRNS5-B primers described by Ko et al.
(1994). PCR products were cloned into the pGEM-T
plasmid (Promega) following the manufacturer’s
instructions. Five nanograms of DNA were amplified
in a final volume of 50 pl with 0.5 uM of each primer in
a buffer containing 10 mM TrisHCI, pH 8, 50 mM KClI,
1.5 mM MgCl, and 2 U of Tag DNA polymerase
(Promega Madison, USA). The PCR conditions were as
follows: denaturation at 94°C for 1 min and 30 cycles at
94°C for 10 s, 50°C for 20 s, and 72°C for 60 s. DNA
sequencing was performed using the dideoxynucleotide
chain termination method, employing universal
primers, the Thermo Sequenase Fluorescent Labeled
Primer Cycle Sequencing Kit (Amersham Pharmacia
Biotech, NJ), and automatic sequencing (with ALFTM
Manager v.2.6 software; Amersham Pharmacia

Biotech, NJ). DNA restriction reactions were
performed following the manufacturer’s instructions.
After PCR, the IGS amplification product from the 12
lentil accessions was separately digested with each of
the following ten enzymes: Accl, Ddel, EcoRV, Haelll,
Hindlll, Pstl, Sau3A, Sphl, Taql, Knpl. IGS PCR and
restriction products were electrophoresed in 1.5 or 2.0
w v agarose (Seakem GTG, BioProducts FMC) gels
for 24 h. For variability analysis, DNA was extracted
from at least five seeds per sample; for sequencing,
DNA was extracted from a single seed per species.

Results

A first analysis of the PCR amplification products
obtained with the SPA-F and SPA-R primers
(electrophoresis in 1.5 wv'! agarose gels for 24 h)
showed no appreciable IGS length variability
(approximately 3200 bp) among the cultivated lentil
accessions (Table 1). However, some differences were
seen between these and the wild Lens materials (Fig. 1).
No differences among accession digestion patterns
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Figure 1.

Size and restriction pattern of the PCR products from different Lens species amplified

with the SPA-F and SPA-R primers. Figures below the different fragments indicate the approximate
size in bp. For L. culinaris ssp. culinaris cv. Verdina, the different subrepeats and the transcription
initiation site are indicated. The accessions showing each pattern are indicated below each sequence
on the left. Lens. culinaris ssp. orientalis accession ILWL-7 showed the same pattern as cultivated

lentil.

were observed with any of the restriction enzymes for
the cultivated materials listed in Table 1.

Since most IGS length polymorphisms have been
attributed to different numbers of subrepeats in other
plant species, three additional restriction enzymes were
selected with a single target motif located between the
different subrepeat families within the IGS sequence.
This was to allow the detection of any differences in the
number of short subrepeats within a subrepeat family
(such as C and D) that were difficult to resolve in
the complete IGS sequence. The BspHI restriction
site was located within the first B subrepeat at 583 bp
from the 5° IGS end. The Stul site was located just
before the C subrepeats and 43 bp downstream from the

transcription initiation site (TIS) in a central position in
the PCR amplified sequence. The BstBl site was
located after the D subrepeats, 217 bp before the IGS 3’
end. Figure 1 shows the PCR amplification products of
Lens culinaris ssp. culinaris and its wild relatives after
digestion with these three enzymes. The 1GSs of L.
nigricans and L. tomentosus were not digested by any
of these three enzymes. The four expected restriction
products were observed in all other species. No
appreciable differences were seen between the
cultivated lentil accessions. In all the accessions
assayed, the fragment lengths were of approximately
250, 700, 850 and 1400 bp. Figure 1 shows the 250 bp
fragment at the 3° end of the IGS and the 5° end of the
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downstream 18S rDNA. The 700 bp fragment included
some nucleotides of the 3’ end of the 25S rDNA and the
IGS at the end of the A subrepeats. The 850 bp
fragment included the IGS B subrepeats and a
non-repeated TIS sequence. Finally, the 1400 bp
fragment comprised the IGS C and D subrepeats and
part of the IGS 3’ non-repeated sequence.

When the L. c. ssp. culinaris restriction products
were electrophoresed in higher resolution 2.0% agarose
gels, differences between the accessions were seen, but
were limited to slight positional changes. These were
evident for the 1400 bp fragment, and in the resolution
of the 700 bp fragment into two or three different
sized fragments in some accessions. In particular
«Smelinuliai» showed two bands of approximately 650
and 725 bp, and «Mala» three bands of approximately
650, 700 and 725 bp. The most likely cause for the
presence of multiple fragments is that in these two
accessions there are IGSs with different numbers of A
subrepeats.

After digestion of the PCR products with BspHI,
Stul and BstBI, two accessions of L. c. ssp. orientalis
(the wild ancestor of the cultivated lentil) showed
different restriction patterns. While ILWL-7 showed
the same pattern as the cultivated lentil, accession
BG-16880 showed only three fragments of 250, 850
and 1400 bp (Fig. 1). In the latter accession, the A
family of subrepeats probably has more copies,
and instead of the 700 bp fragment there is a sequence
of approximately 850 bp. The four accessions of
L. odemensis showed three different patterns (Fig. 1).
Lens ervoides and L. lamotei also showed a pattern of
four fragments with distributions and sizes as shown in

Table 2.

Fig. 1. On the contrary, L. nigricans and L. tomentosus
were not digested by any of the three enzymes,
indicating the lack of restriction sites specific for them.
Agarose gel (2% wv'!) electrophoresis of the
amplified NTS of the 5S rDNA revealed several bands
ranging from approximately 275 bp to 1000 bp
(Table 2). All samples of the cultivated lentil (L. c.
culinaris) showed a similar pattern of seven
bands, although those between 400 and 475 bp
showed differences in intensity depending upon
the cultivar. Table 2 shows the results for this and
other Lens species. The 300 bp and 900 bp bands
seemed to be common to most species. The exceptions
were L. ervoides, which lacked the 300 bp band, and
L. lamottei, which lacked the 900 bp band. However,
L. ervoides showed the 275 bp and 325 bp bands, which
were not observed in other species (Table 2). The size
classes of the L. c. culinaris NTS were differentially
distributed between the two /loci, and are therefore
useful for identifying chromosome pairs 2 and 6.
Primers IGS-CD-F and IGS-CD-R were designed to
amplify the IGS region corresponding to the 1400 bp
segment which showed slight differences in mobility
among the different cultivars (as mentioned above).
IGS-CD-F annealed from 39 bp downstream of the TIS
to the beginning of the C subrepeats and included the
Stul site, while IGS-CD-R annealed 24 bp downstream
of the end of the D subrepeats. Thus, the sequence
expected to be amplified in the cultivar «Verdina» was
of 1004 bp. After amplification and electrophoresis in
1.5% agarose gel for 24 h, two bands were observed for
all the cultivated accessions, except for «Tetir». The
first band had approximately 700 bp with no observable

Comparison of the 5S NTS of Lens species obtained in this study and by Ford et al. (1997). The fragments of similar

size in these studies are indicated in bold. Lightly stained fragments are underlined

Present work!

Ford et al. (1997)

Species
P olfV:amml;)elzs Band size (bp) 01::;::;25 Band size (bp)

L. c. culinaris 12 300, 350, 400, 425, 475, 675, 900 2 300, 420, 670, 910
L. c. orientalis BG-16880 300, 350, 425, 900 2 300, 420, 670, 910
L. c. orientalis ILWL-7 500, 550, 1000
L. odemensis 4 300, 350, 425, 675, 900 3 300, 670, 910
L. nigricans 1 300, 350, 400, 675, 900 3 300, 670, 910
L. ervoides 1 275, 325, 350, 400 675, 900 2 290, 310, 650, 690
L. lamottei 1 300, 350, 425, 675
L. tomentosus 1 300, 900
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Figure 2. Amplification products obtained with the
IGS-CD-F and IGS-CD-R primers. M, size marker standard.
Arrows indicate the sequenced bands.

variation between cultivars; the second was the
expected band of approximately 1004 bp, although
some size differences among cultivars were observed
(Fig. 2). The landrace «Tetir» showed three bands:
the 700 bp band plus two others of 1002 bp
and approximately 1016 bp (Fig. 2). The bands of
approximately 1000 bp from the accessions «Alpo»,
«Mosay, «Smelinuliai», «Tetir» and «Lupa» were
sequenced since they represented all the size variants
observed. From «Tetir», only the 1002 bp band was
sequenced. The exact sizes of these bands were 980 bp
for «Mosa», 982 bp for «Alpo», 1002 bp for «Tetir»,
1004 bp for «Smelinuliai» (the same size as the
corresponding segment in «Verdina»), and 1016 bp for
«Lupay. The corresponding EMBL GenBank accession
numbers are AM040285 to 40289. The sequences from

C3 subrepeats

«Alpo» and «Mosa» differed with respect to the
reference sequence from «Verdina» by a deletion of 21
bp in the C3 subrepeat. This deletion approximately
corresponded to two of the 11 bp short repeats which
form the C subrepeat family. «Lupa» showed a 12 bp
insertion (GGGCATTTTCGT) - a variant of a short
repeat - in the C3 subrepeat (Fig. 3). Other differences
between the sequences were due to single nucleotide
indels or base substitutions. The approximately 700 bp
band amplified in «Verdina» was also sequenced,
yielding a 704 bp sequence (including both primers)
with a 60% A+T content. Dot-Plot analysis revealed no
repetitions in this sequence, nor was any significant
similarity found with any sequence in the databases or
with the lentil IGS, nor did it show any significant open
reading frame. The similarity with the C and D set of
repeats was 39.5%; it was therefore most likely
unrelated to rDNA.

Discussion

The lengths of the PCR-amplified IGS in Lens
species agree with those reported in RFLP analyses of
the whole rDNA repeat (Patil et al., 1995). Further
digestions by restriction enzymes of the PCR products
showed low intraspecific IGS polymorphism in
L. culinaris ssp. culinaris. This indicates strong
conservation of the IGS sequence in this species. Low
intraspecific levels of variability have also been
described in Vicia pisiformis, Glycine soja, G. max and
Capsicum spp. (Doyle and Beachy, 1985; Gustafsson
and Gustafsson, 1994; Youn-Kyu et al, 1999), and
previous RFLP studies on lentil rDNA reported no
polymorphism in six cultivars (although polymorphism
was detected by RAPD in these cultivars) (Kraic et al.,
1995). Greater genetic variation was observed in the
wild lentil ancestor than in the cultivated form. The
same has been reported for other characters and

Verdina TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGT-------m-mmmmmmmmmmme TGGCTCGGTGGGCATTTTCGTGGGCATT
Smelinuliai TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGT----mmmmmmmmmmmmmme TGGCTCGGTGGGCATTTTCGTGGGCATT
Tetir TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGT-------m-mmmmmmmmmme TGGCTCGGTGGGCATTTTCGTGGGCATT
Lupa TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGTGGGCATTTTCGTTGGCTCGGTGGGCATTTTCGTGGGCATT
Alpo TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGT GGGCATT
Mosa TTCGTGGGCATTTTCGTGGCCGCGGTGGGCATTTTCGT GGGCATT

Figure 3. Sequence differences between C3 subrepeats of several lentil cultivars responsible for the length polymorphism
observed in the larger PCR products obtained with the IGS-CD-F and IGS-CD-R primers.
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markers (Ahmad et al., 1996; Ferguson and Robertson,
1996; Ladizinsky, 1999). The selective amplification of
the more variable internal IGS segments, which include
two families of short repeats sequences, increased the
observable polymorphism in L. c¢. ssp. culinaris,
improving the usefulness of rDNA as a genetic marker.

The amplification and digestion results obtained with
L. nigricans and L. tomentosus suggest that the IGSs of
these two species are different in sequence and number
of subrepeats compared to the cultivated species. This
agrees with the fact that L. nigricans is more distantly
related to L. culinaris (Van Oss et al., 1997; Ferguson,
2000; Mayer and Bagga, 2002; Sonnante et al., 2003;
Duran and Pérez de la Vega, 2004). Lens tomentosus,
however, seems to be phylogenetically close to L.
culinaris (Van Oss et al., 1997; Ferguson et al., 2000;
Duran and Pérez de la Vega, 2004).

The NTS sizes detected agree, with few exceptions,
with those reported by Ford ez al. (1997), who also used
PCR for the amplification of Lens species NTSs
(Table 2). The 670 bp band of L. ¢. orientalis was not
observed in the present L. orientalis samples but was
seen in L. ¢. culinaris. Thus, the only band not observed
in the present study was the 650 bp band of L. ervoides.
Some of the differences in NTS size observed by Ford
et al. (1997) and in the present study can be attributed
to the use of different accessions since intra-specific
NTS variation was observed in both analyses (at least
for the wild species). Other discrepancies are most
probably due to the lower PCR annealing temperature
used in the present work, which allowed for the
amplification  of  additional sequences.  The
hybridisation of a 5S probe from rye with lentil
genomic DNA digested with BamHI1, produces a
similar band pattern (Patil et al., 1995). Discounting the
120 bp of the 5S rDNA yielded NTSs ranging from 230
to 900 bp in length; the 230 bp band was specific to L.
ervoides. The data of Patil et al. (1995), Ford et al.
(1997) and the present results indicate that L. ervoides
has NTS lengths that are not seen in any other Lens
species. A further source of NTS size polymorphism is
the variation in microsatellite and subrepeat numbers
(Fernandez et al., 2005). This can cause slight changes
in size and therefore in the position of the bands in the
gel, or generate wide and more diffuse bands by
accumulation of several fragments of similar length
(Fernandez et al., 2005).

In  summary, despite the relatively low
polymorphism of lentil IGSs, the use of PCR

amplification and endonuclease restriction, and the
design of specific primers which amplify particularly
variable IGS segments, generated several genetic
markers that can be used to locate genes in the
NOR-carrying chromosome of this species. NTS size
variants might also be of use for genetic mapping
when analysing families derived from L. c. culinaris x
L. c. orientalis crosses.
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