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Abstract Amplified fragment length polymorphism
(AFLP) analysis of 24 in vitro regenerated rye plants was
performed in order to evaluate the somaclonal variation rate
in this species and to identify rye genomic regions where
mutations are preferentially promoted by in vitro culture
processes. Regenerated plants were obtained from cell lines
derived from immature embryos and plants were regen-
erated by somatic embryogenesis. Twenty-three regenerants
showed variation when compared against sibling plants
obtained from the same cell line. A total number of 887
AFLP markers were scored, and 8.8% identified the same
polymorphism in plants obtained independently from
different cell lines, revealing putative mutational hot spots.
Using controlled crossings and analysis of the corre-
sponding progenies, we were able to verify the genetic
stability in the next generation for only five of these
polymorphisms. The nucleotide sequence of the AFLP
amplicon of four of the polymorphic markers was obtained,
but only the sequence of two markers was clearly identified
in the databases. The sequence of marker A1-303 was
identified as part of a tandemly repeated sequence, the
120-bp family, which is located at telomeric regions and is
widely distributed among rye chromosomes. The marker
A5-375 showed high similarity with regions of Angela
retrotransposons.
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Introduction

The regeneration of whole plants using in vitro culture
methods should generate individuals genetically identical to
the plant from which the explants were initially obtained.
However, variable proportions of regenerated plants show-
ing genetic polymorphisms have been described in a large
number of plant species, a phenomenon defined as
somaclonal variation (Larkin and Scowcroft 1981). Soma-
clonal variation could be useful for plant breeding as a
source of beneficial variation, but it is an unwelcome
phenomenon if transformation or clonal propagation is the
objective and true-to-type plants are required.

The causes of such variation are not well established,
although proposed mechanisms include chromosomal and
punctual mutations, somatic recombination, sister-chromatid
exchanges, somatic genetic rearrangements, transposable-
elements activity, tandemly repeated sequences instability, as
well as epigenetic processes such as DNA methylation
(Philips et al. 1994). The activation of mobile elements is
one of the mechanisms that have frequently been consid-
ered a cause of somaclonal variation. Insertion of plant
retrotransposons into coding regions after protoplast or cell
culture has been demonstrated in tobacco (Grandbastien et
al. 1989) and rice (Hirochika et al. 1996). Sequence
amplifications or deletions are another cause of somaclonal
mutations (Chowdari et al. 1998; Rostiana et al. 1999).
Somaclonal variation is genotype-specific and its rate is
variable between and within species. Therefore, it is very
important to know the frequency of and to understand the
mechanisms underlying this variation for each species,
variety, and cultivar used for in vitro culture applications.

Rye (Secale cereale L.) is a species for which somaclo-
nal variation has been reported at high rates. Phenotypic
analysis as well as biochemical, cytogenetic, or molecular

In Vitro Cell.Dev.Biol.-Plant (2008) 44:419–426
DOI 10.1007/s11627-008-9152-z

R. de la Puente :A. I. González :M. L. Ruiz : C. Polanco (*)
Área de Genética, Facultad de Ciencias Biológicas y Ambientales,
Universidad de León,
24071 León, Spain
e-mail: carlos.polanco@unileon.es



techniques such as random amplified polymorphic DNA
(RAPD) markers have been used previously to detect
somaclonal variation in this cereal (Linacero and Vázquez
1992a, b; 1993). High rates of mutation have been reported
for particular loci, which are considered hypervariable
genomic regions (Linacero et al. 2000). It is presumed that
the above mutation-inducing phenomena that occur during
plant tissue culture must increase the genetic instability of
these hypervariable regions in the rye genome.

The analysis of polymorphisms between clonally regen-
erated plants at a level of high molecular discrimination
would help to recognize hypervariable rye sequences as
well as to understand the processes involved in such
variation. Amplified fragment length polymorphism
(AFLP) markers (Vos et al. 1995) present various advan-
tages over the different methodologies available for genetic
polymorphism screening at the genomic level, including the
identification of a large number of polymorphisms distrib-
uted across the genome and the reproducibility of the
amplicons. In addition, the AFLP technique is relatively
easy to perform, uses small amounts of DNA, and does not
require prior knowledge of sequences. AFLP markers are
being widely applied for the analysis of somaclonal variants
(Chen et al. 2006; Saker et al. 2006; Prado et al. 2007;
Gagliardi et al. 2007).

This study presents the first AFLP analysis of in vitro
regenerated rye plants in order to evaluate the somaclonal
variation rate at a high-resolution level and to identify
hypervariable regions. Cloning and sequencing of four
hypervariable AFLP markers was performed in order to
determine the sequences involved in such polymorphisms.
Our data indicate that mobile elements and tandem-repeat
regions are related to hypervariable regions of the rye
genome.

Materials and Methods

Plant material and DNA extraction. Twenty-four regener-
ated plants obtained from five cell lines derived from
immature embryos through somatic embryogenesis of the
rye cultivar Ailés were obtained according to Linacero and
Vázquez (1993) and were kindly donated by Dr. Ana M.
Vázquez (Univ. Complutense de Madrid, Spain). Cell lines
were established for all embryogenic calluses derived from
the same embryo and were named CLa, CLd, CLe, CLh, and
CLi. They included five plants each (CLd1–CLd5; CLe5–
CLe9; CLh7–CLh11; CLi8–CLi12) except cell line CLa that
included four regenerated plants (CLa9–CLa12). Leaves of
these 24 regenerated plants were collected at 30 d old in MS
medium plant stage (Fig. 1) and used for total cellular DNA
extraction using the DNeasy Plant Mini Kit (Qiagen Corp.,
Santa Clarita, CA) following the manufacturer’s protocol.

Seeds obtained from two independent and controlled
crosses using CLe6 and CLh10 plants as female parents
were also kindly donated by Dr. Vázquez. The seeds were
germinated on wet filter paper and transplanted to soil pots
when the first leaf and roots developed. The first leaves of
five siblings from each cross were collected when the
second leaf emerged and were used for DNA extraction, as
well as mature leaves from the Ailés plants used as male
parents.

AFLP analysis. The AFLP markers were amplified using
the Plant Mapping Kit (Applied Biosystems, Foster City,
CA) following the manufacturer’s protocol for regular
genomes (Perkin-Elmer Applied Biosystems 1997). Ge-
nomic DNA digestion using EcoRI and MseI endonucleases
(New England Biolabs, Beverly, MA) and ligation to the
EcoRI and MseI site-specific double-stranded adaptors were
performed in a single tube for 2 h at 37°C. Pre-selective and
selective amplifications were carried out in a GenAmp PCR
System 9700 thermocycler (Applied Biosystems) following
protocol instructions. Adaptors, pre-selective, and selective
primers were used according to the Plant Mapping Kit
protocol. The PCR products of selective amplifications
were separated by capillary electrophoresis on an ABI
Prism 310 Genetic Analyzer and detected by fluorescence
as the three EcoRI site-specific selective primers used were
5′-labelled with FAM, JOE, and NED dyes, respectively.
An internal size marker, Genescan Rox-500 (35–500 bp;
Applied Biosystems), labelled with ROX dye was added,
allowing the co-loading of three different labelled reactions.

All the 64 selective primer pairs available from Applied
Biosystems were tested in order to select the EcoRI labelled
primers and MseI unlabelled primers that gave the more
informative set of primer pairs. The criteria for selection of
primers were to use the nine combinations that produce the
maximum number of markers, using three different dye-
labelled primers, in order to facilitate the detection of
polymorphisms. EcoRI selected primers were FAM-EcoRI+
ACT, JOE-EcoRI+ACG, and NED-EcoRI+AGC. Unla-
belled MseI site-specific selective primers used were MseI+
CAA, MseI+CAG, and MseI+CTA. The complete AFLP
procedure, including DNA extraction, was conducted with
similar results at least twice for each plant analyzed.

Data of selectively amplified DNA fragments were
collected by a computer using the Data Collection 2.1
software (Applied Biosystems) connected to the ABI Prism
310. Data were analyzed using GeneScan 2.2 software
(Applied Biosystems), which sized and quantified the
detected fragments. GeneScan software was also used to
compare the electropherograms from the analyzed plants in
order to detect the polymorphic AFLP markers. The
markers were scored as either present (1) or absent (0) for
each plant and primer combination.
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Cloning and sequencing of AFLP markers. Four selected
polymorphic AFLP markers were cloned into the pGEM-T
vector (Promega Corporation, Madison, WI) and transformed
into competent DH5-α Escherichia coli cells following the
Polanco et al. (2005) protocol for AFLP markers detected by
fluorescence capillary electrophoresis. Overnight cultures of
at least two positive colonies for each specific AFLP marker
were sent to the Nucleic Acids Sequencing Facility of the
University of León (Spain) in order to obtain the sequence of
the corresponding plasmid inserts. The sequences of the
AFLP primers were removed and recognition sequences for

EcoRI and MseI endonucleases were completed at the ends
before sending them to the EMBL-EBI database (entries
AM285291, AM285292, AM285293, and AM285294).
Sequence alignments were done using Jalview Multiple
Alignment Editor v.2.08.1 (Clamp et al. 2004).

Results

Analysis of 24 rye plants regenerated via somatic embryo-
genesis (Fig. 1) revealed a total of 887 AFLP markers. Nine

Figure 1. Somatic embryogen-
esis and plant regeneration of
rye plants: embryogenic callus
in MS + 2,4-D 2 mg l−1 medium
(top left image); rye seedlings
15 d old in MS medium (center
and bottom left images); rye
seedling 30 d old in MS medium
(right image).
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different selective primer pairs were used and each plant
produced individual markers in the range of 756 (for plant
CLh11) to 840 (for plant CLa10). The average fragment
length was 178 bp. The average number of fragments per
primer pair and per plant was 91.4. All regenerated plants
analyzed shared 607 (68.4%) non-polymorphic markers.
Another 74 (8.3%) fragments were not present in any of the
regenerated plants obtained from at least one cell line,
indicating variability between the original embryos used to
establish the cell lines. There were 116 (13.1%) singletons
or AFLP fragments either present or absent in just one
plant: eight (0.9%) were amplification singletons and 108
(12.2%) were non-amplified singletons. Another 12
markers (1.4%) were detected as polymorphic for more
than one plant from the same cell line, and 78 (8.8%)
showed the same polymorphism in regenerated plants
obtained independently from different cell lines.

Comparisons within groups of regenerated plants
obtained from the same cell line revealed that 23 out of
the 24 regenerated plants showed at least one variation, and
the number of changes per regenerated plant ranged from 2
to 90. However, the distribution of the variability was not
uniform, as two plants accumulated 49.4% of the poly-
morphisms: plants CLe9 and CLh11 showed 84 and 90
changes, respectively, while half of the plants showed six or
less changes. A summary of the variation found for each
group of regenerated plants using each primer pair is
indicated in Table 1.

It was not possible to perform an analysis of the progeny
of the two plants that showed the highest variability (plants
CLe9 and CLh11) because they were albino mutants that
did not reach maturity. Therefore, of the regenerated plants
that formed spikes, plants CLe6 and CLh10 were selected
as female parents for controlled crosses because they
showed the highest number of ALFP polymorphisms at

15 and 12, respectively. We attempted to obtain the
nucleotide sequence of all the polymorphic markers from
plants CLe6 and CLh10 that fulfilled the following two
requirements: (1) the polymorphism was detected in various
regenerated plants such that it may be linked to hypervariable
genome regions and (2) the polymorphism was detected in
the progeny and is therefore an inherited genome change.
Five AFLP markers met the above stipulations: A1-303, A3-
113, A5-212, A5-233, and A5-375. They are named
according to the code of the primer pair used (see Table 1)
and the size of the amplified AFLP fragment.

The A1-303 marker was detected in eight plants from cell
lines CLe and CLh (four plants from each cell line),
including plants CLe6 and CLh10, but not observed in
plants obtained from cell lines CLa, CLd, and CLi. This
indicates that A1-303 was likely polymorphic at the embryo
level. However, A1-303 was undetected in two regenerated
plants (CLe7 and CLh5) obtained independently from cell
lines CLe and CLh. The A3-113 marker was absent only in
three plants from cell line CLe (plants CLe5, CLe6, and
CLe7) that may all have originated from the same cell in
which the original mutation took place. The A5-212 marker
was detected in six plants but from four cell lines: CLa (plant
CLa12), CLe (plant CLe6), CLh (plants CLh5, CLh12, and
CLh10), and CLi (plant CLi8). The A5-233 marker was
absent in three plants from two cell lines: CLa (plant CLa12)
and CLh (plants CLh5 and CLh10). The marker A5-375 was
absent in nine plants from three cell lines: CLa (plants CLa9,
CLa10, and CLa11), CLh (plants CLh8, CLh9, and CLh11),
and CLi (plants CLi8, CLi9, and CLi10).

We checked that the phenotype of male parents used for
controlled crosses differed from the phenotype of the CLe6
and CLh10 plants for all the above five markers. The
analysis of five siblings from each of the crosses showed
segregations for all of these markers.

Table 1. Summary of AFLP fragments variation in the five groups of regenerated plants analyzed

Primer pair Number of AFLP markers Number of polymorphic markersa

Plant group (cell line) Plant group (cell line)

Code EcoRI+3/MseI+3 CLa CLd CLe CLh CLi CLa CLd CLe CLh CLi

A1 ACT/CAA 96 95 102 101 97 5 (4) 0 24 (19) 14 (8) 2 (1)
E1 ACG/CAA 103 100 104 106 102 5 (5) 0 11 (10) 12 (10) 1 (1)
H1 AGC/CAA 92 97 96 94 93 2 (2) 1 (1) 10 (8) 6 (6) 1 (1)
A3 ACT/CAG 97 97 96 97 97 6 (3) 0 15 (12) 8 (8) 2 (2)
E3 ACA/CAG 86 81 87 88 85 1 (1) 0 13 (11) 11 (11) 1 (1)
H3 AGC/CAG 98 98 98 97 95 3 (3) 0 7 (7) 13 (11) 3 (3)
A5 ACT/CTA 96 94 97 95 95 7 (4) 2 (2) 11 (10) 16 (12) 6 (4)
E5 ACG/CTA 66 54 61 62 59 0 1 (1) 10 (10) 6 (6) 1 (1)
H5 AGC/CTA 111 107 112 109 107 5 (4) 5 (0) 12 (6) 20 (19) 1 (0)

Total 845 823 853 849 830 34 (26) 9 (4) 113 (93) 106 (91) 18 (14)

a The number of singletons is in parentheses
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The A1-303, A5-212, and A5-375 AFLP fragments from
plant CLh10 and the A3-113 fragment from plant CLe8 were
cloned and sequenced. The A5-233 marker was found to be a
low intensity peak closely surrounded by high peaks from
other markers and it was not possible to clone it despite
several attempts. Sequence comparisons using Basic Local
Alignment and Search Tool (BLAST) searches did not
revealed significant similarity for marker A3-113. The first
158 bp of the A5-212 marker showed a high identity (93%)
with the 3′ end of an mRNA sequence of Hordeum vulgare
(accession AK249005), which is related to a family of
hypothetical plant-specific proteins of unknown function.

The sequence of marker A1-303 showed a clear pattern of
internal repeats and it had identity values higher than 85%
with 70 sequences of satellite DNA from 11 species of tribe
Triticeae (accessions AJ517227 to AJ517293, Z75561,
AY551004, AF227454, and AF354658), including Secale
cereale, S. montanum, and S. vavilovii. We aligned the A1-
303 sequence with the nine accessions of S. cereale which
contained complete and truncated versions of a 118-bp repeat
unit (Fig. 2). The alignment revealed that the sequence of
marker A1-303 consists of part of a complete repeat, where
the EcoRI-end of the AFLP fragment is located, followed by
a truncated and a complete (with small deletions) repeat and
a piece of the repeated sequence that includes the MseI-end.
BLAST searches limited to the Triticeae Repeat Sequence
Database (TREP) showed high identity values with telomere-
associated accessions TREP107 (from Triticum aestivum)
and TREP64 (from Secale cereale).

The sequence of the A5-375 marker showed high
BLAST identity values (more than 86%) with two regions
from the Aegilops tauschii accession AF497474, with one
region of the Triticum monococcum accession AY485644
and with one region of the Triticum turgidum accession
AY663391. The sequences of A. tauschii corresponded to
the transposon Angela_BHG4-2, the sequence of T. mono-
coccum to the transposon Angela_AY485644-15, and the

sequence of T. turgidum to the transposon Angela_
AY663391-2, all of them Copia group transposons. The
alignment of all these sequences with marker A5-375 is
shown in the Fig. 3.

Discussion

Rye is an allogamous species that shows a high spontane-
ous mutation rate in vivo. Figueiras et al. (1991) reported
frequencies of 2.05×10−2 and 9.3×10−3 for chromosomal
and gene mutations, respectively, for the Ailés cultivar used
in this work. These rates can increase during tissue culture
as indicated in other studies about somaclonal variation in
rye carried out with Ailés and other cultivars. Detection
techniques with less resolution than AFLPs revealed that
more than half of the regenerated plants showed poly-
morphisms (Linacero and Vázquez 1992b; 1993). In our
work with utilized AFLP markers, 95% of the regenerated
plants showed at least one change when compared with
plants obtained from the same cell line. But the number of
mutations per plant was highly variable, from 2 to 90, and
most of the polymorphic markers were scored in a few
plants. Such an uneven pattern of distribution of somaclo-
nal variation has also been found analyzing AFLP markers
in both regenerated pecan (Vendrame et al. 2000) and
Arabidopsis plants (Polanco and Ruiz 2002).

Although AFLPs are highly reproducible, homoplasy
(co-migration of non-homologous fragments) is a major
issue in the analysis and interpretation of AFLP data that
results in an underestimation of genetic diversity among
samples and a loss of resolution in the analysis (Meudt and
Clarke 2007). We used a capillary electrophoresis system
that enables precise estimates of fragment mobility (1 pb
resolution) and we manually checked all the electrophero-
gram comparisons in order to reduce the scoring errors. We
analyzed AFLP patterns of clonal plants and therefore

Figure 2. DNA sequence alignment of nine accessions of the rye
120-bp repeat family (Contento et al. 2005) with the ALFP
polymorphic marker A1-303 (303A1). Complete 118-bp repeat units
are indicated as _rep.1 and truncated repeat units as _rep.2 after the
corresponding accession numbers. The sequence of A1-303 has been
divided into four consecutive units for best alignment: _rep.Eco

starting with the EcoRI site; _rep.1, _rep2, and rep.Mse ending with
the MseI site. Gaps are introduced for optimal alignment. Identity
scores for each base are given as bars at the bottom over the
consensus sequence (larger bar represents high similarity) and are
also indicated by the different grey level of shading.
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homoplasy, if present in our data, will reduce the number of
somaclonal mutations identified.

The AFLP polymorphisms detected for each plant were
scored as amplified or non-amplified mutations, according
to the total number of regenerated plants within one cell
line that showed the marker. Comparisons were made
within a cell line because every embryo used as a culture
explant was a genetically unique result of a cross, and the
plants were obtained by somatic embryogenesis from cell
lines derived from 1-mm to 2-mm long immature embryos
that were too small to remove a sample from in order to
obtain the AFLP pattern of the embryo. Our scoring
criteria, within a cell line, should reduce the observed
mutation rate rather than increase it.

We have observed that 8.8% of the analyzed AFLP
markers showed the same polymorphism in regenerated
plants that were obtained independently from different cell
lines. Therefore, independent mutational events have
occurred in the same genome regions of these plants.
Mutations derived from tissue culture that appeared
preferentially in some loci have been described previously
in garlic (Al-Zahim et al. 1999), rice (Xie et al. 1995), and
also in rye (Linacero et al. 2000). The study by Linacero et
al. (2000) of regenerated rye plants obtained from immature
embryos and/or immature inflorescences from different
cultivars, using RAPD markers, revealed hot spots of
mutation named hypervariable genome regions.

Through controlled crossings and progeny analysis, we
confirmed the genetic stability of five AFLP hypervariable

markers and we obtained the nucleotide sequence of four of
them. The A1-303 marker was identified as part of a tandemly
repeated sequence, the 120-bp family, reported to be found
both in telomeres and widely distributed among rye chromo-
somes (Contento et al. 2005), while marker A5-375 showed a
high similarity to regions of Ty1-copia retrotransposons of
the subgroup Angela from three Triticeae species. Although
AFLP markers are supposed to have genome-wide distribu-
tion, mapping data in rye (using ALFP markers obtained with
EcoRI and MseI endonucleases) showed a clustering tenden-
cy in the proximity of centromeric and telomeric regions
(Saal and Wricke 2002; Bednarek et al. 2003). The use of
different enzyme combinations (Bednarek et al. 2007; Li et
al. 2007) in future work will help to reveal the presence of
hypervariable markers in other regions of the rye genome.

The 120-bp repeat family has been described as the
major component of the rye heterochromatin (Cuadrado et
al. 1995) and it is also present in many species of the
Triticeae tribe. Homologous sequences have also been
found in the tribe Avenae. Contento et al. (2005) analyzed
the diversity and organization of 90 members of the 120-bp
family obtained from 11 Triticeae species and concluded
that individual sites of multiple tandem repeats were
transferred as blocks, so that they can translocate within
the genome and originate the variation in the position and
site number that was observed. We confirmed the loss of
marker A1-303, related to the 120-bp family, in two
regenerated plants obtained from different cell lines. The
same mutational mechanisms that spontaneously drive the

Figure 3. DNA sequence alignment of AFLP polymorphic marker
A5-375 with regions of Aegilops tauschii accession AF497474,
Triticum monococcum accession AY485644, and Triticum turgidum
accession AY66339. The starting nucleotide (nt) of each region is
indicated after the corresponding accession number. Gaps are

introduced for optimal alignment. Identity scores for each base are
given as bars at the bottom over the consensus sequence (larger bar
represents high similarity) and are also indicated by the different grey
level of shading.

424 DE LA PUENTE ET AL.



genome’s variation described by Contento et al. (2005) may
be at work when the cells encounter stress in the tissue
culture environment, increasing the mutational rates. How-
ever, it must also be taken into account that DNA
polymerases may induce exaggerated levels of mutations
by slippage while replicating repetitive sequences (Kunkel
and Babenek 2000).

The majority of the genomes from species in the tribe
Triticeae consist of repetitive DNA sequences (Flavell
1986) and many of these sequences are retroelements. A
common feature of some plant retrotransposons is that they
are affected by protoplast isolation or in vitro cell tissue
culture and, for example, insertion into coding sequences
has been demonstrated in tobacco and rice, indicating that
retrotransposition might make a significant contribution to
somaclonal variation (Grandbastien 1998). In rye, Alves et
al. (2005) demonstrated that foldback transposon RYS1 was
activated by tissue culture and was inserted in the same
genome position where it was also detected in natural
populations, suggesting that these preferential integration
points could be part of the hypervariable regions described
for the rye genome (Linacero et al. 2000). The A5-375
marker, located within the long terminal repeat (LTR) of an
Angela retrotransposon, was lost in nine out of the 24
regenerated plants analyzed in this work. Those nine plants
were obtained from three different cell lines, indicating that
the same mutational event has occurred independently three
times and revealing a mutational hot spot. It is known that
Angela and related elements (mainly Wis and BARE) are
generally nested within each other in the LTRs. However,
the identification of a polymorphic marker exhibiting a high
level of similarity to mobile elements does not necessary
mean that new insertions had occurred, because loss of
restriction sites and changes of selective nucleotides are the
main cause of AFLP marker polymorphism (Kuiper 1998).

Since somaclonal variation may be the result of complex
processes embracing genetic and epigenetic changes, more
data is required to understand the mechanisms involved in
the high rate of somaclonal variation reported for rye
regenerated plants in this and previous studies.
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