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a b s t r a c t
SCAR (sequence characterized ampliﬁed region) markers allow the reliable identiﬁcation of unique
somaclonal variations. Six SCAR markers were developed previously and were thought to be exclusively
characteristic of eight maize somaclones. However, we detected two of these markers in maize lines and
a cultivar unrelated to the progenitor line of the somaclones. Therefore, we sequenced these markers and
performed bioinformatic searches to understand the molecular events that may underlie the variability
observed in the somaclones. All changes were found in noncoding sequences and were induced by different molecular events, such as the insertion of long terminal repeat (LTR) transposon(s), precise miniature
inverted repeat transposable element (MITE) excision, microdeletion, recombination, and a change in the
pool of mitochondrial DNA. For example, the SCAR marker QR is represented by the two variants QR-A
and QR-2. The sequences of the two variants were similar, except for a 457-bp fragment found only in
QR-A; this region was denoted as Q. Region Q was ﬂanked by the direct 3-bp repeat 5 -TAA-3 (target site
duplication; TSD) and the inverted 14-bp repeat 5 -GGGCCTGTTTGGAA-3 (terminal inverted repeats;
TIRs). These features confer the Q region with similarity to the nonautonomic Tourist-like MITE. In two
groups of independently produced somaclones, the same features (morphological, molecular) were variable, which conﬁrms the theory of ‘hot spots’ occurring in the genome. The distribution of one of the
SCAR markers was conﬁrmed using Southern blot hybridization. The presence of the same molecular
markers in the somaclones and in different non-somaclonal maize variants suggests that in some cases,
the same mechanisms determine both in vitro and in vivo variability and that cell culture enhances the
rate of heritable genomic changes that naturally occur in living organisms.
Crown Copyright © 2010 Published by Elsevier Ireland Ltd. All rights reserved.

1. Introduction
The phenomenon of plant somaclonal variation manifests itself
as an increase in the heritable variability of cultured cells and tissues in regenerant progeny. Regenerated plants that differ from
original plants are called somaclonal variants [1]. The investigation
of somaclonal variation could be of interest in basic research as a
model of gene evolution and divergence in the population and in
breeding programs as a source of genetic diversity.
Previously, we obtained two groups of Zea mays L. somaclones
from the A188 inbred line and characterized them phenotypically
[2,3]. Regenerants of the ﬁrst group (R11, R14, R27, and R54) were

Abbreviations: ISSR, inter simple sequence repeat; MITE, miniature inverted
repeat transposable element; RAPD, random ampliﬁed polymorphic DNA; SCAR,
sequence characterized ampliﬁed region.
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produced from calli after two months of culture. They differed from
the original plants in some quantitative traits, such as plant height,
the number of tassel branches, and the number of kernel rows in
the ear. Somaclones of the second group (R105, R106, R107, and
R119) were produced from calli after eight months of culture. They
differed from the original A188 line in quantitative characteristics and in ﬂowering time, kernel coloration, and the capacity to
form an embryogenic callus in vitro. The stable inheritance of the
somaclonal variations we discovered was monitored over the next
two to four generations. A genetic analysis showed the appearance
of altered features that were inherited independently, implying
that they resulted from different mutations. The inheritance of one
trait (purple kernel coloration) was unstable; after crossing with
the original line, it was not detected in either the ﬁrst or second
generation, but it revealed itself again in the third generation [2,3].
Chromosome analysis revealed no differences in either the
number of chromosomes or the distribution of heterochromatin
segments between the somaclones produced and the original line
[4].
Isoenzyme analysis of the tested somaclones revealed numerous
inheritable qualitative and quantitative changes [5,3]. Within the
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sets of esterase and peroxidase isoforms, changes in tissue speciﬁcity were the most common. For example, in the progenitor line
A188, the peroxidase isoform Px12 was detected in the roots only,
whereas in all somaclones, this isoform was present in both roots
and leaves. The isoenzyme spectra of both independently propagated groups of somaclones were similar, and changes in the same
traits distinguished them from A188. An analysis of the regenerant progeny showed that most of the detected variations were
inherited by all generations obtained by somaclone selﬁng. After
crossing with the original A188 line, the peroxidase root-speciﬁc
isoform Px12 was found in the leaves of all plants in the F1 and F2
generations without any segregation [5,3].
At present, one of the most widely used and rapid approaches
for detecting DNA changes that occur during tissue culture is
polymerase chain reaction (PCR)-based DNA markers. For example, polymorphic PCR fragments obtained using the technique of
random ampliﬁed polymorphic DNA (RAPD) [6] or inter simple
sequence repeat (ISSR) [7] could be sequenced and used for the
design of sequence characterized ampliﬁed region (SCAR) markers [8], which would uniquely and reliably differentiate somaclonal
variations from the original individual.
We previously tested the original A188 line and the somaclones
obtained using 38 RAPD and 10 ISSR primers. No A188 plants
showed variation in the RAPD and ISSR spectra for any of the
primers used [9,10]. However, the PCR spectra obtained from the
somaclones demonstrated some variations, i.e., 22 RAPD primers
and 6 ISSR primers differentiated at least one somaclonal variant from the progenitor line [9,10]. These PCR spectra could be
divided into the three following groups: those that detected differences between the individual somaclones and A188 (12 RAPD and 3
ISSR spectra), those that ampliﬁed fragments characteristic of the
somaclonal groups (nine RAPD and two ISSR spectra), and those
that discriminated all regenerants from A188 (one RAPD and one
ISSR spectra). The somaclonal variation frequency increased as the
culture time increased, and it corresponded with increasing morphological changes [9,10]. Six SCAR markers were developed based
on several RAPD and ISSR fragments (M-10, Q-20, OPC-09, NO-15,
QR-2, and Leb). Five of them conﬁrmed the polymorphism found by
the originating RAPD and ISSR fragments. The source Leb RAPD fragment was characteristic only of the R105 somaclone, whereas the
developed Leb SCAR marker was ampliﬁed in all regenerants and in
the original A188 line. The inheritance of the six SCAR markers was
veriﬁed in the selﬁng progeny of each somaclone in the R1 –R4 generations and in the R27 and R105 hybrids, with A188 as the parental
line in the F1 and F2 generations. As a rule, somaclonal changes of
the original genotype occurred in one allele, i.e., regenerants of the
R0 generation were heterozygous. Similar results were obtained
for the OPC-09, NO-15, and Leb markers: in the R1 –R4 generations,
segregation based on the presence/absence of the DNA fragment
occurred close to a Mendelian ratio. In some cases (Leb: R2 14, R2 54,
and R4 27), the marker was lost. Thus, SCAR Leb was not unique to
R105 as we thought, but this result demonstrates polymorphism in
the regenerant progeny. Segregation of the Q-20, M-10, and QR-2
markers was not detected in R1 or subsequent selﬁng generations
[11].
In the present work, we searched the genomes of four maize
variants unrelated to A188 and two pea cultivars for the presence of somaclonal SCAR markers reported in previous studies.
Some of the SCAR markers that were supposedly exclusive to the
somaclones (M-10 and QR-2) were found in unrelated maize lines
and a cultivar. Therefore, we sequenced these markers and performed bioinformatic searches to understand the molecular events
underlying these genetic changes. To verify the conclusions we
obtained from PCR-based methods, we analyzed the distribution
of one SCAR marker using a different molecular method. We chose
a group-speciﬁc marker (Q-20) and analyzed the distribution of the

sequence in the initial line A188 and in both groups of somaclones
using Southern blot hybridization. The data obtained from the DNA
hybridization conﬁrmed the results of the PCR-based methods.
2. Materials and methods
2.1. Original material
We compared the original maize (Zea mays L.) inbred line A188
(USA) and two groups of somaclones produced from different calli
after two (R11, R14, R27, and R54) or eight (R105, R106, R107,
and R119) months of culture. The morphological variations in the
somaclones are given in Supplementary Table 1. Eight plants of
the original A188 line were used in the molecular analysis. The
somaclones were represented by generations R1 (4–20 plants), R2 ,
R3 , and R4 (about 20 plants in each case). We also analyzed hybrids
of somaclones R27 and R105 (which differed the most from the
original line in each group) with A188 as the male parental line,
i.e., 19 F1 (R27 × A188) plants, 4 F1 (R105 × A188) plants, and 35 F2
plants for each hybrid. In addition, we analyzed 10 plants of the four
following maize variants that are unrelated to A188: inbred lines
of Mangelsdorf Tester (USA) and Gk26 (Russia), cultivar ‘Pannonia’
(Hungary), a hybrid obtained by crossing the inbred Chinese31 to
the Latin American race Cateto Sulino Grosso (Chi31 × Cateto SG),
and two pea cultivars (‘Kapital’ and ‘Rannii Zelenyi’) (10 plants
each).
The seeds were sterilized with the commercial bleaching
reagent Belizna (sodium hypochlorite, 7–9% active chlorine) for
20 min, washed with sterile distilled water three times, and germinated on agar-solidiﬁed medium containing half the concentration
of Murashige and Skoog salts [12]. Two-week-old seedlings were
used for the PCR analysis.
2.2. DNA isolation and DNA ampliﬁcation
DNA isolation and ampliﬁcation was performed as previously
reported by Osipova et al. [9].
2.3. Sequencing
DNA sequencing reactions were performed using ABI PRISM®
BigDyeTM Terminator v. 3.1 with subsequent analysis of the reaction products using the DNA ABI PRISM 3100-Avant automatic
sequencer. The sequences were deposited in the GenBank database
under accession numbers FJ748858 (M-10), FJ748859 (QR-A),
FJ748860 (QR-2), FJ748861 (Q-20), FJ748862 (OPC-09), FJ748863
(Leb), and FJ748864 (NO-15).
2.4. Design of SCAR primers
Primers for SCAR analysis were designed using Oligo 4.0 software [13] and synthesized by Lytech (Russia).
2.5. Southern blot hybridization
Total DNA (4 (g) from each sample was digested with EcoRI,
EcoRV, and XbaI restriction endonucleases (Fermentas, Lithuania)
according to the manufacturer’s recommendations but with an
excess of enzyme activity (15 units). The digested samples were
electrophoresed on a 0.7% gel containing ethidium bromide in
TAE buffer and transferred to a nylon Hybond-N+ membrane
(Amersham, UK) as recommended by the manufacturer. A speciﬁc
fragment ampliﬁed using the SCAR primers was used as a probe.
Prehybridization, hybridization, and washing were performed
according to the Amersham protocols, and the hybridization step
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was performed at 65 ◦ C. Autoradiography was performed on Kodak
X-Omat AR ﬁlms at −70 ◦ C overnight.
2.6. Bioinformatic analysis of SCAR fragments
The search for similar DNA sequences was performed using
the BLAST program in GenBank (http://www.ncbi.nlm.nih.gov),
and MaizeGDB (http://www.maizegdb.org), the Institute for
Genomic Research (TIGR) (http://maize.jcvi.org), and plantGDB (http://www.plantgdb.org) databases. The sequences were
searched for known repeats with RepeatMasker (http://www.
repeatmasker.org), and the TIGR Maize Repeat database (http://
maize.jcvi.org/repeat db.shtml). The secondary structures of transposons were predicted by mfold (http://mfold.bioinfo.rpi.edu) [14],
and the alignment of sequences was performed using ClustalW
[15].
3. Results
The somaclonal variations revealed with the six SCAR markers
are shown in Fig. 1. The QR-2 fragment was ampliﬁed from DNA
of all regenerants, whereas in the progenitor A188 line, the SCAR
QR-2 primers originated from a larger amplicon (1428 bp) named
QR-A (Fig. 1a). Fragment M-10 was common for all somaclones of
the ﬁrst group (Fig. 1b), and Q-20 characterized the second group
of somaclones (Fig. 1c). SCARs OPC-09 (Fig. 1d), NO-15 (Fig. 1e),
and Leb (Fig. 1f) were detected in speciﬁc somaclones. The inher-
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itance of the SCAR markers was veriﬁed in the selﬁng progeny of
each somaclone in the R1 –R4 generations. In addition, hybrids of
somaclones R27 and R105 (which differed the most from the original line in each group) with A188 as the male parental line were
analyzed in the F1 and F2 generations. The markers were stably
inherited, and all information concerning the generations tested is
shown in Supplementary Table 2.
To evaluate whether the developed markers were unique for
these somaclones, we analyzed four maize variants unrelated to
A188. Additionally, two pea cultivars were used as an extra control
for speciﬁcity. As expected, none of the primers ampliﬁed fragments from pea DNA (data not shown). Similar to A188, SCARs Q-20
and NO-15 were not detected in the four other maize variants, while
OPC-09 and Leb were present in all of the genotypes tested. To our
surprise, SCARs M-10 and QR-2, which were supposedly speciﬁc for
A188-originated somaclones, were found in three of the four tested
maize variants that were unrelated to A188 (Table 1).
To investigate the background of these genetic changes,
we determined the nucleotide sequences of the SCAR markers. Database searches yielded matches to some fragments and
sequences in the maize genome (Table 2). A comparison of the
sequences revealed that the nature of some mutations changed the
proﬁle of PCR products in the somaclones. Thus, the M-10 fragment, which marked the ﬁrst group of somaclones, was composed
of two domains: the ﬁrst domain (1–235 bp) exhibited high similarity to the ﬂanking retrotransposons, and the second domain
(236–806 bp) was similar to the noncoding region between rp3-

Fig. 1. Correspondence between RAPD-, ISSR-, and SCAR-spectra.
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Fig. 1. (Continued ).

1 and rp3-2 genes. The M-10 marker may have arisen as a result of
retrotransposon insertion near the rpl26 pseudogene in the spacer
region between the rp3-1 and rp3-2 genes.
The binding site of the NO-15 reverse primer differed from the
corresponding sequence in the genome of Z. mays (CC421029) by
5 bp (Fig. 2). In fact, the primer could not anneal to the site in the

DNA of Z. mays without the deletion of these 5 bp. Apparently, such
a microdeletion occurred in somaclones R105 and R107, thus permitting primer annealing and synthesis of the NO-15 PCR product.
Sequences QR-2 and QR-A differed from the homologous
genomic sequences of maize by two additional fragments. QR-2
contained a 47-bp fragment (826–872 bp) that was absent from all

Table 1
Presence of SCAR markers in various maize lines, hybrid, cultivar, and somaclones.
Analyzed maize variants

Chi31 × Cateto SG
Mangelsdorf Tester
Gk26
‘Pannonia’
A188
A188 originated somaclones
a

Fragment QR

No. plants with marker fragment:without fragment

Group 1b
Group 2b

Q-20

M-10

OPC-09

NO-15

Leb

-a

2

A

2+A

0:10
0:10
0:10
0:10
0:8
−
+

0:10
3:7
8:2
8:2
0:8
+
−

10:0
7:3
10:0
10:0
8:0
−
106,119

0:10
0:10
0:10
0:10
0:8
−
105,107

10:0
10:0
10:0
10:0
8:0
+/−
+/−

0
3
5
0
0
−
−

0
7
0
10
0
+
+

10
0
3
0
8
−
106

0
0
2
0
0
−
106,119

Absence of any fragment.
The fragment presence (+) or absence (−) in all somaclones of the group; if a fragment is presented in some somaclones of a group, the number of such somaclone is
given. Thorough analysis is given in Supplementary Table 2.
b
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Table 2
The analysis of SCAR marker nucleotide sequences.
Fragment designation
and its size in bp

Fragment
region, bp

The highest similarity

Similarity %

Probability of
random similarity

M-10 (806)

1–236
1–238

LTR retrotransposons of Opie2 type DQ186876
A great number of unclassiﬁed retrotransposons
ZRSsTERTOOT32286 gi|32194078|nt41–728
Noncoding region between rp3-1 and rp3-2t genes AY574035
AY574035

91%

6e-84

96%
89%

3.6e-45
1e-150

236–655
689–793
308–613

95%

8e-38

Pseudogene rpl26, between rp3-1 and rp3-2t genes
AY574035a

88%

5e-105

1–638
1–640

Unidentiﬁed genomic sequences
CC620242
AZM5 68605

98%
98%

0.0
4.1e-135

1–193
1–204

Unidentiﬁed genomic sequences
CC421029
AZM5 15261

97%
91%

5e-87
2.5e-33

99%

0.0

98%
97%

0.0
0.0

OPC-09 (640)

NO-15 (204)

Q-20 (796)

1–796
1–796
1–796

Noncoding region between mitochondrial trnF-cp and nad2
genes of Zea mays subsp. mays genotype CMS-T (DQ490953)
Zea perennis mitochondrion, complete genome (DQ645538)
Zea luxurians mitochondrion, complete genome (DQ645537)

188–491
945–1428
945–1428
945–1428
492–948 (Q)

Unidentiﬁed genomic sequences
CG329708
CG329720
BH879991
AZM5 44674
Unidentiﬁed genomic sequence CC381326

97%
95%
94%
95%
98%

4e-145
0.0
0.0
2.5e-95
0.0

187–826
187–826
873–1018

Unidentiﬁed genomic sequences
CG329708
AZM5 44674
AZM5 44674

98%
98%
92%

0.0
1.2e-159
1.2e-159

88%
91%

0.0
1.6e-172

65%

4.3e-58

QR-A (1428)

QR-2 (1018)

Leb (937)
4–937
1–937
20–871
a

A great number of unidentiﬁed genomic sequences, possibly
repeats
AY530952
AZM5 74043
A great number of unclassiﬁed retrotransposons
ZRSsTERT00201433 gi|32025499|nt1-943 Ty3-gypsy-like

A 95% similarity of corresponding AY574035 region with the nucleotide sequence of rpl26 (AF093540) (4e-148).

NO-15

(180) TTCAAATT-----TCAAATATAAGAATAGT (204)
||||||||
||||||||| |||||||
CC421029 (314) TTCAAATTCAAATTCAAATATACGAATAGT (343)
Arrow indicates primer direction (5’ →3’). Nucleotides involved in primer hybridization are
marked with a grey background.
Fig. 2. Fragment of the alignment of NO-15 reverse primer complementary
sequence and unidentiﬁed maize genomic sequence CC421029.

other highly similar sequences in GenBank and QR-A (Fig. 3). In
QR-A, a 457-bp fragment (492–948 bp) was detected and denoted
as Q; this region was absent from QR-2 and other highly similar
maize sequences (Fig. 4). A sequence highly similar to region Q
was previously detected in the maize genome CC381326, but apart
from region Q, this genomic sequence had no similarity with the
QR-2/QR-A sequences.

We analyzed the sequence of region Q to determine whether
it could be a transposon. Region Q was ﬂanked by the direct 3-bp
repeat 5 -TAA-3 and the inverted repeat 5 -GGGCCTGTTTGGAA3 (Fig. 4). The direct repeat may represent target site duplication
(TSD), whereas the 14-bp repeat is similar to the terminal inverted
repeats (TIRs) of a transposon [16]. Region Q is small (454 bp without 5 -TAA-3 ), A/T-enriched (62.56%), has no open reading frames,
and can produce the secondary structure required for ampliﬁcation [17] and transposon excision [18] (Fig. 5). All of these features
conﬁrm its similarity with the nonautonomic Tourist-like MITE
[19,20,16]. Therefore, the absence of region Q from the somaclones
that originated from A188 suggests its precise excision from the
original A188 cells during in vitro culture.
The Leb fragment shared similarity with a large number of
sequences and may be a member of a repeat family. Nevertheless, some somaclonal progenies demonstrated loss of the Leb

TCCCTCTGTCTCATCATCGAAAGGTCCTAGCAATTCTTCGGTATCC
QR-2 (806)
QR-A (1263)
CG329708 (753)
CG329720* (422)
BH879991* (411)
AZM5_44674* (753)

AAACAAAATACATTACAATCC CGATTTCGATCCTACACATTT
AAACAAAATACAGTACAATCC-CGATTTCGATCCTACACATTT
AAACAAAATACAGTACAATCC-CGATTTCGATCCTACACATTT
AAACAAAATACAGTACAATCC-CGATTTCGATCCTACACATTT
AAACAAAATACAGTACAATCC-CGATTTCGATCCTACACATTT
AAACAAAATACAGTACAATCC-CGATTTCGATCCTACACATTT

*The complementary sequences were used for alignment. Non-identical nucleotide is marked with a grey
background. The numbers in brackets denote position of 5’-end nucleotide in a whole sequence.
Fig. 3. Fragment of the alignment of QR-2, QR-A, and genomic sequences.
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CC381326
QR-A
QR-2
AZM5_44674*
CG329708
CG329720*
BH879991*

(286)
(467)
(468)
(414)
(414)
(83)
(72)

TAAGGGCCTGTTTGGAAGcAGAGTTATTCCATAGTTTT
TGCTGCTGAATTCAAACACAGCTAAGGGCCTGTTTGGAAGTAGAGTTATTCCATAGTTTT
TGCcGCTGAATTCAAACACAGCTAA----------------------------------TGCTGCTGAATTCAAACACAGCTAA----------------------------------TGCTGCTGAATTCAAACACAGCTAA----------------------------------TGCTGCTGAATTCAAACACAGCTAA----------------------------------TGCTGCTGAATTCAAACACAGCTAA-----------------------------------

CC381326
QR-A
QR-2
AZM5_44674*
CG329708
CG329720*
BH879991*

(714)
(917)
(493)
(439)
(439)
(108)
(97)

TTTACAAAATTGTGTTTCCAAACAGGGCCTAA
TTTACAAAATTGTGTTTCCAAACAGGGCCTAATACTTGGTTGCCCTGTTCTCTTGCTCCAG
--------------------------------TACTTGGTT-CCCTGTTCTCTTGCTCCAG
--------------------------------TACTTGGTT-CCCTGTTCTCTTGCTCCAG
--------------------------------TACTTGGTT-CCCTGTTCTCTTGCTCCAG
--------------------------------TACTTGGTT-CCCTGTTCTCTTGCTCCAG
--------------------------------TACTTGGTT-CCCTGTTCTCTTGCTCCAG

*The complementary sequences were used for alignment. Light-grey background marks TIR, terminal inverted
repeats of 14 nucleotides (noninverted nucleotides in the repeat remained unmarked), dark-grey background marks TSD,
target site duplication of 3 nucleotides. Fragment QR-A (492-948 bp) is similar (by 98.9%) to the fragment of the
CC381326 sequence (286-745 bp); other regions of CC381326 have no substantial similarity with QR-A, QR-2, and other
sequences and therefore are not shown in the figure. The numbers in brackets denote position of 5’-end nucleotide in a
whole sequence.
Fig. 4. Fragment of the alignment of QR-2, QR-A, and genomic sequences.

marker (Supplementary Table 2), therefore raising the question
of how big genomic rearrangements must be to prevent the
synthesis of PCR products from a large family of repeats. We performed multiple alignments of the Leb fragment with the most
similar genomic maize sequences in GenBank and analyzed the
potential annealing sites for both Leb primers in these sequences
(Fig. 6). In most of them, the penultimate residue of the 3 -end
of the direct primer hybridization site was occupied by different nucleotides. Some sequences also differed in the 3 -terminal
nucleotide (Fig. 6). In some sequences, a number of differences
were observed in the annealing site of the reverse primer. Only 3
genomic sequences out of the 10 presented in Fig. 6 (more diverged
sequences not shown) had appropriate annealing sites for both
of the Leb primers, and these sites could easily be disrupted by
recombination.
The entire sequence of the Q-20 fragment demonstrated high
similarity with mitochondrial (mt) DNA; the highly similar regions
were found in the noncoding region between the trnF-cp and nad2
genes in Z. mays subsp. mays genotype CMS-T (DQ490953) and
in the noncoding region between the nad5 and atp8 genes in the
related species Z. perennis (DQ645538, similarity 98%) and Z. luxurians (DQ645537, similarity 97%) (Fig. 7). Such sequences were
absent from the mtDNA of A188 (DQ490952) and other Z. mays
genotypes (AY506529, DQ490951, DQ645536, and DQ645539).
Some possible reasons for the appearance of Q-20 in somaclones
are analyzed in the discussion section.
Fragment OPC-09 shared high similarity (98%) with maize
genomic sequences CC620242 and AZM5 68605. However, the
nature of the mutations that resulted in the disappearance of this
PCR product from all somaclones except R106 remains unclear.
To verify the conclusions we obtained using PCR-based methods, we analyzed the distribution of one SCAR marker using a
different molecular method. We chose the group-speciﬁc marker
Q-20 as a probe and veriﬁed its distribution among the progenitor
line and the somaclones that originated from A188 using Southern
blot hybridization. This probe hybridized with DNA from all the
somaclones of group two (R105, R106, R107, and R119), whereas
no signal was detected with DNA from the initial line A188 or
somaclones of group one (R11, R14, R27, and R54; Fig. 8). Thus,
the data obtained using DNA hybridization conﬁrmed the results
of PCR-based methods.
4. Discussion
In the present work, we analyzed the sequences of SCAR markers that distinguished the initial line A188 from somaclones. The

information we obtained suggests that the genetic changes in the
somaclones can be caused by different molecular processes. For
instance, marker M-10 probably arose after a transposon insertion
near the pseudogene rpl26 (Table 2). Furthermore, the conversion
of marker QR-2 into QR-A most likely resulted from the excision
of a small MITE-type transposon (Table 2, Figs. 4 and 5). However, marker NO-15 possibly arose from a microdeletion (Fig. 2).
In contrast, the appearance/disappearance of the Leb marker may
have been caused by point mutations and/or recombination events.
The Leb fragment is similar to a large number of sequences in
the maize genome. Nevertheless, only a minor fraction of this
repeat family possesses the appropriate annealing sites for these
primers (Fig. 6). A repeat element often bears the appropriate
annealing site for only one SCAR Leb primer, which makes ampliﬁcation impossible. Recombination shufﬂes repeat elements and can
bridge the appropriate annealing sites from two different repeat
elements or disrupt connections between these sites in one repeat
element.
The molecular event that led to the formation of the Q-20
marker in all somaclones from the second group is not obvious.
The sequence of the somaclonal Q-20 fragment is similar to the
mtDNA of the Z. mays subsp. mays genotype CMS-T (DQ490953)
and of other representatives of the genus, Z. perennis (DQ645538)
and Z. luxurians (DQ645537), giving an e-value of 0.0 in all three
cases (Table 2). The presence of the Q-20 fragment in the mtDNA is
supported by the absence of segregation in hybrids (F2 105 × 188)
of somaclones with the initial A188 line, with the somaclones used
as the maternal line (Supplementary Table 2). However, no similar sequence was found in the mtDNA of other lines of Z. mays,
including A188 (DQ490952, AY506529, DQ490951, DQ645536, and
DQ645539) [21]. The rearrangement of mtDNA during in vitro culture has previously been described in several reports. In particular,
Kemble et al. [22] observed mtDNA modiﬁcation in maize regenerants, Rani et al. [23] observed polymorphism of mtDNA in coffee
regenerants, and Devarumath et al. [24] observed the same polymorphism in tea regenerants. However, this cannot explain why
a long sequence similar to the one that exists in other Zea plants
arose in somaclones that originated from A188. The probability of
formation of such a similar sequence by random events is zero
(e = 0.0, Table 2). Another explanation is more speculative. The
plant mitochondrial genome is known to be highly variable, and
it is present in multiple copies; more than a single type of mtDNA
occurs, even in inbred lines [25]. A minor fraction of the CMS-T
mitochondrial genotype that is undetectable using PCR or sequencing may be present in the original A188 line. In this case, this type
of mtDNA could propagate in somaclones of the second group, and
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Fig. 5. Putative secondary structure of the region Q.
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Leb (F)
(1)
AZM5_53300 (112)
AZM5_139569 (23)
AZM5_71974 (274)
AY530952 (135275)
AZM5_74043 (155)
CG908923
(110)
CZ348021*
(77)
AZM5_122861 (11)
AZM5_138568* (46)
AZM5_128975* (51)
Leb (R)
(908)
AZM5_53300 (1019)
AZM5_139569 (929)
AZM5_71974 (1182)
AY530952 (136181)
AZM5_74043 (1063)
CG908923
(1029)
CZ348021*
(983)
AZM5_122861 (916)
AZM5_138568*(1053)
AZM5_128975* (964)

TGTA-----TAGACTCATCAAAAGCCTGGACCCAT
..C.-----.............C.A..........
..C.-----.T........G....A..........
..C.-----..........G....A..........
..C.-----.............C.A..C.....G.
..C.-----....T..C.....G..T.......GA
CA..GAGGGC.A..........C.A........G.
.A.G-----C..............A..........
..C.-----....T.....G....A........G.
..C.-----..........G.............G.
GT.CTTAAT.CATAG...TTG.GAA.AA.T...CA
CTCGGAGACCCATGCATCGGGACCACTCTG
........T.......
........T........T............
........T.....................
........T.....................
........T.....T........T......
....-...T.-.............
........GTGG
...A....T............G........
........T...................C.
...A....T........T............

*The complementary sequences were used for alignment. F and R – forward and reverse primers. Points (.) –
identical nucleotides; gap ( ) – absence of information about the sequence. Arrows indicate primer direction (5’→3’).
Sequences with appropriate annealing sites for both primers are marked by bold. The numbers in brackets denote position
of 5’-end nucleotide in a whole sequence.
Fig. 6. Alignments of potential annealing sites for Leb primers in several highly similar genomic sequences of maize.

the Q-20 fragment was detected using SCAR primers and Southern
hybridization.
The sequence of the OPC-09 fragment did not yield clues regarding the mechanism by which this fragment could form.
It is interesting to note that various somaclones within each
group demonstrate similarities in morphological and molecular
characteristics (M-10 for the ﬁrst group and Q-20 for the second
group). The reason may be that each somaclonal group originated
from a single callus. However, it is more difﬁcult to explain why we
observed variability of the same traits in two groups of independently produced somaclones, namely, quantitative characteristics
of the tassel and ear [2,3] (Supplementary Table 1), changes in
the activity and tissue speciﬁcity of esterase and peroxidase [5,3],
and changes in the QR-2 SCAR marker [11]. However, the similarity of the changes in the independently produced somaclones
could be explained by the selection of deﬁnite genotypes during
in vitro culture. It is supposed that the culture conditions facilitate
the accelerated proliferation of cells with selectively advantageous
mutations [26]. However, the presence of identical fragments in
somaclones produced in independent experiments implies that
in vitro culture induces speciﬁc changes in certain genome regions
characterized by a high frequency of mutations. The occurrence
of such ‘hot spots’ has previously been proposed [27]. Bohanec
et al. [28] observed the presence or absence of similar RAPD frag-

ments in homozygous onion regenerants produced from different
donor plants. Polanco and Ruiz [29] detected similar AFLP fragments among Arabidopsis somaclones produced from different calli.
Similarly, Kozyrenko et al. [30] found a similar RAPD fragment
characteristic of all yellow iris regenerants that was absent in the
original plant. In addition, Arnholdt-Schmitt [31] observed the loss
of the same RAPD fragment in three carrot explants; however,
before culture, this fragment was present in all explants. The author
theorized that in vitro culture could induce process similar to aging,
i.e., the progressive loss of repeated sequences at the end of chromosomes (telomere shortening) [31].
It is also interesting that the SCAR fragments characteristics of
the somaclones are present in maize varieties unrelated to A188.
Alleles that already exist in maize populations may appear in the
hypervariable regions of the somaclone during in vitro culture. Similar cases have previously been described. Roth et al. [32] detected
RFLP fragments that were absent in original soybean cultivars but
appeared in tissue cultures of this cultivar and other soybean cultivars. Rostiana et al. [33] reported missing or newly acquired ISSR
fragments of the same size in horseradish regenerants that originated from different calli, mother plants, and strains. Al-Zahim et al.
[34] found a similar RAPD fragment in somaclones of the garlic cultivar ‘California Late’ and in the parental plant cultivar ‘Chinese’.
Linacero et al. [27] observed the appearance or absence of simR

Q-20
(823)
DQ645537 (203560)
DQ645538 (102067)
DQ490953 (87313)

RAPD 5’-TCGCCCAGTC-3’ 5'-AACGGATGCGCTAACGTTTTCCTCTTGCAG-3'
tcgcccagtcagtaagaaaacggatgcgctaacgttttcctcttgcag--aggtcttgtcccaaccca----gcccagtcagtaagaaaacggatgcgctaacgctttcctcttgcag--aggtcttgtcccaaccca----gcccagtcagtaagaaaacggatgcgctaacgctttcctcttgcag--aggtcttgtcccaacccagccagcccagtcagtaagaaaacggatgcgctaacgctttcctcttgcag--F

Q-20
(001)
DQ645537 (202711)
DQ645538 (102927)
DQ490953 (88177)

GACTGGGCGA-5’ RAPD
3’-CAAGCAGTTCGATTCCTTTTTCTTGGAACA
---caagcagttcgattcctttttcttggaacagactgggcga
---caagcagttcgattcctttttcttggaacagactgggcatgtgaaaaaagaagaggttttctat
---caagcagttcgattcctttttcttggaacagactgggcatgtgaaaaaagaagaggttttctat
---caagcagttcgattcctttttcttggaacagactgggcatgtgaaaaaagaagaggttttctat

Light-grey background marks inverted repeats which are parts of the RAPD primer. Dark-grey background marks
5'-nucleotide of the SCAR primer. Arrows indicate primer direction (5’→ 3’). The numbers in brackets denote position of
5’-end nucleotide in a whole sequence.
Fig. 7. Fragment of the alignment of Q-20 and similar genomic sequences.
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Fig. 8. Southern blot hybridization of DNA from A188 and somaclonal lines with
Q-20 fragment as a probe.

ilar RAPD fragments in rye regenerants produced from different
cultivars.
One of the causes of hypervariability of some genomic regions
may be the sites of mobile element insertion positioned in these
regions. In the present study, the markers M-10 and QR-2 were
dependent on transposon insertion/excision (Table 2). The appearance of the M-10 fragment could result from the insertion of a
retrotransposon near the rpl26 pseudogene situated in the spacer
region between the rp3-1 and rp3-2 genes. The M-10 marker was
absent in all A188 plants and in all somaclones from group two,
but it was present in all somaclones from group one (Table 1,
Supplementary Table 2). We assume that the M-10 marker arose in
group one during in vitro culture, but we cannot exclude the possibility that it existed in the progenitor A188 plant. The presence
of the M-10 marker in the majority of Gk26 and ‘Pannonia’ specimens and its absence in the majority of plants we analyzed from
A188, Mangelsdorf Tester, and Chi31 × Cateto SG lines implies that
a site near the rpl26 pseudogene in the Z. mays genome is a preferential site for retrotransposon insertion/excision. The activation of
LTR retrotransposons in vitro has previously been reported. Examples include Tnt1 in tobacco protoplasts [35] and regenerants [36],
Tto1 and Tto2 in tobacco cell culture [37], Tos10, Tos17, and Tos19
in rice cell culture [38], Karma in rice regenerants [39], and Cyclop
and Ogre in pea cell culture [40]. The occurrence of preferential
insertion sites for retrotransposons has also been reported. Miyao
et al. [41] analyzed rice somaclones and reported that Tos17 avoided
the retrotransposon-rich pericentromeric region and preferred the
protein kinase and disease-resistance genes.
The conversion of QR-A/QR-2 markers is probably dependent
on the presence/absence of region Q (Fig. 4). The SCAR QR-A (Q+)
marker was found in the original A188 line, the Chi31 × Cateto SG
hybrid, and the Gk26 line. Interestingly, the SCAR QR-2 (Q−) marker
was present in all somaclones that originated from A188 and the
Mangelsdorf Tester, ‘Pannonia’, and Gk26 lines (simultaneously
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with Q+) (Table 1). Region Q resembles the nonautonomic Touristlike MITE [19,20,16] but does not share similarities with other MITE
sequences, which might be due to the diversity of MITE nucleotide
sequences. Pairwise alignments of Tourist elements within the
same organism indicate that a nucleotide similarity below 70% is
not uncommon [42]. The transposition of nonautonomous MITE
Tourist during in vitro culture has previously been reported [43,44]
as was the detection of a mobile element in the RAPD fragment
[45]. Excision of the MITEs Tourist and Stowaway can occur precisely, or some nucleotides of a transposon (footprints) may remain
in the genomic site after an excision [46,44,47,48]. Region Q disappeared without any footprints (Fig. 4). There is a probability that Q
was excised in the source A188 plant material. If this was the case,
the eight somaclone families obtained from the two independent
experiments should have arisen from A188 (Q−). For this assumption to be likely, A188 (Q−) should be widespread in the population.
However, Q− was not found in the analyzed A188, but it was found
in other maize variants, such as Mangelsdorf Tester, Gk26, and ‘Pannonia’. Therefore, the assumption that region Q was excised from
A188 (Q+) during in vitro culture seems more probable to us.
Previous investigations on the speciﬁcity of RAPD and ISSR fragments for somaclones and cell culture have demonstrated that
both the coding and noncoding genome regions undergo genetic
changes in vitro [49–54]. In the present study, we report that
changes in the DNA sequence of the somaclones occurred only
in noncoding regions. The large amount of noncoding sequences
in the genome (up to 80% in maize [55,56]) may account for the
higher probability of mutations observed only in these regions.
Another reason may be that the maize genome is well studied.
Sequences that share similarity with known genes are not always
real genes. For example, the LTR M-10 fragment of the retrotransposon is located next to a sequence with 95% similarity to the gene
rpl26 (Table 2), but this sequence is a pseudogene and is therefore
noncoding.
To summarize, we conclude that diverse processes could result
in changes in RAPD and ISSR fragments, such as the insertion/excision of transposon(s) (M-10, QR-A/QR-2), microdeletion
(NO-15), insertion (QR-2), recombination (Leb), and mtDNA modiﬁcation (Q-20), as observed in noncoding maize sequences.
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