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In vitro androgenesis allows haploid and double haploid homozygous plants to be ob-
tained. However, in cereals, non-viable albino plants are often produced. This limits the use of
this technique both in basic studies and in plant genetic improvement programs. We have ana-
lyzed eight microsatellites of the chloroplast genome (cpSSR) in a collection of 46 double hap-
loid green lines derived from the intervarietal hybrid ‘Torote’ × ‘Presto’, and 49 haploid albino
plants all obtained from the double haploid line ‘ATOPE-41’, in order to know the stability of
this sequences after the androgenetic process. The green plants showed no variations at the an-
alyzed loci, while two of the albino plants differed at two loci: WCt2 and WCt9. These varia-
tions notably affected the microsatellite nucleotide sequences as well as the sequences sur-
rounding them. The changes observed consisted of insertions, deletions and nucleotide substi-
tutions, with transition and transversion types equally common. The latter albino plants
showed several alleles at the polymorphic loci, indicating the existence of heteroplasmy.

Keywords: albino plants, Triticale, cpSSR, double haploids, microsatellites, andro-
genesis

Introduction

One of the goals of plant biotechnology is to obtain haploid and double haploid homozy-
gous plants that can be used as new varieties or as material for the production of hybrids.
Generally, these plants are obtained by in vitro androgenesis via the culture of anthers or
isolated microspores. These microspores are subjected to a starvation, cold or hot temper-
ature pre-treatment that induces them to develop along an embryogenic route in vitro and
thus give rise to embryos (or pseudoembryos). When these germinate they produce hap-
loid plants. The induction of chromosome doubling in these plants produces putatively
fertile, homozygous, double haploid plants (Horlow and Raquin 1998).

The in vitro culture of plant cells or tissues is, however, associated with mutagenesis.
Morphological variations, biochemical changes, cytological changes and mutations in the
DNA of regenerated plants have all been reported. This phenomenon was described as
“somaclonal variation” by Larkin and Scowcroft (1981), who proposed it might be used as
a source of variation in plant breeding programs (Jain 2001).
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Nevertheless, in vitro androgenesis can give rise to non-viable albino plants, limiting
the use of this technique in taxa in which the proportion of albinos produced is high, e.g. in
members of the Gramineae (Zhou and Konzak 1992; González et al. 1997; Caredda and
Clément 1999; González and Jouve 2000). It has been proposed that these albino plants
arise from microspores in which the chloroplasts have few cpDNA copies or abnormal
genomes (Day and Ellis 1984). Caredda et al. (2000, 2004) found differences in the struc-
ture and development of microspore plastids of the barley cultivars ‘Igri’ and ‘Cork’. In in

vitro androgenesis these cultivars produce 13% and 100% albino plants, respectively. The
latter authors suggest that ‘Cork’ regenerates albino plants alone due to the degradation of
the cpDNA during the development of the microspores, preventing the differentiation of
the plastids into chloroplasts under the conditions of in vitro culture.

Previous studies on the characteristics of the chloroplast DNA of haploid albino grasses
have reported large deletions entailing the loss of genes related to photosynthesis (Day
and Ellis 1984; Dunford and Walden 1991; Harada et al. 1991). In wheat and barley, nu-
clear genes that influence the appearance of albino or green haploid plants produced by in

vitro androgenesis have also been reported (Tuvesson et al. 1989; Larsen et al. 1991; Zhou
and Konzak 1992).

The microsatellites (SSR) of the nuclear genome are molecular markers of great inter-
est in plant genetics and plant breeding as a consequence of their abundance,
codominance, good distribution throughout the genome, high degree of polymorphism,
and the reproducibility of the results obtained in their examination (Rakoczy-Troja-
nowska and Bolibok 2004; Varshney et al. 2005). Microsatellites also exist in the
chloroplast genome (Powell et al. 1995; Provan et al. 2001), where they are known as
cpSSR. These repetitive sequences consist of tandem repeats of A or T and are highly
polymorphic, making them very useful markers in phylogenetic, evolutionary and ge-
nome characterization studies etc. (Provan et al. 2001; Molina-Cano et al. 2005;
Jacobsson et al. 2007), but they have been never used in the detection of induced genetic
instability during in vitro culture. It has been proposed that the polymorphisms in SSR in
general are the results of errors occurring during replication (Moxon and Wills 1999). The
present work compares the stability of the cpSSR of green and albino cereal plants ob-
tained by androgenesis in an attempt to throw light upon the origin of such albinism. Eight
cpSSR were analyzed in two varieties of triticale, their hybrid, and a collection of green
double haploid lines obtained by in vitro androgenesis from the intervarietal hybrid. Hap-
loid albino plants obtained by in vitro androgenesis from one of the double haploid lines
showing a high percentage of albinism were also studied.

Materials and Methods

Plant material

The plant material examined included two triticale varieties ‘Presto’ (‘Pe’) and ‘Torote’
(‘To’), the intervarietal hybrid ‘Torote’ × ‘Presto’ (‘To’ × ‘Pe’), 46 green double haploid
lines arising from ‘To’ × ‘Pe’, and 49 albino haploid plantlets derived from the line
‘ATOPE-41’.
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Anther culture

Haploid and doubled-haploid plants were obtained following the method of González et
al. (1997).

DNA extraction, PCR amplification and DNA sequencing

DNA was extracted from fresh leaves of both green and albino plants using the Plant
DNAeasy Kit (Qiagen). Chloroplast microsatellites were amplified by PCR using eight
pairs of primers originally designed by Ishii et al. (2001), corresponding to loci WCt2,
WCt3, WCt5, WCt9, WCt11, WCt13, WCt22 and WCt24 (Table 1). PCR was performed
in 15 μl reaction volumes containing 50 ng of total DNA, 100 μM of each deoxy-
nucleoside triphosphate, 0.2 μM of forward and reverse primer, 1.5 u of Taq polymerase
(TaqGold, Applied Biosystems), and 1 × buffer. The amplification program involved 1
cycle of 2 min at 94 ºC, 35 cycles of 30 s at 94 ºC, 30 s at 58 ºC 30 s at 72 ºC, and 1 cycle of
7 min at 72 ºC. Amplification was performed in a GenAmp PCR System 9700 apparatus
(Applied Biosystems). Forward primers were fluorescently labeled for automated frag-
ment detection using an ABI 310 Automated Genetic Analyzer (Applied Biosystems).

The PCR products showing differences in length with respect to ‘Torote’ and the hy-
brid ‘To’ × ‘Pe’ were purified using the QiAquick Gel Extratcion kit (Quiagen) and cloned
into the pBluescript vector (Stratagene). A variable number of clones were sequenced us-
ing a 3130XL Genetic Analyzer (Applied Biosystems). The sequences were then analyzed
for their nucleotide variations with respect to ‘Torote’.

Results

The eight cpSSR loci examined in the present work are located in the intergenic zones of
the LSC and SSC regions (large and small single copy regions, respectively) of the
chloroplast genome. All the primers used gave rise to amplified fragments in all the mate-
rials analyzed (Table 1). The 46 double haploid green lines showed no variation in the
fragment sizes respect to ‘To’ × ’Pe’ in all the cpSSR studied.

The analysis of cpSSR in the haploid albino plants derived from the line ‘ATOPE-41’
showed that, in most, the amplified fragments were of the same length as those of
‘ATOPE-41’ and ‘To’ × ‘Pe’. Nevertheless, two of the albino plants (albino-26 and al-
bino-47) showed complex patterns with different sized amplified fragments for the loci
WCt2 and WCt9.

The amplified fragments of these plants were inserted into the pBluescript vector
(Stratagene) for their cloning and the study of their nucleotide sequences. Four clones
were sequenced from the amplified fragments of the locus WCt2 of albino-26, and two of
them presented the same sequence (albina-26a). All showed deletions of 2–8 bases in the
microsatellite region. Transitions and transversions were also seen outside the micro-
satellite region. In addition, one of the clones showed transitions and a transversion in the
microsatellite region (Fig. 1a). Six clones were sequenced, corresponding to the amplifi-
cation fragments of WCt9 from albino-47. Two clones presented the same sequence (al-
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bina-47a). All showed differences with respect to the original ‘To’ × ‘Pe’ and
‘ATOPE-41’ sequences (Fig. 1b); all were two to five bases smaller. Moreover, two of the
clones showed transitions in bases located outside the microsatellite region, and another
showed a transversion in the first base of the microsatellite, along with four missing bases
in the microsatellite region.
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Table 1. Characteristics of the cpSSR analyzed

Locus name (*) Primer sequence Size (bp) Size (bp) in ‘To’
(5'–3') (**) and ‘To’ × ‘Pe’

WCt2 CTTATCTAATGACCCAGGACGG 132 130
CGAATTGGAAAGAATTCTGACC

WCt3 TCTGGCTCGGTTATTCCATC 148 146
TCTAGGAACTATCGAGGGTTCG

WCt5 TGATATTCTTTCGTGGAGTCCC 83 77
TGGTATCCAAAGAAAGGTCCC

WCt9 CGCAGCCTATATAGGTGAATCC 125 122
TTGCAACCAAGCAGATTATCC

WCt11 TTTTATCTAGGCGGAAGAGTCC 171 168
TCATTTGGCTCTCACGCTC

WCt13 TGAAAATCCTCGTGTCACCA 110 108
TGTATCACAATCCATCTCGAGG

WCt22 GCAATAGTGTCCTTGCCCAT 197 197
ACCAAAATAGTTTCATTAGCTCCTG

WCt24 AAAAATTAAGAATGGGTTTAGTTGG 189 184
AACAAGAGAGCTGTTTCATCTTTG

(*) according to Ishii et al. (2001).
(**) In Triticum aestivum cv. Chinese Spring and three accessions of T. turgidum (Ishii et al. 2001).

Figure 1. Details of the sequences of different clones derived from the amplified cpDNA fragments of the
microsatellites WCt2 and WCt9, compared with the sequence of ‘To’ × ’Pe’. a) Clones derived from albino

plant-26 and b) clones derived from albino plant-47



Discussion

The intervarietal hybrid ‘To’ × ‘Pe’ showed a high androgenetic response and its andro-
genetic descendants included many green plants (green/albino [G/A] = 0.3182) (González
et al. 1997). Prior to the present work, the latter author obtained a large collection of dou-
ble haploid lines and used them to build a genetic map of molecular markers useful in the
genetic analysis of triticale and the identification of QTLs involved in the androgenetic re-
sponse (González et al. 2005). Of the multiple double haploid lines obtained, 46 were used
in the present work, and of these ‘ATOPE-41’ was selected due to the high proportion of
albino plants produced by in vitro androgenesis (G/A = 0.0779).

‘To’, a secondary hexaploid triticale in which the cytoplasm comes from the tetraploid
wheat Triticum turgidum, was used as the female parent for the obtention of the
intervarietal hybrid ‘To’ × ‘Pe’. Therefore, the donor of the cytoplasm (including the mi-
tochondria and chloroplasts) was ‘To’. Thus, all the plant material analyzed in the present
study (‘To’, ‘To’ × ‘Pe’, the double haploid lines, and the albino plants derived from
‘ATOPE-41’) had ‘To’ cytoplasm; their cpDNA should, therefore, all have been the same.

Ogihara et al. (2000) published the complete cpDNA sequence of Triticum aestivum

cv. ‘Chinese Spring’. Based on this, Ishii et al. (2001) designed 24 pairs of primers (named
WCt1 to WCt24) to amplify chloroplast DNA microsatellites regions containing more
than 10 repetitions of a nucleotide. These authors also analyzed several accessions of dif-
ferent species related to wheat and found differences in the sizes of the amplified frag-
ments ranging from –9 to +15 pairs of bases with respect to ‘Chinese Spring’. In fact a
great number of polymorphisms have been described for the microsatellites of chloro-
plasts of different cereal species (Ishii et al. 2001; Matsuoka et al. 2005; Molina-Cano et
al. 2005; Nishikawa et al. 2005).

It is thought that, during the in vivo development of pollen grains, cpDNA becomes de-
graded, particularly from of the mitosis that occurs during the maturation of the pollen
grain and the development of the pollen tube (Mogensen 1996). This leads to the disap-
pearance of the pollen plastids after fertilization.

In in vitro experiments, Caredda et al. (1999, 2000) observed a drastic reduction in the
number of chloroplasts when microspores of barley were subjected to cold treatment for
the induction of embryogenesis. This, plus mutations in the cpDNA, might explain the ap-
pearance of some albino plants.

The sizes of the amplified fragments of the eight WCt loci in ‘To’ and ‘To’ × ‘Pe’ were
compared with those reported by Ishii et al. (2001) for T. aestivum cv. ‘Chinese Spring’
and four accessions of T. turgidum (Table 1). One of the loci (WCt22) was of the same
length as described for ‘Chinese Spring’. The remaining loci gave amplification frag-
ments of smaller size than those obtained from ‘To’ or ‘To’ × ‘Pe’. The greatest difference
corresponded to WCt5, which was 77 nucleotides long in the present materials, but 83 or
84 nucleotides long in the accessions studied by Ishii et al. (2001).

The analysis of the eight microsatellite loci in the 46 double haploid green plants
showed no differences with respect to ‘To’ × ‘Pe’. This would seem to indicate that, at
least for these regions, the androgenetic process does not induce mutations that affect the
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size of the microsatellites, and consequently that of the amplified fragments. Nevertheless,
fragments of the same size can show differences in their nucleotide sequences. Chen et al.
(2002) studied the cpDNA of several species and reached the conclusion that the simple
analysis of the size of amplified fragments is useful in comparisons of different species,
but when the test species are closely related, or analysis involves genotypes of the same
species, it is better to look for differences at the nucleotide sequence level.

Two of the 49 albino plants studied present mutations in the microsatelite region and
the bounding regions and the clones coming from the same albino plant, showed differ-
ences between them. These data reflect the existence of heteroplasmy in the two albino
plants analyzed.

The substitution of bases and mutations that affect the length (indels) of the flanking re-
gions of the microsatellites have been described in the nuclear SSR of maize and the
cpSSR of Aegilops tauschii (Matsuoka et al. 2002; 2005). Mutations have also been de-
scribed that interrupt the microsatellite repeat stretches in chloroplasts of Ae. tauschii

(Matsuoka et al. 2005). Moreover, Ogihara and Ohsawa (2002) reported the existence of
deletions and duplications when comparing cpDNAs of different species of Aegilops and
Triticum. These structural alterations affect the intergenic regions. Nishikawa et al. (2005)
also found indels in the microsatellite sequences and their flanking regions when analyz-
ing the microsatellites of the mitochondrial and chloroplast genomes of different Oryza

species. Together, these observations seem to indicate that mutations in the microsatellites
and their flanking regions occur spontaneously, i.e. as a part of the natural process of evo-
lution and the differentiation of species.

Other authors have described variations in the cpDNA of the albino plants of different
species obtained by in vitro culture. Using Southern blotting, Dunford and Walden (1991)
found deletions in the genome of chloroplasts in four albino plants obtained from the cul-
ture of barley microspores, although they did not observe this type of modification in an-
other albino plant. The five plants showed variations ranging from 6–20% in the number
of copies of cpDNA with respect to green plants. In addition, Harada et al. (1991) reported
large deletions in albino rice plants obtained by anther culture. Deletions have also been
seen in the cpDNA of calluses obtained from rice seeds after their continuing culture as
well as in some albino plants regenerated from them (Abe et al. 2002). Liu et al. (2007) de-
scribed deletions affecting the cpDNA in some albino mutants derived from long-term
shoot proliferation in Bambusa edulis. The chloroplasts of these plants showed morpho-
logical abnormalities.

In contrast to other studies, no large deletions were detected in the present albino plants.
Nevertheless, the presence of mutations in two of them probably reflects a process of deg-
radation of the chloroplasts during the androgenetic process. If this affects their cpDNA it
could well contribute to the regeneration of albino plants. The appearance of these muta-
tions probably implies that errors occur during the replication of cpDNA, perhaps due to
the ‘relaxation’ of the enzyme POLP, a chloroplast-specific DNA polymerase with repair
activity under normal conditions (Takeuchi et al. 2007).

In conclusion, the present study shows great stability in the cpDNA of the double hap-
loid green plants of triticale obtained by in vitro androgenesis. However, the albino plant
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regenerated show higher levels of instability affecting some of the microsatellite loci ana-
lyzed. The modifications seen consisted of precise mutations, such as transitions and
transversions, as well as insertions and deletions. These occur both in the microsatellite re-
gions themselves and in the sequences flanking them. The albino plants studied showed
different modifications to their cpDNA, i.e. they showed heteroplasmy, reflecting a
unique destiny for each chloroplast.
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