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Summary. Regenerants of rice were examined by RFLP 
analysis to determine the occurrence and extent of so- 
maclonal variation. DNA polymorphisms were observed 
both among plants regenerated from different callus cul- 
tures as well as among sibling plants derived from a 
single callus. Regardless of the basal medium, a higher 
degree of genetic instability was found among plants 
regenerated from callus cultures maintained for longer 
incubation periods (67 days) than among those from 
shorter incubation periods (28 days). Detailed analysis 
showed that in several regenerants, there was a close 
correlation among those plants exhibiting DNA rear- 
rangements and those with apparent methylation 
changes. Such alterations were observed with both struc- 
tural and housekeeping genes. 
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Introduction 

Regeneration of plants via tissue culture should result in 
the production of clones that are phenotypically and 
genetically identical to the material from which they were 
originally derived. In many cases however, a proportion 
of the regenerated plants exhibits deviations from the 
parental type, a phenomenon termed somaclonal varia- 
tion (Larkin and Scowcroft 1981). One factor of appar- 
ent importance in the genetic constancy of the regener- 
ants is the length of time such cultures are maintained as 
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callus (Meins 1983). McCoy et al. (1982) found that the 
frequency of chromosomal abnormality in oat plants re- 
generated from callus cultures rose from 49% after 4 
months in culture, to 88% after 20 months. RFLP anal- 
ysis has shown that both callus cultures and regenerated 
plants of Zea mays L. exhibit high levels of DNA poly- 
morphism (Brown 1989). 

In an attempt to determine whether similar variation 
could be found in other cereals and whether such alter- 
ations could be related to specific aspects of the tissue 
culture process, molecular analysis of tissue-culture- 
derived Oryza sativa L. plants was undertaken. Indica 
rice lines can be established in culture and plants can be 
regenerated from callus cultures, but the resulting proge- 
ny often exhibit high levels of mutation from the parental 
form (Oono 1985). 

During our establishment of a tissue culture system 
for Indica-type rice lines (Hartke and L6rz 1989), com- 
parisons were made between two callus induction media 
and culture periods, as well as between two regeneration 
media. The application of RFLP analysis to rice plants 
from cultures derived from different callus induction pe- 
riods should enable us to determine whether there is a 
direct correlation between length of callus culture and 
changes in DNA stability. Secondly, we hoped to distin- 
guish whether any DNA changes could be ascribed to 
rearrangements rather than to the effect of methylation- 
induced variation. 

Materials and methods 

Rice varieties, including the line IR 40, were kindly provided by 
Dr. G. Khush, IRRI, The Phillipines. Embryogenic callus was 
initiated from immature embryos (10-12 days after pollination) 
on modified CC callus induction medium (Potrykus et al. 1979), 
supplemented with 2 rag/1 2,4-D. The callus was maintained for 
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28 days (later termed short-phase callus induction) or 67 days 
(long-phase callus induction) on callus induction medium, be- 
fore embryogenic parts were transferred to CC medium with 
1 mg/1 IAA and 0.05 rag/1 zeatin riboside (CCIZ), or to CC 
regeneration medium without hormones. Small plantlets (ca. 
2 cm) were subcultured on one-half MS medium to improve 
rooting, and well-developed plants were then transferred to the 
greenhouse. Regenerants and seed-derived control plants were 
cultivated in a hydroponic culture solution (Levatit, Bayer) in 
the greenhouse. 

Methods for the isolation, purification, and Southern analy- 
sis of genomic DNA were as described in Brown (1989). The 
probes used were the 3-kb actin gene of soybean (Dr. D. Shah, 
Athens/GA, courtesy of Dr. B. Baker, Albany/CA), the ATP/ 
ADP translocator gene (courtesy of Prof. C. Leaver, Edin- 
burgh), the maize-derived waxy gene (courtesy of Dr. Z. 
Schwarz-Sommer, K61n), the cytosolic glyceraldehyde-3-phos- 
phate-dehydrogenase gene (courtesy of Dr. W. Martin, K61n), 
and the ribosomal gene (courtesy of Prof. K. Yakura, Kanazawa). 

Results 

Tissue culture 

For  the molecular analysis of  somaclonal variation in 
Indica-type rice lines, regenerants from two different ex- 
periments were chosen. First, plantlets were regenerated 
from a single, immature-embryo-derived callus via so- 
matic embryogenesis, after a callus induction phase of  28 
days on medium containing 2,4-D, followed by subcul- 
ture on regeneration medium (CCIZ). In the second ex- 
periment, regenerants were obtained from two different 
calli after 67 days on callus induction medium and were 
subsequently regenerated on CC-based medium without 
any hormones. The frequency of  plants showing signs of  
phenotypic variation such as dwarfism or albinism was 
less than 1% (data not shown). 

Conditions for RFLP analysis 

The first requirement for a successful R F L P  analysis of  
the regenerated plants was to define a suitable restriction 
enzyme and gene marker system. This had to be sufficient 
to distinguish between different rice cultivars as well as to 
expose any variation within them after regeneration. As 
rice is an inbred species with outcrossing being the excep- 
tion, the parental control line is not expected to exhibit 
heterozygosity, Both 4- and 6-bp recognition restriction 
enzymes were tested. With most of  the probes tested, we 
found that a stronger signal and larger fragment size was 
obtained with 6-bp enzymes such as HindIII .  Of the 
characterized sequences used for probing, the 3-kb 
HindIII  fragment of  the soybean aetin gene produced the 
best results, with a number of  strongly hybridizing frag- 
ments and an ability to clearly differentiate between dif- 
ferent rice lines (Fig. 1 A). Probes such as the maize ATP/ 
ADP translocator gene also gave strong signals, although 
the ability to differentiate between different lines was 
reduced (Fig. 1 B). Extensive probing of  genomic D N A  

Fig. 1A, B. RFLP analysis of different rice lines: genomic DNA 
digested with restriction enzyme HindIII and probed with a 3-kb 
actin gene fragment (A), and the same filter probed with a t.2-kb 
ATP/ADP translocator gene fragment (B). Tracks 1-9." Oryza 
sativa L. (ssp. Indica); 1 IR 54, 2 IR 64, 3 IR 28150, 4 IR 28288, 
5 IR 31802, 6 IR 31868, 7 IR 32429, 8 IR 35366, 9 IR 39385. 
Tracks i0-11: Oryza sativa L. (ssp. Japonica); 10 Minehikari, 
I1 Yamabiko. Track 12 Oryza longistaminata 

from large numbers of control, seed-grown IR40 plants 
with the different restriction enzyme/gene combinations, 
including the HindIII/act in gene, revealed no obvious 
heterogeneity between seed-grown control plants (data 
not shown). 

Analysis of regenerants 

Preliminary experiments demonstrated that R F L P  anal- 
ysis of  plants regenerated from different calli exhibit 
D N A  polymorphisms regardless of  whether the plants 
had a normal or deviant phenotype (data not shown). To 
determine whether such polymorphism could also be de- 
tected between sibling plants derived from the same cal- 
lus and whether the length of  culture as undifferentiated 
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Fig. 2. RFLP analysis of regenerated IR 40 rice plants. A - 
plants from short callus induction phase (28 days); B - plants 
from long callus induction phase; C control plant DNA. Ge- 
nomic DNA digested with restriction enzyme HindIII and 
probed with 3-kb actin gene fragment 

callus affected DNA constancy in the subsequently re- 
generated plants, genomic DNA from plants regenerated 
from calli maintained on 2,4-D supplemented medium 
for two different time periods was undertaken. The 
plants tested were a random assortment of phenotypical- 
ly normal and abnormal plants of the line IR 40. The 
results demonstrate that not only can DNA polymor- 
phisms occur between plants derived from the same cal- 
lus, but that the longer cultures are kept as callus, the 
greater the number of regenerants that subsequently 
show DNA polymorphisms (Fig. 2). 

Comparative analysis of the amount of DNA poly- 
morphism reveals that plants derived from short-term 
cultures (28 days) (Fig. 2 A) only infrequently show poly- 
morphisms. Conversely, long-term callus culture (67 
days) (Fig. 2 B) results in a large number of RFLP (tracks 
11, 12, 13, and 17), as demonstrated here for the actin 
gene. The overall percentage of plants exhibiting such 
variation was low: approximately 19% of the regenerat- 
ed IR 40 plants examined showed RFLP variations, with 
plants regenerated after 28 or 67 days in culture showing 
6.3% or 23% RFLP changes, respectively. Thus, dou- 
bling the culture period (from 28 to 67 days) resulted in 
a fourfold increase in the level of variation detectable in 
one gene. 

Figure 3 demonstrates that, in plants regenerated af- 
ter longer callus culture periods, the RFLP pattern was 
considerably different from the polymorphism seen in 
the plants regenerated after short culture periods. Figure 
3 A represents the RFLP analysis of the actin gene in a 
number of phenotypically normal and abnormal sibling 

Fig. 3A, B. RFLP analysis of regenerated IR 40 rice plants 
derived from a single callus. Genomic DNA digested with re- 
striction enzyme HindIII and probed with a 3-kb actin gene 
fragment (A), and the same filter probed with a 1.2-kb ATP/ 
ADP translocator gene fragment (B). C - Control plant DNA 

IR 40 plants, all derived from the same callus. The results 
clearly demonstrate that both genetically normal and 
abnormal plants can be derived from a single callus. The 
degree of polymorphism ranged from the apparent loss 
of one restriction site (track 14) to plants where there had 
obviously been significant DNA alterations (tracks 5 and 
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Fig. 4. RFLP analysis of regenerated IR 40 rice plants derived 
from a single callus. The same genomic DNA samples as in 
Fig. 3 were now digested with restriction enzyme DpnI and 
probed with a 3-kb actin gene fragment. C -  Control plant DNA 

11). The results also confirm that no correlation can be 
made between those plants with a deviant phenotype and 
a particular R F L P  or higher level of  D N A  polymor- 
phism. 

Removal of  the actin probe from the filter and subse- 
quent probing with the ATP/ADP translocator gene 
(Fig. 3 B) showed that only those plants polymorphic for 
the actin gene are correspondingly polymorphic for the 
ATP/ADP translocator gene, which suggests that these 
plants may have undergone significant D N A  rearrange- 
ments throughout  their genome. The presence of  some 
common hybridization bands for both sets of  probes, 
although found in several separate experiments, was un- 
expected. Long-term exposure of  dehybridized filters re- 
vealed no contaminating sequences, and therefore it is 
possible that these common bands may be artifacts or 
even possibly closely homologous regions. 

One possible explanation for these results, since 
HindIII  is a methylation-sensitive enzyme, is that restric- 
tion sites are lost when the 5' adenosine of  the recognition 
sequence is methylated, i.e., in the presence of  6-methyl- 
adenine (6-mAd). This base is generally regarded exclu- 
sively as a constituent of  prokaryotic DNA. To determine 
whether the results were a reflection of  direct D N A  poly- 
morphism or the presence of the minor base 6-mAd, iden- 
tical digestions to those used in Fig. 3 were made using the 

Fig. 5. RFLP analysis of plasmid and genomic DNA from con- 
trol (tracks 1-12) and three regenerated rice plants (tracks 13- 
21). The 3-kb actin gene fragment was digested with DpnI 
(track 1), Sau3A (track 5), or MboI (track 9). The actin-gene- 
containing plasmid DNA was similarly digested with DpnI 
(track 2), Sau3A (track 6), or MboI (track iO). Genomic DNA 
from control plants was digested together with plasmid DNA, 

with DpnI (track 4), Sau3A (track 8), or MboI (track 12); ge- 
nomic DNA from control plants was digested without plasmid 
DNA, with DpnI (track 3), Sau3A (track 7) or MboI (track 11). 
Tracks 13-21 show genomic DNA from three different regener- 
ants digested with DpnI (13, 16, 19), Sau3A, (14, 17, 20) or 
MboI (15, 18, 21) 
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Fig. 7A, B. RFLP analysis of regenerated IR 40 rice plants 
derived from a single callus. The same genomic DNA samples as 
in Figs, 3, 4, and 6 were now digested with restriction enzyme 
RsaI and probed with a 3-kb actin gene fragment (A), and the 
same filter was probed with a t.2-kb ATP/ADP translocator 
gene fragment (B). C - Control plant DNA 

generated rice plants. Arguments as to the causes of so- 
maclonal variation have revolved around whether this is 
due to genetic heterogeneity of the explant or whether it 
is a reflection of changes induced by tissue culture. The 
results here, which show that there can be significant 
genetic differences even between plants regenerated from 
a single callus, would tend to substantiate the experi- 
ments of Edallo et al. (1981) and Fukui (1983), who sug- 
gested that callus cultures contain genetically different 

sectors. The dissimilarity of some of the RFLP patterns 
obtained from sibling plants in these experiments would 
tend to confirm that callus should be regarded as a genet- 
ic mosaic rather than as genetically homogeneous. 

Significantly lower levels of DNA polymorphism 
could be detected in plants regenerated from callus main- 
tained for short periods, compared to the obvious and 
sometimes extensive variation found in some regenerants 
from longer-maintained cultures. Although comparisons 
were made from only two culture periods and two regen- 
eration media, this was the only dissimilarity between the 
two sets of plants. Hence, the differences in DNA stabil- 
ity shown by RFLP analysis between plants regenerated 
from these two periods would suggest that length of the 
callus growth phase may be one of the major factors in 
the induction of molecular and somaclonal variation. 
Whether this effect is due to the maintenance of a prolif- 
erative callus phase or to the associated long exposure to 
such potential mutagens as 2,4-D is not clear, and is the 
subject of further investigation. Regeneration of maize 
plants resulted, in many cases, in extremely high levels of 
phenotypic variation (Brown 1989). Although no direct 
correlation was made between subsequent molecular 
analysis and this disturbance of phenotype, it would be 
logical to assume that high levels of genetic variation 
would be reflected in a large percentage of plants show- 
ing genetic changes. Among rice regenerants, the level of 
phenotypic variation was considerably lower than that 
found in maize, regardless of whether the plants were 
regenerated from long- or short-term cultures. Neverthe- 
less, plants with a normal phenotype could still reveal an 
altered DNA restriction pattern. Consequently, the dif- 
ference in level of DNA polymorphism between maize 
and rice as a result of tissue culture is very small com- 
pared to the large differences in phenotypic change. 

RFLPs can arise by two mechanisms: (1) direct point 
or structural mutations, or (2) a change in methylation 
pattern. In this work we demonstrate that a change in 
methylation pattern may explain some of the genetic 
variation seen among regenerated plants. Furthermore, 
these results indicate clearly an elevation of 5-methylcy- 
tosine as well as the possible presence of the minor base 
6-methyladenine, in a percentage of tissue-culture- 
derived plants. 

The latter result is totally unexpected, as there is little 
evidence for the presence of 6-methyladenine in eukary- 
otic DNA. Despite an extensive search of the literature, 
we have been able to find only few references for the 
presence of this base in higher plant DNA (Dunn and 
Smith 1958; Vanyushin et al. 197l). The fact that both 
control plants and regenerants were grown under the 
same conditions would tend to limit the possibility of a 
bacterial contamination affecting only regenerants. Re- 
striction of DNA by the enzyme DpnI is dependent en- 
tirely on the presence of 6-mAd. Therefore, the presence 
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Fig. 6. RFLP analysis of regenerated IR 40 rice plants derived 
from a single callus. The same genomic DNA samples as in Figs. 
3 and 4 were now digested with restricition enzyme BamHI and 
probed with a 3-kb actin gene fragment. C-  Control plant DNA 

restriction enzyme DpnI. This enzyme is useful in that 
digestion will only occur in the presence of 6-mAd. Anal- 
ysis of this digest with the actin gene (Fig. 4) reveals that 
there is no digestion of control plant DNA, confirming 
the low level of this base in eukaryotic DNA and the fact 
that only those plants that show polymorphisms in Fig. 3 
do, in fact, show a number of low-molecular-weight 
bands upon DpnI digestion. The possibility that this ap- 
parent restrictability is an artifact due to bacterial con- 
tamination can be readily discounted. 

To confirm whether tissue culture had resulted in an 
increase in the amount of 6-mAd, further analysis using 
the DpnI isoschizomers Sau3A and MboI was undertak- 
en (Fig. 5). To ensure that the results were not an exper- 
imental artifact due to incomplete DNA digestions, the 
actin gene containing plasmid was introduced into the 
dam+ E. coli strain MC 1061 and subjected to digestion 
by these enzymes, as both an isolated fragment (tracks 1, 
5, and 9), and as a plasmid (tracks 2, 6, and 10). Control 
plant DNA was also correspondingly digested both with 
(tracks 4, 8, and 12) and without (tracks 3, 7, and 11) 
plasmid DNA. The results show that all three control 
DNAs react to digestion in an expected way, with control 
plant DNA showing resistance to digestion with DpnI. 
Although the DNA is susceptible to restriction with both 
MboI and Sau3A, the similarity in hybridization patterns 
confirms that there is no evidence for any methylated 
adenine residues. In the actin fragment and plasmid 
DNA, growth in a dam+ E. coIi host resulted in the 

adenine bases becoming methylated. The three bands 
present in the MboI-digested plasmid DNA do not repre- 
sent restriction sites but the three structural forms of 
plasmid DNA. The reason for the weak hybridization 
signal with Sau3A digests is unknown, but this was a 
consistent result in several experiments, 

Analysis of DNA from three regenerated plants 
(tracks 13-21) shows differences in hybridization pat- 
tern, particularly in the low-molecular-weight fragments. 
Digestion with MboI suggests that a number of adenine 
bases are not methylated. However, comparative analysis 
of these bands with those from Sau3A and DpnI digests 
for two of the plants (tracks 12-15 and 16-18) would 
indicate that adenine methylation has occurred. Con- 
versely, the third regenerated plant (tracks 19-21) shows 
no evidence for adenine methylation. 

Analysis of these identical plants with the enzyme 
BamHI (Fig. 6), also reveals further evidence for DNA 
polymorphisms. BamHI is also a methylation-sensitive 
enzyme, and restriction sites are lost when the internal 
cytosine of the recognition sequence is methylated. This 
methylation of cytosine to produce 5-methylcytosine is 
widespread in eukaryotic DNA. Therefore, polymor- 
phism demonstrated by BamHI digestion may either be 
due to direct DNA changes or indirectly to cytosine 
methylation and subsequent loss of restriction sites. 
There is a strong correlation between those plants with 
apparent increases in adenine methylation and those 
plants which, based on the BamHI digests, demonstrate 
alterations in cytosine methylation. Two plants (tracks 10 
and 14), however, revealed changes only in adenine 
methylation, and their restriction patterns on BamHI 
digestion were identical to controls. 

Digestion of plant DNA with the methylation-insen- 
sitive enzyme RsaI (Fig. 7) demonstrates that there is an 
absolute correlation between those plants exhibiting ap- 
parent methylation changes and those showing DNA 
polymorphism as revealed by the RsaI digests, regardless 
of whether the probe used is the complete actin gene 
(Fig. 7 A) or the ATP/ADP translocator gene (Fig. 7 B). 

Discussion 

The aim of these experiments was to determine whether, 
as a consequence of tissue culture of rice, any resulting 
DNA rearrangements could be detected by RFLP analy- 
sis even between sibling plants produced from the same 
callus; secondly, whether extended culture periods as un- 
differentiated calli affected the subsequent genetic con- 
stancy of the regenerated plants; and thirdly, whether the 
new observed RFLPs were due to actual DNA sequence 
alterations or to changes in the methylation patterns. 

The results demonstrate that tissue culture can be 
responsible for significant DNA alterations in some re- 
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of  hybridization bands cannot be regarded as a polymor- 
phism based on changes in recognition sequence. The 
fact that in the control plants there was no digestion 
would strongly support the theory that this base is not  
present normally in eukaryotic DNA,  while the evidence 
of  D N A  digestion from tissue culture-derived plants 
would indicate that, in a number of  these plants, this base 
may be present. 

Further analysis with methylation isoschizomers and 
a range of  different controls also indicates that this base 
is present. Confirmation of  this result will be dependent, 
however, on more direct evidence such as H P L C  analy- 
sis. This will presently be undertaken. 

Analysis of  regenerants with such pronounced 
methylation changes, by nonmethylation-sensitive en- 
zymes such as RsaI, reveals that there is a direct correla- 
tion between those plants with methylation changes and 
those with D N A  alterations. Work with E. coli (Cou- 
londre et al. 1978) and the human genome (Barker et al. 
1984), suggests that there was a correlation between 
mutational , ,hotspots" and methylated sequences. It is 
conceivable, therefore, that the results here may be a 
reflection of  one of  two opposing hyptheses: namely, that 
tissue culture stress results in an increase in D N A  methy- 
lation levels which, as potential mutat ion hotspots, result 
in the D N A  polymorphisms detected here or, conversely, 
that tissue culture stress results in direct D N A  rearrange- 
ments in sequences that are then subsequently transcrip- 
tionally inactivated in an attempt to silence potentially 
lethal genes. 

In conclusion, therefore, it is clear that tissue culture 
and, in particular, the length of  time during which the 
callus phase is maintained, is an important  factor in the 
degree of  D N A  variation subsequently found in regener- 
ated plants. There has been considerable discussion as to 
whether variation in regenerated plants is due to tissue 
culture production of, and selection for, mutant  types, or 
whether it is a reflection of  genetic heterozygosity in the 
starting material (L6rz and Scowcroft 1983). The results 
here clearly suggest that such variation found in regener- 
ants is predominantly due to the stress of  tissue culture. 

Acknowledgements. We thank Dr. P. A. Lazzeri for critically 
reading the manuscript, and Prof. C. Leaver and Prof. R. Flavell 
for stimulating discussions and M. Stills for technical assistance. 
We gratefully acknowledge the financial support of the Rocke- 
feller Foundation, New York (Grant RF 86059-52), and the 
BMFT, Bonn (Grant BCT 03902). 

References 

Barker D, Sch/ifer M, White R (1984) Restriction sites contain- 
ing CpG show a higher frequency of polymorphism in hu- 
man DNA. Cell 36:131-138 

Brown PTH (1989) DNA methylation in plants and its role in 
tissue culture. Genome 31 [2]: 717 729 

Coulondre C, Miller JH, Farabaugh PJ, Gilbert W (1978) 
Molecular basis of base substitution hotspots in Escherichia 
coli. Nature 274:775-780 

Dunn DB, Smith JD (1958) The occurrence of 6-methylamino- 
purine in deoxyribonucleic acids. Biochem J 68:627-636 

Edallo S, Zucchinali C, Perenzin M, Salamini F (1981) Chromo- 
somal variation and frequency of spontaneous mutation as- 
sociated with in vitro culture and plant regeneration in 
maize. Maydica XXVI: 39-56 

Fukui K (1983) Sequential occurrence of mutaitons in a growing 
rice callus. Theor Appl Genet 65:225-230 

Hartke S, L6rz H (1989) Tissue culture of Indica-rice (Oryza 
sativa L. spp. Indica). J Genet Breed 93:205-219 

Larkin P J, Scowcroft WR (1981) Somaclonal variation - a  novel 
source of variability from plant cell cultures for plant im- 
provements. Theor Appl Genet 60:197-214 

L6rz H, Scowcroft WR (1983) Variability among plants and 
their progeny regenerated from protoplasts of SU/su bet- 
erozygotes of N. tabacum. Theor Appl Genet 66:67-75 

McCoy TJ, Phillips RL, Rines HW (1982) Cytogenetic analysis 
of plants regenerated from oat tissues. High frequency of 
partial chromosome loss. Can J Genet Cytol 24:37-50 

Meins F (1983) Heritable variation in plant tissue culture. Annu 
Rev Plant Physiol 34:327-346 

Oono K (1985) Putative homozygous mutations in regenerated 
plants of rice. Mol Gen Genet 198:377-384 

Potrykus I, Harms CT, L6rz H (1979) Callus formation from cell 
culture protoplasts of corn (Zea mays L.) Theor Appl Genet 
54:209-214 

Vanyushin AN, Kadyrova DK, Karimov KK, Belozersky AN 
(1971) Minor bases in higher plant DNA (in Russian) 
Biokhimiya 36:1251-1258. Cited in: Trautner TA (ed) 
Replicative DNA methylation in animals and plants. Cur- 
rent topics in microbiology and immunology, No 108. 
Springer, Heidelberg Berlin New York, pp 99-111 


