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Summary. The methyla t ion and amplif icat ion pat tern of  
genomic D N A  of  carrot  root  explants (Daucus  carota L.) 
undergoes t ransi tory changes during the cultural cycle. A 
high degree of  variat ion was observed as early as 36 h 
after the incubat ion of  fresh explants in the nutrient 
medium and, depending on the hormonal  t reatment  sig- 
nificant modif icat ions occurred during 14 days of  cul- 
ture. Proliferative tissue condit ioned by kinetin showed 
an extensive reduction in D N A  methylat ion.  Changes in 
the D N A  amplif icat ion pat tern were not  necessarily 
l inked to methylat ion.  
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Introduction 

A rather general phenomenon in cell culture systems is 
the occurrence of  genomic variat ions that  apparent ly  can 
also be t ransmit ted to regenerated plants (Buiatti 1977; 
Larkin  and Scowcroft  1981; Meins 1983; D ' A m a t o  1984; 
Ka rp  1989). During recent years evidence has accumulat-  
ed that  relates these somaclonal  variat ions to changes in 
the methyla t ion pat tern  of  the D N A  of  the cultured cells 
(for review see Phillips et al. 1990). 

Some investigators have reported a preferential accumula- 
tion of methylated cytosine in repeated DNA sequences (Deum- 
ling 1981; Sturm and Taylor 1981; Ehrlich et al. 1982; Pages and 
Roizes 1982, for review see Adams and Burdon 1985; Leclerc 
and Siegel 1987), and Brown et al. (1987) observed a concomit- 
tant variation in the amplification and methylation pattern of 
the DNA of tissue culture-derived maize plants (see also Brown 
1989). Apparently the hyper/hypomethylation pattern of the 
DNA induced in cell culture systems can be stabilized and then 

transmitted to plants regenerated from these cultures (Brown 
and L6rz 1986; L6rz 1990). LoShiavo etal. (1989), however, 
were able to show some relation between methylation and the 
course of somatic embryogenesis in carrot cell cultures. Further, 
the extent of methylation in cell cultures was increased by high 
auxin concentrations in the medium; this state was reversible 
after transfer to lower auxin concentrations. Therefore, it seems 
that two types of methytation changes can be induced, one 
genetically fixed and the other of a more transitory nature and 
possibly related to development. If the latter is a more general 
phenomenon, then such methylation processes should also oc- 
cur during callus induction and organogenesis. In this paper we 
report our investigations on the methylation pattern of carrot 
root explants during both the initiation of cell division in this 
original "quiescent" tissue, and the initiation of adventitious 
roots. In rhizogenic cultures the DNA concentration per cell was 
increased concurrently with some higher DNA turnover and 
qualitative variations in satellite DNA as compared to highly 
proliferative undifferentiated cultures. The high cell division ac- 
tivity of the latter system requires a cytokinine supplement to the 
IAA and inositol-containing medium used for the induction of 
rhizogenesis (Neumann 1972; Neumann et al. 1978; Schfifer 
et al. 1978; Diihrssen and Neumann 1980). 

Here we repor t  investigations on the correlat ion be- 
tween differential D N A  replication and D N A  methyla-  
tion. To determine gross changes in the organizat ion and 
modif icat ional  processes superimposed on the variat ions 
in individual genes we used genomic D N A  for the inves- 
tigations. 

Materials and methods 
Tissue culture 

Freshly cut explants (2-3 mg fresh weight) of the secondary 
phloem of the tap root of Daucus carota L. (cv "Rote Riesen") 
were aseptically cultured in a liquid medium as described earlier 
(Neumann 1966; Neumann 1968), Culture period and supple- 
mentation of the nutrient solution with inositol (50 ppm), 3-in- 
dole-acetic-acid (IAA, 2 ppm) and kinetin (0.1 ppm) was varied 
according to the experiment. 
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DNA isolation, restriction digests and electrophoresis 

Genomic DNA was extracted as described by Murray and 
Thompson (1980) and simplified following the protocol of Pow- 
er et al. (1986); this was followed by ribonuclease A and T 1 
digestion and chloroform-isoamylalcohol extraction. DNA 
quantitation was carried out with diphenylamine using the 
method of Richards (1974) as described by Power et al. (1986). 
Genomic DNA was digested with different restriction enzymes 
using 3-4  U/gg DNA for at least 4 h. The enzymes employed 
were HaeIII (Boehringer), EcoRII, HpaII, MspI (Gibco-BRL) 
and BspNI (BIOzym diagnostic). EcoRII is a methylation-sensi- 
tive isoschizomeric enzyme of BstNI. EcoRII cannot cleave if 
the internal cytosine of the recognition sequence 5'-CC(AT)GG 
is methylated, while BstNI cleaves in this situation. HpalI and 
MspI cleave at the cutting sequence 5'-CCGG; HpaII activity is 
blocked by methylation of the internal 3'-cytosine, whereas 
MspI cannot cleave if the Y-cytosine is methylated. Gel elec- 
trophoresis was performed in 1% agarose for 15 h with lambda 
HindIII DNA fragments or defined lambda HaeIII DNA frag- 
ments as size markers. The gels were stained with ethidium 
bromide. 

Fractionation of genomie DNA and labelling of HaelII fragments 

Ten micrograms of DNA was digested with HaeIII, and the 
fragments were separated in 1% low-melting point agarose 
(Gibco-BRL). The gel with the separated fragments was divided 
into nine sections identical in gel size. In a parallel run the DNA 
quantity in each piece of gel was determined after phenol extrac- 
tion. In each of the nine fractions 80 ng DNA were labelled with 
biotin-16dUTP (Boehringer) for 20 h at 23 ~ in the presence of 
low-melting point agarose using a kit for "Random primed 
DNA labeling" (Boehringer). The labelled fragments were sepa- 
rated from the nucleotides on a 1-ml Sephadex-G75 column and 
detected in a slot blot with the BlueGene Detection System 
(Gibco-BRL). 

Slot blot hybridization assays 

Aliquots of 1 ng genomic DNA were slot blotted on nitrocellu- 
lose and hybridized in 6 x SSC and 0.7% skim milk powder at 
70 ~ for I h with each of the nine HaeIII fragment fractions (see 
above). Washing conditions alowed homology of 80%-100% 
(Schneider and Miiller 1988). The hybridization rate was detect- 
ed for t h with the BlueGene Detection System (Gibco-BRL) 
and scanned by measurement of remission (Chromatogramm- 
Spektralphotometer, Zeiss), and then evaluated planimetrically. 

Results 

In Fig. 1 the restriction fragment  pat tern  of  the original 
root  phloem explants are compared  to that  of  explants 
cul tured for 36 h in a hormone-free nutrient medium. At  
this stage the first round  of  cell division is completed in 
this system (Gar tenbach-Scharrer  et al. 1990). In the 
original explants there is a l ready methyla t ion  of  some of  
the recognit ion sites of  the restriction enzymes employed 
(EcoRII ,  BspNI).  However,  only some of  the recognit ion 
sites adjacent  to repeated D N A  fragments are methylat-  
ed, whereas others having the same fragment  size are not  
(e.g., see fragments marked  with white lines). This could 
be due either to the occurrence o f  two different types of  
the same D N A  with respect to methyla t ion in a given cell 

Fig. 1. Restriction pattern ofDNA ofphleom explants at t o and 
after 36 h of incubation in a hormone-free nutrient medium 

or to variat ions in the same D N A  sequence in different 
cells of  a given callus. 

In  explants cultured in the hormone-free medium ba-  
sically the same fragment pat tern  as that  observed in the 
original explants occur, however, an increase in the num- 
ber of  low molecular  weight fragments in the lower half  
of the gel at the expense of higher molecular  weight 
fragments can be seen. This indicates var ia t ion in the 
amplif icat ion of  D N A  sequences with the dominance  of  
D N A  with a high number  of  recognit ion sites. Again,  
only some of  the recognit ion sites were methylated.  

Almost  the same restriction fragment  pa t te rn  can be 
observed if  I A A  in combinat ion  with inositol  with or 
wi thout  kinetin is supplemented to the nutrient  medium 
(Fig. 2). However,  in the presence of  kinetin the low 
molecular  weight fragment fraction seems to be less dom- 
inant  than in those cultured with I A A  and inositol  only. 
The degree of  methyla t ion of  D N A  of  the cultured ex- 
plants seems to be comparable  to that  of  the D N A  of  the 
original explants at to (see digestion of  EcoRII) .  Fol low- 
ing BspNI digestion however, no difference in the inten- 
sity of  the bands as observed for the D N A  of  the original 
explants between the restriction pat tern  of  the iso- 
schizomeric enzymes is perceptible, indicat ing that  in cul- 
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Fig. 2. Restriction pattern of DNA of phloem explants at t o and 
after 36 h of incubation in a nutrient medium supplemented 
with inositol (I) and 3-indole-acetic-acid (IAA) with or without 
kinetin (K) 

Fig. 3. Restriction pattern ofDNA of phloem explants at to and 
after 14 days of culture in a nutrient medium supplemented 
with inositol (I) and 3-indole-acetic-acid (IAA) with or without 
kinetin (K) 

tured cells (36 h) the sequences adjacent to these repeated 
DNA fragments are now no longer methylated. There 
seem to be no differences in the methylation pattern of all 
cultures independent of the hormonal treatment. It has 
to be pointed out that at this stage of the culture period 
all treatments are in the same phase of the cell cycle due 
to a high natural synchrony during callus induction 
(Gartenbach-Scharrer et al. 1990). 

After 2 weeks of culture in the IAA plus inositol 
treatment the explants reach a stationary growth phase, 
and the emergence of adventitious roots can be observed. 
However, cultures grown in a medium supplemented with 
kinetin as well as IAA and inositol still display high cell 
division activity and an apparent lack of organized struc- 
tures at the same stage of the cultural cycle (Neumann 
1968). At this stage the dominance of the low molecular 
weight fragments observed after 36 h of culture has dis- 
appeared in explants from both treatments (Fig. 3). Since 
without kinetin hardly any bands in the gel can be seen 
besides the undigested DNA at its top after digestion 
with EcoRII, in the cells cultured without kinetin most of 
the recognition sites adjacent to the repeated DNA se- 

quences should be methylated. Apparently, in this treat- 
ment methylation now occurs in the recognition sites 
adjacent to the repeated DNA sequences which were 
unmethylated after 36 h of culture, to an even higher 
extent than in the original explants. 

From the plus kinetin treatment at this culture stage 
mainly high molecular weight fragments were obtained 
to the same extent with both restriction enzymes. This 
indicates that at the recognition sites there is an absence 
of or only minor methylation in this treatment. Further, 
no bands of repeated DNA are visible following diges- 
tion with both enzymes. Obviously the methylation pat- 
tern and the amplification of DNA sequences are not 
stable in this system, and they change according to the 
hormonal supplement at t o as well as to the status of 
differentiation. 

By use of the methylation-sensitive isoschizomers 
HpaII and MspI in the plus kinetin treatment it could be 
shown that less methylation also exists for the recogni- 
tion site 5'-CCGG (Fig. 4). In this treatment also the 
repeated sequences cannot be observed after digestion 
with MspI. Consequently, here the recognition sites adja- 
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cent to these sequences should be specifically methylated 
at the outer  cytosine (Y-cytosine). In the minus kinetin 
cultures no variat ion occurs in the appearance  o f  the 
repetitive sequences after digestion with both enzymes. 
This suggests an addi t ional  response of  the D N A  organi-  
zation. 

Evidence for differential replication was also ob- 
tained by using hybridizat ion assays of  undigested total  
D N A  with genomic HaeI I I  fragment probes (Table 1). In 
the minus kinetin t reatment  a considerable higher rate of  
amplif icat ion of  some D N A  sequences is obvious, espe- 
cially in comparison to the plus kinetin sample but  also 
to some extent to the original phloem explants. Some 
variat ion in amplif icat ion magnitude,  however, is similar 
in cultured explants independent  of  the hormonal  supple- 
ment  as compared  to the orignal tissue at t o ( >  8.4 kbp; 
3 .1-4 .8  kbp; 1.5-2.1 kbp),  and therefore should be in- 
duced by the condit ions of  culture. In the plus kinetin 

sample some fragments with a molecular  size between 0.5 
and 1.1 kbp indicate specific underreplication.  The fre- 
quency of  these fragments in the minus kinetin sample 
and in the original explants is comparable .  

Fig. 4. Restriction pattern of DNA of phloem explants at t o and 
after 14 days of culture in a nutrient medium supplemented 
with inositol (I) and 3-indole-acetic-acid (IAA) with or without 
kinetin (K) 

Discussion 

In the l i terature some publicat ions are available that  re- 
por t  a close correlat ion between repeated D N A  se- 
quences and its methyla t ion (see introduction).  Never- 
theless, until now it has not  been clear whether the 
methyla t ion of  repeated D N A  sequences is changed on 
existing D N A  or whether there is a differential replication 
of  D N A  sequences with a specific methyla t ion pattern.  
Al though a number  of  theories on the function of  methy- 
lated D N A  have been published, none of  these is able to 
cover all of  the results described. In  many  cases a corre- 
lat ion between differentiation states and methylat ion 
pat tern  seems to exist and frequently an inact ivat ion of  
D N A  sequences is associated with methylat ion,  but  not  
in all cases (for reviews see Doerfler  1983; Bird 1984; 
Razin et al. 1984; Adams  and Burdon 1985; Cedar  1988; 
Selker 1990). 

In our  investigations on carrot  callus cultures a clear 
variat ion in methyla t ion and differential replication was 

Table 1. Hybridization rates of HaeIII fragments with the genomic DNA ofcarrot root phloem explants art  o or callus tissues cultured 
for 14 days in the presence of 50 ppm inositol and 2 ppm IAA with or without 0.1 ppm kinetin (_+kin) 

HaeIII fragments Phloem - Kin + Kin - Kin: phloem + Kin:phloem - Kin: + kin 
kbp t o (pl.u.) (pl.u.) (pl.u.) (%) (%) (%) 

>8.4 90 63 63 70 70 100 
4.8-8.4 52 78 54 150 104 144 
3.1-4.8 21 42 48 200 229 88 
2.1-3.1 19 23 15 121 79 153 
1.5-2.1 16 11 7 69 44 157 
1.1-1.5 36 44 35 122 97 126 
0.7-1.1 41 39 31 95 76 126 
0.5-0.7 40 40 29 100 73 138 
0.3-0.5 22 37 28 168 127 132 

pl.u., Planimetric units 
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evident. As early as 36 h after the initiation of the exper- 
iment, changes in copy number and in methylation of the 
DNA of the original explants could be observed. After 2 
weeks of culture, however, again a different methylation 
and amplification pattern exists in the DNA of explants 
undergoing the same treatments. This is a clear indica- 
tion that these two characteristics of DNA, i.e., methyla- 
tion and differential replication, are liable to transitory 
changes in this tissue culture system. Such variations 
seem to occur in addition to the stable and therefore 
genetically transmittable alterations in the methylation 
pattern described by Brown and L6rz (1986) and Brown 
(1989). It remains to be seen whether transitory varia- 
tions under certain conditions can be stabilized. 

The variation in amplification and methylation pat- 
tern can be influenced by the hormones added to the 
nutrient medium at t o . This is particularly obvious for 
kinetin at day 14 (compare Fig. 3 and Table 1). In both 
sets of experiments with the minus kinetin treatment re- 
peated DNA sequences are more abundant than in the 
plus kinetin cultures. The use of methylation-sensitive 
enzymes shows that in this treatment the amplified DNA 
fragments are also highly methylated in their adjacent 
recognition sites. A similar coincidence of amplification 
and methylation can be also seen by comparison of the 
low molecular weight fragments for the cultures supple- 
mented with IAA, inositol and plus or minus kinetin after 
36 h of incubation. However, a comparison of the DNA of 
original explants with those cultured in hormone-free 
medium for 36 h indicates (Fig. 1, e.g,, fragments marked 
with white lines) that the recognition sites of not all re- 
peated DNA fragments are methylated, nevertheless, they 
are reduced to a similar extent in the genome after 36 h. 
From this it can be derived that changes in the amplifica- 
tion pattern are not necessarily linked to methylation. 

Further, in the plus kinetin treatment differences in 
the position of 5-methylcytosine in the recognition site 
from that in the minus kinetin treatment could also be 
shown, and therefore a de novo methylation of pre-exist- 
ing DNA has to be considered. 

In explaining the increase in the low molecular weight 
fragments at the expense of larger fragments in Figs. 1 
and 2 we should not ignore that this also could result 
from the integration of transposable elements containing 
the recognition site of the restriction enzyme applied, 
though insertion events of this magnitude would be at the 
very least astonishing given our present knowledge. A 
loss of such elements could then be responsible for the 
dominance of higher molecular weight fragments after 
2 weeks of culture. 

It has been considered that demethylation drugs 
could be helpful in stimulating differential gene activity 
in tissue cultures, for instance with respect to somatic 
embryogenesis (Brown et al. 1989). The results presented 
in this paper indicate that genomic DNA methylation 

can be significantly reduced in a purely normal process 
during tissue culture apparently dependent on the hor- 
mones present in the medium. Gross demethylation of 
the genome, however does not necessarily mean activa- 
tion of genes related to differentiation since in our system 
the reduction in methylation is correlated with a high 
proliferation rate of the cells without any morphological 
differentiation. Thus, if alterations in sequence hy- 
pomethylation should play a role in the induction of 
differential processes they should be specific. 

In summary, three ways of transitory changes in the 
amplification and methylation pattern during callus 
development were observed in our investigations, i.e., 
the amplification of DNA sequences with methylated 
5'-CC(AT)GG sequences; amplification of sequences 
with the same recognition sites but without methylation; 
de novo methylation of the 5'-cytosine in the recognition 
site (5'-CCGG). All three possibilities of transitory 
changes could contribute to strong variation in the orga- 
nization and modification of total DNA during the cul- 
ture cycle. Considering the great quantitative extent of 
variation at any given stage of development of the culture 
system with respect to changes in methylation as well as 
amplification pattern mainly others than gene sequences 
should be involved. 
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