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Abstract Investigations were performed on growth
phase-dependent EcoRII site-specific DNA methylation of
the carrot genome during primary culture to elucidate phys-
iological aspects of genome DNA variability in tissue cul-
ture. While DNA methylation of the root cambium and the
secondary phloem and petioles of carrot leaves were strik-
ingly different, the methylation level of the secondary
phloem seemed to be independent of cultivar origin, the
age of the plants and the extent of secondary root growth.
As was shown earlier a change in the differentiated state
of the secondary phloem by tissue culture leads to changes
in genome modification. Whereas de novo methylation was
observed during the first 2 weeks of growth initiation, the
results presented demonstrate genome de-methylation dur-
ing the transition to stationary growth indicating differen-
tial genome methylation during different phases of culture.
The presence of kinetin in the nutrient medium of the pri-
mary culture was found to be antagonistic to changes in
genome modification in general. De novo methylation and
subsequent de-methylation of the carrot genome are dis-
cussed as gross changes obviously essential to molecular
genome differentiation during tissue culture.
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Introduction

Genomic DNA variation is a common phenomenon in cell
or tissue culture systems. For commercial in vitro-produc-
tion or breeding systems this kind of variability is a fun-
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damental problem. Although known for at least two
decades causal relationships are still obscure. However, in
recent years increasing data have demonstrated that diffe-
rentiation and de-differentiation, as well as growth by cell
division, were accompanied by DNA amplification or loss
of DNA sequences and/or DNA modification by methyla-
tion or de-methylation (Nagl 1987, 1989, 1990; Bassi
1990; Arnholdt-Schmitt et al. 1991; Arnholdt-Schmitt
1993a; Jost and Saluz 1993). A relationship between phys-
iology and genome variability is suggested, but systematic
investigations are needed for further insights. In this paper,
we focus on the originally stable pattern of tissue-specific
DNA methylation of carrot secondary root phloem and
changes in DNA modification after primary culture initi-
ation in respect of the transition from linear to stationary
growth. An accompanying paper (Arnholdt-Schmitt 1995)
reports on the dependence of differential DNA replication
on the growth phase, suggesting a relationship between
quantitative genemic variation and cell determination.

In a majority of eukaryotic organisms genome activity,
i.e. essentially transcription, replication and rearrange-
ments (e.g. Cedar 1988; Holliday et al. 1990; Linn et al.
1990; Phillips et al. 1990; Riggs and Crispeels 1990; Meyer
et al. 1992), and the structural organisation of chromatin
(e.g. Ball et al. 1983; Klaas and Amasino 1989; Keshet et
al. 1986; Selker 1990; Zlatanova 1990; Graessmann and
Graessmann 1993), seems to be somehow related to DNA
methylation. Nevertheless, in most cases it is still not
known whether DNA methylation is the cause or the result
of changes in genome activity (Jost and Saluz 1993). Spec-
ificity in DNA methylation may occur by specific sequence
methylation or de-methylation. An additional suggestion
is that DNA methylation by methyltransferase starts at
structural- or sequence-specific crystallization points
spreading non-specifically from such sites over all its
methylation-sensitive adjacent regions (Adams and Bur-
don 1985; Adams 1990). In the latter case specificity would
be the result of protection against the activity of the meth-
yliransferase, for instance by DNA-protein binding (e.g.
by transcription factors) or by topological protection. In
this context elucidation of DN A modification events is also
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important for the application of gene transfer methods,
since the successful integration of active sequences is in-
fluenced by DNA methylation (Linn et al. 1990).

De novo methylation and de-methylation events are part
of differential genomic changes. Tissue-specific DNA
methylation of different sequences has been reported for
animals as well as for plants (Shen and Maniatis 1980; Ra-
zin and Friedman 1981; Razin and Cedar 1984; Adams and
Burdon 1985; Dhar et al. 1990; Edwards 1990; Jost et al.
1990; Riggs and Crispeels 1990; Behn-Krappaetal. 1991).
The question arises whether the extent of DNA methyla-
tion at the total genome level contributes to the character-
ization of the complexity of the differentiation state of cells
or tissues.

In previous papers we reported changes in the methyl-
ation pattern of the genomic DNA of carrot root explants
during callus growth initiation (Arnholdt-Schmitt et al.
1991; Arnholdt-Schmitt 1993a). In the present study we
demonstrate tissue-specific methylation of the genomic
DNA in carrot plants, as influenced by genotype, age, plant
growth and primary cultures, at the transition from linear
to stationary growth.

Materials and methods

Plant material and tissue culture

The plant material used for this study originated from the cultivars
Rote Riesen (red-orange, cylindrical form, late maturity), Rotin (red-
orange, cylindrical form, middle-early maturity), Pariser Markt (red-
orange, round form, early maturity) and Lobbericher (yellow, cylin-
drical form, late maturity). To perform culture experiments early in
the year, fresh carrots of unknown origin imported from Italy were
bought at the local market (experiments in Fig. 6). For tissue-culture
experiments a primary culture system of the secondary phloem of
the carrot roots was applied. Explants (2-4 mg) of this tissue can be
easily taken by a trocar without the risk of contamination by other
cell types. The explants were cultured in a liquid medium (Neumann
1966, 1968; see also Gartenbach-Scharrer et al. 1990) with perma-
nentillumination (at about 4000 lux, osmium lumilux white) at 21°C.
Three-to-five explants were incubated in 15 ml of nutrient solution
in T-tubes (Steward et al. 1952) and continuously rotated at 1 rpm.
Ten tubes were cultured simultaneously for each variant. For DNA
analysis a mixture of the callus material of each variant was taken
and investigated in parallel experiments. The culture period and sup-
plementation of the nutrient solution with m-inositol (50 ppm), 3-in-
dole-acetic-acid (IAA; 2 ppm) and kinetin (0.1 ppm) was varied ac-
cording to the experiment.

During culture, callus formation is induced indicating a change
in the differentiation state of the phloem tissue, and defined growth
stages can be reproducibly obtained within a rather limited space of
time. After a lag-phase of 6-8 days exponential callus growth com-
mences, mainly due to cell-division activity (r=0.813). In the pres-
ence of kinetin callus growth decelerates to stationary growth at about
the 28th day of culture.

DNA isolation

Genomic DNA was extracted as described by Murray and Thomp-
son (1980) and simplified by Power et al. (1986) (see Arnholdt-
Schmitt et al. 1991). This was followed by digestion with ribonucle-
ase A and T1 overnight and extraction with chloroform-isoamylal-

cohol. The quantitation of the DNA concentration was performed by
the diphenylamine reaction using the method of Richards (1974) as
described by Power et al. (1986). Isolated DNA was tested for high-
molecular-weight preparation in comparison to A-HindIII fragments
in 1% agarose used as a length standard.

DNA restriction digests

Genomic DNA was digested completely by the restriction enzymes
EcoRIl (Gibco-BRL) and BspNI (Biozym diagnostic) using
3-4 U/ug of DNA for at least 4 h. The neo-schizomeric enzymes
EcoRII and BspNI differ in that the former is not able to cleave the
recognition site 5’-CC(AT)GG if the internal cytosine is methylated,
whereas the latter cuts this sequence independently of methylation.
The performance of EcoRII was studied thoroughly by Kriiger et al.
(1988a, b) and Pein et al. (1989). EcoRII activity was reported to
lead to incomplete digestion if the recognition site was present only
in low frequency in the investigated DNA. The enzyme obviously
requires at least two bound sites for activation. Nevertheless, resis-
tance of unmethylated DNA to EcoRII could be overcome by a sec-
ond DNA sequence with further 5’-CC(AT)GG sites. In the genome
of carrots the EcoRII recognition site occurs frequently (see BspNI
restriction in Fig. 1) and so complete digestion of the genomic DNA
of carrots can be assumed. Different methods of purification (addi-
tional CsCl-centrifugation or supplementation of PVP to the extract)
and parallel restriction assays with the neo-schizomeric enzyme
BsiNI, as well as the addition of A-DNA as an internal standard to
reference DNA preparations, did not indicate any contamination
which was able to influence restriction enzyme activity even of con-
tamination-sensitive enzymes like EcoRI (Arnholdt-Schmitt 1993b).

Agarose electrophoresis

Electrophoresis was performed with 2-3 lg of genomic DNA in 1%
agarose (Bio-Rad Standard Low-M,) for 15 h (50 V, submerged tech-
nique at 15°C). The gels were stained for 2 h in 2 }lg/ml of ethidium
bromide, and the results were documented photographically using a
transilluminator with a wavelength of 302 nm.

Video-densitometric evaluation

Scanning of the restriction fragment pattern was carried out on the
negatives by video-densitometry. In Figs. 1, 2 and 6 the scanning re-
gion started at the gel pocket (left side) whereas in Figs. 3, 4 and 5
the pockets were excluded. To correct for differences between the
quantity of DNA of the different variants compared with what was
actually loaded onto the gel, the integral of the sum of all fragments
distributed as bands and the background in the gel of one variant was
corrected to the total integral of the DNA fragments of the compared
variant, Additionally, this procedure ensures that differences outside
the evaluated region (e.g. in the region of the gel pocket) will be re-
cognizable since deviations in a higher molecular region will be com-
pensated by reverse deviations in lower molecular regions and vice
versa.

Results

The level of DNA methylation in 2 genome can be evalu-
ated by the extent of site-specific methylation in the rec-
ognition sequence of a methylation-sensitive restriction
enzyme (Razin 1988). The recognition sequence 5’-
CC(AT)GG occurs frequently in the carrot genome as could
be confirmed by the marked extent of restriction by BspN
I. Figure 1 shows the video-densitometric scans of the re-
striction profiles of the genomic DNA of the secondary
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Fig. 1 Site-specific DNA methylation in the carrot genome. BspNI
and EcoRII restriction profiles of the DNA of the secondary phloem
of carrot roots. F relative fluorescence of the restriction fragments;
L relative length of the electrophoretic run of the restriction frag-
ments through the agarose gel given by the number of video-densit-
ometric scan points. The scans include the gel pocket (p)

phloem of the carrot root after digestion by the neo-schizo-
meric enzymes BspNI and EcoRII. The increased amount
of the higher molecular fragments of the methylation-sen-
sitive EcoRII digest, in comparison to the digestion by the
methylation-insensitive enzyme BspNI, reveals the degree
of site-specific methylation in the investigated tissue. This
modification seems to be distributed throughout the entire
genome.

EcoRII profiles were used in our investigation to detect
differences in the level of site-specific DNA methylation
of the motif -CNG- of different variants (concerning
EcoRII digestion see Materials and methods). In Fig. 2 the
EcoRII fragment pattern of different tissues of the carrot
plant were compared. The two graphs demonstrate tissue-
specific methylation. The level of DNA methylation of the
cambium of the carrot storage root was considerable higher
than that of the secondary phloem of the root as was dem-
onstrated by the greater amount of high-molecular EcoRII
fragments (Fig. 2A), indicating a higher number of meth-
ylated recognition sequences in the DNA of the meriste-
matic tissue which prevented cleavage by EcoRIl. By con-
trast the DNA of the petiole tissue was notably less meth-
ylated than the DNA of both root tissues resulting in a
smaller amount of high-molecular EcoRIl fragments as
was evident by comparison with the DNA of the secondary
phloem of carrot roots (Fig. 2B).

Figure 3 shows that the genomic DNA of analogous tis-
sues, even of morphologically highly distinctive cultivars
(see Materials and methods), displays the same level of
site-specific methylation. No substantial differences were
obtained by comparison of the EcoRII profiles from three
different cultivars. Additionally, Fig. 4 demonstrates that
the EcoRIl methylation pattern was obviously independent
of the age of the plants investigated. Since the fresh weights
of the roots were 56 g for the younger and 116 g for the
older plant the level of site-specific DNA methylation was
also obviously independent of the extent of secondary root
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Fig. 2A, B Tissue-specific genome methylation. A Comparison of
the EcoRII restriction profiles of the DNA of cambium and of the
secondary phloem of mature carrot roots (cv Rotin). B Comparison
of the EcoRII restriction profiles of the DNA of the secondary phloem
of mature carrot roots and of petioles of about 7-week-old plants (cv
Rotin). The scans include the gel pocket (p)

growth. This was confirmed by a comparison of the DNA
of the roots of cv Rote Riesen and cv Rotin (Fig. 3A). Sec-
ondary root growth until the selected harvest date had been
strikingly different resulting in a 99 g fresh weight for the
root of cv Rotin and a 253 g fresh weight for the root of cv
Rote Riesen. Nevertheless, the pattern of EcoRII methyl-
ation of the DNA of the secondary root phloem for both
carrot cultivars with cylindrical roots was almost identi-
cal. This observation also indicates that there was no rela-
tionship between the level of site-specific -CNG- methyl-
ation and the extent of secondary root growth.

As has been previously shown, inoculation and rapid
cell-division activity during callus initiation of secondary
phloem explants of carrot roots is accompanied by an in-
crease in genomic DNA methylation (Arnholdt-Schmitt et
al. 1991; Arnholdt-Schmitt 1993a). The extent of this in-
crease was variable and dependent on kinetin, additional
to m-inositol and IAA, in the nutrient solution. In the pres-
ence of kinetin de novo methylation seemed to be sup-
pressed, or at least delayed, at inoculation as well as dur-
ing the phase of rapid callus growth mainly by cell-divi-
sion activity {Arnholdt-Schmitt 1993a). Nevertheless, the
callus growth rate by cell-division was not related to the
level of DNA methylation as is shown in Fig. 5 which dem-
onstrates the EcoR11 profiles of two selected tissue-culture
growth variants originating from different roots. This was
also true when differences in callus fresh weight at the 14th
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Fig. 3A, B Genome methylation of different genotypes. A Com-
parison of the EcoRII restriction profiles of the DNA of the secon-
dary phloem of carrot roots of the cultivars Rote Riesen and Rotin.
B Comparison of the EcoRII restriction profiles of the DNA of the
secondary phloem of carrot roots of the cultivars Rote Riesen and
Pariser Markt. The scans do not include the gel pocket
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Fig. 4 Genome methylation and plant age. EcoRII restriction pro-
files of the DNA of the secondary phloem of carrot roots (cv Paris-
er Markt) which were harvested at different times (sowing date:
6. 5.1991). The scans do not include the gel pocket

day of culture were due to the higher temperature of 28°C
during callus growth (data not shown).

In Fig. 6 EcoRII profiles of the DNA of callus tissues
of the rapid cell-division phase at the 14th day were com-
pared to EcoRII fragment patterns at the 28th day of cul-
ture, i.e. during transition to stationary growth. As can be
seen from all three graphs, during transition to the station-
ary growth phase of cultured secondary phloem explants
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Fig. 5 Genome methylation and callus growth rates. EcoRII restric-
tion profiles of the DNA of cultured secondary phloem explants of
the roots of two carrot plants 2 weeks after inoculation (t;44) in a me-
dium supplemented with m-inositol, IAA and kinetin (cv Lobberich-
er). Fresh weights are given in mg per callus. The scans do not in-
clude the gel pocket

de-methylation at the EcoRII recognition site occurred pre-
dominantly in the genome leading to a slightly smaller de-
gree of high-molecular fragments by EcoRII digests. This
result was achieved in 8 out of 9 experiments (three single
plants and three different culture conditions for each plant
as displayed in Fig. 6; replications are not shown). The rate
of de-methylation was independent of a subculture at the
14th day after inoculation (Fig. 6B), which resulted in an
increase in fresh weight per callus of about 34% at the 28th
day of the culture period (data in the legend to Fig. 6). Sur-
prisingly, a subculture at the same time to a nutrient solu-
tion depleted of kinetin increased the degree of de-meth-
ylation as can be seen by the smaller amount of higher mo-
lecular fragments if kinetin is not present in the medium
(Fig. 6C). This result indicates that kinetin seems to im-
pair changes in the methylation state of the genome in gen-
eral, since the rate of de novo methylation during the in-
itiation of primary culture of the secondary phloem ex-
plants of the carrot roots was, as was shown earlier (see
above), also reduced by supplemented kinetin.

Discussion

The investigations presented in this paper show that dif-
ferent tissues of carrot plants can be distinguished by dif-
ferent levels of EcoRII site-specific DNA methylation. Ad-
ditionally, EcoRII restriction analysis of the DNA of the
secondary phloem of carrot roots from three cultivars dis-
played almost identical restriction profiles. The level of
methylation was independent of the age or the extent of the
secondary root growth of the investigated plants. These re-
sults indicate that the pattern of methylation covering the
total genome seems to be related primarily to the differen-
tiated state of a specific tissue. Genome modification is ob-
viously superimposed on differences in the genetic back-
ground of different cultivars.

In this context it has to be remembered that coding gene
sequences have been estimated to make up at best only
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Fig. 6A~-C Genome de-methylation during the transition to station-
ary callus growth. A EcoRII restriction profiles of the DNA of sec-
ondary phloem explants, which were cultured during 14 and 28 days
in the presence of m-inositol, IAA and kinetin. B EcoRII restriction
profile of the DNA of secondary phloem explants, which were cul-
tured during 14 days in the presence of m-inositol, IAA and kinetin,
in comparison to the profile of the DNA of explants which were sub-
cultured at the 14th day in fresh medium until day 28. C EcoRII re-
striction profile of the DNA of secondary phloem explants, which
were cultured during 14 days in the presence of m-inositol, IAA and
kinetin, in comparison to the profile of the DNA of explants which
were subcultured at the 14th day in fresh mediuvm depleted of kine-
tin until day 28. Fresh weights per callus were 82 mg (t,44), 375 mg
(tygq4; in A), 423 mg (t,g4, subculture at t;,4 without kinetin; in C)
and 502 mg (t,g4, subculture at t,,4 with kinetin; in B). The scans in-
clude the gel pocket (p)

about 1% of plant genomes (Nagl et al. 1983). Palmgren
et al. (1991) reported highly distinctive levels of DNA
methylation in different cell lines and cell types in unor-
ganized carrot suspension cultures. These authors assumed
that their results, and those in the literature concerning vari-
ations in the level of DNA methylation of organs or tis-
sues, may be primarily due to changes in the relative dis-
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tribution of the different cell types in a given cell popula-
tion. For the present investigation it was obviously advan-
tageous not to use extracts of the whole carrot root but
rather DNA extracts from the relative homogeneous tissue
of the secondary root phloem (see Neumann 1969), which
was already differentiated and in a so-called “quiescent”
state. Thus, differentiation at a fully developed stage seems
to be characterized by a stable pattern of overall DNA
methylation, at least in the carrot genome. Also for the hu-
man genome, Behn-Krappa et al. (1991) reported indistin-
guishable patterns of cell type-specific DNA methylation
over a wide range of DNA sequences in different individ-
uals even those with different genetic origins (East-Asian
or Caucasian).

A change in the differentiated state of the secondary
phloem by tissue culture conditions was followed by
changes in the methylation pattern. Reports on differential
DNA methylation by cell or tissue culture normally com-
pare the results obtained by “in vitro” to others obtained
“in vivo” (Brown et al. 1989; Palmgren et al. 1991; Ga-
laud et al. 1993), or else distinguish between callus and
cell-culture systems (Quemada et al. 1987; Brown et al.
1989; Bezdek et al. 1991; Palmgren et al. 1991) or between
embryogenic and non-embryogenic callus cultures (Mor-
rish and Vasil 1989). An essential aspect of the previous
and present investigations was the use of a primary culture
system with well defined growth phases (see Materials and
methods). Previous studies (Arnholdt-Schmitt et al. 1991;
Arnholdt-Schmitt 1993a) have shown that de novo meth-
ylation of the genomic DNA occurred characteristically
during the inoculation and primary culture of carrot ex-
plants of the secondary phloem of the roots. On the other
hand at the transition to stationary growth de-methylation
primarily occurred in the genome. As was evident from
earlier investigations the growth phase- or kinetin-depen-
dent de-methylation coincides with a higher content of pro-
tein per unit DNA or per cell (Neumann 1968, 1972). This
suggests that the observed de-methylation at the total
genome points to an increased transcription rate indicat-
ing the initiation of a new molecular program in cells of
the callus tissue. As will be shown in an accompanying
paper (Arnholdt-Schmitt 1995; see also Arnholdt-Schmitt
1993b), differential amplification occurs as a gross change
in the genomic DNA of the callus tissue at the same time,
i.e. at the 28th day of culture. Although differential repli-
cation and DNA methylation should be basically indepen-
dent events (see Arnholdt-Schmitt 1993a) it can not be ex-
cluded that amplification contributed to the de-methyla-
tion of the genome. Razin and Cedar (1984) have pointed
to a possible relationship between rapid replication events
and de-methylation if amplification were to lead to limit-
ing levels of methyltransferase followed by a decrease in
maintenance methylation.

The de novo DNA methylation and de-methylation
which accompanied changes in the differentiation state of
the carrot tissues in primary culture could be impaired by
exogenous cytokinin activity. Obviously kinetin was an-
tagonistic to changes in genome modification in general.
This observation is in agreement with the known physio-
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logical effect of cytokinins in vivo concerning the senes-
cence-delaying potential of these hormones. Evidently, cy-
tokinin activity can be effective in genome modification
only if the cultured material is dynamically changing with
respect to molecular differentiation. Therefore, it is not sur-
prising that LoSchiavo et al. (1989) did not find any change
in DNA methylation by the application of cytokinins to a
cell suspension, which apparently had already established
astable DNA modification pattern expressed by 16% meth-
ylated cytosines.

The increase in methylation of the genome during the
first 2 weeks of primary culture was obviously not directly
linked to the induction or initiation of growth (Arnholdt-
Schmitt et al. 1991; Arnholdt-Schmitt 1993), but seems to
be related to the de-stabilization of the differentiation state
of the original tissue of the plant. It is suggested that de
novo methylation as a gross change in the genome indi-
cates a de-differentiation of the tissue presumably imply-
ing a blockage of former cell programs (see also LoSchi-
avo et al. 1989). The transition of the carrot tissues to sta-
tionary growth was accompanied by de-methylation. And
at this phase too the change in DNA modification was in-
dependent of the cell-division rate. The results of Palm-
gren et al. (1991) also indicate that the DNA of freshly cul-
tivated segments of carrot hypocotyl was more strongly
methylated than the original tissue. By contrast, the DNA
of the established cell suspension showed less methylation
in comparison to freshly inoculated tissue. These results
suggest that de-differentiation at the genome level by non-
specific de novo methylation is followed by de-methyla-
tion, which seems to be related to specific molecular “re-
programming” of the tissue.

This hypothesis is in good agreement with the experi-
ments of Kafri et al. (1992) and the assumptions of Razin
and Cedar (1993) with respect to differential changes in
DNA methylation during mouse gametogenesis and em-
bryogenesis. It has to be stressed that in carrot plants the
meristematic root tissue, i.e. the cambium, also displayed
a high level of genomic DNA methylation while the DNA
of the secondary root phloem, originajing from the meri-
stem by cell division and subsequent differentiation, was
less methylated. During somatic embryogenesis in carrot
suspensions with a stabilized auxin-dependent level of
DNA methylation at 16% LoSchiavo et al. (1989) reported
an initial decrease of DNA methylation followed by an in-
crease in methylation during further development. Specific
de novo methylation related to development was also as-
sumed by Monk et al. (1987) in their investigations on
mouse embryos.

It is evident that in future we will have to define the
terms de-differentiation and differentiation more precisely
at the molecular level. This should include differential
modification by methylation of the total genome. As will
be shown in a further paper this should also.consider dif-
ferential replication as a gross event (see also Arnholdt-
Schmitt et al. 1991 and Arnholdt-Schmitt 1993a,b). Since
de-differentiation seems to be a prerequisite for the expres-
sion of totipotency in tissue culture by somatic embryo-
genesis (e.g. Brettschneider et al. 1993) a geriomic marker

for de-differentiation might be helpful for studying the in-
duction of somatic embryogenesis in recalcitrant species.

DNA methylation is known to contribute to somaclo-
nal variation (Phillips et al. 1990). Therefore, further re-
search needs to be done to elucidate the relationship
between physiological DNA variability in tissue culture
and the transmission of stable changes in genome modifi-
cation in the case of plants regenerated from tissue culture.
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