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ABSTRACT

The level of DNA methylation in Daucus carota was found to
be tissue specific, but no simple correlation between develop-
mental stage or age of tissue and the level of DNA methylation
was found. Among three different suspension culture lines from
the same variety grown under identical conditions, large differ-
ences in the level of DNA methylation were observed. The highest
and lowest levels were found in two embryogenic cell lines
originating from the same clone. Suspension cells from one of
the embryogenic cell lines were fractionated into three morpho-
logically defined cell types using Percoll gradient density centrif-
ugation, and the uniformity of these fractions was evaluated by
image analysis. The three cell types showed different levels of
DNA methylation. The lowest level was found in the fraction
containing the precursor cells of somatic embryos.

(Uppsala, Sweden). The suspension culture cell lines N04,
NR, and NR2 were established from seedlings of the "Nobo"
variety (Danefeldt, Odense, Denmark). They were initiated
and kept as previously described (14). Somatic embryos were
obtained by washing cells three times in Gamborg B5 medium
(7) without hormones and diluting the cells to 10% settled
cell volume. They were then plated on the same medium with
0.7% (w/v) agarose (type I, Sigma) and kept in the light for 7
d or until globular somatic embryos had emerged.

Isolation of DNA and Determination of the Level of
DNA Methylation

DNA was isolated and further purified and the level of
DNA methylation was determined as previously described
(14). Briefly, DNA was digested by nuclease P1 and bacterial
alkaline phosphatase and the resulting deoxyribonucleosides
were separated and quantified by HPLC.

mdC2 is present in DNA of all higher organisms investigated
(5, 15). DNA methylation is involved in regulation of gene
activity and differentiation, and normally methylation of a
gene inactivates its transcription (4, 6). In plants, it has been
shown that in tissues, where a gene is expressed, it is often
hypomethylated in comparison to tissues, where it is not
expressed (1, 2, 16).

Large variations in the content of mdC, i.e. the level of
DNA methylation, have been found among different plant
species (9, 14, 17, 19, 20). However, for several species differ-
ent DNA methylation levels have been reported by different
authors. This observation could be due to analysis of different
tissues or tissues of different age or differentiated stage.

Here we present data showing tissue-specific as well as cell-
type-specific DNA methylation in Daucus carota.

MATERIALS AND METHODS

Plant Material and Tissue Culture

Mature plants (carrots [Daucus carota] with green leaves)
were bought locally. Pollen was obtained from Allergon
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2 Abbreviations: mdC, 5-methyldeoxycytidine.
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Figure 1. Specific levels of DNA methylation in various tissues of D.
carota. Storage root and leaves were from a 5 month old plant; pollen
was bought commercially; all others were established from seeds of
var Nobo.
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Figure 2. Distribution of cells and cell clusters according to shape and mean optical density in a suspension culture of D. carota and in three
Percoll fractions of the suspension culture. Cells and cell clusters were analyzed according to their mean optical density and their roundness
factor as described in "Materials and Methods." The height of the bars indicate the number of cells or cell clusters with these parameters.

Fractionation of Cells

Suspension cells were separated into three fractions en-
riched in morphologically distinct cell types by Percoll gra-
dient density centrifugation according to Janniche et al. (8).

Characterization of Cell Types by Image Analysis

The morphology and optical density of the cultivated cells
were characterized by image analysis. Small samples from the
nonfractionated suspension culture and from the fractions
obtained after Percoll separation were transferred to a hae-
macytometer with a 0.2 mm chamber depth. From each
sample 25 frames were recorded on videotape. The recordings
were done in transmitted light with a Zeiss Axioplan micro-
scope with a x 10 objective, a broadband interference filter
with maximum transmission at 550 nm and a B/W Uidicon
camera. The stored images were analyzed with a Vidas image
analysis system (version 2.0, Kontron, FRG).

Several geometrical and densitometric parameters of the
cells were calculated from the recordings. The more useful of
these were found to be the mean optical density and the
"roundness factor" [4 * pi * area/(convex perimeter)2], which
describes the roughness and compactness of the individual

cells and cell clusters. To relate previous qualitative observa-
tions with the image analysis, typical representatives of cells
and cell clusters from the 20 and 40% Percoll fractions were
measured selectively.

RESULTS AND DISCUSSION

Tissue Specificity

The level of DNA methylation was determined in 10 dif-
ferent tissues of Daucus carota and was shown to vary in the
range from 17.8% in the storage root of the mature plant to
25.8% in somatic embryos (Fig. 1). In plants, specific levels
of DNA methylation in different tissues have been reported
with respect to a gradient in the inflorescens (10), during
development of somatic embryos (11), and between leaves
and calli (13).
From the data, it can be concluded that the level of DNA

methylation can either increase or decrease during differentia-
tion. After differentiation and during ageing and growth,
leaves become extensively more methylated, going from
18.5% in the seedling to 24.0% in the adult plant. The
opposite is the case for roots, however, which become de-
methylated, going from 23. 1 % in the seedling to 17.8% in the
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adult plant. It is also noteworthy that both the formation of
callus from hypocotyl segments, which is generally referred to
as a process of dedifferentiation, and the formation of highly
organized somatic embryos from suspension cultured cells

A. cacdlx- < were accompanied by an increase in the level of DNA meth-

~~~~ylation (Fig. 1).
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Figure 3. Distribution of three morphologically distinct cell types Type Total 20 40
according to shape and mean optical density. Typical representatives Vacuolar 57.1% 81.4% 18.4%
of vacuolar, round-transparent, and meristematic cells and cell clus- Meristematic 34.1% 17.5% 67.4%
ters were selected and each of the three cell types was then analyzed Others 8.8% 1.1% 14.2%
as described in the legend to Figure 2. The height of the bars indicate nb 170 183 178
the number of cells or cell clusters with these parameters. a'Total' is the unfractionated suspension culture, while the num-

bers refer to the percentage of Percoll in the fraction on top of which
the cells were recovered. bNumber of cells or cell clusters
counted.
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Table II. Level of DNA Methylation in an Unfractionated Suspension Culture of D. carota and in Three
Percoll Fractions of the Suspension Culture

Suspension culture cells from a embryogenic cell line (NR2) grown with 0.1 mg/L 2,4-D were
harvested on d 7 after subcultivation and fractionated by Percoll density gradient centrifugation. The
level of DNA methylation was then determined in the unfractionated suspension culture and in three
Percoll fractions of the suspension culture.

Fractiona

Total 20 30 40

Level of DNA methylation 23.0% ± 1.0 25.4% ± 0.7 22.3% ± 0.7 22.1% ± 0.2
a 'Total' is the unfractionated suspension culture, while the numbers refer to the percentage of Percoll

in the fraction on top of which the cells were recovered.

of several different cell types and the distribution of the cell
types are not identical in the suspensions (data not shown).
This means that the difference in the level ofDNA methyla-
tion in the suspensions could be caused by two very different
mechanisms: (a) somatic alterations in the genome induced
during prolonged in vitro culturing, and/or (b) alterations in
the distribution of cell types having different levels of DNA
methylation.

Fractionation of Cell Types

The cells of one of the embryogenic cell lines (NR2) were
fractionated on Percoll density gradient centrifugation to three
fractions enriched in either of three morphologically defined
cell types. These cell types have been shown to follow distinct
developmental pathways (8) and therefore represent distinct
stages of differentiation.
The cells and cell clusters in the unfractionated material

and in each of the three fractions were analyzed according to
their mean optical density and their "roundness factor" as
described in "Materials and Methods." The unfractionated
material represented great variation with no apparent single-
peak distribution (Fig. 2A), while the fractionated cells seemed
more homogenous (Fig. 2, B-D). Fraction 20 showed a dis-
tribution centered around a relatively low roundness factor
(i.e. diverging from a circle) and low mean optical density
(Fig. 2B). Fraction 40 showed a distribution centered around
a high roundness factor (i.e. coming close to a circle) and a
relatively high mean optical density (Fig. 2D). Fraction 30
showed an intermediate and somewhat unclear distribution
using these parameters (Fig. 2C).

Typical representatives of three morphologically clearly
distinct cell types (i.e. vacuolar, meristematic, and round-
transparent) were selected and their distribution according to
shape and optical density were analyzed (Fig. 3). The distri-
butions of vacuolar and meristematic cells had virtually no
overlap (Fig. 3, A, C) and, accordingly, shape and optical
density can be used for distinguishing between these two cell
types. The distribution of vacuolar cells closely resembled that
of the cells recovered in fraction 20 (Figs. 2B and 3A), while
the distribution of meristematic cells resembled that of frac-
tion 40 (Figs. 2D and 3C). This confirmed the visual impres-
sion that fractions 20 and 40 were enriched in vacuolar and
meristematic cells, respectively. To quantify the purity of the
cell-type preparations, the proportion of the two clearly dis-

tinct cell types, vacuolar and meristematic, in the unfraction-
ated material and in the fractions 20 and 40 was counted
(Table I). It must be noted that meristematic cells were
counted as clusters of 10 to 100 cells while vacuolar cells were
counted as individual cells or small clumps with very few
cells. This means that the proportion of vacuolar cells given
in Table I are overestimates.

Cell Type Specificity

The levels of DNA methylation in the unfractionated sus-
pension culture and in each of the three fractions were deter-
mined (Table II). Fraction 20, enriched in vacuolar cells, had
the highest level ofDNA methylation of 25.7%, while fraction
40, enriched in meristematic cells, had the lowest level of
21.9% (Table II). The unfractionated suspension culture had,
as expected, an intermediate level of DNA methylation. Be-
cause neither of the fractions were pure (Table I), we expect
the actual difference in the level ofDNA methylation between
vacuolar and meristematic cells to be higher than that meas-
ured. It is possible that the large differences in the level of
DNA methylation between the three cell lines could be due
to a different composition of cell types with specific levels of
DNA methylation. This could explain why NR and NR2,
originating from the same genotype, have a relative difference
in the level ofDNA methylation of approximately 50%.

Fraction 40 contains the meristematic cells, which are
precursors of somatic embryos (3, 8). Such precursors have
been shown to have a lower level of DNA methylation than
the suspension as a whole (1 1), and their presence in fraction
40 might be indicative for the low level of methylation in this
fraction. In animals it has been shown that in an early,
transient stage of zygotic embryogenesis the zygote becomes
almost completely demethylated (12). Whether this is also the
case in plants remains to be analyzed.

CONCLUSION

In conclusion, our investigations show that in plants differ-
ent tissues have different levels ofDNA methylation and that
these levels are changing during growth and aging. Consider-
able variation in the level ofDNA methylation exists between
cell types found in unorganized suspension cultures, indicat-
ing that the relative distribution of the different cell types is a
major factor determining the overall level of DNA methyla-
tion in the population or tissue at a certain age.
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In animals DNA methylation has been shown to be in-
volved in regulation of differentiation (12, 18). The consid-
erable differences in the level of DNA methylation we have
found in different tissues and cell types support that DNA
methylation is involved in regulation of differentiation in
plants, since this finding fulfill the prerequisite that different
tissues exhibit differences in DNA methylation patterns if
DNA methylation is involved in their regulation.
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