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es are DNA motifs common in the genomes of eukaryotic species and are often
embedded in heterochromatic regions. In most eukaryotes, ribosomal genes, as well as centromeres and
telomeres or subtelomeres, are associated with abundant tandem arrays of repetitive sequences and typically
represent the final barriers to completion of whole-genome sequencing. The nature of these repeats makes it
difficult to estimate their actual sizes. In this study, combining the two cytological techniques DNA fiber-FISH
and pachytene chromosome FISH allowed us to characterize the tandem repeats distributed genome wide in
Antirrhinum majus and identify four types of tandem repeats, 45S rDNA, 5S rDNA, CentA1, and CentA2,
representing the major tandem repetitive components, which were estimated to have a total length of
18.50 Mb and account for 3.59% of the A. majus genome. FISH examination revealed that all the tandem
repeats correspond to heterochromatic knobs along the pachytene chromosomes. Moreover, the methylation
status of the tandem repeats was investigated in both somatic cells and pollen mother cells from anther
tissues using an antibody against 5-methylcytosine combined with sequential FISH analyses. Our results
showed that these repeats were hypomethylated in anther tissues, especially in the pollen mother cells at
pachytene stage.

© 2008 Elsevier Inc. All rights reserved.
The molecular organization of DNA sequences determines the
structure and function of eukaryotic chromosomes. Certain sequences
are repeated many times in chromosomes of a particular species and
often represent amajor component of the eukaryotic genome. Tandem
repeats, typically with monomer sizes ranging from 150 to 180 bp or
300 to 360 bp, make up most of the repetitive sequences in a
eukaryotic genome and are arranged in arrays of thousands of adjacent
monomers and can reach megabase size in the genome [1,2]. Most
eukaryotic genomes contain four types of tandem repeats: ribosomal
RNA genes (including 5 S and 45S) [3], centromeric tandem repeats [4],
telomeric tandem repeats [5], and subtelomeric tandem repeats [6,7].
In addition, some organisms like Zea mays also have other types of
tandem repeats that are organized into knobs on chromosome arms
[8,9]. Among these tandem repeats, only the coding regions of
ribosomal RNA genes are highly conserved, while the other types of
tandem repeats have diverged to a high degree and often share little
similarity among species [10].

The tandem repeat regions of chromosomes often represent the
final barriers to completion of whole-genome sequencing. Although
many of the eukaryotic genomes have been sequenced, most of the
tandem repeat regions have yet to be finished [11,12]. There are
l rights reserved.
characteristics of the repeat sequences that provide obstacles to
sequence finishing. For instance, tandem repeats are difficult to ligate
into vectors due to the paucity of restriction sites. BAC clones
containing tandem repetitive sequences are difficult to construct
contigs from. Furthermore, the sequences of subclones from a BAC
clone with tandem repeats are difficult to align. Thus, finding an easy
way to characterize the tandem repeats with respect to their genome-
wide distribution is very important for genomic studies.

There are two kinds of chromatins on chromosomes: hetero-
chromatin and euchromatin. Heterochromatin is usually located on
both sides of the centromere, which corresponds to the region that is
brightly stained by 4′,6-diamidinophenylindole (DAPI). Euchromatin
typically resides toward the distal regions of chromosomes and
corresponds to the weakly DAPI-stained region. Heterochromatic
regions always contain lots of repetitive sequences, both dispersed
repeats and tandem repeats. However, because both the dispersed
repeats and the tandem repeats are brightly stained by DAPI, it is very
difficult to distinguish them cytologically.

Tandem repetitive sequences in heterochromatin are always
associated with methylation. The recent focus regarding the role of
DNAmethylation in animals, plants, and fungi has been in the context of
epigenetic research. DNA methylation is a factor not only in provoking
heterochromatin formation, but also in stabilizing heterochromatin
structures [13]. Many studies have revealed that DNA methylation has
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Fig. 1. Differential chromatin condensation and distribution of knobs in predenatured
and overdenatured pachytene chromosomes of Antirrhinum. (A) The predenatured
pachytene chromosomes of Antirrhinum stained by DAPI. (B) Inverted chromosomes
corresponding to (A). (C) Pachytene chromosomes of Antirrhinum were coprobed with
45S rDNA (green signals) and CentA1 (red signals). The numbers 1–8 indicate the
chromosome numbering. (D) Inverted chromosomes of Antirrhinum corresponding to
(C). The numbers 1–8 indicate the chromosome numbering. All chromosomes were
stained with DAPI. All bars, 5 μm.
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two primary roles in eukaryotes: to defend the genome against selfish
transposon insertion and to regulate endogenous gene expression. In
plants, DNA methylation always takes place at the sites CG, CNG (N
representing any nucleotide), and CHH (H representing A, C, or T). The
related cytosine methylation is a modulation system for DNA methyla-
tion that induces gene silencing [14], regulates expression of repeated
sequences [15], and promotes genomic imprinting [16].

The genus Antirrhinum is a genetic model for plant biology and
development [17]. In the present study, we reprobed the pachytene
chromosomes of A. majus with several kinds of tandem repeats,
including 45S rDNA, 5S rDNA, and centromeric repeats, and found that
only the regions with tandem repeats were always brightly stained by
DAPI. After several rounds of fluorescence in situ hybridization (FISH)
experiments, however, the other heterochromatic regions without
tandem repeats became slightly stained very close to the euchromatic
regions. This approach was useful in characterizing the tandem
repetitive sequences for a given organism genome.We quantified DNA
content for each locus of the tandem repeats and demonstrated the
utility of using distribution patterns of different kinds of tandem
repeats as cytological markers for Antirrhinum chromosome identifi-
cation. We further investigated their methylation status by both
Southern analyses and indirect immunodetection using an antibody
against 5-methylcytosine (5-mC) in the Antirrhinum genome.

Results

Comparison of the DAPI staining pattern of Antirrhinum pachytene
chromosomes before and after FISH

The distribution pattern of the euchromatic and heterochromatic
regions is always chromosome specific and can be a reliable
characteristic to distinguish chromosomes from the whole chromo-
some complement. As pachytene chromosomes are much longer than
somatic metaphase chromosomes, the distribution of heterochro-
matic segments on pachytene chromosomes becomes more easily
distinguishable than those in metaphase chromosomes. When the
pachytene chromosomes were stained with DAPI, the bright region
corresponded to the heterochromatic region and the less bright region
corresponded to the euchromatic region (Figs. 1A and B). The DAPI
staining pattern of a given pachytene chromosome is pretty stable
among different cells. Based on the pattern of Antirrhinum pachytene
chromosomes, we found that heterochromatin is locatedmainly in the
pericentromeric regions, while euchromatin is located in both of the
distal ends of a chromosome.

To investigate the dynamics of heterochromatin condensation
patterns before and after denaturation, we reprobed the same
pachytene chromosomes for three or four rounds with different
probes. After the reprobing procedure, some of heterochromatin, such
as that on the short arms of chromosomes 1, 3, and 8, had gradually
diminished and the remaining heterochromatinwas located mainly in
the centromeric regions and the distal regions. Moreover, it became
muchmore bright and obvious. The chromosome staining pattern after
three rounds of the FISH procedure is shown in Fig. 1D.

Heterochromatin knobs are all associated with tandem repetitive
sequences in the Antirrhinum genome

In plant genomes, there are different kinds of tandemly repeated
sequences, including rDNA, centromeric repeats, telomeric repeats,
etc. To detect what kind of sequence corresponds to the heterochro-
matic knobs shown after several rounds of FISH, we probed the
pachytene chromosomes with 45S rDNA and CentA1, labeled with
different colors. The 45S rDNA corresponds to the terminal knobs
located on the ends of the short arms of chromosomes 4, 6, and 7
(Fig. 1C). The locus on chromosome 6 is the biggest, whereas that on
chromosome 7 is the smallest. CentA1 corresponds to most of the
centromeric knobs, especially those on the centromere regions of six of
the eight chromosomes, the exceptions being chromosomes 1 and 7
(Fig. 1C). Among them, chromosome 3 and chromosome 8 have two
CentA1 domains that correspond to the two knobs in these regions. As
there still appeared to be some knobs in the centromeric regions that
could not be turned onbyCentA1,we further tried CentA2 and 5S rDNA
together with CentA1 in different colors. CentA2 is also a centromere-
related tandem repeat that is found only on the centromere regions of
chromosomes 2, 4, and 6 (Figs. 2A1–A3). Among them, chromosome 2
has the biggest locus, while chromosomes 4 and 6 have two smaller
loci on both sides of CentA1. 5S rDNA has two loci on pachytene
chromosomes. The bigger of the two is on the short arm of
chromosome 3 close to the centromere (Fig. 2A4), while the smaller
one is situated on the short arm of chromosome 6, also close to the
centromere, which is located between CentA1 and CentA2 (Fig. 2A5).
All the signals of both CentA2 and 5S rDNA correspond to the
heterochromatic knobs in these regions (Figs.B1–2B5). Moreover, we
found that all the Antirrhinum pachytene chromosome ends could be
hybridized by telomeric repeats, (TTTAGGG)n (Fig. 2C). It seems that
the lengths of the telomeric repeats are too short for them to become
the heterochromatic knobs, so most of the chromosome ends are not
shown with visible heterochromatic knobs (see Figs. 1B and D).

After mapping the different kinds of tandem repeats in the Antir-
rhinum genome, we found that those tandem repeats are very useful
cytological markers for Antirrhinum chromosome identification. Based
on their distribution patterns, all the Antirrhinum pachytene chromo-
somes can be identified as follows:

Chromosome 1, the longer chromosome of the two without
centromere repetitive sequences.



Fig. 2. Mapping of the heterochromatin regions in the Antirrhinum genome. (A1 to A3) The centromere regions of chromosomes 2, 4, and 6 at pachytene stage were coprobed with
CentA1 (red signals) and CentA2 (green signals). (A4 and A5) The centromere regions of chromosome 3 and 6 at pachytene stage were coprobed with CentA1 (red signals) and 5S
rDNA (green signals). (B1 to B5) Black-and-white images of DAPI-stained pachytene chromosomes indicating the corresponding heterochromatin regions. (C) Pachytene
chromosomes of Antirrhinumwere probed with pAtT4 (green signals). (D) 5S rDNA fibers (green signals) from the centromere region of chromosome 3. (E) DNA fibers probed by 5S
rDNA (green signals) and CentA1 (red signals) on chromosome 6 in Antirrhinum. (F) DNA fibers from the centromere region of chromosome 2 in Antirrhinum, probed by CentA1 (red
signals) and CentA2 (green signals). All chromosomes were stained with DAPI. All bars, 5 μm.

Table 1
Quantification of the tandem repetitive sequences in A. majus

Chr. Tandem repeat Relative intensity Physical length (kb)

2 CentA1 1.63 346.91±47.06
CentA2 12.37 2632.69±516.76

3 CentA1 8.51 1811.18±372.26
5S rDNA 1a 212.82±36.70

4 CentA1 8.48 1804.79±334.28
CentA2 3.62 777.71±209.88
NOR 10.80 2298.55±908.46

5 CentA1 1.99 423.53±305.60
6 CentA1 6.82 1451.50±189.46

CentA2 1.23 261.78±47.00
NOR 14.97 3186.05±448.26
5S rDNA 0.64 136.21±23.40

7 NOR 1.03 219.22±47.00
8 CentA1 13.81 2939.17±265.78

aThe relative intensity of 5S on chromosome 3 is calculated as 1. Its DNA fiber length is
66.30 µm, which corresponds to 212.82 kb (3.21 kb/µm according to Cheng et al. [18]).
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Chromosome 2, with CentA1 and the biggest locus of CentA2 among
the three chromosomes turned on by CentA2 tandem repeats.

Chromosome 3, with the bigger locus of 5S rDNA of the two
chromosomes hybridized with 5S rDNA.

Chromosome 4, with the bigger 45S rDNA locus and with the
centromeric CentA1 and CentA2.

Chromosome 5, the only chromosome with a CentA1 signal
situated in the middle of it.

Chromosome 6, with the biggest 45S rDNA locus at the end of short
arm as well as a smaller 5S rDNA locus between the CentA1 and the
CentA2 regions.

Chromosome 7, the shorter chromosome of the two without
centromere tandem repeats, with the smallest 45S rDNA locus at the
end of short arm.

Chromosome 8, the shortest chromosome of the whole chromo-
some complement with a big CentA1 locus. It looks like chromosome
3 but without 5S rDNA in the pericentromeric region.

Quantification of the tandem repeats in the Antirrhinum genome

In Antirrhinum, the majority of repetitive elements are restricted to
the heterochromatic knobs around the centromeres and at the
nucleolus organizer regions (NORs). The contents of the various
tandem repeats on different chromosomes are different. As most of
the tandem repeats have multiple sites, it is very difficult to identify
each of them using cytological techniques. 5S rDNA has only two sites
in the genome; one of them on chromosome 3 is bigger and the other
one on chromosome 6 is much smaller. It is easier to distinguish
between the two sites of 5S rDNA according to the signal length of
fiber-FISH. We measured five fibers of the longer 5S rDNA signals
with an average length of 66.30 μm (Fig. 2D), which corresponds to
212.82 kb according to the calibration parameter 3.21 kb/μm [18].
Comparing the intensity of the FISH signal on pachytene chromo-
somes, the smaller site of 5S rDNA on chromosome 6 is about 64% of
the bigger one on chromosome 3, which is about 136.21 kb. When we
labeled one of the other tandem repeats together with 5S rDNA and
probed the same pachytene chromosomes, each site of the signals
could be identified according to their karyotype. After measuring the
intensities of all the signals and comparing them to the bigger 5S rDNA
on chromosome 3, we could calculate their total length (Table 1). For
example, the largest site of 45S rDNA on chromosome 6 is 14.97 times
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as strong as that of the 5S rDNA on chromosome 3 and equates to
3186.05 kb in length, while the smallest site of 45S rDNA on
chromosome 7 is 1.03 times as strong as that of the 5S rDNA on
chromosome 3, which equates to 219.22 kb in length.

We also labeled 5S rDNA and CentA1 with different colors and
probed them together to the same DNA fibers. The small locus of 5S
rDNA on chromosome 6 is very close to CentA1with a gap of 40.30 μm,
which equates to 129.36 kb (Fig. 2E). Using the same strategy, the gap
between CentA1 and CentA2 on chromosome 2 was estimated as
85.10 μm, which equates to 273.17 kb (Fig. 2F).

Cytosine methylation status of the tandem repetitive sequences in the
Antirrhinum genome

Most of the repetitive sequences are known to be subject to
methylation and are always located in the heterochromatic region. In
higher plants, DNAmethylation is found in all sequence contexts (CpG,
CpNpG, and asymmetric). We tested the methylation status of various
kinds of tandem repeats in Antirrhinum. Both HpaII and MspI can
recognize the CCGG sequence; however, HpaII is inhibited by
methylation of either cytosine at its recognition site, allowing
detection of CpG and CpNpG methylation, whereas MspI is inhibited
only by methylation of the 5′ cytosine, allowing detection of CpNpG
methylation. As both 5S rDNA and 45S rDNA contain a CCGG site, we
could use HpaII andMspI to detect the methylation status of these two
repeats. We found that MspI can cleave some of the 5S rDNA repeats
and produce ladder bands, while HpaII cannot digest 5S rDNA,
indicating that the internal cytosines in the CCGG sites of 5S rDNA are
extensively methylated (Fig. 3). 45S rDNA can also be digested byMspI
Fig. 3. DNA gel blot analyses of methylation in the Antirrhinum genome. The genomic
DNA was digested with the methylation-sensitive and-insensitive enzymes HpaII and
MspI, and hybridized with 5S rDNA and 45S rDNA, respectively. DNA markers are
showed on the left.
and produces some ladder bands. But unlike 5S rDNA, 45S rDNA can
still be partially digested by HpaII, indicating that the 45S rDNA is
only partially methylated at both CpNpG and CpG sites. Since neither
CentA1 nor CentA2 has CCGG sites, we cannot investigate their meth-
ylation status using HpaII and MspI digestion.

As DNA methylation is variable among different tissues, different
cells, and even different stages in a cell division cycle, it is more
convenient to check DNA methylation status in situ using the mono-
clonal antibody against 5-mC. The anther tissue has two kinds of cells,
one is the somatic cell containing mitotically derived chromosomes
and the other is a pollen mother cell (PMC) where meiosis takes place.
We investigated DNAmethylation status in the somatic cells of anther
tissues first. In somatic cells, the Antirrhinum genome is strongly
methylated and the distribution of 5-mC residues is quite uniform
along the interphase chromatins (Fig. 4A). During prometaphase,
heterochromatins and euchromatins becomemore obvious along their
chromosome length. The heterochromatin is located mainly on both
sides of the centromere, while the euchromatin is more preferentially
situated on both distal ends of a chromosome. We found that the
distribution of 5-mC residues was located mainly on the heterochro-
matic regions of the prometaphase chromosome, indicating that
cytosine in the heterochromatic region ismoremethylated than that in
the euchromatic region (Fig. 4B). During metaphase, chromosomes
become shorter and brighter as stained with DAPI. It is difficult to
define the heterochromatic and euchromatic regions of a chromosome
at this stage. The 5-mC residues are also distributed along the
chromosome length in a metaphase cell (Fig. 4C). We also investigated
the DNA methylation status of PMCs. Leptotene is the earliest stage of
meiosis. We found that the Antirrhinum genome was also highly
methylated in PMCs and the distribution of 5-mC residues was quite
uniformalong the leptotenenuclei (Fig. 4D). Pachytene is the best stage
to characterize chromosome morphology in Antirrhinum. Heterochro-
matins are located mainly on both sides of the centromere and are
distinct from euchromatic regions in the pachytene chromosome. The
5-mC residues are also situated mainly on the heterochromatic
regions, while the number of antibody foci against 5-mC in euchro-
matic regions is much smaller than that in heterochromatic regions
(Fig. 4E). Diplotene is the next stage after pachytene; the homologous
chromosomes start to separate at this stage. Although we can check
the methylation status using antibody against 5-mC, the chromo-
some morphology is very difficult to characterize during this stage
(Fig. 4F). By comparison of different cell division stages, we found the
prometaphase and pachytene stages to be the two best stages to study
themethylation status in situ in bothmitosis andmeiosis, respectively.

We have also checked the methylation status of different kinds of
tandem repeats by using an antibody against 5-mC combined with
sequential FISH analyses. 45S rDNA has three sites that are located at
the ends of the short arms of chromosomes 4, 6, and 7. In interphase
nuclei of anther tissues, 45S rDNA hybridization signals are scattered
in the nucleus and overlap with other chromatins. It is difficult to
describe their methylation status at this stage (Fig. 4G), whereas in
both prometaphase and metaphase cells, each chromosome is usually
separated from the others and thus we can investigate the 45S rDNA
signals and 5-mC antibody foci of the individual chromosomes. We
found that the biggest 45S rDNA sites on both homologs of
chromosome 6 were seldom methylated; however, the two smaller
sites on chromosomes 4 and 7 were methylated (Figs. 4H and I). We
also checked the methylation status of 45S rDNA on pachytene
chromosomes. The signals were all localized in the slightly methylated
regions, especially the biggest locus on the end of the short arm of
chromosome 6, and almost none of the 5-mC foci were overlapped
with 45S rDNA signal (Fig. 5A).

As the other three kinds of repeats, 5S rDNA, CentA1, and CentA2,
are all located in the internal region of the chromosome, we can
use only pachytene chromosomes to study their methylation status,
because they have a much higher FISH resolution than prometaphase



Fig. 4. Indirect immunodetection of DNA methylation in the both somatic cells and PMCs of anther tissue and sequential FISH analyses. (A to C) Methylation of the somatic cells at
interphase, prometaphase, andmetaphase, respectively. (D to F) Methylation of the PMCs at leptotene, pachytene, and diplotene, respectively. (G to I) Methylation of the somatic cells
at interphase, prometaphase, and metaphase, respectively, sequentially probed with 45S rDNA (red signals). All the chromosomes were stained with DAPI. Green signals indicate
immunofluorescence of 5-mC. All bars, 5 μm.
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chromosomes. 5S rDNA has two loci in the Antirrhinum genome; they
are both close to the centromeres of chromosomes 3 and 6. Pachytene
chromosome FISH showed that both sites were slightly methylated
with a few 5-mC foci overlapping with 5S rDNA signals (Fig. 5B).
CentA1 and CentA2 are the two major centromeric elements in An-
tirrhinum. We found that all the loci of both CentA1 and CentA2 are
situated in less methylated regions, especially those bigger loci
(Figs. 5C and D). As a result, we found that all these tandem repeats,
including ribosomal DNA and centromeric repeats, are hypomethy-
lated at the pachytene stage of meiosis.

Discussion

The brightness of DAPI staining depends on the dye uptake of the
chromatin. Usually the euchromatin has a low level of condensation
and is weakly stained by DAPI, while the heterochromatin has a high
level of condensation and can be brightly stained [19]. Long tracks of
tandem repetitive sequences are always assembled into heterochro-
matic knobs on chromosomes. If the knobs are situated in a
heterochromatic region such as the centromere or pericentromere,
they will be difficult to be distinguished from other heterochromatins.
But if they are located in a euchromatic region, they will be obviously
visible. For example, the knobs of maize are composed of two kinds of
tandem repeat, 180 and 350 bp [8]. They can be easily detected on
pachytene chromosomes with a well-stained pattern by different
kinds of dyes, such as carmine, Giemsa, and DAPI as well as propidium
iodide. Many organisms, like rice and tomato [6,7], also harbor this
kind of knob sequence in subtelomeric regions, which are always
visualized as heterochromatic knobs at chromosome ends. Treatment
with detergent can induce significant modifications on chromatin
structure and thus change the DAPI staining pattern [20]. Actually, it is
normal for chromosomes to become thicker after FISH and not be
stained well with DAPI.

In the present study, we found that the DAPI staining capacity of
pachytene chromosomes could be significantly changed after several
rounds of FISH. The DAPI signal from the tandem repeats remains
strong, while the other heterochromatic regions without tandem
repeats gradually lose the capacity to bind DAPI. Although the
mechanism for this process is unknown, it seems that the high
temperature needed to denature the DNA coupled with the prolonged
immersion in hybridization solution containing a high concentration
of salt can significantly contribute to the alteration of chromatin
structure. As a result of this procedure, all the tandem repetitive
sequences of an entire genome can be shown.

In the eukaryotic genome, there are several kinds of tandem
repeats: ribosomal RNA genes (including 5S and 45S), centromeric
tandem repeats, telomeric tandem repeats, and subtelomeric tandem
repeats. Among these tandem repeats, the coding regions of ribosomal
RNA genes are highly conserved, while the intergenic spacers between
the coding regions are diverged among different species [21,22].
The telomeric sequences are also fairly conserved [23]. Most plant
telomeres comprise TTTAGGG repeats [24]. Telomere length varies



Fig. 5. Indirect immunodetection of DNA methylation of different kinds of tandem repeats on pachytene chromosomes of Antirrhinum by sequential FISH. (A) FISH mapping of 45S
rDNA. (A1) Immunofluorescence signals of 5-mC (green signals). Arrow points to the domain of reduced immunofluorescence signals on chromosome 6. (A2) 45S rDNA (red signals).
(B) FISH mapping of 5S rDNA. (B1) Immunofluorescence signals of 5-mC (green signals). (B2) 5S rDNA (red signals). (C) FISH mapping of CentA1. (C1) Immunofluorescence signals of
5-mC (green signals). Arrows point to the domains of reduced immunofluorescence signals. (C2) CentA1 (red signals). (D) FISHmapping of CentA2. (D1) Immunofluorescence signals
of 5-mC (green signals). Arrow points to the domain of reduced immunofluorescence signals on chromosome 4. (D2) CentA2 (red signals). All the chromosomes were stained with
DAPI. All bars, 5 μm.
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considerably among different chromosomes of a given species [25,26]
and also between different species. The remaining other types of
tandem repeats among different organisms have diverged to a high
degree and sometimes share little similarity. These regions of
chromosome are typically very difficult to sequence.

DNA fiber-FISH provides an efficientway to estimate the length of a
particular sequence by measuring the signal length or the gap length
between two signals. Pachytene chromosome FISH provides a picture
of the genome-wide sequence distribution patterning when probed
with these sequences. By combining the two cytological techniqueswe
provide a characterization of the tandem repeats genome wide in
Antirrhinum. The results indicate the four types of tandem repeats (45S
rDNA, 5S rDNA, CentA1, and CentA2) that make up the major tandem
repetitive components. At an estimated total length of 18.50 Mb it
appears that these sequences account for 3.59% of the entire genome.

Cytosine methylation is a commonmodification of plant genomes
and appears most frequently in heterochromatic sequences, espe-
cially near the centromeric regions [27]. Small RNAs can establish CG
methylation as well as non-CG (CNG or CHH) methylation [28,29].
MET1 is an endogenous small RNA-guided methyltransferase that
is a major pathway for maintenance of CG methylation. A met
mutation is capable of causing the specific loss of CG methylation
[30]. Another class of methyltransferase, CMT, has been character-
ized in maize. Together with DRM, CMT is the major CNG
methyltransferase in plants. In both centromeric and pericentro-
meric regions, CMT3 controls CNG methylation [31]. The H3-K27
methylation cytologically colocalizes with CMT3 target regions such
as centromeric heterochromatin [32]. Wong et al. investigated the
DNA methylation associated with a neocentromere formed at q25
of human chromosome 10 by sodium bisulfite PCR analyses and
found an increased amount of DNA methylation after neocentro-
mere formation [32].

DNA methylation status can vary among different tissues and
Southern-blot-based methylation analyses can detect only a global
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level of methylation at specific restriction enzyme sites. However,
indirect immunodetection using the monoclonal antibody against 5-
mC is another approach to inspecting the DNA methylation status of a
single cell. In the present study, we found that the 45S rDNA loci differ
in their level of methylation and correspond to the partially
methylated status revealed by Southern analyses. The centromeric
repeats, CentA1 and CentA2, are all hypomethylated at pachytene
stage, which may be related to the centromere function of these two
repeats. A recent study showed that a functional centromeric region is
always hypomethylated [33]. As the anti-CENH3 antibody is still
unavailable in Antirrhinum, we cannot identify its functional centro-
mere regions or check their methylation status.

Materials and methods

The A. majus (Stock 75) plants were grown in a greenhouse as described [34]. Young
buds were collected for meiotic chromosome preparation and leaf tissue was harvested
for genomic DNA isolation. Several repetitive DNA elements probes were used in the
FISH analyses, including the two centromeric repeats, CentA1 and CentA2 [35]; pTa71,
which contains the coding sequences for the 18S and 26S ribosomal RNA genes of wheat
[36]; and pTa794, which contains the coding sequences for the 5S ribosomal RNA genes
of wheat [37].

Chromosome and DNA fiber preparation

Immature Antirrhinum flower buds at a length of 1.5–3.0 mm were harvested and
fixed in Carnoy's solution (ethanol:glacial acetic acid 3:1). Microsporocytes undergoing
meiosis were squashed in an acetocarmine solution. Slides with chromosomes were
frozen in liquid nitrogen. After removal of coverslips, they were dehydrated through an
ethanol series (70, 90, and 100%) prior to FISH.

Two grams of young Antirrhinum leaves was ground in liquid nitrogen, and
nuclei were isolated using NIB solution (10 mM Tris–HCl, pH 9.5, 10 mM EDTA,
100 mM KCl, 0.5 M sucrose, 4.0 mM spermidine, 1.0 mM spermine, 0.1%
mercaptoethanol). The harvested nuclei were stored in an equal amount of 100%
glycerol at −20 °C until use. Five microliters of nuclei solution was incubated in 10 μl
STE (0.5% SDS, 5 mM EDTA, 100 mM Tris, pH 7.0) and then extended on a clean poly-
L-lysine slide.

Fluorescence in situ hybridization and fiber-FISH

The FISH procedure used on the chromosomes was followed according to Cheng
et al. [18]. The plasmid DNA was isolated using the Miniprep kit from Qiagen. The
probes were labeled with either biotin-11–dUTP or digoxigenin-16–dUTP by nick-
translation. Slides bearing meiotic chromosomes were denatured on an 80 °C heating
plate for 2 min with 70% formamide in 2× SSC and then immediately immersed in a set
of precooled ethanol (70, 90, and 100% for 5 min each). Denatured probe mixture (20 μl
containing 50–100 ng labeled probe, 2× SSC, 50% deionized formamide, 10% dextran
sulfate) was applied to each slide and covered with a coverslip. Hybridization was
carried out at 37 °C overnight in a moist chamber. After the coverslips were removed,
the slides were washed in 2× SSC for 10 min at 42 °C, 2× SSC for 5 min at room
temperature. Probes labeled with biotin were detected with Texas red-conjugated
avidin (Vector Laboratories, Burlingame, CA, USA), whereas probes labeled with
digoxigenin were examined with fluorescein isothiocyanate (FITC)-conjugated sheep
anti-digoxigenin (Roche Diagnostics, Indianapolis, IN, USA). Chromosomes were
counterstainedwith DAPI in an antifade solution (Vector Laboratories). FISH procedures
on genomic DNA fibers were as described previously, and hybridization signals in two-
color fiber-FISH were detected with a three-layer antibody detection system as
described [38].

Chromosomes and FISH signal images were captured under the Olympus BX61
fluorescence microscope used with a microCCD camera. Grayscale images were
captured for each of the color channels and then merged using the software from
IPlab. The pachytene chromosome and DNA fiber length and signal intensity were also
measured using the same software.

DNA methylation analysis

Antirrhinum genomic DNA was isolated from leaf tissue, subjected to parallel
digests with the restriction enzymes MspI and HpaII, followed by DNA gel blot analysis,
and hybridized with pTa71 and pTa794.

Indirect immunodetection of DNA methylation and sequential FISH

To detect 5-mC, the slides were denatured in 70% formamide in 2× SSC for 4 min at
80 °C, washed in 70% ethanol at −20 °C for 5min, and then incubated in 1% BSA in 1× PBS
for 30 min at 37 °C. The slides were further incubated with mouse antiserum raised
against 5-mC (1:500) (Upstate, Lake Placid, NY, USA) in 1× TNB (100mMTris–HCl, pH 7.5,
150 mM NaCl, and 0.5% blocking reagent) for 3 h. After three washes in 1× PBS, the
denatured FISH probes in hybridization solution were applied to the slides and in-
cubated in a wet chamber at 37 °C overnight. The mouse antibodies were detected with
FITC-conjugated goat anti-mouse antibody (1:1000) (Upstate). Probes labeled with
digoxigeninwere examinedwith rhodamine-conjugated sheep anti-digoxigenin (Roche
Diagnostics). Chromosomes were counterstained with DAPI in an antifade solution
(Vector Laboratories).
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