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The architecture of interphase chromosomes and
gene positioning are altered by changes in DNA
methylation and histone acetylation
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Summary

Wheat nuclei have a remarkably well defined interphase

organisation, and we have made use of this to determine
the relationship between interphase chromosome
organisation, the positioning of specific transgenes and
induced changes in DNA methylation and histone
acetylation, using in situ hybridisation and confocal 3D

imaging. After germinating seeds either in the presence of

centromeres and telomeres to the nuclear envelope. In lines
carrying multiple transgene integrations at widely

separated sites, we show that the multiple transgenes,
which are usually colocalised during interphase, are
dispersed after 5-AC or TSA treatment and that there is an

increase in transgene activity. This suggests that the
colocalisation/dispersion of the transgenes may be a

5-Azacytidine  (5-AC), which leads to DNA
hypomethylation, or trichostatin A (TSA), which results in
histone hyperacetylation, the architecture of the interphase
chromosome arms changes significantly even though the
overall Rabl configuration is maintained. This suggests that
specific chromosome segments are remodelled by thesekKey words: Interphase chromosomes, Transgenes, DNA methylation,
treatments but that there is a strong link of both  Histone acetylation, Chromatin remodelling

function of specific interphase chromosome organisation
and that these lines containing multiple transgene copies
may all be partially transcriptionally repressed.

Introduction recruitment of the silenced genes to Sir protein sites at the

In most eukaryotes the chromosomes are clearly visible wheéniclear periphery (Gasser et al., 1998; Laroche et al., 2000).
they are condensed during mitosis, but they are also highfyrancastel et al. showed that transcriptional enhancers may
organised in distinct, non-overlapping territories duringSuppress silencing of a transgene by preventing its localisation
interphase. In wheat, genomic in situ hybridisation, as well aglose to centromeric heterochromatin and recruiting it into an
labelling with specific probes to the centromeres andctive compartment (Francastel et al., 1999); mutations in the
telomeres, has shown that the interphase chromosong&hancer that led to increased silencing resulted in localisation
territories are highly organised as parallel linear region&t the centromeric heterochromatin. Dernburg et al. showed
stretching across the nucleus, the two arms of eadhat insertion of heterochromatin at one allele of the brown
chromosome lying along side each other, with the centromerégcus inDrosophilacaused both the altered gene and the other
and telomeres located at opposite poles of the nucleus in a R&ljele to associate with centromeric heterochromatin (Dernburg
configuration (Abranches et al., 1998). et al., 1996). Lundgren et al. used a transgene integrated into
One current model for higher-order chromosomepericentromeric heterochromatin to show that transcriptional
organisation suggests that active genes are located on loops taetivation was associated with changes in the heterochromatin
may be mobile within the nucleus (Cook, 1995). It hasstructure, but the transgene was not relocated away from the
furthermore been suggested that these loops may be pullbgterochromatin on activation (Lundgren et al., 2000). Tumbar
through fixed polymerases during transcription and replicatiorand Belmont used GFP in vivo labelling to show that the VP16
rather than the polymerases moving along fixed DNA strandsanscriptional activator can alter the nuclear positioning of an
(Dickinson et al., 1990; Jackson et al., 1993; Iborra et al., 199éngineered reporter sequence (Tumbar and Belmont, 2001).
Cook, 1999). The position of certain individual genes has been Changes in chromatin organisation are associated with
associated with transcriptional state. For example, the ikardganscriptional activation, DNA methylation and histone
proteins are located around centromeric heterochromatin @cetylation. Several chromatin remodelling complexes have
lymphocytes, and silenced genes are recruited to the ikarbgen identified, in plants as in animals, of which the best
sites, whereas active genes are located away froknown are the SNF2 type (Felsenfeld, 1996; Workman and
heterochromatin (Brown et al., 1999). In yeast, the SirKingston, 1998; Travers, 1999), and these are also specifically
dependent telomeric gene silencing is associated witimvolved in transcriptional regulation. In plants, DNA
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methylation has been correlated with chromatin structure b§iD'/1RS), respectively. Wheat lines (cv. Bobwhite) were transformed
the identification of theldml1gene fromArabidopsis thaliana ~ with the plasmid pAHC25, containing the Gus reporter gene, by
which encodes an SNF2-family protein (Jeddeloh et al., 1999?article bombardment using the Biolistic_s PDS 1000/He device
Mutants defective in this gene gradually lose their normafAbranches et al2000). Seeds were germinated for 4 days at 24°C
methylation patterns, with repetitive regions of the genom@?afg;‘;:jiﬂipg zgakseigr:]r;)"‘gar“xa?e'?g%rﬁ;%ﬁg&?ﬁﬁg‘(‘gﬁgﬁ
being hypomethylated first. This suggests that chromati A — Sigma) (diluted just prior to use from a 10 mM stock solution
Conformat'onal changes areé necessary ,to _aIIOW access j dimethyl sulfoxide). The 5-AC was freshly dissolved in water and
maintenance methylases during DNA replication. changed daily. The root-tips were excised and fixed in 4% (w/v)
DNA methylation and histone acetylation have been clearlyormaldehyde freshly prepared from paraformaldehyde in PEM buffer
linked with the regulation of gene expression, with active geng%0 mM PIPES/KOH pH 6.9; 5 mM EGTA; 5 mM MgSJor 1 hour
tending to be under-methylated and associated witht room temperature, then washed in TBS (10 mM Tris-HCI, pH 7.4;
nucleosomes whose core histones show increased acetylatigh mM NacCl) for 10 minutes.
(Loidl, 1994; Workman and Kingston, 1998; Wolffe and

Matzke, 1999; Wolffe and Guschin, 2000). Current hypotheses, ain extraction and immunoblotting analysis

SqueSt. that hlston'e acetylatlon produces a more OP&al root proteins were extracted by homogenising roots in SDS
chromatin conformation, which allows greater access for thgample buffer (Laemmli, 1970) [Sample buffer: 0.125 M TRIS/HCI

transcriptional machinery. There is evidence going back ovejy 6.8, 49 (wiv) SDS, 20% glycerol, 10% (v/v) 2-mercaptoethanol,
many years that increased histone acetylation is correlated wighoo29 (w/v) bromophenol blue]. Protein samples were resolved by
increased transcription (Allfrey et al., 1964; Kouzarides, 2000)SDS gel electrophoresis on 15% gels and transferred to nitrocellulose
and in the past few years several specific histone acetylases dnydvestern blotting (Towbin et al, 1979). The blots were probed with
deacetylases have been identified in animals, plants and furgitibody AHP418 (Serotec), which is specific for acetylated histone
(Cheung et al., 2000; The Arabidopsis Genome Initiativett4, or antibody _AHP416_ (Sero_tec), which is_specific for Histone H4
2000). DNA methylation and histone deacetylation have beeffetylated atlysine 12, diluted in TBS according to the manufacturer's
directly functionally linked. For example, the transcriptional"Structions. Proteins were visualised using a secondary antibody goat
repressor proteins MeCP1 and MeCP2 have methyl—CpC?—ml_rabblt alkaline phosphatase, diluted 1 in 1000 in TBS.
binding domains and independently or together interact with
other structural components of the chromatin to regulat®oot sections
transcription (Meehan et al., 1992; Meehan et al., 1989; Ng ars um thick sections from root tips were sectioned using a Vibratome
Bird, 1999). MeCP2 appears to act by recruiting histone&eries 1000 (TAAB Laboratories Equipment Ltd., Aldermarston, UK)
deacetylases (HDAcs) (Nan et al., 1998; Jones et al., 1998¥)d allowed to dry on multi-well slides (ICN Biomedicals Inc.). The
and it can displace H1 from the nucleosome (Nan et al., 1996)ides were pre-treated by washing in 3% (v/v) Decon for 1 hour,
There is as yet little direct evidence to link the molecular!nSing thoroughly with distilled water. They were then coated with a
scale changes in DNA accessibility or conformationifeéshly prepared solution of 2% (v/v) 3-aminopropy! triethoxy silane

. L o . (APTES, Sigma) in acetone for 10 seconds and activated with 2.5%
accompanying transcriptional activation, DNA methylation . . h -
and hispton)é agc]:etylation Ft)o the higher-order organisatioz seen(V/\{i)||§éu\t,\?;?e|?2%d:ir":jr?ethSphate buffer for 30 minutes, finsed in
the level of interphase chromosomes. We have made use of the '
very regular organisation seen in wheat interphase
chromosomes to analyse how they are modified by globah situ hybridisation on wheat root sections
changes in methylation or histone acetylation. We show thathe tissue sections were permeabilised by incubation with 2% (w/v)
after germinating seeds either in the presence of 5-Azacytidirigllulase (Onozuka R-10) in TBS for 1 hour at room temperature,
(5-AC), leading to DNA hypomethylation, or trichostatin A Washed in TBS for 10 minutes, dehydrated in an ethanol series of 70%
(TSA), which results in histone hyperacetylation, theand 100% and air dried. Root sections from wheat transgenic lines

. : - ere additionally treated with RNAse (1Q@/ml) for 1 hour at 37°C,
architecture of the interphase chromosome territories shovx\féashed in 25SC (205SC: 3 M sodium chloride, 300 mM trisodium

S|g_n|f|capt changes. WE.’ have also used trar_lsgemc wheat I'n\;%?ate, pH 7.0) and dehydrated as described above. Genomic in situ
to investigate changes in chromosome architecture at the leyglyrigisation and generation of total genomic probe was performed
of individual genes. In lines carrying multiple transgeneaccording to Schwarzacher et al. (Schwarzacher et al., 1992) and
integrations at widely spaced sites, we show that the transgengisranches et al. (Abranches et al., 1998). The hybridisation mixture
are usually colocalised during interphase, but that after 5-A€ontained 50% deionised formamide, 20% dextran sulphate, 0.1%
or TSA treatment the transgene activity increases, and tts@dium dodecy! sulphate, 10%25C, 200 ng of rye genomic DNA
multiple transgene sites are dispersed. This suggests that &f@icated to 10-12 kb fragments as a probe apd df sonicated
colocalisation/dispersion of the transgenes may be a functici®/mon sperm as blocking DNA. Fluorescence in situ hybridisation

P : was used to visualise the transgenes on wheat root sections, using
of specific interphase chromosome architecture. pHAC25 DNA (200 ng) as a probe. Probes were labelled with

digoxigenin-11-dUTP (Boehringer Mannheim Corp. Indianapolis,

. IN) or biotin-16-dUTP (Boehringer Mannheim) by nick translation.
Materials gnd Methods Denaturation of the hybridisation mixture was carried out at 95°C for
Plant material 5 minutes, cooled in ice for another 5 minutes and immediately
The following wheat Triticum aestivurp genotypes were used: applied to the sections. Target DNA denaturation was carried out in a
AABBDD, 2n=6x=42, cv. Chinese Spring with the addition of rye modified thermocycler (Omnislide; Hybaid LTD., Long Island, NY)
(Secale cerealé. cv. Imperial) chromosome pairs, 5R or 1R, andat 78°C for subsequent hybridisation at 37°C overnight. Post-
translocation lines where the long arm of wheat chromosome 1A dwybridisation washes were carried out using 20% formamide in
1D is replaced by the short arm of rye chromosome 1HYR® and  0.1SSC at 42°C.
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BrUTP incorporation into tissue sections chromosomes (1R or 5R) or the translocation of the short arm
For transcription analysis, the procedures followed are those describefl the rye 1R chromosome into wheat (1R/1B or 1R/1A
previously (Thompson et al., 1997; Abranches et al., 1998). Briefitranslocations) were used for genomic in situ hybridisation.
vibratome sections were cut in a Modified Physiological Buffer (MPB:Entire rye chromosomes (Fig. 1) as well as individual
100 mM potassium acetate, 20 mM KCl, 20 mM Hepes; 1 mM gCl chromosome arms (Fig. 2) were clearly visualised during
1 mM ATP (disodium salt, Sigma) in 50 mM Tris, pH 8.1% (V/V); 1% interphase. In the lines shown, a large sub-telomeric
(v/v) thiodiglycol (Sigma), 2ug/ml aprotinin (Sigma) and 0.5 MM - hatarochromatin block, which identifies the telomeric region,
PMSF (Sigma). To improve nuclear transcription as opposed tgan often be seen as arrowed in Fig. 1A,B,D and Fig. 2A. In

nucleolar transcription, 1% BSA was added to the MPB buffer. The trol di the ch h d | d |
tissue sections were transferred to a tissue-handling device (Wel ontrol seedlings the chromosomes showed a clear and reguiar

1985) for subsequent ease of handling. The permeabilisation was d &bl configuration, with the centromeres lying at one side of
by a very brief treatment (10 seconds) with 0.05% Tween 20 in MPEhe nuclear envelope and the telomeres at the other side. The
The transcription mix consisted of 50M CTP (sodium salt, arms of each chromosome were very close to each other and

Pharmacia), 5uM GTP (sodium salt, Pharmacia), BrUTP  could only occasionally be distinguished, as arrowed in Fig 1A.
y y 9 9

(sodium salt, Sigma), 128M MgCl2, pH 7.4 with KOH); 100 U/ml The individual chromosome arms had a very smooth and
RNA guard (Pharmacia) made up in MPB. The tissue was incubateégular appearance (Fig. 2A-C). The rye arm translocation
formaldehyde in PEM as described above. After fixation, the sectior§eries of tandem repeats of IDNA — and a gap in the
were washed in TBS, then in water and finally removed from the tissu%hromosome arm territory is seen corresponding to this (Fi

handling device and placed onto activated APTES-treated slides. o Y corresp 9 g
2A), indicating that the chromatin is decondensed and

_ dispersed into the nucleolus, which is located adjacent to this
Immunodetection chromosomal region. This was confirmed by double-labelling

Probes labelled with digoxigenin were detected by an antiwijth both rye genomic probe and a probe to the rDNA (data
digoxigenin antibody conjugated to FITC (Boehringer Mannheimpq¢ shown).

Corp., Indianapolis, IN), and biotin-labelled probes were detected

with extravidin-cy3 (Sigma, Chemical Co.). Both antibodies were

d”“i)edd in 30/‘6 BSA in 4SSC/ OdZ% tweeﬁ-zod(ski}gm%), ?“d tﬂe Induced changes in DNA methylation or histone
antibody incubations were carried out in a humid chamber for 1 ho . ; :

at 37°C followed by 85 minutes washes inxX8SC/0.2% Tween-20 Lﬁcetylanon cause remOde"mg O.f interphase

at room temperature. The detection of BrUTP incorporation involve(?hromosome territory organisation

incubation for 1 hour at room temperature with mouse anti-BrdUTo determine whether changes in the DNA methylation or

(Boehringer) followed by a second incubation with a secondarpistone acetylation state caused observable large-scale changes
fluorescent anti-mouse Alexa-568 (Molecular Probes) antibody for in interphase chromosome organisation, we germinated the
hour at room temperature. The sections were counterstained withskedlings in the presence of either 5-azacytidine (5-AC), which
ug/ml, 46-diamidino-2-phenylindole (DAPI — Sigma Chemical Co) reduces DNA methylation (Neves et al., 1995; Castilho et al.,
for 5 minutes and mounted in Vectashield antifade solution (Vectoiggg)' or Trichostatin A (TSA), which inhibits histone
Laboratories Inc. Burlingame, CA). deacetylases, thus increasing histone acetylation levels
(Yoshida et al., 1990). In pilot experiments we germinated

B-Glucuronidase (Gus) assay seedlings on a range of concentrations of the two drugs, and
Gus activity was determined by testing root material by a quantitativehose for further analysis the highest concentration in each
assay as described previously (Jefferson et al., 1987), using 4-metiydse, which allowed near normal growth and development (80

umbelliferyl glucuronide (MUG) as a substrate. UM 5-AC, or 15uM TSA). In both cases, higher concentrations
substantially reduced growth, and still higher concentrations
Confocal fluorescence microscopy and imaging processing were lethal. The concentrations used for further study gave

Confocal optical section stacks were collected using a Leica TCS g¥owth rates of at least 90% of that shown by the control
confocal microscope (Leica Microsystems, Heidelberg GMbHseedlings germinated in water. Castilho et al. have shown
Germany) equipped with a Krypton and an Argon laser. Thalirectly by analysis with methylation-sensitive restriction
microscopy data were then transferred to NIH image (a public domaignzymes that germination of wheat seedlings in the presence
program for the Macintosh by W. Rasband available via ftp frompf 5-AC does indeed decrease the level of DNA methylation
ftp://zippy. nimh.nih.gov) and composited using Adobe Photoshop 5.0castilho et al., 1999). For the TSA treatment, western blotting
(Adobe Systems Inc., Mountain View, CA). 3D models were madg,sing antibodies specific for acetylated histone H4 showed that

from stacks of confocal sections using Object-Image [an extension - : ;
NIH image written by Vischer et al. (Vischer et al., 1994)] by drawingE‘s)ermlnatlon of seediings in the presence of TSA caused

manually the limit of the nucleus and marking the localisation of thé)lochemlc'ally Qetectable increases in histone acetylation (Fig.
transgene fluorescence sites as dots. The 3D reconstruction moddls Since in animal cells TSA has been reported to cause cell
were visualised using Rotater (by Craig Kloeden) available fron€ycle arrest at G1 and G2 (Yoshida and Beppu, 1988), we used
ftp://Rarn.adelaide.edu.au/rotater/rotater-3.5.cpt.hgx). Final imagd#ow cytometric analysis to measure the relative DNA content
were printed on a Pictography P3000 printer. of wheat nuclei extracted from roots germinated in water or
TSA. No significant changes were seen in the relative numbers
of G1, S and G2 nuclei, showing that there was little effect on

Results _ the cell cycle using this TSA concentration (data not shown).
The arms of each chromosome are usually colocalised After treatment with either of these reagents, there were
in interphase striking changes in the interphase chromosome organisation.

Wheat lines carrying either the addition of a pair of entire ry&he two chromosome arms, which in the controls usually lay
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nucleus. With TSA, the arms typically showed
about five regions with intervening gaps of
decondensed chromatin. However, the
chromosome arms appeared to remain smoother in
appearance, straighter and generally closer to their
normal appearance than with 5-AC.

Induced changes in DNA methylation or

histone acetylation alter the relative positions

of individual genes during interphase

In order to analyse the positions of specific genes
we used transgenic wheat lines made by particle
bombardment with a plasmid containing the GUS
reporter gene. Fluorescence in situ hybridisation on
intact root tissue slices was used to visualise the
transgene arrangement in interphase nuclei. Three
lines were analysed in detail [line numbers refer to

Fig. 1. Genomic in situ hybridisation using total genomic rye DNA as a probe in
wheat root sections followed by confocal microscopy imaged entire chromosom " o . .
during interphase. Projections of consecutive confocal sections of entire rye fite original chqracter!satlon, given in (Abranches
chromosome pairs are shown. (A) Two consecutive confocal sections of controle_'t al, 2000)]. Line 6_ is homozygous, and carries
seedlings germinated on water. The interphase chromosomes appear as elongdfé@ transgene copies on each homologue of
domains with the two arms very close together and only rarely distinguishable Chromosome 4A. In situ labelling on metaphase
(arrows). Bar, 1Qum. (B,C) Stereo pairs of nuclei after germination in the preseneéfiromosomes shows two integration sites on
of 5-AC. The two chromosome arms can be seen separated and the chromosoropposite arms of the chromosome, one in a sub-
structure appears very irregular with a more complex and broken configuration.telomeric position on the short arm and the other
(D,E) Stereo pairs of nuclei after germination in the presence of TSA. Similar  ahout one-third of the arm length from the telomere

changes to those produced by 5-AC are seen. However, the overall Rabl of the long arm of the chromosome (Abranches et
configuration is maintainedith the centromeres and subtelomeric heterochromag

. n . £, 2000). Line 2, which is not homozygous,
blocks (arrows in B,D) remaining at the nuclear periphery. Bauni(B-E). contains ?,nore than 10 copies of the tranggene at

four distinct sites along the short arm of

so close together as to be indistinguishable (Fig. 1A, Table 13hromosome 6B, spanning 30% of the length of the short arm
became widely separated (Fig. 1B-E, Table 1). Sometimes, bat the chromosome (Abranches et al., 2000). All the line 2
not always, the two telomeres remained close to each othglants analysed in this paper were heterozygous, since
whereas the rest of the chromosome arms lay apart. The overdaimozygous plants have a strong tendency to silence. Finally,
Rabl configuration was, however, maintained, with telomerebne 3 is homozygous and carries two transgenes per
and centromeres remaining on opposite sides of the nuclelhomologue at a single site at metaphase on the long arm of
envelope. chromosome 6B (Abranches et al., 2000).

The results from a quantitative analysis of many nuclei from Despite being well separated along the metaphase
different seedling roots are shown in Table 1. The frequenoghromosomes, in these lines the multiple transgene sites are
of colocalisation of the arms is very high in untreated seedlingsrought into close physical proximity during interphase
—89% and 74% in 1R and 5R chromosomes, respectively. WAbranches et al., 2000). To quantify the transgene
also identified some cases in which the two interphasarrangements in detail, confocal section stacks were modelled
chromosome arms were of different lengths such as thasing Object-Image (Vischer et al., 1994), by tracing the
chromosome 5R, which in metaphase has a sub-metacentaatline of the nuclei on each section and marking every
morphology. The complete separation of the two arms was vedistinguishable transgene site with a red dot, as shown in Fig.
rare in the control seedlings (4% and 2% in 1R and 5R.
chromosomes, respectively). On the other hand, in seedlingsFig. 4A shows a single confocal section of a typical group of
treated with 5-AC and TSA, the interphase chromosome arntells from a control seedling of line 6, and Fig. 4D shows the
in each chromosome were often found separated from eacbrresponding 3D models. Only two FISH signals per nucleus
other (44% and 48% in 1R and 5R chromosomes, respectivelgte seen in these nuclei, that is, a single site per homologue,
in seedlings germinated in 5-AC; 22% and 8% in 1R and 5Rshowing that the sites on opposite chromosome arms are located
respectively when the seedlings were germinated in TSA). closer together than the optical resolution limit. When seedlings

To analyse the effects on individual chromosome arms iwere germinated in either 5-AC or TSA, we observed a greater
more detail we used single arm translocation lines. With bothumber of transgene sites, more closely correlating with the
5-AC (Fig. 2D,E) and TSA (Fig. 2F,G) the labelling pattern ofnumber of sites seen on the metaphase chromosomes. Thus line
the chromosome arms became irregular and showed gafgerminated in 5-AC (Fig. 4B,E) showed mostly four sites per
where the DNA was decondensed. The effect of 5-AC wasucleus (a,b,c): the G2 nucleus (d) shows eight sites. Fig. 4C,F
more dramatic, and the arms were dispersed into seversthows the equivalent results with TSA — again all the four nuclei
smaller labelled regions separated by gaps, corresponding show four sites. Fig 4G shows a group of nuclei from a control
chromosome regions where the chromatin was decondensegedling of line 2, and in Fig. 4J the corresponding 3D models
The arms showed a more extended, meandering path acrossdne shown. A single FISH signal is shown in nuclei a,c,d and



Fig. 2. Genomic in situ hybridisation in interphase nuclei from
wheat root sections labelled an individual chromosome arm in the
1R wheat/rye translocation line. Projections of consecutive
confocal sections are shown. The rye telomeric knobs (arrows in

2A) are clearly seen as intensely labelled regions at one end of

each arm, located at the nuclear periphery (line in 2A). (A) A
group of interphase nuclei from control seedlings germinated on
water. A gap is usually seen at the position of the decondensed

nucleolar organisers (NOR), where the rDNA genes are

decondensed into the nucleolus (n). Baruid (B,C) Two nuclei

from control seedlings. (D,E) Two nuclei after treatment with 5-

AC. The chromosome arms are much more irregular, and regions
of strong labelling are interrupted by several gaps of decondensed
chromatin. (F,G) Two nuclei after treatment with TSA. Again the

chromosome arms are interrupted by four to five gaps, but the

overall configuration appears more regular than after 5-AC. Bar,

10um, in B-G.
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two signals in nucleus b. Fig. 4H,K shows nuclei from line 2
germinated in 5AC. Four FISH signals are shown in nucleus a
and three or two FISH signals are shown in nuclei b and c,
respectively. Fig. 41,L show nuclei from line 2 germinated in
TSA. Four FISH signals are shown in nuclei a,d, three in
nucleus ¢ and two in nucleus b. To obtain reliable quantitative
data, we modelled several hundred nuclei from the three lines
using the three germination conditions. Only clearly labelled,
intact nuclei were included in the analysis, and large nuclei
clearly in the G2 phase of the cell cycle were excluded. The
number of sites seen in the various lines is shown in Table 2.
This confirms quantitatively the results shown in Fig 4. In order
to be able to compare the results for the homozygous plants with
those from the heterozygous line 2 plants, which carry the
transgenes on only one homologue, we have presented the
results in Table 2 as counts per (interphase) chromosome. In all
the nuclei from the homozygous lines included in the analysis,
the transgene sites were arranged in two well separated groups
corresponding to the two homologous chromosomes. In line 6,
the majority of interphase chromosomes (84%) showed a single
site in the control seedlings, whereas only 16% showed two or
more sites. Germinated on either 5-AC or TSA, only about 20%
showed a single site, and the remainder showed two or more
sites. The mean number of sites per homologue increased from
1.2 in the controls to 1.8 or 1.9 after 5-AC or TSA, respectively.
Line 3, which show only a single transgene site at metaphase,
showed a single site per homologue whether germinated on
water alone or in the presence of 5-AC or TSA.

In heterozygous plants from line 2, 95% of interphase
chromosomes showed one or two sites, with a mean of 1.5.
This increased to means of 2.0 or 3.0 germinated on 5-AC or
TSA respectively.

Induced changes in DNA methylation or histone
acetylation cause an increase in transgene activity

Histochemical staining and a fluorometric assay were used to
determine GUS activity in roots in control seedlings

Fig. 3. Effect of TSA on histone acetylation.

AHP418 Total extracted proteins from roots germinated in

& water (lanel), in 15M TSA changed daily (lane
. 2)orin 15uM TSA without changes (lane 3)

q were electrophoresed on a 15% SDS gel.
= (A) Total proteins stained with Coomassie,

j showing equivalent loading in the three lanes.
(B) The equivalent gel to A was western blotted
with antibody AHP 418, specific to acetylated
histone H4. (C) Equivalent gel to A, western
blotted with antibody AHP 416, specific to

AHP416 histone H4 acetylated at lysine 12. There is an

increase in the labelling of the histone H4 band at
~10 kDa in lanes 2 and 3 with both antibodies
(arrows in B,C), showing increases in the amount
of acetylated histone H4, but no difference in
intensity between daily changes (lane 2) and a
single application of TSA (lane 3).
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germinated in water and in seedlings germinated in thim all the transformed plants. TSA increased the activity in line
presence of either 5-AC or TSA. Table 3 shows the result8 and line 2 but not to the same extent as 5-AC. A conclusion
from the quantitative fluorometric assay on the threef these measurements is that these lines, which all contain
transformed lines and the untransformed control. A strikingnultiple inserts, may all be partially transcriptionally
result was that 5-AC treatment substantially increased activityuppressed.

Control

Fig. 4. Transgene sites visualised in root
interphase nuclei of transgenic wheat lines
after germination in water (control) or in
the presence of 5-AC or TSA. Two lines
are illustrated: line 6 (A-F), which carries
five transgene copies at two sites on
metaphase chromosomes; and line 2
(G-L), which carries more than 10
transgene copies at four sites on
metaphase chromosomes (Abranches et
al., 2000). The number of sites was
determined by computer modelling of the
entire 3D stacks as described by
Abranches et al. (Abranches et al., 2000).
Note that in the single confocal sections,
only some of the sites present in the full
3D data from which the models were
made are visible. The sites clearly visible
on the single optical sections shown are
indicated by arrows. (A) Single confocal
section from line 6: control seedling
germinated on water. (B) Single confocal
section from line 6 after 5-AC. (C) Single
confocal section after TSA. (D) Model
from complete 3D data stack shown in A.
The four nuclei each show two sites — one
per homologue. (E) Model from the 3D
stack shown in B. Three G1 nuclei (a,b,c)
each show four sites, the G2 nucleus (d)
shows eight sites. (F) Model from 3D
stack shown in C. Each of the four nuclei
show four sites. (G) Single confocal
section from line 2 control seedlings
germinated on water. (H) Single confocal
section from line 2 after 5-AC. (l) Single
confocal section from line 2 after TSA.
(J) Model from the 3D stack shown in G.
Three nuclei (a,c,d) show one site each
and nucleus b shows two sites. (K) Model
from the 3D stack shown in H. Four sites
are shown in nucleus a and two or three
sites are shown in nuclei b and c,
respectively. (L) Model from the 3D stack
shown in I. Two nuclei (a,d) show four
sites each and the other two (b,c) show
two or three sites each, respectively.
Bar.10um (A-C,G-I).

Table 1. Disposition @tterns of interphasechromosane arms in wheat/rye addition lines

Chromosomes
Wheat Germination analysed -
line medium (N) ) | |
CS+1R1R Control 124 89% 7% 4%
5-AC 18 39% 17% 44%
TSA 68 49% 29% 22%
CS+5R5R Control 46 74% 24% 2%
5-AC 31 42% 10% 48%

TSA 50 56% 36% 8%
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Table 2. Number of transgene sites per homologue in inter@se nuclei

Line 6 Line3 Line 2
Number of transgenesites per metaphas chromosore

o s
Control 5-AC TSA Control 5-AC TSA Control 5-AC TSA
Number of transgenesites per interphag chromosora
1 84% 22% 18% 100% 100% 100% 52% 24% 0%
2 15% 78% 74% 0% 0% 0% 43% 57% 26%
3 1% 0% 6% 0% 0% 0% 5% 14% 29%
4 0% 0% 2% 0% 0% 0% 0% 5% 25%
5 0% 0% 0% 0% 0% 0% 0% 0% 0%
Mean 117 1.78 191 10 1.0 10 15 2.0 2.99
Number of interpha® chromosoras analysed
87 94 66 132 60 202 130 42 61

Table 3. Fluorometric assay to measure GUS expression in roots from wheat transgenic lines*

GUS expression in roots

Line Transgene (GUS) copy number Control 5-AC TSA
Line 6 5 245151 1668+459 773+39
Line 3 2 678+48 15481346 696+168
Line 2 >10 968+157 21464190 1303443
Untransformed 0 3614 3542 2745

*pmole/min/mg soluble protein.

*As determined in Abranches et al., 2000.

The measurements were done in three-day-old seedlings germinated in water (control), 5-AC (80 pM) or TSA (15 pM) soleichsnEasurement, three
replicate experiments were carried out and each measurement used the roots pooled from 10 seedlings.

Induced changes in DNA methylation or histone
acetylation do not cause obvious changes in the
distribution of transcription sites in the nucleus

BrUTP incorporation into unfixed wheat root sections was used
to determine the organisation of transcription sites (Fig. 5). As
described previously, this labelling shows many closely spaced
punctate sites in the nucleolus (Thompson ¢t18197), and
more dispersed foci in the nucleoplasm (Abranches et al.,
1998). This distribution was confirmed in control seedling
roots germinated in water (Fig. 5A). In spite of the large-scale
reorganisation of the chromosome territories caused by 5-AC
or TSA treatment, there was no obvious difference in the
overall organisation of transcription sites visualised by BrUTP

Fig. 5. Visualisation of transcription sites in interphase nuclei by
BrUTP incorporation into unfixed wheat root seedling sections.
Stereo pairs of 3D confocal stacks are shown. (A) Control seedling
germinated in water. (B) Seedling germinated in 5-AC. (C) Seedlings
germinated in TSA. The BrUTP labelling comprises many small
punctate foci dispersed throughout the nucleus (Abranches et al.,
1998), and there is no obvious difference in the overall organisation
of the nuclear transcription sites after either treatment. The labelling
of transcription is particularly strong in the nucleolus and comprises
intranucleolar foci that are closely associated, much like closely
packed beads on a string, and organised in a network of strands
throughout the nucleolus. Bar, fufn.
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after either treatment. A similar punctate labelling was seen iwould place these sites 4p6n apart (Abranches et al., 2000).
the nucleoplasm (Fig. 5B,C). Thus specific aspects of the interphase chromosome structure
or direct, ectopic interactions between the sequences or
) ) proteins bound to them must cause these sites to colocalise.
Discussion The GUS activity of all the transgenic lines we analysed was
We have shown previously that wheat chromosomes haveimcreased by 5-AC, and in most cases was also increased by
very consistent and well ordered arrangement duringSA, suggesting that these lines, which all show colocalisation
interphase, occupying elongated domains and with the arms of more than one transgene copy, are all at least partially
each chromosome closely associated with each othsuppressed. It will be interesting to determine whether this is
(Abranches et al., 1998). In this paper, we show thatlue to complete silencing of a subset of the transgenes in each
germination of wheat in the presence of 5-AC, which producesucleus or a partial suppression of all of them.
decreased DNA cytosine methylation, or TSA, which inhibits After germination in either 5-AC or TSA, the transgenes
histone deacetylases and thus produces increased histamere more dispersed in the interphase nuclei and were
acetylation, causes large-scale reorganisation of the interphagenerally seen as clusters of separate sites rather than single
chromosome territories. After these treatments, thaites. As a control, we used a line that shows a single site at
chromosome arms were no longer smooth and continuous, buetaphase, and this line showed a single site per homologue
appeared as smaller blocks separated by gaps. This mustibenterphase as predicted, after germination on water or in the
because of decondensation of chromatin in the gap regionmesence of either 5-AC or TSA. If the multiple sites are
whereas the intervening chromosomal regions remain momlocalised in these transgenic plants because of specific
condensed. It is possible that the decondensed chromathromosome architecture, then the dispersal of the sites can be
regions are gene-rich DNA loops, whereas the condensexkplained by the disruption of chromosome territory structure
regions contain mostly repetitive sequences. This is certainljpat we have shown occurs after these treatments. If this is the
the case for the NOR region of the chromosomes, where tloase, it implies that aspects of the interphase chromosome
rDNA repeats are decondensed into the nucleolus, and a gamighitecture are very well defined, and are maintained or
generally seen in the interphase chromosome. Although thereproduced through many cycles of cell division. On the other
is not yet a fine-enough physical map of the rye genome teand, if the colocalisation is a consequence of ectopic pairing,
interpret these structures in detail, it is known that in cerealgr interaction with specific nuclear structures, then such
the chromosomes contain gene-rich islands interspersed amanggractions must themselves be modified by the changes in
the vast excess of repetitive sequences (Panstruga et al., 1998)0A methylation or histone acetylation. Further work
Alternatively, the DNA decondensed in the gaps may represeahalysing the behaviour of the genomic sequences flanking the
specific heterochromatin regions whose organisation igansgenes will be needed to distinguish between these
particularly amenable to remodelling. In either case, our resul{gossibilities.
suggest that a global reduction in methylation or increase in Although we have shown extensive rearrangement of
histone acetylation produces a dispersed conformation of iaterphase chromosome territories, and a dispersal of
limited number of DNA segments and disrupts the overall rodindividual transgene sites after TSA or 5-AC treatment, we saw
like conformation of the interphase chromosome arms. Thugtle change in the overall organisation of the nuclear
the chromosome arms take a meandering path across tianscription sites revealed by BrUTP incorporation. This
nucleus, and the two arms of a single chromosome generaliyiggests that there is some other organisational principle
do not remain alongside one another as they do in contrahderlying the location of the transcription sites and is
plants. However the overall Rabl configuration is retained, witltonsistent with the presence of specialised nuclear locations to
the centromeres at one side of the nuclear envelope and tivbich active genes are recruited.
telomeres at the other side of the envelope. Others have showrThere is now a great deal of evidence that genes can be
that the levels of DNA methylation and histone acetylation deequestered to transcriptionally inactive regions of the nucleus
influence the gross architecture of human chromosomas part of their regulation (Cockell and Gasser, 1999).
territories. For example, TSA caused an increase in the nucle&lomeric silencing has been widely studied in yeast (e.g.
volume occupied by the gene-rich chromosome 19 (Croft et alGasser et al., 1998), and there are now several examples of
1999) and 5-AC caused decondensation of constitutiveequestering inactive genes to centromeric heterochromatic
heterochromatin segments and G band chromatin of humaagions in mammalian cells (Brown et al., 1999; Dernburg et
chromosomes (Kokalj-Vokac et al., 1993). al., 1996; Francastel et al.,, 1999; Lundgren et al., 2000).
We have further characterised the changes in nucle@though our results indicate that specific genes can be
organisation by using transgenic wheat lines carrying multipleepositioned by large distances in molecular terms (p#h
widely separated transgene insertions. During interphase the regular, polarised organisation of the interphase
these lines, the multiple transgenes show a strong tendencydieromosomes in wheat means that a large proportion of all the
colocalise during interphase (Abranches et al., 2000). Line éhromosome arms in these nuclei must be further away than
has a total of approximately five transgene copies at two sitéisis from either the centromeres or the telomeres, which are
on opposite chromosome arms, and line 2 has about 10 copiesariably located at the nuclear periphery. It is possible that a
located at four sites extending along approximately one-thirtevel of transcriptional control equivalent to that already
of the metaphase chromosome arm, and thus separated diyserved at telomeric or centromeric heterochromatin in
several megabases of genomic sequence. In each case, a simpdenmalian and yeast nuclei may be achieved by sequestering
model in which the metaphase chromosome is folded in hatfenes to the heterochromatic regions interspersed along these
at the centromere and extended across the nucleus in interph&sge plant chromosomes.
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