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Abstract

Recent sequence and cytogenetic analyses of heterochromatin in Arabidopsis, together with other
results from Arabidopsis and maize, indicate that plant heterochromatin can have very different origins,
compositions and dynamics. Shared features that must determine and/or be a result of its unique

biological properties are also revealed.

Despite comprising the majority of many eukaryotic chromo-
somes, heterochromatin remains the least characterized and
least understood portion of the higher eukaryotic genome.
Traditionally, heterochromatin (literally, different in ‘color’ or
staining properties) has been defined by the cytogenetic crite-
rion that it has a different appearance from the more open
euchromatic regions of eukaryotic chromosomes that contain
most of the expressed genes. Even the first staining of higher
eukaryotic chromosomes, however, indicated many different
degrees of heterochromatic condensation and different sizes
of heterochromatic blocks. Moreover, some heterochromatin
has traditionally been associated with centromere or neocen-
tromere function, while other regions appear not to have such
activities [1]. In Drosophila, some heterochromatic regions
(Bheterochromatin) contain active genes, whereas other
regions of heterochromatin (aheterochromatin) apparently
lack active genes. Most euchromatic genes in Drosophila show
abolished or attenuated expression when translocated into or
near heterochromatic regions. In contrast,  heterochromatin
genes like light show a reversal of this position effect leading
to decreased activity when they are moved into euchromatin
[2]. Hence, heterochromatin is a term that describes many dif-
ferent types of relatively condensed chromatin, perhaps with
many different features and roles.

Recent advances in genomic sequencing technologies now
make it possible (albeit challenging) to characterize fully
the DNA composition of heterochromatic regions. In addi-
tion, more powerful cytogenetic tools now allow more fine-
tuned studies of the nature and dynamic properties of

heterochromatin in situ. Two articles in the February 4 issue
of Cell [3,4] describe complementary DNA sequence and
cytogenetic characterizations of a heterochromatic knob
present on Arabidopsis chromosome 4.

Characterizing plant heterochromatin

Paul Fransz and coworkers [3] provide a uniquely detailed
and comprehensive cytogenetic analysis of a 9.5 megabase
(Mb) segment covering the centromere regions and short
arm of Arabidopsis chromosome 4. The existence of a con-
tiguous series of clones covering this region made available a
wide variety of probes for fluorescent in situ hybridization
(FISH) analysis. Among the heterochromatic regions investi-
gated were the nucleolar organizer (NOR), the centromeric
region (comprising less than 1.8 Mb [5]), an associated peri-
centric heterochromatin region of 2 Mb or less, and a hete-
rochromatic knob on the short arm of chromosome 4 (hk4S)
that the authors estimated to be approximately 700 kilo-
bases [3]. As had been seen by previous researchers for this
and all other Arabidopsis chromosomes [5,6], a specific 180
base-pair (bp) tandem repeat (pAL1) was almost exclusively
associated with the centromeric region. The pericentromeric
heterochromatin appeared to lack these repeats, but
contained many other repetitive DNAs, including a long
tandem array of 5SrDNA genes and many retrotransposons
[3]. The hk4S knob contained multiple repeats as well,
including retrotransposons. Interestingly, different Ara-
bidopsis ecotypes were found to be polymorphic for the
presence of the hk4S knob, and structural analysis suggested
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that this knob may be derived from an inversion event that
moved a portion of the 4S pericentric heterochromatin to the
current hk4S position [3].

Because they could align the cytogenetic and physical maps,
Fransz et al. [3] were able to measure the degree of chro-
matin condensation (in kilobases per micrometer) on the
short arm of Arabidopsis chromosome 4 during the stages of
meiosis. Their results not only indicated that the euchro-
matin was much less compacted than the heterochromatin
(as expected), but that different regions of heterochromatin
showed very different degrees of condensation. For instance,
NOR heterochromatin was over threefold more compacted
than was the hk4S knob. Moreover, the degree and timing of
decondensation was very different for different heterochro-
matic regions. The centromeric heterochromatin was found
to decondense very early in meiosis (during prometaphase
I), while adjacent pericentromeric heterochromatin exhib-
ited little or no decondensation throughout meiosis [3].
Hence, these studies indicate that different classes and loca-
tions of heterochromatin have distinct structural dynamics
as well as different sequence compositions.

The laboratories of Rob Martienssen and Dick McCombie at
Cold Spring Harbor Laboratory and Rick Wilson at Wash-
ington University (St Louis) describe the first completed
sequence of a known heterochromatic region, the hkqS
knob, as an approximate 0.5 to 0.7 Mb segment of a contigu-
ous 2.1 Mb of sequence [4]. Their results indicate very differ-
ent compositions of genic (that is, euchromatic and
gene-rich) versus heterochromatic regions. Moreover, the
central 183kb of knob hk4S had a very different sequence
composition than was seen in the two regions of a few
hundred kilobases on either side, both of which are still seen
cytogenetically to be components of the knob [3,4] (Table 1).
The core portion of hk4S contains 22.5 direct tandem
repeats of a previously undescribed 1950bp sequence that
has some transposon-like properties, including 31bp direct
terminal repeats [4]. This core 183 kb was also enriched in
both retrotransposons and DNA transposons, although they
were all non-tandemly dispersed and none was inserted
within the 1950 bp tandem array. The flanking few hundred
kilobases were similarly enriched in retrotransposons and
DNA transposons, but had only a few small tandem repeats
[4] (Table 1). Only three hypothetical genes were predicted
by search programs in the core 183 kb of the hk4S knob, and
none of these showed strong homology with any identified
Arabidopsis EST (expressed sequence tag from a cDNA)
sequence. Hence, these hypothetical genes may be pseudo-
genes or may be expressed at a very low level. Many more
genes were predicted within the flanking few hundred kilo-
bases thought to be within hk4S, and two of these were
highly homologous to known Arabidopsis ESTs. In fact,
McCombie et al. [4] made the general observation that there
was a variably steep gradient of predicted genes that
matched ESTs as the sequence extended away from the core

region, with a reciprocal gradient showing the frequency of
predicted genes that did not show homology to Arabidop-
sis ESTs. This suggests, then, a gradient of degrees of het-
erochromaticity as sequences extend away from a core
heterochromatic region.

Copenhaver et al. [5] identified a similar uneven gradient of
predicted gene density as sequences extended away from
the centromeres of Arabidopsis chromosomes 2 and 4
(summarized in Table 1). As sequence analysis approaches
the centromeres, more transposons (particularly retrotrans-
posons with long terminal repeats, LTRs), more tandem
repeats and more predicted pseudogenes were observed,
but fewer functional genes were predicted [5].

Numerous studies have suggested that most or all meiotic
recombination in plant genomes occurs near or within genes
(reviewed in [7]). Hence, the low rate of recombination in
heterochromatic regions could be caused primarily by the
paucity of genes that are found in heterochromatin. McCom-
bie et al. compared their sequence results to known recom-
bination frequencies in the hk4S region [8]. As expected, the
frequency of recombination in a particular subregion
appeared to increase in proportion to the frequency of
known functional genes (those with EST matches) and in
inverse proportion to the local abundance of tandem repeats
and interspersed transposable elements [4].

To date, relatively little genomic sequence information exists
for plant species other than Arabidopsis, particularly for
regions that might contain some heterochromatic potential.
Of course, the ribosomal DNA genes of all eukaryotes, often
associated with at least a partially heterochromatic status,
occur as lengthy direct tandem repeat arrays of the 28S
and/or 5SrDNA genes. A highly condensed knob on the
short arm of chromosome 9 in maize has been investigated
by sample sequencing, and found to be composed primarily
of many tandem direct copies of short (180bp and 350bp)
repeats interrupted by a fairly large number of LTR retro-
transposons [9], though at a lower frequency than these ele-
ments are represented in the total maize nuclear genome
[10] (Table 1).

Taken in sum, these results in Arabidopsis and other plant
species suggest a situation very much like that for o and
Bheterochromatin of Drosophila. As in the centromeric
regions and the core portion of hk4S in Arabidopsis and the
maize 9S knob, o heterochromatin has long arrays of tandem
repeats with occasional transposable element interruptions,
and few or no functional genes. As in the pericentromeric
and hkg4S-flanking regions of Arabidopsis heterochromatin,
Drosophila has Bheterochromatin that is less condensed,
largely deficient in tandem arrays, filled with copies of
numerous transposable element families, and containing a
few functional genes [11]. The increasingly-detailed studies
that are now appearing for the heterochromatin of
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Compositions of different DNA types in euchromatic and heterochromatic regions of plant genomes.

Approximate proportions (%)

Tandem DNA Predicted Predicted
Region repeats™® Retroelements transposons genes pseudogenes [Ref]
Arabidopsis
183 kb central 25 30 15 [0 to 4]t [4]
hk4S knob
Arabidopsis
520 kb hk4S 10 30 10 [l to 257t [4]
knob
Arabidopsis 0to4 O0to4 Oto4 45to 75 Oto | [5]
genic
Arabidopsis
‘centromeric’ 0 to >50 0 to 50 0 to 30 0 to 20 0to4 [5]
(Il and IV)¥
Arabidopsis
pericentromeric Oto8 0 to 65 Oto8 0to 25 Oto6 [5]
(Il'and 1V)
Rice genic
(Adh1/Adh2) 0 14 14 26 4 [20]
Maize genic
(adhl) 0 77 5 10to 12 2 [12]
Maize 9S knob 70 30 0 0 0 [9]

*Does not include simple sequence repeats. TDid not distinguish between predicted genes and predicted pseudogenes. ¥Within functionally defined
centromeric region, but not including central (most tandem repeat rich) region of the centromeres, which have not yet been sequenced.

Arabidopsis, Drosophila and other organisms, however,
suggest that the oo and  heterochromatin designations are
actually arbitrary categorizations within a continuum of
heterochromatin types.

Towards a biological definition of
heterochromatin

Does the repetitive DNA composition of a region on its own
determine whether the region can be classified as hete-
rochromatic? The answer may lie in how one defines hete-
rochromatin. The original definition of heterochromatin is
less biological than technical, depending upon the sensitiv-
ity of in situ chromatin characterization. Perhaps a better
definition would be one based on the unique biology of het-
erochromatin, related to the presence and epigenetic regu-
lation of any genes in the region. In maize, for instance, the
sometimes small (5-70kb) retrotransposon blocks that
separate most genes are in a methylated, largely unex-
pressed state [10,12,13]. Hence, at a functional level, these
could be considered to be heterochromatic blocks, but
would not be ones detected by any current technology
applied to a standard chromosome spread. In this regard,
most genic regions of the maize genome may be more
comparable in biology to Drosophila Bheterochromatin
than to standard euchromatin. Moreover, small tandem

expansions, such as adjacent duplication of a transposable
element from a monomer to a dimer [14] or even an
increase in the copy number within a simple sequence
repeat (as in human fragile X syndrome and myotonic dys-
trophy [15]), can lead to altered epigenetic status within
and surrounding these sequences. Hence, they might also
be considered heterochromatin.

If heterochromatin is redefined as a largely gene poor, epige-
netically inactivated region, then examples from Drosophila,
maize and humans suggest that either direct or inverted
repeats can lead to the creation of a heterochromatic state
[12-15]. Transposable elements may commonly be found in
these regions, but they are not likely to be obligatory. More
probably, some transposable elements appear to insert pref-
erentially in these regions: for example, the LTR retrotrans-
posons Athila of Arabidopsis [16], Tys of yeast [17], and
Grande of maize [9]. Maize shows severe insertion/retention
biases for transposable element of all types. In a 225kb
region around the maize adhi locus, 13 of the 14 high copy
number LTR retrotransposons are found inserted in other
LTR retrotransposons (primarily into their LTRs), while the
three LINE retroposons have inserted into introns, and the
33 miniature inverted repeat transposable elements (MITEs)
[18] are all in the 23% of the region that does not contain
LTR retrotransposons [10,12].
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Even if tandemly repeated DNA alone can lead to a local het-
erochromatic state, this does not explain why many tandem
repeats (like some rDNA genes and the centromere repeats)
can retain biological function. Some rare genes buried within
heterochromatin are active. Understanding the different
structures and function of these heterochromatic regions in
plants may yield many insights that are pertinent to the epi-
genetic regulation of euchromatic regions of the genome
[19]. There is clearly a lot more to learn about heterochro-
matin, in all its many colors. More studies merging sequence
analysis, epigenetic characterization, cytogenetics and other
approaches are needed to understand heterochromatic
systems fully. If recent results [3,4] are any indication, some
common rules will be uncovered along with a great variety of
phenomena unique to different types and assemblages of
heterochromatin.
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