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Paramutation and transgene 
silencing: a common response to 
i n v a s i v e  D N A ?  Marjori A. Matzke, Antonius J.M. Matzke 

and William B. Eggleston 
Some cases of paramutation of endogenous plant genes and silencing of introduced 
genes suggest the action of a genomic defence system that inactivates and methylates 
invasive DNA sequences such as transposable elements and multiple copies of trans- 
genes. Paramutation can occur when promoters of repeated endogenous genes con- 
tain transposable elements that are highly homologous to other elements in the 
genome; the endogenous gene is then mistakenly identified as invasive. Transgenes 
can be recognized as being invasive either during integration or after integration if 
multiple copies are present. Because transposable elements are often associated with 
plant genes, the dividing line between endogenous and 'foreign' genes is not always 
clear cut. The blurring of this distinction could account for the similar epigenetic 
behaviour of many transgenes and paramutable endogenous genes, and might have 
broader implications for the regulation of plant gene expression. 

en present as multiple copies, introduced and 
dogenous sequences in transgenic plants can 

ibit a variety of epigenetic phenomena that are 
collectively termed homology-dependent gene silencing 1 or 
repeat-induced gene silencin~ ('epigenetic' refers to the 
information content of the genome that does not reside in 
the primary nucleotide sequence). Some examples of these 
phenomena appear to be similar to paramutation, which is 
an epigenetic process described for several endogenous 
plant genes. The hallmark of both homology-dependent gene 
silencing and paramutation is that one allele or locus is able 
to induce a heritable change, in the form of weakened 

expression, in a second allele or locus. The reduced activity 
is often, but not always, associated with increased cytosine 
methylation. Despite the similarities, it is not known 
whether a common mechanism underlies both phenomena. 
The degree to which this mechanism impinges on normal 
gene expression is also unclear. Here, we review data sug- 
gesting that some cases of endogenous gene paramutation 
and transgene silencing share a common basis in a response 
to invasive DNA, which effectively neutralizes proliferating 
sequences by methylation. In this view, transgenes that 
become silenced are recognized as being invasive because 
they are present in multiple copies; endogenous genes are 
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Fig. 1. Trans-silencing. A target locus or allele (T), which is 
usually expressed and not methylated, can become methyl- 
ated and exhibit reduced activity either during (transgene 
silencing, as shown here) or following (r paramutation, as 
shown in Fig. 3) an association with a methylated silencing 
locus or allele (S). The methylation and silencing can persist 
for a few generations but is gradually reversible in the 
absence of the silencer, which is unchanged by the interac- 
tion. More completely methylated, partially methylated and 
sparsely methylated states are indicated by filled circles, 
half-filled circles and open circles, respectively. 

incorrectly identified as invasive because they are repeti- 
tive, and because their promoter regions contain transpos- 
able elements that  are highly homologous to other elements 
in the genome. 

DNA methylation as a defence response to invasive 
sequences 

Evolutionary considerations suggest that  DNA methyl- 
ation in eukaryotes derives from a prokaryotic genomic 
defence system that  disables invasive or foreign DNA 
sequences 3. The advantages of such a system appear 
obvious: proliferating sequences introduce the potentially 
lethal problems of insertional mutagenesis and ectopic 
recombination that could disrupt chromosome structure. 
Multiple copies of a particular DNA sequence can arise 
through replicative transposition of transposable elements 
or genomic turnover processes (e.g. unequal crossing over). 
Filamentous fungi possess two alternative ways for dealing 
with these potentially deleterious sequence duplications. 

Fate of duplicated sequences in filamentous fungi: repeat- 
induced point mutation and methylation induced premeiotically 

Transformation experiments have shown that  filamen- 
tous ascomycete fungi frequently eliminate one copy of a 
tandem duplication (i.e. where two copies of a gene occur in 
series) by recombination. Neurospora crassa and Ascobolus 
immersus have also taken a 'bolder step '~, which involves 
modification of both copies of a duplicated sequence. In 
Neurospora this occurs by C-to-T transitions (RIP, 'repeat- 
induced point mutation') accompanied by frequent methyl- 
ation 4, and in Ascobolus by methylation (MIP, 'methylation 
induced premeiotically') 5. Although RIP involves point 
mutations, these might actually be the result of aborted 
methylation attempts under conditions in which the methyl 
donor, S-adenosylmethionine, is limiting ~. Therefore, it is 
possible that  RIP and MIP represent the same response to 
DNA duplications. Both RIP and MIP neutralize repeats by 
sequence diversification (rapidly in RIP, more slowly via 
spontaneous deamination of 5-methyl-C to T in MIP) and by 
methylation, which inhibits transcription and probably also 
prevents recombination 5. Recently, an attenuated MIP 

K locus 

P 4 

NP-npt nos-NP 
Target 

/ 
H21ocus hpt- 35S NP-ocs Anos-NP NP silencer/target 

/ 
P 

271 locus 19S-npt 35S-RiN 35S silencer 
I I 

Fig. 2. Transgene constructs present at promoter homology- 
dependent silencing loci. The nopaline synthase promoter 
(NP) silencing locus, H2, which comprises about four copies 
of a transgene construct containing two copies of the NP 
(hatched box), can silence NP-driven genes at unlinked tar- 
get loci (i.e. the Klocus16). The silencing locus, 271, which 
comprises six to seven copies of a transgene construct 
containing one copy each of the 19S and 35S promoters of 
cauliflower mosaic virus (19S, open box; 35S, filled box), 
silences 19S- and 35S-driven genes at unlinked target loci. 
Interestingly, it appears that the 35S-hpt gene at the H2 
locus is the most sensitive target gene yet found to be 
silenced by the 271 locus 15. The multiple copies of the NP at 
H2 and the 35S at 271 are all highly methylated. 
Abbreviations: npt, neomycin phosphotransferase gene; nos, 
nopaline synthase gene; hpt, hygromycin phosphotrans- 
ferase gene; ocs, octopine synthase gene; RiN, nitrite reduc- 
tase cDNA in antisense orientation. The nos gene at the H2 
locus is truncated, as indicated by the '4'. Horizontal arrows 
indicate the orientation of genes in each construct. Heavy 
diagonal arrows point from a silencing locus to its target, 
which becomes inactivated in the presence of the silencer. 

Fig. 3. Maize kernel phenotypes observed as a result of r 
paramutation. A paramutable (target) R-r allele can be 
changed to a weaker, paramutated form, R-r', following an 
interaction with the paramutagenic (silencing) R-st allele, 
which conditions a spotted phenotype. Photograph kindly 
supplied by J. Kermicle. 
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response has been found in Coprinus cinereus, a basidio- 
mycete fungus that is the most 'evolutionarily advanced' 
organism yet shown to exhibit true MIP activity 6. 

Invasive DNA sequences and cues for de novo methylation 
Both RIP and MIP demonstrate the central role of methyl- 

ation in alleviating the potentially harmful effects of inva- 
sive DNA. Intrusive sequences could trigger de novo methyl- 
ation during or subsequent to integration if multiple copies 
of a sequence are present ~. The DNA methyltransferase 
enzyme may be able to recognize integration intermediates, 
such as hairpins, which form when transposable elements 
or transgenes insert into a genome 7. Pairing between multi- 
ple homologous DNA sequences can also provoke de novo 
methylation. The MIP process in Ascobolus appears to 
involve a pairing signal, because the pattern of methylation 
is exactly coextensive with a duplicated DNA region and 
always occurs in both copies (i.e. it never happens that just 
one copy is methylated~). 

Plant transposable elements and methylation 
Transposable elements are acted upon by the methyl- 

ation machinery in the plant nucleus. DNA elements [e.g. 
Ac ('activator'), Spm ('suppressor-mutator') and Mu ('mu- 
tater')] undergo reversible inactivation associated with 
methylation 8, and communication of methylated states can 
occur between homologous transposable elements in non- 
allelic (ectopic) positions 9. Retroelements (DNA sequences 
that transpose through reverse transcription of an RNA 
intermediate) are usually highly methylated 1°. An element 
that is transpositionally active could become methylated 
when integrating into the genome 7. The coordinate methyl- 
ation of unlinked copies of Mu elements in maize possibly 
occurs by means of ectopic pairing, as suggested by methyl- 
ation being restricted largely to the elements and not flank- 
ing plant DNA (Ref. 9). Some infiltration of methylation 
from transposable elements into flanking plant sequences 
has also been observed ~z'12. 

Trans-silencing of transgenes and endogenous genes in 
plants 

Homology-dependent gene silencing has been reported 
for a number of transgenes in a variety of plant species. 
Paramutation has been observed for several endogenous 
genes in maize [r ('red'), b ('booster') and pl ('purple plant')], 
Antirrhinum majus and tomato 8. Here, attention is focused 
on two systems that show strikingly similar epigenetic 
behaviour: promoter homology-dependent silencing of trans- 
genes in tobacco and paramutation at the r locus in maize. 
In both of these cases, a 'silencing' allele or locus induces 
increased methylation and a heritable reduction in the 
activity of a 'target' allele or locus; the silencer remains 
unchanged by the interaction (Fig. 1). 

Promoter homology-dependent silencing of transgenes 
Two classes of homology-dependent gene silencing have 

been identified in transgenic plants z. One class involves a 
post-transcriptional process (presumably cytoplasmic RNA 
turnover) and does not induce substantial methylation of 
promoter regions or a heritable reduction in gene activity 13. 
A second class is associated with transcriptional inacti- 
vation, increased promoter methylation and meiotically 
heritable reductions in gene activity that persist in the 
absence of the original silencing stimulus 2,14,15. Because this 

latter process induces heritable alterations in gene ex- 
pression, it most closely resembles the paramutation of 
endogenous genes. 

Two promoter homology-dependent silencing loci that are 
able to trans-inactivate and methylate genes at unlinked 
target loci in tobacco have been identified and analyzed in 
more detail. One of these loci, H2 ('hygromycin resistance'), 
silences genes under the control of the nopaline synthase 
promoter 16. The second locus, 271, is a potent silencer of 
genes that are under the control of the 35S promoter of 
cauliflower mosaic virus ~5'17. Both of these loci contain 
multiple copies of the respective transgene construct (Fig. 2); 
single copies of the same construct do not have silencing 
activity 16. Although the exact arrangement and complete- 
ness of the multiple copies are not yet known, silencing 
activity appears to be associated with methylation in the 
promoter regions that are the main region of homology to 
the target locus 16,17. Spontaneous methylation of the silenc- 
ing locus possibly occurs when multiple copies of the trans- 
gene construct at the locus pair in a process related to MIP. 
The cis-methylated silencing locus would then be capable of 
imposing methylation on the target locus in trans via pair- 
ing of homologous promoter regions, a process termed 'epi- 
gene conversion '~6. Cis-inactivation is used to refer to the 
silencing of closely linked genes on the same DNA molecule, 
while trans-inactivation involves homologous genes on dif- 
ferent DNA molecules. These genes can be at either allelic 
or ectopic locations. The methylated, silenced target locus 
does not revert to full activity or completely lose methyl- 
ation when a silencing locus is crossed out by breeding, 
which can result in significant epigenetic variability within 
the target locus in backcross progeny ~5'1s. 

Paramutation at the maize r locus 
Paramutation is defined as 'an interaction between 

alleles that leads to directed, heritable change at the locus 
with high frequency, and sometimes invariably, within the 
time span of a generation '19. It was first identified and 
characterized at the maize r locus. Members of the r gene 
family, including the displaced homologous b and lc ('leaf 
color') loci, regulate anthocyanin expression in various plant 
and seed parts via production of a transcriptional acti- 
vator of the myc family of helix-loop-helix proteins 2°. 
Paramutation at the r locus involves a heritable reduction 
in the activity of a sensitive (paramutable) allele, R-r, after 
it has been associated with an inducing (paramutagenic) 
allele, R-st (st: 'stippled'), in the heterozygote (Fig. 3). 
Recent work on the structure and primary sequences of 
these two alleles has provided information on the features 
that might underlie this phenomenon. 

To date, all r alleles that participate in paramutation 
have been found to be complex, comprising multiple copies 
of the r transcription unit (Fig. 4). The paramutable R-r 
allele contains multiple complete and incomplete r genes in 
both direct and inverse orientation. A complete r gene, P 
('plant color'), is expressed in plant tissues. The $1 and $2 
('seed color') genes form an inverted duplication flanking a 
truncated and rearranged copy of a doppia mobile element. 
This doppia element contains sequences normally found in the 
P promoter and confers seed (aleurone)-specific expression on 
the $1 and $2 genes. The P gene lacks a doppia element 21. 

The paramutagenic R-st allele contains four complete 
copies of the r gene in direct orientation 22 (Fig. 3). The Sc ('self- 
colored') gene is capable of conferring strong anthocyanin 
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expression in the aleurone, but is irregu- 
larly expressed because of the pres- 
ence of an/-R (I: 'inhibitor of aleurone 
color') mobile element near its 3' end. 
The three additional r genes, Ncl, Nc2 
and Nc3 ('near-colorless'), together ex- 
press a lightly mottled aleurone pheno- 
type. With respect to paramutation, 
an intriguing observation is that a 
doppia element is present in the pro- 
moter of each Nc gene; doppia thus 
represents the only common element in 
the promoter of the $1 and $2 genes 
and r gene copies in R-st (Ref. 21) 
(W. Eggleston, unpublished). Reducing 
the number of Nc genes within R-st not 
only leads to increased pigmentation 
by the remaining copies of Nc but also 
to a reduced ability to induce paramu- 
tation 23. Thus, copy number-dependent 
silencing at r (cis-inactivation) and 
paramutagenicity (trans-inactivation) 
appear related. 

The Sc promoter region in R-st is 
moderately methylated, and the pro- 
moter regions of the three Nc genes are 
highly methylated 22. As the number of 
Nc genes is reduced, the methylation 
level of the Sc promoter decreases such 
that little or no methylation is detected 
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Sc NCl / /  Nc2 /~ Nc3 R-st (paramutagenic) .-... . . . . / / . ' " ' r  . . . . .  r . . . .  = = - -  
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Fig. 4. Structures of paramutable (target) R-r and paramutagenic (silencing) R-st 
alleles. Both complex alleles contain multiple copies of the r gene. The four tandemly 
arranged copies at R-st (Sc and Ncl-3) are separated by several kilobases. The Sc 
gene contains an I-R transposable element, which plays no role in paramutagen- 
icity 23. The R-r allele comprises three functional r genes 21 (P, $1 and $2), and q, which 
is homologous to the 5' region and promoter fragments of P (hatched region) but 
does not contain an r coding sequence (solid lines). The distance between P and q is 
approximately 190 kb (Ref. 21). The doppia transposable elements (filled boxes), 
which are proposed to mediate the paramutagenic interaction between R-r and R-st, 
are present in q and in the promoter regions of $1, $2 and Ncl-3. The $1 and $2 
genes form an inverted repeat centred around a rearranged doppia element con- 
taining sequences homologous to the P promoter 21. The promoter regions of the Sc 
and Ncl--3 genes at R-st are moderately and highly methylated, respectively. The 
5' ends of the r genes at R-r, including q, are increasingly methylated following an 
association with R-st. One-way horizontal arrows indicate the orientation of the 
genes. The open box is the Sc promoter. 

in simplex derivatives retaining only the Sc promoter 
(W. Eggleston and J. Kermicle, unpublished). Such simplex 
alleles have also lost all paramutagenicity 23. Paramutation 
of R-r results in increased methylation in the 5'-ends of the 
$1 and $2 genes (M. Alleman and J. Kermicle, unpublished; 
cited in Ref. 20). A paramutated R-r" allele (paramutated 
alleles in maize are designated by addition of a 'prime' sym- 
bol after the allele name), which is weakly paramutagenic, 
gradually recovers activity and becomes less paramutagenic 
over a few generations in the absence of the R-st allele. 

Comparisons between promoter homology-dependent 
silencing of transgenes and r paramutation 

The similarities between the promoter homology- 
dependent silencing of unlinked transgene loci and r para- 
mutation are inescapable. Both involve: 
(1) Silencing and target loci or alleles that share homology 
in promoter regions; these regions of homology consist of 
sequences that could be considered invasive DNA (i.e. either 
multiple copies of transgene promoters or doppia elements). 
(2) A multicopy silencing locus or allele that autonomously 
cis-inactivates. 
(3) A target locus or allele that is weakened in a heritable 
(but gradually reversible) way during or following an inter- 
action with the silencer. 
(4) An association between silencing and methylation. 
This similar epigenetic behaviour and involvement of 
methylation implies a common mechanism based on a 
methylation/defence system that incapacitates invading 
DNA. 

Recognizing endogenous genes as invasive 
I t  is easy to see how transgenes - even when present as 

single copies - might be identified as invasive, since they 

must integrate into a plant genome (Box 1). Nevertheless, 
multiple copies of a transgene are usually required to incite 
silencing associated with methylation 2 (although there are 
exceptions14'24), and both loci with strong silencing ability, 
H2 and 271, contain multiple copies of the transgene con- 
struct. A high transgene copy number might be considered 
equivalent to a proliferating sequence by the methylation 
machinery in the nucleus. 

Endogenous genes may also be recognized as being in- 
vasive if they resemble a proliferating entity. Two features 
could be responsible for this in the case of R-r and R-st alle- 
les. First, both alleles contain multiple copies of the r gene. 
Second, at least some of these r genes are associated with 
doppia transposable elements. 

r paramutation, complex alleles and doppia elements 
In principle, the coordinate methylation and inactivation 

of homologous transposable elements could bring under 
their control any gene that contains a copy of that element. 
Although it is tempting to consider the doppia elements as 
prime players in r paramutation, the role of multiple copies 
of the Nc genes at the R-st allele cannot be overlooked, 
because one copy of Nc together with Sc is only weakly para- 
mutagenic ~3. Moreover, substituting Lc, which lacks a 
doppia element, for Nc has little effect on paramutagenic 
strength 23. Therefore, an essential feature for generating 
paramutagenicity of R-st appears to be multiple copies of r 
sequences, at least one of which should contain a doppia el- 
ement in its promoter. The doppia elements in the Nc g e n e s  
would be required for the trans-inactivation of the R-r allele 
because they provide the only region of homology between 
the Nc promoters and the two r genes that are most sensi- 
tive to paramutation ($1 and $2). Paramutation could occur 
when the highly methylated state of the doppia elements in 
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the R-st allele is imposed in trans on the less-methylated 
doppia element acting as the promoter for $1 and $2. The 
likely role ofdoppia in mediating strong trans-inactivation is 
illustrated by the relative insensitivity to paramutation of 
the P gene at the R-r allele, which lacks a doppia element in 
its promoter. 

Paramutation at other maize loci 
Other loci in maize that undergo paramutation do not 

appear to contain complex alleles like those found at the r 
locus. Moreover, there is no obvious correlation either with 
a specific transposable element or with methylation. In the 
case of p/, another anthocyanin-regulating gene, three dif- 
ferent simplex alleles -P l -Rh  (Rh: 'Rhoades') (a strongly 
expressed allele), and two variably and weakly expressed 
derivatives, Pl-bl (bl: 'blotched') and Pl'-mah (mah: 'ma- 
hogany') - have a doppia element in their promoters 21'25'26. 
The Pl'-mah allele can paramutate Pl-Rh (Re£ 26), 
although this is not associated with increased methylation; 
however, Pl-bl does not participate in paramutation 
(V. Chandler and J. Hollick, pers. commun.). 

Transposable elements are present in the promoter 
regions of paramutable and paramutagenic b alleles but 
their relationship to paramutation is unclear because a 
paramutation-insensitive allele, B-Peru, contains many of 
the same sequences (V. Chandler, pers. commun.). The 
paramutagenic activity of the B' allele has been mapped to 
the 5'-flanking region and transcription of the paramutated 
gene is reduced 20-fold 27. Both of these features are 

reminiscent of promoter homology-dependent silencing of 
transgenes, which also involves increased promoter methyl- 
ation 15. Following extensive testing, however, no methyl- 
ation changes have yet been correlated with b paramutation 
(Ref. 27). Heritable silencing of both b and pl may result 
from an altered chromatin structure, or methylation at 
cytosines that have not yet been examined 27. 

Paramutation at r may represent a special type of inter- 
action that involves a paramutagenic allele comprising mul- 
tiple, closely linked copies of a gene, one or more of which 
contains in its promoter a particular transposable element 
that is also present in the paramutable allele. In the case of 
the R-st allele, this configuration might potentiate cis-inac- 
tivation associated with methylation, and increase the like- 
lihood of pairing with the copies of doppia in the R-r allele. 
Consistent with this proposal is the finding that two r genes 
present on each of two chromosomes are less paramutagenic 
than four r genes on a single chromosome 23. These consider- 
ations may also apply to the transgene silencing loci, H2 
and 271, which likewise have probably acquired methyl- 
ation and strong silencing ability because of multiple 
tandemly arranged copies of the transgene construct. In 
those cases of paramutation that do not involve complex 
alleles and methylation, it is conceivable that transposable 
elements are involved in other ways. For example, the 
elements could generate certain rearrangements of plant 
DNA, such as inverted repeats, which might in turn pro- 
mote paramutagenic interactions 2s. 

Paramutation-like behaviour has been observed for other 
transposable element-associated genes in maize: the pheno- 
types of mutations resulting from insertions of defective Mu 
and Spm elements can be sensitive to the presence or 
absence of autonomous members of these two families at 
other locations in the genome. These effects can also involve 
coordinate changes in methylation of unlinked transposable 
elements 12'2s'29. The possible involvement of Tam ('transpos- 
able element from Antirrhinum majus') transposable 
elements in paramutation of two simplex niv ('nivea') 
alleles encoding chalcone synthase in Antirrhinum majus 
has also been proposed; however, the basis of this inter- 
action is still unclear, as loss of the Tam element from one 
allele does not seem to interfere with paramutation a°'~l. 
Apparent cases of paramutation involving nonallelic 
endogenous genes in maize 32 and Arabidopsis 3~ have also 
recently been reported, with discussion of the possible role 
that transposable elements play in these processes 2~. 

Transposable elements and requirements for differential 
gene silencing 

The silencing of transgenes and some transposable 
element-associated endogenous genes have been discussed 
as pathological cases that reveal the action of a genomic 
'immune' response to invasive DNA. Because of the 
ubiquity of transposable elements and transposable 
element-derived repeats in eukaryotic genomes 8'9, it is worth 
considering whether some of these elements might play a 
more general role in regulating plant gene expression. 

Gene silencing is an essential part of eukaryotic gene 
regulation, as up to 50% of the structural genes must be 
silenced in differentiated cell types 34. Conceivably, the 
spread and accumulation of transposable elements and 
their insertion adjacent to and/or into promoters of struc- 
tural genes could contribute to the extensive silencing 
that is required in differentiated cells. Depending on 
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their distribution, abundance and degree of homology, 
these sequences could participate in the differential regu- 
lation of a 'generic' protein-coding genome by directing dif- 
ferential gene silencing through networks of homologous 
pairing. 

Recent work has uncovered transposable elements 
(primarily retrotransposons and miniature inverted-repeat 
transposable elements) or their remnants in the 5'- or 3'- 
flanking regions of many wild-type plant genes 3s. Most of 
the retrotransposon sequences appear to have diverged 
sufficiently such that pairing between multiple copies might 
be prohibited. Miniature inverted repeat transposable el- 
ements (it is not yet known whether these transpose via a 
DNA or RNA intermediate) are short entities, of about 
100-350 bp, that might be unable to pair effectively even 
if they were highly homologous. Based on these consid- 
erations, homology-dependent interactions between these 
transposable elements might be expected to occur relatively 
infrequently. However, the length (about 250-300 bp) and 
homology (>90%) estimates derived from conventional 
homologous recombination models 36 might not be applicable 
for DNA homology-based silencing, and alternative possi- 
bilities for pairing could also be considered. 

Pairing between ectopic DNA elements might be medi- 
ated by transposases binding to single ends of two elements 
at unlinked sites. Genomes of higher eukaryotes might also 
have a special mechanism requiring a smaller window for 
recognizing homology than that associated with the stand- 
ard homologous recombination machinery. The potential for 
short windows of homology to induce silencing is supported 
by the observation that only 90 bp of sequence identity in 
the promoter of the target gene is required for sensitivity to 
trans-inactivation by the 271 silencing locus 17. Large and 
complex genomes seem to possess a remarkably efficient 
homology-searching mechanism, which may even exceed the 
capabilities found in fungi and yeasts 37. Finally, repeats too 
short to promote recombination could provoke silencing if 
different proteins are involved in pairing and/or if less- 
intimate pairing is required 38. 

Pairing interactions leading to silencing and methylation 
of homologous sequences could be under developmental 
control. DNA elements in maize (e.g. Spin and Mu) can 
exhibit developmentally regulated methylation and expres- 
sion 12'28'29. Genes into which Spm elements are inserted can 
be coupled to the developmental expression pattern of Spm 
(Ref. 29). A group of genes coordinately expressed in maize 
pollen contains the same retroelement 39. Other retro- 
elements have been found to be transcribed in specific cell 
types 1°, implying that these sequences are inactive in all 
other cells, possibly silencing structural genes in their 
vicinity. 

Mammalian imprinted genes recognized as 'foreign'? 
Although a phenomenon analogous to paramutation has 

not yet been observed in mammals, methylation and silenc- 
ing of DNA recognized as being invasive does occur in these 
organisms. The progressive silencing of tandem arrays of 
transgenes under the control of tissue-specific promoters 
happens frequently in transgenic mice 4°. Retroviruses inte- 
grated into promoters of mammalian genes can also cause 
epigenetic effects not observed with the wild-type gene, such 
as mosaic patterns of methylation and expression 8'2s'41. 
Silencing and de novo methylation ofretroviral vectors used 
to transduce genes into animal cells have also been reported 7. 

Gametically imprinted genes associated with repeats and 
pairing interactions 

Gametically imprinted genes are expressed differently 
depending on the sex of the parent from which they are 
inherited. Imprinted genes might be recognized as 'foreign' 
and thereby be subject to methylation 42. All known imprinted 
genes in mammals contain directly repeated sequences, 
which might form secondary structures comprising the 
'foreign' recognition signal 42'~. The possible role of these 
repeats has been discussed ~ in relation to a study from 
Drosophila in which a transgene insert adopted a more con- 
densed chromatin conformation as the number of tandemly 
arranged copies increased, presumably in a pairing- 
dependent process ~. A recent study using three-dimensional 
fluorescent in situ hybridization has revealed transient 
association of imprinted regions on homologous chromo- 
somes 45. In maize, r alleles subject to paramutation also 
undergo gametic imprinting 19, suggesting a mechanistic 
link between the two phenomena. 

Concluding remarks 
A role for transposable elements in paramutation was 

first suggested by Barbara McClintock 46. Molecular analyses 
of r alleles involved in paramutation have provided support 
for this view. However, further work is required to deter- 
mine whether transposable elements play a role in other 
cases of paramutation where association with a specific el- 
ement has yet to be demonstrated. Transgenic plants have 
offered defined systems with clear parallels to paramutation 
of endogenous genes and an impetus for examining cases of 
paramutation involving methylation as a response to inva- 
sive DNA. 

Two distinct roles for methylation have been proposed 7 to 
explain the pattern of genomic methylation observed: first, 
operation as a defence mechanism against foreign or inva- 
sive DNA; and second, as a means of controlling gene 
expression during development. It is becoming apparent 
that this distinction may not always be clear cut in plants. 
The extraordinarily similar epigenetic behaviour of some 
transgene silencing systems and of endogenous genes sub- 
ject to transposable element-associated paramutation sug- 
gests that a defence response to foreign or invasive DNA can 
also be used against a plant's own genes. A beneficial con- 
sequence of the pervasive presence of transposable elements 
and their remnants in plant genomes might be differential 
transposon-induced silencing of genes. This implies that the 
function of methylation as a part of the defence response has 
merged to a significant degree with its role as a develop- 
mental regulator of gene expression in plants. 

Acknowledgements 
We would like to thank R. Martienssen (who first sug- 

gested to us that transposases may mediate pairing of 
transposable elements at ectopic sites), and J. Kermicle, 
T. Bestor, J. Hollick and V. Chandler for helpful discussions 
and comments on the manuscript. We are also grateful to 
J. Hollick and V. Chandler for communicating unpublished 
data. The work of W.B.E. was supported by USDA-NRICGP 
award 950412-01. The work of M.A.M. and A.J.M.M. was 
supported by the Austrian SWF grant no. S6006-BIO. 

References 
1 Meyer, P. and Saedler, H. (1996) Homology-dependent gene silencing in 

plants, Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 23-48 

November 1996, Vol. 1, No. 11 3 8 7  



reviews 

2 Assaad, F., Tucker, K.L. and Signer, E.R. (1993) Epigenetic 
repeat-induced gene silencing (RIGS) in Arabidopsis, Plant Mol. 
Biol. 22, 1067-1085 

3 Bestor, T. (1990) DNA methylation: evolution of a bacterial 
immune function into a regulator of gene expression and genome 
structure in higher eukaryotes, Philos. Trans. R. Soc. London Ser. B 
326, 179-187 

4 Selker, E.U. (1990) Premeiotic instability of repeated sequences in 
Neurospora crassa, Annu. Rev. Genet. 24, 579-613 

5 Rossignol, J-L. and Faugeron, G. (1994) Gene inactivation triggered by 
recognition between DNA repeats, Experientia 50, 307-317 

6 Freedman, T. and Pukkila, P.J. (1993)De novo methylation of repeated 
sequences in Coprinus cinereus, Genetics 135, 357-366 

7 Bestor, T.H. and Tycko, B. (1996) Creation of genomic methylation 
patterns, Nat. Genet. 12, 363-367 

8 Martienssen, R.A. and Richards, E.J. (1995) DNA methylation in 
eukaryotes, Curr. Opin. Genet. Dev. 5, 234-242 

9 Bennetzen, J.L. (1996) The Mutator transposable element system of 
maize, Curr. Top. Microbiol. Immunol. 24, 195-229 

10 Bennetzen, J.L. (1996) The contributions ofrotroelements to plant 
genome organization, function and evolution, Trends Microbiol. 
4, 347-353 

11 Brutnell, T.P. and Dellaporta, S.L. (1994) Somatic inactivation and 
reactivation of Ac associated with changes in cytosine methylation and 
transposase expression, Genetics 138, 213-225 

12 Martienssen, R. et al. (1990) Somatically heritable switches in the DNA 
modification of Mu transposable elements monitored with a 
suppressible mutant in maize, Genes Dev. 4, 331-343 

13 Bauleombe, D.C. and English, J.J. (1996) Ectepic pairing ofhomologens 
DNA and posttranscriptional gene silencing in transgenic plants, 
Curr. Opin. Biotechnol. 7, 173-180 

14 Meyer, P., Heidmann, I. and Niedenhof, I. (1993) Differences in DNA 
methylation are associated with a paramutation phenomenon in 
transgenic petunia, Plant J. 4, 89-100 

15 Park, Y-D. et al. (1996) Gene silencing mediated by promoter 
homology occurs at the level of transcription and results in meiotically 
heritable alterations in methylation and gene activity, Plant J. 9, 
183-194 

16 Matzke, A.J.M. et al. (1994) Homology-dependent gene silencing in 
transgenic plants: epistatic silencing loci contain multiple copies of 
methylated transgenes, Mol. Gen. Genet. 244, 219-229 

17 Vaucheret, H. (1993) Identification of a general silencer for 19S and 35S 
promoters in a transgenic tobacco plant: 90 bp of homology in the 
promoter sequence are sufficient for trans-inactivation, C. R. Acad. Sci. 
Paris 317, 310-323 

13 Matzke, M.A. and Matzke, A.J.M. (1991) Differential inactivation 
and methylation of a transgene in plants by two suppressor 
loci containing homologous sequences, Plant Mol. Biol. 16, 
821-830 

19 Brink, R.A. (1973) Paramutation, Annu. Rev. Genet. 7, 129-152 
20 Dooner, H.K., Robbins, T.P. and Jorgensen, R.A. (1991) Genetic and 

developmental control of anthocyanin biosynthesis, Annu. Rev. Genet. 
25, 173-199 

21 Walker, E.L. et al. (1995) Transposon-mediated chromosomal 
rearrangements and gene duplications in the formation of the maize 
R-r complex, EMBO J. 14, 2350-2363 

22 Eggleston, W.B., Alleman, M. and Kermicle, J.L. (1995) Molecular 
organization and germinal instability of R-stippled maize, Genetics 
141, 347-360 

23 Kermicle, J.L., Eggleston, W.B. and Alleman, M. (1995) 
Organization of paramutagenicity in R-stippled maize, Genetics 141, 
361-372 

24 Meyer, P. and Heidmann, I. (1994) Epigenetic variants ofa transgenic 
petunia line show hypermethylation in transgene DNA: an indication 
for specific recognition of foreign DNA in transgenic plants, Mol. Gen. 
Genet. 243, 390-399 

25 Cocciolone, S.M. and Cone, K.C. (1993) Pl-Bh, an anthocyanin 
regulatory gene of maize that leads to variegated pigmentation, 
Genetics 135, 575-588 

26 Hollick, J.B. et al. (1995) Allelic interactions heritably alter the activity 
of a metastable maize pl allele, Genetics 141,709-720 

27 Patterson, G. and Chandler, V.L. (1995) Paramutation in maize and 
related allelic interactions, Curr. Top. Microbiol. Immunol. 197, 
121-142 

28 Martienssen, R. (1996) Paramutation and gene silencing in plants, 
Curr. Biol. 6, 810-813 

29 Fedoroff, N., Schl~ippi, M. and Raina, R. (1995) Epigenetic regulation 
of the maize Spin transposon, BioEssays 17, 291-294 

30 Krebbere, E. et al. (1987) Molecular analysis of paramutant plants of 
Antirrhinum majus and the involvement of transposable elements, 
Mol. Gen. Genet. 209, 499-507 

31 Bonas, U., Sommer, H. and Saedler, H. (1984) The 17-kb Tam1 element 
ofAntirrhinum majus induces a 3-bp duplication upon integration into 
the chalcone synthase gene, EMBO J. 3, 1015-1019 

32 Ronchi, A., Petroni, I~ and Tonelli, C. (1995) The reduced expression of 
endogenous duplications (REED) in the maize R gene family is 
mediated by DNA methylation, EMBO J. 14, 5318-5328 

33 Bender, J. and Fink, G.R. (1995) Epigenetic control of an endogenous 
gene family is revealed by a novel blue fluorescent mutant of 
Arabidopsis, Cell 83, 725-734 

34 Bird, A.P. (1995) Gene number, noise reduction and biological 
comple~dty, Trends Genet. 11, 94-100 

35 Wessler, S.R., Bureau, T.E. and White, S.E. (1995) LTR-retroposons 
and MITEs: important players in the evolution of plant genomes, 
Curr. Opin. Genet. Dev. 5, 814-821 

36 Kricker, M.C., Drake, J.W. and Radman, M. (1992) Duplication- 
targeted DNA methylation and mutagenesis in the evolution of 
eukaryotic chromosomes, Proc. Natl. Acad. Sci. U. S. A. 89, 
1075-1079 

37 Lankenau, D-H. (1995) Genetics of genetics in Drosophila: P elements 
serving the study of homologous recombination, gene conversion and 
targeting, Chromosoma 103, 659-668 

38 Kleckner, N. and Weiner, B.M. (1993) Potential advantages of unstable 
interactions for pairing of chromosomes in meiotic, somatic, and 
premeiotic cells, in Cold Spring Harbor Symposia on Quantitative 
Biology (Vol. 58, DNA and Chromosomes), pp. 553-566, Cold Spring 
Harbor Press 

39 Turcich, M.P. and Mascarenhas, J.P. (1994) PREM-1, a putative 
maize retroelement, has LTR (long terminal repeat) sequences 
that are preferentially transcribed in pollen, Sex. Plant Reprod. 7, 
2-11 

40 Robertson, G. et al. (1996) Age-depondent silencing of globin transgenes 
in the mouse, Nucleic Acids Res. 24, 1465-1471 

41 Michaud, E.J. et al. (1994) Differential expression of a new dominant 
agouti allele (A m) is correlated with methylation state and is 
influenced by parental lineage, Genes Dev. 8, 1463-1472 

42 Barlow, D.P. (1993) Methylation and imprinting: from host defense to 
gene regulation? Science 260, 309-310 

43 Neumann, B., Kubicka, P. and Barlow, D.P. (1995) Characteristics of 
imprinted genes, Nat. Genet. 9, 12-13 

44 Dorer, D.R. and Henikoff, S. (1994) Expansions of transgene repeats 
cause heterochromatin formation and gene silencing in Drosophila, 
Cell 77, 993-1002 

45 LaSalle, J.M. and Lalande, M. (1996) Homologous association 
of oppositely imprinted chromosomal domains, Science 272, 
725-728 

46 McClintock, B. (1965) The control of gene action in maize, Brookhaven 
Symp. Biol. 18, 162-184 

47 Papp, I. et al. Structural instability of a transgene locus in tobacco is 
associated with aneuploidy, Plant J. (in press) 

48 Avramova, Z. et al. (1995) Matrix-attachment regions and transcribed 
sequences within a long chromosomal continuum containing maize 
Adhl,  Plant Cell 7, 1667-1680 

3 8 8  November 1996, Vol. 1, No, 11 


